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Abstract

The existing methods for determining the internal (residual, shrinkage) stresses arising from the curing of thin
films of paint and varnish coatings (PVC), based on the cantilever bending of the substrate and the difference in the
thicknesses of the wet and dry coatings, are analyzed. The dependence of their accuracy on the film / substrate thick-
ness ratio and the uniformity of the applied film is noted. The application of atomic force microscopy methods based
on measuring the geometry of the regular microrelief (RMR) of the film surface, which serves as a characteristic
manifestation of its shrinkage deformations, is considered. It is noted that when applying the Euler problem on the
stability of a compressed rod, the method demonstrates the calculated stress values unattainable for most polymers.
The calculation of internal stresses and strains was carried out on the basis of a stochastic approach, taking into ac-
count the "checkerboard" distribution of deformation defects on the outer surface of the film. On the example of
RMR film of polyester urethane varnish, the level of internal stresses was assessed using the proposed and existing
methods. The values of internal stresses obtained by the three methods relatively coincide with each other, the differ-
ence between them does not exceed ~20%.

Keywords: paint and varnish coating (PVC), substrate, regular microrelief (RMR), shrinkage, shrinkage stresses,
internal stresses, curing, polyester urethane varnish, thin film.
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Polimer plyonkalarin sathin mikroprofili iizra gorginliyinin

qiymatlondirilmasing stoxastik yanasma
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Annotasiya

Lak-boya értiiklorinin (LBO) nazik plyonkalarinin sortlosmosi zamani yaranan, miivafiq olaraq, alt qatin konsol
oyilmasing, hamg¢inin yas va quru sathlerin qalinliglarinin forqins ssaslanan daxili (qaliq, biiziilma) gorginliyin toyin
olunmasmin mdvcud tsullart tohlil olunub. Onlarin daqigliyinin plyonkanin/alt qatin qalinligi nisbatinden vo
plyonkanin borabarliyinden asililigt qeyd olunub. Plyonkanin sothinin biiziilmo deformasiyalarinin xarakterik
tozahiirli kimi xidmat edon miintozom mikrorelyefinin (MMR) handasi parametrlorinin &l¢lilmasine asaslanan atom-
qiivve mikroskopu metodu ilo totbigine baxilib. Qeyd olunub ki, sixilmis ¢ubugun dayaniqligi hagda Eyler
masalasinin tatbiqi zamani bu metod aksar polimerlar {igiin slgatmaz hesab olunan gorginliyin hesablanmis qiymatini
niimayis etdirir. Daxili gorginliyin vo deformasiyanin hesablanmasi plyonkanin xarici sothinds deformasiya ndgsan-
larinin “sahmat” paylanmasini nozors alaraq, stoxastik yanasma osasinda aparilib. Poliefiruretan boyanin MMR pl-
yonkalar niimunosinds toklif olunan vo mévcud metodlardan istifads edilorok daxili gorginlik soviyyasinin qiymat-
londirilmasi aparilib. Hor {i¢ metodla alinan daxili gorginlik komiyystlorinin qiymatlori, bir-biri ilo nisbaton uygun
golir, onlar arasindaki forq ~20% hoddindadir.
Acar sozlor: lak-boya ortiiyi, alt qat, miintozom mikrorelyef, biizlilma, biiziicli gorginlik, daxili gorginlik,

sartloagsma, poliefiruretan boya, nazik plyonka.
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MJIEHOK M0 MUKPONIPOPUII0O IOBEPXHOCTH
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AHHOTALUSA
ITpoananu3MpOBaHbI CYIIECTBYIOLIIE METO/IBI ONPEAEICHNS BHYTPEHHUX (OCTaTOYHBIX, YCAJOUYHBIX) HAMPSKeE-
HUI, BOSHUKAIONNX IIPH OTBEP)KACHUH TOHKHX IDIEHOK JIakokpacodHbIX NOkpeiTHi (JIKII), ocHOBaHHBIE Ha KOH-
COJIBHOM H3TH0€ MOIIOKKH U PA3HOCTH TOJIIMH MOKPOTO M CyXOTO TIOKPBITHS, COOTBETCTBEHHO. OTMEUEHa 3aBUCH-
MOCTh UX TOYHOCTH OT COOTHOIICHHUS TOJIIUH IUIEHKA/TIOUIOKKA W OJHOPOJHOCTH HaHeCEHHOW MIéHKH. PaccMoT-
PEHO NPUMEHEHUE METOJ0B aTOMHO-CUJIIOBOM MUKPOCKOIIUU, OCHOBAaHHBIX HAa U3MEPEHUM I'€OMETPUU PErYIIIPHOrO
mukpopenbeda (PMP) noBepxHocTH MIEHKH, CIYXKaIlIEro B KAYECTBE XapaKTEPHOTo IPOSBICHHS €€ yCaJ0uHbIX Jie-
¢dopmanuii. OTMEUYEHO, YTO NPH NMPUMEHEHHUH 331a4yu Diiepa 00 yCTOHYMBOCTH CHKATOTO CTEPXKHS METOJ JAEMOH-
CTPUPYET HEJOCTHXKHMMBIE Uil OOJBIIMHCTBA IMOJMMEPOB PAcU€THBIC 3HAUYEHHs HanpspKeHHs. PacdeT BHYTpEeHHHX
HanpspKeHuH 1 aedopManuii MpoBeJeH Ha OCHOBE CTOXACTUYECKOT0 IT0/IX0/1a C YUETOM «IIIaXMaTHOT0» pacrpeesie-
HUsL 1e(OPMAMOHHBIX Ae()EeKTOB HA Hapy)KHOM noBepxHOocTH IUieHKH. Ha npumepe PMP mnénku nonausdupypera-
HOBOTO JIaka MPOBECHA OLEHKA YPOBHsS BHYTPEHHUX HAMpPSDKEHUN € MCIOIB30BAHMEM MPEATATaéMON U CYILECTBY-
IOIIUX METOAMK. 3HAYEHHS BEJIMYUH BHYTPEHHUX HANPSOIKEHUH, OITy4YEeHHBIE IO TPEM METOJaM, OTHOCUTEIBHO COB-
MaJaroT APYT ¢ APYrOM, pa3HUIA MEXIy HUMH He npeBbimaeT ~20%.
KaioueBble c10Ba:  JTaKOKpacoO4HOE ITOKPBITHE, ITOI0KKA, PETYISAPHBIA MUKPOpENbed, ycaiKa, ycaJouHble
HAalpsDKeHUs], BHYTPEHHNE HAPSDKEHUS, OTBEPIKICHHE, TOIMA(UPYPETAaHOBBIH J1aK, TOHKAs
TUIEHKA.
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Introduction

Protective paint and varnish coatings
(PVC) of external surfaces of aircraft (AC) in
the process of application and operation under-
go a significant mechanical impact, weakening
the strength of the film and can lead to a viola-
tion of its continuity.

During hardening of PVC, the paintwork
goes through the shrinkage (contraction) as a
result of the evaporation of volatile compo-
nents, polymerization, gelation, temperature
drops and other processes. The adhesion con-
tact and microroughness of the relief of a rigid
substrate do not allow the polymer film to
freely shrink (“shrink™), as a result of which it
shrinks in thickness and internal tensile stress-
es arise in it [1].

All this creates a number of problems as-
sociated with ensuring the strength and dura-
bility of protective coatings. Numerous publi-
cations of domestic and foreign authors are
devoted to the study of the processes develop-
ing in the "substrate - coating" system ("flexi-
ble base - thin film", etc.), among which the
works of V.Ye. Panin [2], and J.Hutchinson [3]
et al.

The internal (synonyms - residual, shrink-
age) stresses sharply weaken the cohesive and
adhesive strength of the newly formed film,
thereby accelerating the destructive physico-
chemical processes that cause its premature
destruction during operation [4, 5, 6, 7].

Since the internal stresses largely deter-
mine the final morphology and properties of
the coating and do not depend on the nature of
the substrates [8], the assessment of their level
is of theoretical and practical interest.

A number of methods for determining
shrinkage stresses in thin-film structures on
rigid substrates are currently known. One of
the first was the proposed method developed

independently by A.T. Sanzharovsky and E.
Korkoran and based on the calculation of
stresses in the coating by the magnitude of de-
formations (deflection) of the substrate (canti-
lever bending tape) [9, 10, 11].

As a result, these works formed the basis
of GOST 13036-67 (currently not valid accord-
ing to IUS 7-77) [12] and its current American
analogue ASTM D6991-05 [13].

Purpose of work is to develop and test a
method for determining the level of shrinkage
stresses in curried PVC based on the character-
istics of its microrelief and its comparison with
the values obtained using existing techniques.
A preliminary analysis of linear disturbances is
carried out, which determines the kinetics and
energetics of the corrugation process, as well
as the amplitude and wavelength of steady-
state oscillations.

Due to the uncontrollability of external
conditions affecting the properties of the sam-
ple, a stochastic approach was used to calculate
the internal stresses and strains, taking into ac-
count the features of the film — substrate inter-
face.

Problem Statement

In this regard, the authors analyzed the ki-
netics and energetics of growth of film disturb-
ances as a result of the effect of loading the
substrate on the deformation of the film prior
to its solidification through the interface
through a viscoelastic layer lying directly un-
der the film. As a result, by measuring the ge-
ometry of the RMR, the critical values of the
parameters of the film vibrations are estimated,
at which the vibrations acquire stability with
the corresponding steady-state values of the
amplitude and wavelength [14].
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The cured thin polymer film is taken to be
the surface layer of the bulk of the substrate
material with a surface layer / substrate inter-
face thickness equal to the film thickness. The
loaded solid body of the substrate induces a
"checkerboard" distribution of stresses and
strains through the film / substrate interface,
carrying deformation defects to the film sur-
face. To calculate normal and tangential stress-
es, a stochastic approach was used, taking into
account the conditions for the formation of
nonlinear waves of localized plastic flow of the
parameters of the elements of the system under
consideration at the meso and microscale lev-
els.

Materials and existing methods for calculat-
ing internal stresses

A two-component polyether urethane
(PEU) varnish (E = 30 MPa, u = 0.35 [15])
was chosen as the PVC under study. The var-
nish components (polyester and hardener) were
mixed before application and applied to a sub-
strate (plate 102 X 12 X 0.254mm made of
08X18H10T steel, E = 1.96 X 10°MPa
1 = 0.29 [16]) according to the manufacturer's
instructions.

The thickness of the film before and after
curing was measured in accordance with [17,
18, 19], respectively. Based on the data ob-
tained by methods [12] and [13], using formu-
las (1) and (2), the internal stresses in the PVC
were calculated.

To determine the internal stresses by the
proposed method, the RMR of the surface of
the hardened film was investigated on an AFM
SOLVER NEXT (NT-MDT, Russia). The
measurement was carried out by line-by-line
scanning of a surface area 50 x 50 um in size,
as a result, two- and three-dimensional topo-
graphic images are formed, a profilogram is

5

10

automatically calculated. As a sample, a frag-
ment of 5 X5 X 0.254mm in size was used,
cut from the above steel plate after conducting
research according to the methods [12, 13].

The essence of the technique lies in the
fact that the coating is applied to one surface of
a flat sample (tape), which is cantilever
clamped in a rigid fixation. During the drying
process, internal stresses arise in the coating,
as a result of which the free end of the cantile-
ver deviates from its original position by an
amount d (deflection).

The calculation of internal stresses is usu-
ally carried out according to the following
formula:

oo dEt’ dE.(t+c)

3Lc(t+e)-pg) L p)
where d — the deflection (deflection) of the
free end of the console; E; — Young's modulus
of the steel substrate; us is the Poisson's ratio
of the steel substrate; L — the length of the con-
sole; t is the thickness of the console; ¢ — a
coating thickness; E. — Young's modulus of the
hardened coating; u. — Poisson's ratio of the
coating material.

As follows from formula (1), in order to
calculate internal stresses, the cantilever meth-
od requires knowledge of eight Parameters of
the film and substrate (cantilever deflection,
geometric dimensions of the substrate, meha-
nical characteristics).

The cantilever method is applicable for
films with a thickness of 25...380um. The ac-
curacy of the method is highly dependent on
the film / substrate ratio and the uniformity of
the applied film. Some difficulty of such
measurements lies in the fact that, in addition
to the shrinkage of the paintwork, the deflec-
tion of the tape-console is affected by such a
difficult factor as the weight of the coating it-
self, which gradually decreases as it dries.

(1)
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Compared with this method, a more sim-
plified formula was proposed in [14] to deter-
mine internal stresses in coatings:
o= E (ho — hl)

hO
where h, — the initial “wet” film thickness; h4
— a film thickness after curing; E — Young's
modulus of the hardened coating.

The thickness of the cured film h; is de-
termined according to the standards [17] by
microscopic examination of the cross section.
Accurate measurement of the initial ("wet") h
thickness of a thin layer of paint and varnish
material (PVM)' presents some difficulty. The
existing methods for determining the thickness
of "wet" polymer films [18, 19] prescribe di-
rect measurements using a probe instrument in
the form of a toothed plate — Rossman's
"comb". The protrusions (teeth) of the "comb"
are immersed in the layer of the liquid film un-
til they touch the substrate. The height of the
wetted edge of the teeth is considered equal to
the thickness of the coating. However, already
in the description of these methods, it is noted
that they are approximate, and on substrates

)

with an uneven or textured surface, they may
give erroneous readings.

In accordance with [20], for the paintwork
of external surfaces, the R, value (the sum of
the average absolute values of the heights of
the five largest profile protrusions and the
depths of the five largest profile valleys) with a
base length of 2.5mm should be less than
0.001mm (1um), i.e., the surface should have
meso- and micro-scale irregularities.

According to the operational requirements
[21, 22], the thickness of the cured paintwork

' The difference between paints and varnishes materials

(PVM) and paints and varnishes coatings (PVC) is to some
extent conditional and suggests that the former determine
the physicochemical properties, the latter — the geometric
size and mechanical properties of the layer.
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must be at least 20% higher than the maximum
height of the microroughness of the substrate.
If this requirement is met, the film under con-
ditions of adhesive contact is no longer an
equidistant surface copy of the smoothed mi-
crogeometry of the substrate but has its own
regular microrelief (RMR) [23, 24, 25], formed
under the action of deformation processes.

Currently, SIEBIMM-methods? for study-
ing the mechanical properties of films have
become widespread, involving the measure-
ment of the geometric characteristics of their
surface using atomic force microscopy (AFM).
The appearance of RMR of thin films is con-
sidered by some authors on the basis of the Eu-
ler problem on the stability of a compressed
rod: under a critical load, the film surface
bends in the form of sinusoids with a period 4
and an amplitude A [26, 27, 28, 29, 30, 31, 32].

In the same works, it is noted that the
wavelength of the folds does not depend on the
magnitude of stresses, is determined by the
characteristics of the film and substrate and is a
constant value for a particular pair of materials
"film — substrate". In this case, the amplitude
of the folds A does not depend on the elastic
properties of the film and substrate but in-
creases with increasing compressive stresses
[33].

For films adhering to the substrate, wrin-
kling can occur only when the critical com-
pressive stress g, is exceeded:

E, 3 2
_f 5\3
o, =——(— 3
v 7 (Ef) 3)
E E
1 =f I
Where Ef = /1 _ M; and ES = S/]. _ ‘ug

are the moduli of longitudinal elasticity, Ef,
Ur, Es, us are Young's moduli and Poisson's

2 SIEBIMM - strain-induced elastic buckling instability for

mechanical measurements
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ratios of the film and substrate, respectively.
When the compressive stress o exceeds
oy, the film spontaneously bends, forming a
periodic distribution of folds on the surface.
However, this explanation of relief for-
mation presupposes loading by external hori-
zontal loads, which cause the loss of stability
of the already hardened film. But since the
modulus of longitudinal elasticity of even
hardened paintwork materials PVM (E]i) is ap-

proximately three orders of magnitude lower
than that of a metal substrate (E¢), the stresses
o,, calculated by formula (3) will have values
unattainable for most polymers, several times
exceeding their ultimate strength. In this re-
gard, this model of relief formation is inappli-
cable for paintwork PVC.

Apparently, from the moment the paint-
work material is applied to the substrate, due to
the viscoelastic transition from the liquid state
to the solid state, the density of the upper layer
increases, and an elastic surface film gradually
forms, which impedes the further exit of the
vapor-gas mixture from the underlying layer of
paintwork materials PVM. Based on this, the
paintwork PVC at the initial stage of curing
can be represented as a two-layer system con-
sisting of a thin elastic surface layer and an
underlying deep viscoelastic layer [34, 35].

Probably, evaporating steam-gas flows,
locally uplifting the elastic film during mass
transfer, create internal stresses in it, forming a
characteristic folded surface with a "checker-
board" effect of regular alternation of convex
[28]. The meso-sub-
structure of the extruded material appears on
the surface. According to the classification of
scale levels, adopted in the works of V.E.
Panin's school [2], the mesoscopic scale level
is subdivided into mesoscale-1 (0.1 — 10um)
and mesoscale-2 (10 — 500um) [29].

and concave zones
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Proposed approach to solving the problem
We consider the deformation of the cured
top layer of the paint and varnish coating on
the uncured bottom layer as a coherent defor-
mation of an elastic film on a viscoelastic un-
derlayer. As is known [36, 37], in this case, the
parameters of folds are largely determined by
the kinetics of their formation and growth. The
mechanism of the wrinkling process formed by
the layer underlying the film is usually inter-
preted as a stress-induced instability, similar to
the buckling of an elastic bar under compres-
sion. If this layer has elasticity, then there is a
critical compressive stress, above which the
film begins to corrugate with the correspond-
ing wavelength obtained by minimizing the
total elastic energy of the film and substrate
[38, 39, 40]. Under typical compressive stress,
corrugations are formed only when the sub-
strate is significantly softer than the film. If the
substrate is elastic, then the corrugation be-
comes a kinetic process [40, 41, 42]. Since the
viscous substrate does not have a reserve of
elastic energy, the upper surface of the com-
pressed covering film is always energetically
unstable. The viscous flow on the substrate
regulates the kinetics of corrugation growth by
choosing the most growing wavelength. More
generally, when the substrate is viscoelastic
(for example, crosslinked polymers), both en-
ergy and kinetics play an important role. The
spectrum of formed corrugated patterns exper-
imentally observed in metal - polymer bilayers
[43] demonstrates the features of the kinetic
process. Analysis of linear perturbations shows
that the viscoelastic property of the substrate
has a significant contribution to the stability
and kinetics of the corrugation process [37].
Let us consider the process of modeling
the evolution of corrugation in a thin elastic -
viscoelastic bilayer described in [36] in the
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limiting case of analysis of linear perturba-
tions. The generated model is based on the ap-
plication of the nonlinear theory of Karman
plates [44] to the elastic layer and the approx-
imation of the viscoelastic layer using a thin
layer. Although the model is applicable to 2D
corrugation, the focus will be on one-
dimensional corrugation under in-plane stress.

Consider an elastic film of thickness hf
resting on a viscoelastic layer of thickness H,
which, in turn, lies on a rigid substrate in Fig. 1
[36].

Elastic layer ‘
7

Viscous-elastic layer i

Rigid substrate

(a)

Elastic layer
7

Y e oY

Viscous-elastic layer

u

Rigid substrate a

(b)

Figure 1 — The schematic of an elastic-viscous bilayer
on a rigid substrate: (a) standard state and (b) wrinkling
state

In the initial state (Fig.la), both layers
have a flat shape, and the elastic layer is sub-
jected to biaxial residual stress, and there are
no traces on the bilayer surface. In the wrin-
kling state (Fig.1b), both in-plane displace-
ments and out-of-plane displacements occur in
the elastic layer caused by the residual stress
09 (09 < 0), while the viscoelastic layer is
simultaneously deformed. In Fig.1(a) x; — x,
denotes a plane in a rectangular Cartesian co-
ordinate system that serves as an interface be-
tween two layers in a bilayer.
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Linear analysis of disturbances

The elastic film model will be formulated
on the basis of Karman's nonlinear theory of
bending of elastic plates [44]. Elastic defor-
mations of the film are characterized by bulg-
ing (lateral deflection) w and displacement u,
along the plane (a = 1.2).

Suppose the viscoelastic layer experiences
slight deflection from the horizontal position

(4)
with amplitude A(t) and length L = 2m/k (k —
a wave number). In the analysis of linear per-
turbations, the evolution of displacements in

w(x,t) = A(t)coskx

the plane is not associated with swelling (lat-
eral deflection).

It is assumed that the layer on which the
film directly rests is isotropic and linearly vis-
coelastic. According to the theory of viscoelas-
ticity [45], the stress-strain relation is written
in the integral form.

t

rap(® =2 [ e =)

— 00

t
+6ap f At —T)

s
—ab @© dt +
ot
(5)
dey,, (1)
——=dr
ot

where u(t) and A(t) — the viscoelastic relaxa-
tion modules §4p — the Kronecker symbol. The

afy indices take values 1 and 2; repetition of
the index in (5) means the summation over 1
and 2. Under the assumption that there is no
external force, neglecting the inertia of quasi-
static deformation, the equilibrium condition
can be written in the form [37]:

aO'a,ﬁ

T ©)

For small deformations, the strain - dis-
placement relation takes the form:
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1
Saﬁzi

du,

(7)

u
(55
0x,

The viscoelastic layer is not loaded at the ini-

axﬁ

tial moment of time (t = 0) and undergoes
normal and shear displacements on its upper
surface at t > 0:

033 = S3(x1, %3, t) and 034 +
= Sq(x1,%2,t)

(8)

There are no displacements on the bot-
tom surface of this layer:

at x3 = 0.

(9

In the general case, the surface of the vis-
coelastic layer undergoes both in-plane and
out-of-plane displacements, which are inter-
connected with each other and only in two spe-
cial cases they may not have a connection. In
the first case, when the viscoelastic layer has a
very large thickness (kH — o0) and is incom-
pressible (v = 0.5). This case is considered in
detail in [37]. In the second case, when this
layer is very thin (kH — 0); it is this case that

Uy =uz3 =0 at x3 =—H.

is most typical for paints and varnishes (PVC)
and will be described in detail below.

For the relaxation modulus p(t), the
Kelvin model of linear viscoelasticity will be
used, which is a mechanical analogue of a de-
vice consisting of a spring and a parallel acting
shock absorber

u(t) = po +1-6(0), (10)

where po, — the stiffness of the spring, repre-
senting the elastic shear modulus with the rub-
berized limit position; 17 — viscosity.

The interface between elastic and viscoe-
lastic layers is maintained at each deformation.
Consequently, the displacements and their
traces remain continuous at the interface that
connects the equations of equilibrium of the

14

elastic layer with the time-dependent responses
of the viscoelastic layer, which leads to the

equations:
ow 1-2v H(D o*w
ot 2(1—-v) n\ T 0x,0x,0x50%p
+ (11)
2°w ONgz Ow Ueo
N . -
ap x4 0xp + 0xp axa> n w
9] H ON o
Ila _ 7 TTap Heo o (12)
at n Oxg n
Where
Ef'h3 _
Df = 12(1—1/2), Naﬁ' = aOhf5aﬁ +
Efh (13)
I
+ 1— v]? [(1 - Vf)gaﬂ + Vf‘gw5aﬁ]

Equations (11) and (12) are interrelated
nonlinear evolution equations that can be
solved numerically by simulating three-
dimensional deformations of an elastic - visco-
elastic bilayer and the evolution of the result-
ing two-dimensional corrugated patterns. For
simplicity, we will analyze in detail only the
deformations from in-plane compression (ten-
sion) and one-dimensional corrugations.
Equations (11) — (12) in this case take the
form:

ow 1-2v H 0*w
E=—2(1_v)';<‘l)fm

0w  ON ow\ Yo (14)

ﬁ+a'a>‘7w'
dou H ON e
E=;'a—7u, (15)
where

Ethy [0u 1 0wy?

N = ooy + 707 [ox 5(3)] (16)

Substituting (4) into (14) and leaving only
the leading terms containing the small parame-
ter A(t), we obtain the equation:
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dA  aEf — e
T TA(U; (17)
Where
(1 —2v)k*Hh;
241 -v)(1-v2)
(18)

[_kzh]% 12(1 - vf)aol
Ey
The solution to equation (17) is repre-
sented in the form

A(t) = Agexp (s ;), (19)

where A, is the initial amplitude of the dis-
turbance; T = 1/Ef is the characteristic time
scale and s = a@ — U /Ef is the dimensionless
growth order of the disturbance. The stability
of the bilayer depends on the sign of the pa-
rameter s. If s < 0 for all wave numbers k,
then the bilayer is stable and remains flat. Oth-
erwise, when s > 0 for any admissible wave-
numbers, the bilayer is unstable and the dis-
turbances grow, forming corrugations. In this
case, the amplitude grows exponentially with
time in the initial stage. As shown in [37], the
initial stage of growth can be non-exponential
if the viscoelastic layer has a finite elastic
modulus in the glassy state (elastic limit as
t - 0).

The growth order of s depends on the
disturbance wavelength (L = 2m/k) for vari-
ous ratios [, /Ef. In the limiting case, when
Hoo a and s > 0 (taking
into account g, < 0) throughout the entire
length of the disturbance waves. Therefore, for
s > 0, the bilayer will be unstable. The critical

=0, we have s

value of the wavelength corresponding
tos » +0is
L, =mh b (20)
= T[ _——_—————— ,
¢ ! 3(1- v]?)ao
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which coincides with the critical length of the
Euler bend. The growth order is positive for
L > L. and has a peak at the wavelength

As the ratio e/ Ef increases, the value

2E;

3(1- v]?)ao ' @1

of s decreases without changing the shape of
the dependence on the normal wavelength
L/hg. As aresult, we obtain the second critical
value of the wavelength determined by formula
(21). The growth order of s remains positive
when L changes in the interval between these
two critical values. On the other hand, the fast-
est growth of the wavelength does not change,
but the corresponding order of growth of s
drops to zero when the value of L approaches
the boundaries of this interval from the inside
at the critical value of the ratio pio,/Ef corres-
ponding to the equality s
Oo

+ 0:
Hoo
().~ 7)o

whence we find the critical value g§ of the
compressive stress, below which the bilayer
becomes stable:
1/2
) (23)

0'8 = Ef <(X
stable when

The
Ho/Ef is greater than the critical value (22).

3(1—-vf)1—-2v)H

h_f 2(1—-v)
H3(1-v})(1—-2v)

bilayer becomes

According to the criticality condition (22), the
stability of an elastic — viscoelastic bilayer de-
pends on the elasticity modulus (i.e., on the
extended limit of the relaxation modulus )
of the viscoelastic layer but does not depend on
the initial modulus (i.e., on the glassy state). In
other words, despite the initial high viscosity
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or even stiffness of the viscoelastic layer, the
bilayer “foresees” the subsequent softening of
the layer and becomes spontaneously unstable.
The time scale of the corrugation growth is
proportional to the viscosity, and the order of
growth increases with decreasing -elasticity
modulus. The wavelength of the fastest grow-
ing mode, however, does not depend on the
viscoelastic layer, as follows from (21). As
shown in [37], the wavelength of the rapidly
growing growth is weakly dependent on the
thickness ratio H/hy and Poisson's ratio. The
approximation using a thin layer leads to good
accuracy in determining the wavelength but
underestimates the order of growth of the fast-
growing mode when the thickness ratio H/h
is greater than 2.

Setting d/dt = 0 in equations (14) and
(15), we obtain two coupled nonlinear ordinary
differential equations, each of which can be
solved in the case of an equilibrium state. First
of all, we note that the equilibrium amplitude
of a sinusoidal corrugation with a wave num-
ber k is given by the expression

]1/2

which is valid only if the bilayer is unstable
and there is a nonzero real-valued equilibrium
amplitude of the corrugation. Moreover, mini-
mizing the elastic stress energy in the bilayer
with respect to the wavenumber leads to the
next equilibrium corrugation wavelength:

24)

20—V 1

20—-2v)  E H]'*

31— v)(1 = v2) Heo by

Log = hy (25)
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Comparing (25) with the fastest growing
wavelength (21), it can be noted that they can
be completely independent. The fastest grow-
ing wavelength, which dominates the initial
growth, is determined by kinetics and depends
on the compressive stress gy in the elastic layer
but does not depend on the viscoelastic layer.
The equilibrium wavelength, on the contrary,
is determined by energy and depends on the
thickness and elastic modulus of the viscoelas-
tic layer but does not depend on the stress in
the elastic layer. This independence makes it
possible to simultaneously determine the re-
sidual stress o, and the modulus of elasticity
U from the initial and final corrugation wave-
lengths, respectively.

Indeed, from the kinetics of the process,
we find by formula (23) the critical value
gy, = a5, below which the bilayer is stable.
Substituting g, = ¢§ into (21) and equating the
right-hand sides of expressions (21) and (25),
we find

C3(1-vi)A-2v) (6§)* H
© T 21— 2v) E; h

(26)

In a state of equilibrium, the shear dis-
placement on the surface is close to zero, and
the lateral displacement is approximately de-
scribed by the formula
u= %kqusin(ka), (27)
where k = 2m /L., . Thus, the in-plane dis-
placement wavelength is equal to half the cor-
rugation wavelength at equilibrium.

When the "film-substrate" system
cooled, the surface layer of the polymer coat-
ing is cured, which is accompanied by its
shrinkage information. In this case, tensile in-
ternal stresses develop in the cured layer,
which generate deformations of the interface

is
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when the system is loaded. In this case, the dis-
tribution of stresses and strains at the interface
"surface layer - substrate" appears in the form
of modes of the "chess-board" or "herring
bone" type [39].

These modes were considered in [39]
based on the analysis of classical bends of a
rigid substrate using a linearized analysis of
stability.

Let E, v, a and E§, vg, ag — Young's mod-
ulus, Poisson's ratio and thermal expansion co-
efficient of the film and substrate, respectively;
t-film thickness. Let us assume that the sub-
strate is much thicker than t and creates in-
plane stresses in the film. Further, it is assumed
that during the deposition of the film on the
substrate, both of them have a temperature T},
and after deposition the temperature of the sys-
tem will change by AT. In addition, the film is
considered elastic and initially free of defor-
mation. Then the compressive axially symmet-
ric in two directions stress of the film will be

Tp
011 = 033 = —0 = —[E/(1 = V)]
Tp—AT

AadT, (28)
where Aa = a5 — a. Consider the case Aa > 0
and g, > 0.

According to the theory of Karman
plates [44], the deflection of the film from the
plane (deflection) w satisfies the equations:

DV*w — (Ny1w.qq + Nppw.p, +

(29)

+2N1oW.q3) = —p
EV4F S W.%z — W.11W.23. (30)
Here, V* a biharmonic operator;

D = Et3/[12(1 — v?)] - bending stiffness of
the plate; w-offset perpendicular to the plane
(x1,Xx2); p — a component of stress, acting per-

pendicular to the plate under the influence of
the (W).q = 0(04)/0%xq; Nopg =

f Oqpdxs — the resultant force acting in the

substrate;

plane of the plate; F — Airy stress, for which
Nyy = Fy3,Npp = Fq1, N1 = —F.1, . Equality
(29) represents the equilibrium moment equa-
tion, and (30) the compatibility equation ensur-
ing the existence of the gradient shift in the
plane, u,p. We will neglect the tangent com-
ponents of the traces that appear on the plate
under the action of the substrate. This is a
standard approximation for the analysis of cor-
rugation of a thin film under the influence of a
substrate [46], the accuracy of which can be
verified by detailed of one-
dimensional modes. The average surface stress
associated with plate displacements is repre-
sented as

analysis

1 1
Eaﬁ = E(ua,ﬁ + uﬁ,a) + EW'CIW'[?’;

Nep = [E/(1 =vH)]x

X ((1-V)Ea8 + VEWSQB);

Mg =D ((1-v)w.a3 +v- W.WSaB) -
non-adjustable ratios representing the moment
of the bend tensor.

In the absence of bends, the film has a
state of uniform stress, determined by the
equalities N11 = sz = _Uot, N12 = 0. The
classical bend analysis based on linearization
of equations (29) and (30) leads to the equa-
tions
DV*w + 0,tViw = —p (31)
VAAF =0, (32)
F= —%(xf + x%)oot + AF. The system of
equations (31) - (32) has periodic solutions

w = wcos(kyx;)cos(k,x,),
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p = pcos(kyx;)cos(kyx;), (33)
at which equation (31) takes the form
(D - k* — gotk?)w = —p, (34)
where k = m

For an infinitely deep substrate under

normal load p in (29), provided that there are
no tangent traces on the surface, the exact solu-
tion for the normal deviation, §, has the form

8 = & cos(kyx;)cos(kyx,), (35)

where § = 2p/(Esk) ¢ E; = Eo/(1 —v2).

The effect of the boundary conditions on
the displacements along the tangential direc-
tions to the substrate surface is insignificant
and therefore neglected. Under the condition
W = § from equation (34) and § = 2p/(E k)
we obtain the equation for the eigenvalues k:

oot = Dk? + E/2k (36)

The critical value of the bending stress,
a§, which is the minimum over k of equation
(36), attained at

ke -t = (3E,/E)3, 37)

defined by the expression

of = lE(BE JE)?/3 (38)
0 4 S )

where E = E/(1 —v?).

The right-hand sides of formulas (3) and
(38) coincide. However, formula (38) was ob-
tained for the residual stress g, in the initial
state of the film and, moreover, g, can be

much larger than the critical value a§ (see Fig.
2).
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"herringbone"
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Figure 2 — The dependence of the bending amplitude of
a thin layer, W, /t, is considered as a function of 6,/0§
for three modes. The wavelength (and slope in the case
of the herringbone pattern) corresponds to its critical
value at the onset of bending deformation.

Equality (38) 1is wvalid for
dimensional stress that causes corrugation with
plane tension. This fact is well known [46]. In
the case of a biaxially symmetric stress, the
critical stress is applicable only for a one-
dimensional mode with k; = k? and k, =0,

a one-

but for any mode the wavenumbers must satis-
fy the equality

_ _ 1
/kf +kZ-t=k-t=GE/E)3 (39

As shown in [39], nonlinear tensile dis-
placements of the substrate essentially do not
affect the behavior of the film. It is believed
that the substrate has a very large thickness d,
comparable to the wavelength of the mode, and
on its lower surface the normal and tangential
displacements are zero. It is assumed that the
difference between the thermal expansion co-
efficients of the film and the substrate is Aa,
and the difference between their temperatures
in the initial unloaded state is AT.

The biaxial compressive stress in an un-
bent film will therefore be equal to g, =
EAa AT /(1 — v) if the substrate is very thick.
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Let us consider square modes of the
"checkerboard" type ("check board mode" in
the terminology of [39]) with a wavelength L
in the x; and x, directions, determined by the
critical condition (37);

2n/ky =2mn/k, =L =+2-1¢ , I°
21 /k€C. The "checkerboard" cell in this case
is a rectangular parallelepiped of dimension
LXLXxd.

A very small initial deformation, prede-
termined by the fact that the uncompressed
system at AT = 0 has a weak average surface
deviation, is written in the form

w = W, cos(kq,x1)cos(kyxs,), (40)

where w; /t = 0,02.

The periodicity conditions applied to a
cell as a result of all five nodal degrees of free-
dom are the same on both sides of the cell par-
allel to the x; axis and similarly for the x, axis.
In addition, at each corner of the cell, the con-
ditions dw/dx; = 0 and dw/dx, = 0 lead to
the fact that the rises alternate with dips on the
sides of the cell.

Modes of the "checkerboard" type are in-
deed determined by deviations along the nor-
mal, approximately described by the equations

w = W cos(k,x;)cos(k,x,) (41)

The numerical relationship between the
amplitude of the mode, w/t, defined as the
half-difference between the maximum and
minimum deviations, and the ratio a,/0§ is
illustrated in Fig. 2 [39].

Fig. 2 shows that the deviations of the
one-dimensional mode lie between the devia-
tions of the "checkerboard" and "herringbone"
modes.

As shown in [39], the minimum of the
configuration energy is attained at L/L¢ = 1,
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and under this condition, the deflection along
the normal has a herringbone mode.

A typical image of such a mode is shown
in Fig. 3 [39].

Figure 3 — A gold thin film on a substrate having a pat-
tern with a circular flat depression a few millimeters in
diameter. A herringbone pattern appears in the center of
the cell outside the edge of the spot.

Nonlinear waves of localized plastic flow

The clearest physical meaning of the
"checkerboard" distribution of stresses and
strains in a thin film was obtained in [47],
where the theoretical substantiation of the
mechanism of the interface between the film
and the substrate was given for the first time.

According to the authors, the curing of the
paint and varnish coating (PVC) leads to the
formation of a kind of surface layer of the sub-
strate in the form of a thin film lying on the
substrate. This surface layer, according to the
concept of physical mesomechanics, is an in-
dependent subsystem in a deformable (under
the influence of external load) solid. The inter-
face in the thin film-substrate system is of par-
ticular interest.

First, when a thin film is coupled to a sub-
strate, a pronounced interface is formed, on
which a geometrically correct “checkerboard”
distribution of stresses and strains is realized,
and the thickness of the film can be taken as
the interface thickness in theoretical analysis.
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Second, a thin film is a highly nonequilib-
rium system. This is due both to its highly de-
veloped surface at a small volume and to a
mismatch at the interface of the mating media
(with different elastic moduli and thermal ex-
pansion). As a consequence, a nonequilibrium
thin film in the initial state should have a clus-
ter structure that will use structural-phase tran-
sitions in the fields of external influences of
any nature [2]. A wide range of atomic config-
urations in the resulting surface layer causes
the development of more intense plastic de-
formation in it than in the bulk of the crystal.
The necessity of compatibility of the processes
of plastic flow of the surface layer and the
crystalline substrate causes the appearance of a
quasiperiodic  distribution of stresses and
strains at the interface (their interface).

The analysis of theoretical and experi-
mental studies carried out in [47] on the devel-
opment of a localized plastic flow in the form
of double spirals in nanostructured layers of a
deformable solid led to the conclusion that the
interface of dissimilar media in a two-
dimensional dimension should have the form
of a "checkerboard". Modeling the interface
"surface layer-substrate" in a loaded solid, car-
ried out in [48, 49, 29] on the basis of a sto-
chastic approach in the framework of a three-
dimensional model, confirmed the conclusion
[47] about the "checkerboard" distribution of
local stresses and strains when two dissimilar
media are coupled.

Received theoretical confirmation and ex-
planation of the channeling effect of local plas-
tic flow in nanostructured surface layers along
the cells of the "checkerboard" interface struc-
ture with tensile normal stresses.

Direct experimental confirmation of the
"checkerboard" character of the distribution of
stresses and strains at the interface "surface

20

layer-base crystal" was obtained in [50] on the
example of an experimental study of alternat-
ing bending of flat samples of polycrystalline
VTI1-0 titanium with a hydrogenated surface
layer. The "checkerboard" character of stress
distribution at the interface "nanostructured
surface layer - the main volume of material"
provides the effect of plastic flow channeling
and extrusion of the surface material in the
form of double spirals of intertwining meso-
bands of localized deformation (Fig. 4 [51]).
As a result, deformation defects reach the sur-
face, rather than being pumped into the depth
of the loaded sample. The latter retards the de-
velopment of deformation macro-localization
in the sample, causing a simultaneous increase
in both the strength and plasticity of the mate-
rial.

Figure 4 — The experimental pictures of stationary cor-
rugation of the surface layer in a deformable solid; ten-
sion at 293 K: a — a polycrystalline alloy Zr — 2.5% Nb;
b, ¢, d — low-carbon St3; stretching at T=293K after ul-
trasonic treatment and subsequent annealing at
T=1103K; &=13 (b), 28 (¢), 32% (d); scanning electron
microscopy, x250.

The cells of the "checkerboard" distribu-
tion of tensile and compressive normal stresses
determine the corresponding cellular structure
of the distribution of material in a thin film: the
material from the cells of compressive normal
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stresses is displaced into the cells of tensile
normal stresses.

Mass transfer occurs in the field of shear
stresses, which also have a "checkerboard" dis-
tribution at the interface but are phase-shifted
by /2 in space.

Stochastic approach to calculating in-
ternal stresses and strains. Since the film is
rigidly bound to the substrate, then under load-
ing up to the beginning of fracture, both the
film and the substrate should experience the
same degree of deformation. Hence it follows
that elastic stresses in the film oy are related to
stresses in the substrate g, as follows
1= v2 Ef
1 — V5 E

where Ef, E, , vy and vs — Young's moduli and
Poisson's ratios of the film and substrate mate-
rial, respectively.

Due to the small grain size and high
density of grain boundaries, dislocation plastic-
ity in nanostructured films is limited. As a re-
sult, deformation develops at the mesoscale
level under the conditions of a "checkerboard"
stress distribution at the "film-substrate" inter-
face, while the role of the maximum shear
stresses, which determine the directions of
shears in the deformed film, significantly in-
creases.

Since plastic deformation can occur only
in the region of tensile normal stresses [47,
51], when thin films are stretched, meso-bands
of localized deformation develop, decorating
the “checkerboard” structure of the interface.

The conjugation of the modified sur-
face layer and the substrate in a loaded solid
causes two types of perturbations:
configurational perturbations of the atomic
structure at the interface between two dissimi-

nano-
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lar media, such as atomic clusters of different
configurations, and a sinusoidal field of tensile
and compressive elastic stresses in the surface
layer due to the inequality of the elastic moduli
of the surface layer and the substrate.

Self-organization of nanoconfiguration-
al perturbations at the interface "modified sur-
face layer - substrate" in a sinusoidal elastic
field of change in tensile and compressive
normal stresses in the surface layer causes a
"checkerboard" distribution of stresses and ine-
lastic deformations in the surface layer.

Figure 5 [52] shows the evolution of the
"checkerboard" organization of atomic config-
urational perturbations at the interface "modi-
fied surface layer - substrate" in a three-
dimensional elastic field of the surface layer
with a sequential increase in the degree of de-
formation of the sample the range
0.01...0.5%.

in

The dark areas in Fig.5 correspond to the
zones of compressive normal stresses, and the
light ones correspond to the zones of tensile
stresses.

_ﬁ"’sp -

Figure 5 — Pattern of inelastic deformation of the sur-
face layer at different degrees of uniaxial tension of the
sample: €=0.01 (a); 0.05 (b); 0.1 (c¢); 0.2 (g); 0.3 (d);
0.5% (e)

The need to interface the surface layer
with a substrate that exhibits higher shear sta-
bility leads to corrugation of the surface layer.
The character of this corrugation changes in

stages as the degree of deformation increases.
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Figure 6 [29] shows a pattern of corrugation of
the surface layer of various thicknesses de-
pending on the length [, of the film section
under consideration.

©0.000001

-7.10°

Figure 6 — Profiles of normal ¢, and tangential €, de-

formation components depending on the length 1, at the
interface thickness of 10 (a), 107 (b), and 10 (c) m.

The normal o(x;) and tangential 7(x;)
stress components at the point x; of the simu-
lated section of the film/substrate interface are
represented by the following expressions:

o(x;) = (E(x;) —al)E, (43)

t(x) = (E,(x;) — aT)G, (44)

where x; =i-l,/n,i =0,1,..,n — the set of
dividing points of the considered section [0, [, ]
of the film; E and G — moduli of elasticity and
shear of the substrate; T — temperature of the
simulated section of the interface; o is the coef-
ficient of linear thermal expansion of the sub-
strate material; E,(x;) and E,(x;) values at
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s = x; of deformation diagrams E,(s) and
E,(s), which under symmetry conditions im-
posed on deformations at the boundaries of the
deformable region

E,(L) =E,(-L), u=x,y,z (45)
have the form:
Ex(s)=0;E,(s) =L (sech% — 1);

2s (46)

EZ(s)zs—L-tghL

and do not depend on time; thz and sechz —
the hyperbolic tangent and secant functions:

thz = (e? —e %) /(e? + e7%),
sechz = 2/(e* + e %).

Normal €, (x;) and tangential &,,,(x;) de-
formation profiles are determined by the for-
mulas

Eyy(xi) = Ez(s) |s=xi'

Sxy(xi) = Ey(s)|5=xi- (47)

Based on the measured parameters, the
level of internal stresses was calculated using
formula (43).

Results and its discussion

The deflection of the steel console with
PES coating was d = 285.47um. The results
of measuring the film thickness before and af-
ter curing showed that the initial average
thickness of the film was hy =
51.21um, and after curing h; = 47.06um.

The results of AFM studies of the micro-
relief (profilograms) and volumetric topogra-
phy of the surface of the PES film showed that
the mean wavelength of the corrugation is
A = 1.25pm with an amplitude of A = 96nm

"Wet"
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Since the total thickness of the coating
(H = hl = 47.06um) is more than 35 times
the length of the RMR wavelength (4 =
1.25um), it can be assumed that the thickness
is much greater than the lengt h (Figure 7).

Considering the roughness profile in the
framework of multifractal analysis, it can be
noted that it has the property of invariance,
when the same elementary geometric object (in
our case, a straight cone) is continuously re-
peated over the entire area of the investigated
area [35].

b)

Figure 7 — The volumetric topography (a) and average

micro-profile (b) of the sample (50 X 50um) of polyes-
ter urethane varnish.

After measuring all the parameters using
formulas (1), (2), and (43), the internal normal
stresses in the PEUL film were calculated (Ta-
ble).

Table. The values of the internal stresses of
the PES film, determined by different methods

Method Internal stress,
MPa
Cantilevered [12] 2.921
Thickness difference [13] 2.431
RMR parameters measu-ring 2.626
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As follows from the table, the internal
stresses measured by all three methods are rel-
atively the same and amount to about ~0.1F,
the difference between the obtained values
does not exceed ~20%.

However, despite the fact that measure-
ments of internal stresses by three methods
give close values, the proposed method is
much simpler than the other two in terms of
convenience.

The advantage of this method is the ability
to evaluate internal stresses in a polymer film
solely by the geometric characteristics of the
cured profile irregularities (wavelength, ampli-
tude, thickness), without the need to measure
the "wet" coating thickness and regardless of
the mechanical properties and dimensions of
the substrate.

After curing the polymer film at low tem-
peratures, the calculations assumed that the
thickness h of the elastic film and the thickness
H of the underlying viscoelastic layer are small
values of the same order, forming a kind of
surface layer of the bulk of the substrate,
which we conditionally called a "thin film".
The film thickness is taken as the thickness of
the surface layer / substrate interface, which
makes it possible to compare the results of ex-
perimental studies with models of physical me-
somechanics of heterogeneous media.

Measurements of the parameters of the
regular microrelief (RMR) of the film surface
make it possible to describe the kinetics of film
formation and growth and to estimate the total
energy level of the film/substrate system with
the calculation of the critical values of the am-
plitude and wavelength of nonlinear film vibra-
tions at which their stability appears, providing
certain steady-state, independent from time to
time, the values of the amplitude and wave-
length of oscillations with the corresponding
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formed profile of deformations on the surface
of the film.

The real conditions for curing the paint-
work (PVC) are a random process. In this re-
gard, the distribution of stresses and strains at
the film / substrate interface is naturally mod-
eled on the basis of a stochastic approach [49,
50]. The introduction of stochastics is due to
the fact that, within the framework of this ap-
proach, the elements of the medium of the
mesoscale level are considered, the physical
parameters of which (such as temperature,
pressure, elastic moduli) cannot be measured
“absolutely accurately”, as for objects of the
macrocosm. At the micro level, their own laws
operate, there it is impossible to unambiguous-
ly determine the parameters of physical ob-
jects, they can only be spoken of as intercon-
nected random variables. It should be noted
that the mesoscale level is a connecting and
directly determining link in the system of fac-
tors that affect the behavior of surfaces and
interfaces of a deformable solid.

Conclusion
It is shown that the contact of the cured

coating with the elastic base can be considered
as the interface of the surface layer in the form
of a thin film of paintwork varnish with the
bulk of the substrate material.

The loading of the substrate solid causes
the distribution of stresses and strains on the
outer surface of the film in the form of a
"checkerboard" effect. As a result, deformation
defects emerge on the surface and are not
pumped into the depth of the loaded specimen,
thereby retarding the development of defor-
mation macro-location in the specimen, caus-
ing a simultaneous increase in the strength and
plasticity of the specimen material.

The proposed method for assessing inter-
nal stresses based on measuring the parameters
of the regular microrelief (RMR) of the film
surface makes it possible to describe the kinet-
ics of film formation and determine the critical
values of the main characteristics of vibrations,
which can be used to reveal stability.

To calculate internal stresses and strains, a
stochastic approach was used, which takes into
account the peculiarities of the flow of the film
/ substrate interface at the meso- and mi-
croscale levels, caused by the uncontrollability
of external conditions affecting the properties
of the sample. The values of the shrinkage
stresses of the polyester urethane coating, cal-
culated by the proposed and cantilever meth-
ods, by the method of thickness difference, are
relatively the same (the difference does not
exceed ~20%) and are of the order of ~0.1E.
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Abstract
Potentials and their gradients are analyzed in mechanical, heat, chemical, electrical, magnetic fields arising

during elektrothermomechanical interaction of friction pairs of disc-block tormos of vehicles. Influence of diffusion
and adsorption potentials on formation of double electric layers on friction belts of solid disks during braking is
shown. The effect of local thermal potential on the friction layer of the solid brake disc is considered from the point
of view of obtaining excessive entropy. Stable state of elementary volume of disk friction belt layer is estimated
through local functionals, which take into account fluctuation of its energy load.
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Annotasiya

Noqgliyyat vasitolorinin diskli-kiindali ayloclorinin siirtiinme ciitiinlin elektrotermomexaniki qarsiliqlt tesiri
zamani yaranan (amolo golon) mexaniki, istilik, kimyavi, elektrik, maqnit saholorindoki potensiallar vo onlarin qradi-
entlori tohlil olunub. Oyloc prosesi zamani biitov disklorin siirtiinms yolunda ikili elektrik qatin formalasmasina dif-
fuziya vo adsorbsiya potensialinin tosiri gostorilib. Lokal termiki potensialin biitév ayloc diskinin siirtinmo qatina
tosiri izafi entropiyanin oldo edilmosi baximindan nozordon kegirilib. Diskin siirtiinms yolunun elementar hacminin
sabit vaziyyati, enerji yliklonmasinin fluktasiyasi nozars alinaraq lokal funksionallar vasitasilo qiymatlondirilib.
Acar sozlar: diskli-kiindoali ayloc, biitov disk, siirtiinma ciitii, slirtinms yolu, potensial vo onun gradienti, lokal

termiki potensial.
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AHHOTaLMA

[Ipoananm3upoBaHbl CYMIECTBYIOIIME METOIBI OIpPENeNIeHHs] BHYTPCHHUX (OCTaTOYHBIX, YCAJOYHBIX)
HampsDKeHUH, BOZHUKAIOIINUX TIPH OTBEPIKICHUN TOHKHUX TUIEHOK JTaKOKpacouHBIX MOKpbITHH (JIKII), ocHOBaHHBIC Ha
KOHCOJIbHOM H3TH0e IMOAJIOKKH M PA3HOCTH TOJIIIMH MOKPOTO M CYXOTO IOKPHITHS COOTBETCTBEHHO. OTMeUeHa 3a-
BHUCUMOCTh MX TOYHOCTH OT COOTHOIICHHUS TOJIIUH IJIEHKA/TIOATIOKKA H OJHOPOTHOCTH HaHECEHHOW TUIEHKHU. Pac-
CMOTPEHO MPUMEHEHHE METOJI0B aTOMHO-CHJIOBOM MUKPOCKOIIUU, OCHOBAaHHBIX HA U3MEPEHUU T'€OMETPUU PeryJisip-
Horo Mukpopenbeda (PMP) moBepxHOCTH MIEHKH, CIIYXKAIIEr0 B KAYSCTBE XapaKTEPHOTO MPOSBICHUS e ycaaou-
HBIX aedopMaruii. Pacuer BHYTpEHHUX HANPsDKEHUMA U nedopMaluii MPOBEJICH HA OCHOBE CTOXAaCTHYECKOTO MOIXO0-
Jla ¢ Y4ETOM «ILIaXMaTHOT0» pacrpezeeHus 1eopMaluoHHbIX 1e(eKTOB Ha HApy)KHOH MOBEPXHOCTH IUICHKH.

KoaioueBble ci10Ba: 1aKOKpacoOYHOE HOKPBITHE, TIO/JI0KKA, PETYJIIPHBIA MUKpOpeibed, ycaaka, ycaJouHble HaIpsi-
JKEHUsI, BHYTPCHHHUE HANPSKEHNUS, OTBEPXKICHUE, NONUI(PHUPYPETAHOBBIN JIaK, TOHKAs IUIEHKA.
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BBenenue

ITapel TpeHHsI TOPMO3HBIX YCTPOWCTB SIB-
JISFOTCS OJHUM M3 OCHOBHBIX Y3JIOB TOPMO3-
HBIX CHCTEM aBTOMOOWJIBHOIO, 3>KEJIe3HOJIO-
PO’KHOTO M aBHAIlMOHHOIO TpaHcmopTta. Jlera-
JIU Tap TPEHHs] TOPMO30B JOJKHBI 0Oecreyu-
BaTh 0€30I1aCHOCTh MEPEBO3UMBIX MACCAKUPOB
U TPY30B, HAJEKHOCTh U CTAOWIHHOCTH TPH
JUIMTENIbHBIX CPOKaxX SKCIUTyaTallid, BBICOKHE
TPUOOIOTHYECKHE XapaKTePUCTHKU MaTepua-
JIOB TIap TPEHUS MPU AMHAMUYECKUU U TEIUIo-
BOW Harpy»€HHOCTH M HE 3aBHCETh OT TEMIIE-
paTypHBIX U MOTOAHBIX YCJIOBMI, obecreyu-
BaTh MaJIOLIYMHOCTh U KOM(OPT OT mporecca
(GPUKIIMOHHOTO B3aMMOJACHUCTUBS Map TpPEeHUs
TOpPMO30B 1 T. 1. [lepeuncnennsie TpeOoBaHUS
ONPENENSI0OTCA KOMILJIEKCOM ¢buznKo-
MEXaHHYECKUX, a TaKkKe TPUOOIOTHIECKUX
XapaKTePUCTHK MaTepHalioB  (PPUKIIHOHHON
apkl.

JIBIOKyIIEH CUJION B MEXaHUYECKOM, TEIl-
JIOBOM, XMMHYECKOM, JJIEKTPUYECKOM M Mar-
HUTHOM TIOJIe TPOIECCOB, d(PPEKTOB U siBIIC-

HUM SIBIISIOTCS MOTCHIUAJIBbI UX MTapaMCTPOB.

AHAJU3 JUTEPATYPHBIX MCTOYHUKOB H
COCTOSIHHE NPOOIeMbI

B pa6otax [1, 2, 3] oOpamieHo BHUMaHHE
Ha JieficTBHE MOTEHIMAJIOB U UX TPATUECHTOB,
KOTOpbIE HaOJIIOJAJINCh B MEXaHUUYECKHX, TEll-
JIOBBIX, XUMMUYECKHUX, 3JIEKTPUYECKUX, DIICK-
TPOMAarHUTHBIX M APYrux noisx. OQHako Kak
MOTEHIMAJIBl TaK M UX TPAJUEHTHI paccMaTpu-
BAIOTCSl OTBJICYEHHO M HE NPUBSA3AHHBIC K Te-
JaM, KOTOpbIE TPUMEHSIIOTCS B JIHUCKOBO-
KOJIOZIOUHBIX TopMo3ax. Kopoue roBops, Tpe-
Oyercs CUCTeMaTU3UpPOBaTh MOTEHLUANBI U UX
IpaJiuE€HThl NMPUMEHUTEIBHO K IapaM TPEHMs
TOPMO3HBIX YCTPOMCTB.

OJEeKTpUYECKUe SBJICHUS Ha IIOBEPXHO-
CTX paszzena (a3 paccMOTpeHbl B pabore [4].

29

[Ipu 3TOM OTMEUYEHO, YTO BOJU3U MOBEPXHO-
cTu pasnena (a3 obOpa3yercs TBOWHOU Ciou
3aps/IOB: OJJHA YaCTh 3TOTO CJIOS JIOKAIN30BaHA
Ha TUIOCKOCTH MOBEPXHOCTH, a BTOpasi B BUJC
muhy3noHHOTO pacrpocTpaHseTcs
BIIIyOb pacTBOpaA.

CJI0s

Ha muxpoypoBae ponb nuddysun B mpo-
[[eccax TPEHHsI U U3HOCA 3HAYUTEIILHO MHOTO-
obpasueit [5]. IlpennonoxxeHue 0 BO3MOMKHO-
ctu auddy3ur HOHOB MeTauia BBICKA3bIBA-
TUCh JaBHO. PacTBopeHHwe Meraymia B TIOJH-
MEpPHOM MaTepuaje ObUIO AKCIEPUMEHTAIBHO
oOHapyxeHo B. A. bensim. B pesynbrare aTrx
UCCIIEIOBaHMM ObUIO YCTAHOBIIEHO, YTO B aJire-
3UOHHBIX COCJIMHEHUSX, COAEpXKaIlUX IO
MEHBIIEH Mepe JBa Pa3HOPOIHBIX MeETala,
nojuMep 00JaaeT CoCOOHOCTHIO MPOSBIATH
CBOMCTBA JIEKTPOJIUTA MPHU KPEKHUHT MPOIIecce
€ro MOBEPXHOCTHOTO CJIOSI.

Kpome Toro mpenmonaraioch, 4YTO 3TO
cBs3aHo ¢ auddys3ueit MeTaiocoaepIKammux
MPOJYKTOB KOHTAaKTHBIX peakuuil B TOJH-
MEpHYI0 NMoAIoXKy. [Ipu 3ToM Ha moanoxke
BO3HUKAET JJIEKTpUUECKoe HampspkeHue. [Ipu
3aMBIKAaHUM BO BHEIIHEW IIEMU MOSIBISETCS
TOK, HamNpaBlIEHHE KOTOPOTO OIpPEAeseTCs
BEJIMYUHON U 3HAKOM DJIEKTPOXUMHUYECKHX I10-
TEHIMAJIOB METAJUIOB, COCTABIIAIOIINUX JaHHYIO
napy. OJIEKTPOXMMHUYECKOE B3aWMOJICHCTBHE
OKa3bIBaeT BJIUSHUE Ha aJre3MOHHYIO MpOU-
HOCTb.

JMuddy3uss B paBHOMEPHO BPAIIAIOIINXCS
CUCTeMax MpeJcTaBieHa B padore [5]. B takoi
CUCTEME€ pa3lIMYHbIE KOMITOHEHTHI KUIKOCTH
MOJIBEPKECHBI JIEHCTBUIO IIEHTPOOSIKHON U KO-
PUOIUCOBOM CHII, KOTOpBIE OOYCIIOBIICHBI
BpallleHHeM CHCTeMbl. PaccMoTpeHo ycnoBue,
korga au¢Qy3uOHHBIE TOTOKM WM TEPMOJIH-
HaMUYECKHE CHUJIBI OJHOBPEMEHHO PaBHBI HY-
JI10. DTOT Cily4daid UMEET MPAKTUYECKOE 3Haye-

HHUC IPHU ONPCACIICHUUN KOJUYCCTBA KUAKOCTHU
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M0 CeTUMEHTAIINH B yibTpalneHTpudyre. 3nech
e MPUBOJUTCS METOJ] ONPEACIICHUsS] CKOPOCTH
CeIMMEHTAIUU KHUJIKOCTU MEXYy pacTBOPOM U
YHUCTBIM pacTBoputeseM. [IpeanoxkeHHble Me-
TOJBI MOYKHO MCIIOJIb30BaTh B CHCTEMax OXJia-
KJICHUS, 3aMOJHEHHBIX HAHOXKUIKOCTHIO, ca-
MOBEHTUJIMPYEMBIX JIUCKaX C IIMIaMu B JIHC-
KOBO-KOJIOJIOYHBIX TOPMO3aX TPaHCHOPTHBIX
CPEICTB.

Heabp padoTbl — 000CHOBATH BO3HUKHO-
BEHHE TOTEHLUANIOB, JEUCTBYIOIIMX B MOJISIX
nap TPeHUs TOPMO30B U BBIICIUTH POJIb JIO-
KaJlbHOTO ~ TEPMHYECKOro  MOTEHIHuana
CIUIOIIHOM JMCKE TOPMO3a.

B

IMoTeHMANBI — IBUKYIIAS] CHJIA POLIECCOB,
3¢ ¢eKTOB U SABICHUI

UToOB! BBISICHUTH CMBICT MOHSTHS TTOTEH-
uan, OyIeM paccMaTpuBaTh KaXAbIH BUJ
SHEPTUU KaK MPOU3BEICHUE IBYX BEJIMYHH:

- (hakTOpa HUHTCHCUBHOCTH (MHTEHCUBHOTO
CBOICTBA);

- (hakTOpa €MKOCTH (IKCTEHCHBHOTO CBOM-
CTBA).

Tak, MexaHWUeCKass YHEPTUs ONpeaeIsieT-
Csl BEIMYUHOU fdl, T. €. IpOU3BEICHUEM CHIIBI
Ha TpUpaIIeHue MyTu; dIeKTpudeckas — FEdg,
T.€. TIPOM3BEJIEHUEM 3. JI. C. Ha KOJIMYECTBO
MePEHOCUMOT0 3apsijia; MaruuTHas — Bdl, T.e.
MPOM3BEJACHUEM MAarHUTHOM MWHAYKLIUU Ha
HaMarHM4eHHOCTh, «00beMHas» — PdV, mo-
BEPXHOCTHAs SHEPrusi — odw, T. €. MPOou3Be-
JICHHEM TIOBEpPXHOCTHOTO HATSHKCHUS Ha U3Me-
HEHHUE TUIOMAN TMMOBEPXHOCTH, MOTCHIUAb-
Hast — mgdh, KUHETHYECKas — (V*/2)dm u .
7.; HAaKOHeL, Xumuueckas — udn*. DakTopsl
MHTEHCUBHOCTH HEPENKO OOBEIUHSIOT I0J
o0ImuM Ha3BaHHWEM OOOONICHHBIX CHII, a (ak-
TOpP €MKOCTH Ha3bIBAIOT OOOOIICHHBIM ITyTEM.
Tak, B cilydae MEXaHUYECKOW HHEPTUU BEJIH-
YUHA CHJIBI SIBJSICTCSI MHOXKUTEJIEM HaIpsiKe-
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Hus (Tak ke, Kak P, o, L 1 T. 1. B COOTBET-
CTBYIOLIMX BHUJAX OHHEPruu), a BEJIMYHUHA
MPOUJEHHOrO0 MYyTH, T. €. COOTBETCTBEHHO V,
®, 7 U T. J. TOKa3bIBalOT, B KaKOW CTENEHU
MIPOSBIISIETCS ICUCTBUE CUITBI.

Kaxgomy Buay sHepruu, BO3HHKAIOIIEH
pu (PPUKIIMOHHOM B3aUMOJICHCTBUU TIap Tpe-
HUSI TOPMO30B COOTBETCTBYIOT OINPE/EICHHBIC
MOTEHIMAIbl U UX TPATUEHTHI, KOTOPBIC 3aBH-
CAT OT TEMIIOB MPOTEKaHUsl MPOLECCOB (CM.
puc. 1).

[Ipu 3TOM MexAy TepMOIWHAMUYECKUMU
U DHEPreTUYECKMMU MapaMeTpaMu IpU UX Io-
CTOSIHHBIX BEJIMYMHAX CYLIECTBYIOT COOTHO-
menus [6] (cm. Tadm. 1).

B Tabn. 1 wucmoan30BaHbI

1

YCIIOBHBIE OOO3HAYECHHUS: O =V

[ S1% 0

)
— - HU30-
aT ),

OapHBIT pacIIupeHus;

1
=y

kodppurmeHT
oV

(a—PJ - M30TEpMHYCCKUN KOADUIH-
T

€HT CXKaTusd; Cp, Cy — TEIUIOEMKOCTb IIPH IIO-
CTOSIHHOM JIaBJIEHUH, 0ObeMe.

[Ipu arekTpoTepMOMEXaHUUECKOM TPEHUU
B 30HaX ()PUKIMOHHOTO KOHTAaKTa MPOUCXOIUT
MHOECTBO TPOIIECCOB, 3(HPEKTOB U SBICHUM,
KOTOpBIE MEpeceKaroTcsl Mexay co0oH, BO3-
JNCHCTBYIOIUX Ha TPUOOIOTUYECKUE XapaKTe-
pUCTUKH y3510B Tpenus. Ho cpenu HUX UMEIOT-
Csl TaKue, KOTOPBIC BIUSIOT Ha HECKOJBKO Xa-
paktepucTuk. B mepByio odepenb, K TaKoro
poa SBJICHUIO OTHOCUTCS U y3usi.

Brnussane nuddy3un Ha mporiecchl TpeHus
U M3HOCAa MOXKHO paccMaTpuBaTh KaKk Ha Mak-
po, Tak U Ha MHUKpPOYpOBHE. MaKpOoypOBEHb
ompenenser BausHue auddysuun Ha TpUOOIO-
THYECKHE XAPAKTEPUCTUKU y3JIa TPSHHSI C TO-
3ULUA TEPMOJAMHAMUYECKON CHUCTEMBI OTKpBI-
TOoro THma. {1 mocjaemHer BO3MOXKHO HallHM-
qie peXUMOB, B KOTOPBIX MPOUCXOJUT OTPH-
LATENbHBI TPUPOCT SHTPONUU U, CIEJOBa-
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TEJNbHO, CHUKECHHE JECTPYKTUBHBIX TMpoIlec-
COB. YMEHBUICHHUE YHTPOMUHU U BBIXOJ TEPMO-
JUHAMHYECKON CHCTeMbl Ha OJaronpusTHbIE
PEXKUMBI Pa3BUTHUS TEM BEpOSTHEE, YEM WHTEH-
CUBHEHW Oy/IeT MPOUCXOAWTHh SHEPTETUUCCKUI
0oOMEH C TOKaMH OMBIBaroIIel cpenbl. Hanbo-
Jiee MOIIHBIM KaHaJOM Takoro odomeHa (aumc-
CHITaLlMH) SIBIIIETCSI MAcCONEpPeHoc, T. €. Aud-
¢by3us, crocoOCTBYyIOMIAs TEPMOPO3PALY, a
MOTOM TE€PMOB3PBIBY, T. €. IMIyOUHHOMY MHPO-
Iu3y B nosmMepHol Haknazake [7, 8]. Ilpume-
HUTEJNBHO K y3JaM TPEHHs 3TO O3HAYaeT, YTo
muddy3ust yckopsieT mepexoa TpruOocompsiKe-
HUS K TPEHUIO C MAKCUMAaJIbHBIMU 3HAYEHUSIMU
JTUHAMHAYECKOTO KO3(PPUIIUEHTA TPEHUS U MH-
HUMAaJIbHBIM U3HOCOM.

JHuddy3noHHbIid cioi, UMes BHEUIHUNA U
BHYTPEHHHUH CIIOH, CIOCOOCTBYET (popMupoBa-
HUIO JIBOMHOIO JJIeKTpuueckoro ciuos. Ilpu
STOM MEPBBIN, HAXOIAILIMICS B pacTBOpE Ha
TBEPAON MOJJIOKKE HAKIAJKH COOTBETCTBYET
IUIOTHOMY WJIU aJcOpOMpPOBAaHHOMY, a BTOPOH
— nudHY3HOHHOMY CIIOIO.

[TomoGHO TOMY, KaK TeMIiepaTtypa sBJseT-
Csl IBIKYIICH CUJIOW MPHU BO3HUKAIOIUX IIO-
TeHIManoB (cMm. puc. 1), a Takke B TEmIO00-
MEHHBIX MpoIeccax, TaKk U XUMHUYECKUH IOo-
TEHIMAJ SIBJISIETCS JABWKYIIEH CUJION TIpU Tie-
pexoze Macchl.

OH NpHUBOIUT K YCTAHOBJIEHUIO XHMHYe-
CKOTo paBHOBecHs (M (a30BOT0, €CIU Mepeaa-
9Ya Macchl MMPOUCXOTUT B FE€TEPOTeHHON CUCTe-
Me, T. €. Mexay (azammu). [logoOHO Mpyrum
(akTOpaM WHTEHCUBHOCTU (B COOTBETCTBYIO-
IIUX TPOLECcCcax), XMMHUYECKUH TMOTCHIHAT
BEIIECTBA IO Mepe MPOTEKaHHs Mpolecca BbI-
paBHUBAETCS U B MOMEHT HACTYIUIEHUS pPaBHO-
BECHsI OH CTAaHOBHUTCS OJUHAKOBBIM BO BCEX
CYUIECTBYIOIIUX (pa3zax, B KOTOPHIX HAXOAUTCS
JTAaHHOE BEIIECTBO.
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Takum 00pa3oM, XUMHUYECKOW IepeMeH-
HOM SABIISIETCSI KOJIMYECTBO BelecTBa. M30BITOK
BEIIECTBA KaK OBl KOMIICHCHUPYET MEHBIIYIO
CUJIy €ro Xxumudeckoro cpojactsa. Ilon Bere-
CTBOM MOJIPa3yMEBAETCS MOBEPXHOCTHBIN CIIOM
HAKJIAJKH, HaXOASIIUNCS TTPU MOBEPXHOCTHOM
TEeMIIepaType BbIIIE JOMYCTUMOMU /Jis €ro ma-
TEpPUAJIOB.

B ortnuume ot mpyrux ¢GakTopoB MHTEH-
CUBHOCTH, HEMOCPEJACTBEHHO U3MEPUTHh XHUMH-
YECKHM IIOTCHIMAI HEIb3s, YTO JElIacT 3TO
MOHSTHE HE TAaKUM HaIrJISIAHBIM, KaK y/IEJIbHbIC
Harpy3Kkd, TIOBEPXHOCTHBIE, OOBEMHBIC
BCHBIIIKKA TEMIIEPATypbl U APyHE B METAJIO-
MOJUMEPHBIX  Mapax  TPEHUs  JUCKOBO-

)51

KOJIOJIOYHOTO TOPMO3a TPAHCIOPTHOTO Cpea-
CTBa.

JlokaJIbHBII TePMHYECKHI NOTEHIHAJ B
CILUIOIIHOM JMCKe TOPMO3a

CoBMecTHOE ACHCTBUE W3TYy4YECHUs, TeEI-
JIOTIPOBOJTHOCTH, CBOOOTHOW M BBIHYXICHHOM
KOHBEKIIMH C MIOMOIIbIO HEOJHOPOIHOM Cpebl
HaIpaBJI€HO HAa CHUXKEHUE HHEProHarpyKeH-
HOCTH TIap TPEHHUS AUCKOBO-KOJOJAOYHBIX TOP-
MO30B IIpH UX (QPUKIIMOHHOM B3aUMOJCHCTBHH
B MHTEPBAJIIC BPEMEHU MEXKIY TOPMOKEHUSIMU
IIPU JBUKEHUSMH TPAHCIIOPTHOT'O CPENICTBA MO
MTOJIOTHY IOPOTH.

Tennora moABOAWTCA K IMOJMPOBAHHBIM
(mosica TpeHWs) W MaTOBBIM TOBEPXHOCTSIM
TOPMO3HOTO AMCKA U K €ro Tely MOCPEACTBOM
TEIUIONPOBOJHOCTH, a OTBOJMUTCS OHa COB-
MECTHBIM JeHCTBUEM CBOOOJHOW W BBIHYX-
JIEHHON KOHBEKIIMH, a TAK)K€ M3Jy4YE€HUEM OT
YKa3aHHBIX BbllIe mOBepxHOocTed. IIpupona
MEPEYUCIICHHBIX BHJIOB TEIJIOOOMEHHBIX IMPO-
1IECCOB pa3jIM4Has, U CJIEJI0BaTEIbHO, d(dek-
TUBHOCTh OXJIAKJECHUS HEOANHAKOBAs.
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Pucynok 1 - Mepapxuueckre dHepreTHIecKrue YPOBHH TPHOOCONPSHKSHUM

Figure 1 - Hierarchical energy levels of tribocoupling
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Taﬁmma 1. CooTHomICHHS MCKAY TCPMOANHAMUYCCKUMU U SHECPIrETUICCKUMU IMapaMETpaMu

IIpHU UX IMOCTOAHHBIX BEJIMYMHaX

Table 1. Relationships between thermodynamic and energetic parameters at their constant values

W3meHenue: P=const T=const J=const | S=const U=const H=const F=const G=const
JIaBIICHHUST
My |@P)] - -1 -aV -C,/T aPV-C, -C, St+aPV s
TEMICPATYPEL| oy | 1 - BV aV BP-aT)-V | (1-aD)V PV 4
O
odvema | |y BV - CyBVIT CpV CBranyV | -pSV (aV-BS)V
(M”/MOJTB)
SHTPONHUH (CyBP-

Tonlmom-<Cy | @) G/ aV -CyBVIT . CVBPV/T C,V/T arsyir | CroTSVIT
TEIJIOTHI (00) C, alV, -CypV 0 -CypPV C,V ES;E)P I; (Cy-aTS)V
C‘:‘g‘;ﬁ’; ©04)| oPv BPV 0 CyBPV/T |  CyBPV  |[(Cyp+al)PV|  -BSPV (aV-pS)PV

]
=
+| 3

BHYTPEHHEH | = ) : ) ) ) (C-aPV)V-| (BSP-aTS+ | V(C,-aPV)-

SHeprum E[(aU) CpaPV | (TP | - CuBY | -CVBPY/T ~CyBPV | +CBP)V | -(aTV-PPV)S
= (S+aPV)x
= -(Cyp+ CyBPV-
Z|(0. C T-1)V Cc,V/T - V-aTV)+ |(C,+S-aNS)V

SHTAJIBIINH :é«( H) o (oT-1) Tl " L(CraPV)V X(JFC:}}PV; (Cp*S-aNS)
— 5 N30x0pHO-U30TEPMUYECKUH TOTEHIIUAI

Tensvrons-| 8|(0F)| (S+aPV)|  -pPV (oTs. | CCwBP+ | (S-aPV)x SV(BP-1)-aPV

= SV +o7S- x(aTV-V)- -
1a = -CypP)V/T
5 -BSP)V -C,pPV
3 M300apHO-M30TepMHUYECKUIN TOTEHIHA
m
]
SHEprum | = } ) . V(aPV-Cp)+ ) )
Tuooca | E[C9)| S Vo | Bs-amyy é"TS HarV. |(@1s-c-syp| SYU-PD*
= -CV/T +oPV
o -BPMS

Ha puc. 2 a, 0, B npomUIIOCTpHpPOBaHA
MMHUTALMOHHAs CXEMa BpAaIleHHUsl KoJjeca Jer-
KoBoro (a) u rpy3oBoro (0) TpaHCIOPTHOTO
cpeacTna npu GpUKLIHOHHOM B3aUMOJIEHCTBUN
nap TpPEHUS JAMCKOBO-KOJIOJOYHOIO TOPMO3a
MPU Pa3IMYHBIX KOd(PHUIIMEeHTaX B3aWMHOTO
nepekpbiTis KB3 1 00beMHOI TemmepaType (B)
Ha: 1, 2, 3 u 4-0M MHOJIOXKCHUM HAKJIAJIK{d Ha
nosice TPeHUs TOPMO3HOro Jucka. Kak BUaHO
U3 pUC. 2 B IBWXKYILEH CWIOHN SBJISUICSA Tpaiu-
€HT 00BbEeMHOHN TeMmImepaTyphl, T. €. €e pa3Ho-
ctu: t1'—tl; t2'—t1' m t3' — 2",

Ha puc. 3 a, 6, 6 nmokazano temmeparyp-
HOE€ TI0JIe CIUIOUIHOTO TOPMO3HOTO AMCKa MpH
TPAaHUYHBIX YCIOBHSIX: @ — HECUMMETPUYHBIX
3-ro poma; 6 — pa3HOPOIHBIX; B — H30JIUPO-
BaHHOTO C OJHOW CTOPOHBI CIIOEM BOJBI;  —
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YACIBHBIN TEIUIOBOM MOTOK; t; — TEMIIEpaTyphl
MOBEPXHOCTEH JUCKA; 0 — KOAPPHUIMEHT Ten-
J00THa4YM; A — KO3(PHUIUEHT TEIUIONpPOBO/I-
HOCTH; C, p — TEIUIOEMKOCTh U IJIOTHOCTh Ma-
Tepuasa JucKa.

Croit BO/IBI HA IOBEPXHOCTH AMCKa (puc. 3
B) SKpaHHUpPYET JYYUCTHIH TermaooOmeH. U3
puc. 3 a, 6, 6 cieayeT, UTO OCHOBHYIO POJIb B
JIOCTaBKE TEIJIOBOIO IOTOKAa OT OJHOW IIOo-
BEPXHOCTH K IPYrol MPUHAJICIKUT TEIIONPO-
BOJHOCTH (KOHIYKTUBHOMY TEIIJIOOOMEHY).

Paccmotpum ypaBHeHHe OanaHca B clloe
nosice TPEHUs AHMCKAa MPHU ero (PpUKIMOHHOM
B3aUMOJICHCTBUU C pabodeil TOBEPXHOCTHIO
MOJMMEPHON HAKIIAIK1

pﬁte:_qi'jﬂ (1)
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Pucynok 2 a, 6, B - Vimuraius BpaieHus Koyieca npu GpUKIHOHHOM B3aUMOICHCTBUY Map TPESHUS TUCKOBO-
KOJIOJIOYHOTO TOPMO32a IIPU Pa3IHYHBIX KOAIPPHUIMEHTaX B3aUMHOTO repekpsitus Ky, (a, 0) u 00beMHoOIM
Temnepatype (B) Ha: 1, 2, 3 u 4-0M MOJOKCHUU HAKIIAJKH HA MOSICE TPEHUS TOPMO3HOTO TUCKA

Figure 2 a, b, ¢ - Simulation of wheel rotation at friction interaction of disc-shoe brake triangle pairs at different
coefficients of mutual overlap Kvz (a, b) and volume temperature (c) on: 1, 2, 3 and 4-th position of lining on

friction belt of brake disc

IZI€ p — IVIOTHOCTh MaTepHalla; € — BHYTPEHHSA
HEPrHsl HA ETMHUIY MAcCChl MaTEPUANa; g, -

TEIJIOBOM MOTOK, TEHEPUPYEMBII B CII0€ TMosca
TpPEeHUs1 JUCKa IpU IEepBOM 00opoTe Koieca
TPAHCIOPTHOT'O cpencTBa (puc. 3 a).

5
-
)

N

JoseTeeTe

Pucynok 3 a, 0, B - TemnepaTypHoe 1oJjie TOPMO3HOTO
JIUCKA MPY IPAHUYHBIX YCIOBHUAX: a — HECUMMETPHY-
HBIX 3-TO poja; 0 — pa3HOPOIHBIX; B — H30JUPOBAHHOTO
C OJHOU CTOPOHBI CIIOEM BOJIbI

Figure 3 a, b, v - Brake disc temperature field under
boundary conditions: a - asymmetric of the 3rd kind;
b - heterogeneous; c - insulated on one side

water layer
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YMmHO)HUM 00€ yactu paBeHcTBa (1) Ha St
(0 — cumBON BapbUpOBaHUA O0BEMHOI TeMmIe-
patypoii t) 1 IPOUHTETPUPYEM 10 BCEMY 00B-
eMy ciosi V mosica TpeHUs AMCKa ISl (UKCH-
POBaHHBIX TPAaHUYHBIX YCIOBHH MOJIy4aeM pa-
BEHCTBO

2

wi ¢ yuetoM 3akoHa Dypee (q=-Agradt) nume-

[poi0,e00 =[q, 50, av

M

| p&*la,eaVzéj/uza(p;l fav, 3)

[IpeacraBuM, uYTO BOJIW3H CTAOMIBHOTO
COCTOSIHMSI 3jeMeHTapHoro oowemMa dV cros
nosica TPEHUsl TUCKa, XapaKTepU3yemMoro o0b-
EMHOM TeMIEepaTypoi ty (X;), uMeeM
0,e=0,5e 4)
U ecly peHebpedb wieHaMH 00jiee BEICOKOTO
MopsIKa, TO MOJTy4aeM



Azarbaycan Miihandislik Akademiyasinin Xabarlori
2021. Cild 13, Ne 2. Soh. 27 — 39
M.Y. Cavadov va bas.

Herald of the Azerbaijan Engineering Academy
2021, Vol. 13, Ne 2. Pp. 27 — 39
M.Y. Javadov et al.

a2 = g2 +5(ae?). (5)
B cBoto ouepens paBeHCTBO (3) 3amuchiBa-
€M B BUJIC

[ potoeon - % | aot2sle fav +
¥ % [olar bl Fav+ % [ala'far.

Cornacno [9, 10] neBas dacts (6) paBHa

(6)

1
5@528. CrnenoBaTenbHO, TIpaBasi 4acThb COOT-

BETCTBYET MOJYYCHHUIO N30BITOUHONW SHTPOIHNU
(S), mockonpKy MoOsAC TPEHMsI OUCKA IPOLIEN
yTh BTOPOTO 000pOTa KoJieca TPaHCHIOPTHOTO
cpeactBa (puc. 3 6). IIpu »TOM momyyeHHas
M30BITOYHAST SHTPONHUSA TOJOXKHUTEIbHA, TIO-
CKOJIbKY MMEET MECTO IPUPOCT TEIIOBOM
SHEPIUU B CJIO€ IOsica TPEHUs IHCKa, 3a CUeT
yBEJIIMYEHUs1 pabOThl TPEHUS M YIEIbHBIX
Harpy3ok BO ()pUKIIOHHOM Y3II€.

Onpenenenne CcTa0WIBHOIO TEPMHYECKOI0
COCTOSIHUSI MOSICA TPEHHS CILUIONIHOTO AUCKA
TOpMO3a

B oxpectHOCTH CTaOWUIBHOTO COCTOSTHUS
anemMeHTapHoro oobema dV cmost mosica Tpe-
HUS Aucka 00e yacTH (1) — BEIMYUHBI IEPBOTO
nopsiaika. Takum oOpa3om, ypaBHeHHE (6)
YCTaHABIIMBAET B3aMMOCBSI3b MEXKIY BEIHYU-
HaMU BTOPOTO MOPSAKA U TMO3TOMY BTOPBIM
4JICHOM B TpaBoil 4YacTu (6) Helb3s MpeHe-
Opeub MO cpaBHEHHIO C TepBbIM. [lo Toil xe
MpUYMHE 3HAK OJHOTO TEPBOrO 4IeHa He
OTIpEe/IEINSAETCS YCIOBHEM YCTOWYMBOCTH, IIO-
CKOJIbBKY TEMII HarpeBaHUs CJIO0s Mosca TPEeHUs
IUCKa HE paBeH €ro TEMITy BBIHYXJIECHHOMY
BO3JIYIITHOMY OXJIXIACHUIO0 (CcM. puc. 4 a, 0).
Hccnenyem 3HaK MEPBOTO YJIEHA OTJENBHO.
Jl1st 3TOro BBEZIEM clielyroliee 0003HaYeHUE:

@(f’ IO)ZIL(@ fo)dV> (7)
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rZie TOJABIHTETPAIBHOE BBIPAKEHHE - JIarpaH-
xwuaH (L)

Ia(z, to)dV = %zotg (t_;‘ )Z; (8)

TOTJIa IEpBbIi wieH B (6) paBer 0d. Bennunna
@ sBnsercss (QYHKIIMOHAIOM JBYX IE€PEMCH-
HBIX: HEBAPBUPYEMOU MEpEeMEHHOH ty — mpea-
JaraemMoro pemieHusi (OHO emie OyaeT omnpee-
JIEHO) — U MEePEMEHHOM t, KOTOpas BapbUpyeT-
cs. Huke Oyzmer mokasza HO, YTO t MOXKHO HH-
TEePIPETUPOBATh KaK (DIYKTYUPYIOIIEE TeMIIe-
paTypHOeE pacnpenesieHue, CpeHee oT KOTOpo-
r0 paBHO ty.

Uccnenyem teneps ycioBue, Npu KOTOPOM
unTerpan @ crabuieH (KCTpeMaseH) Mo OT-
HOILIEHUIO K BapuanusM t. OTta Kiaccuyeckas
3a7a4ya BapuanuMoHHOro ucuucienus [9,10].
VYcnoBue cTaOUIBHOCTH OIUCHIBACTCS PAaBEH-
cTBOM OHnepa — Jlarpanxka [7]:

ox = _(}’0 tg tJi'l )j

5t
+
[Ipu sTOoM cuuTaem, 4ro pemieHue t (X;)
TOTO YpaBHEHHS COBIAJACT C Ipearoiarae-

9)

=0.

MBIM pEIIeHHEM ty. ITO a posteriori MPUBOIUT
K JIOTIOJTHUTEIBHOMY YCIIOBHIO:

t" =1, (10)
noAcCTaBisisi Kotopoe B (9), moiayyaeMm 3KcCTpe-
Mallb

[ ] :(lotg " )’120’
fo

T. €. YpaBHCHHC TCIUIONPOBOAHOCTH, OTBCHA-

(1)

st

[olee CTAOMIBHOMY TEIIJIOBOMY COCTOSIHUIO.

Takum 00pa3oM, MNOAMHTETPAIBLHOE BbI-
paxenue (8) dyakuuonana (D) (7) MoxKHO UH-
TEPIPETUPOBATHh KaK OOOOIIEHHBIN JarpaHKu-
an. Mcciaenyem mpupomay 3TOrO SKCTpeMyMa.
s sroro Beruucisiem @ (t, t)) BOMM3U CTa-
OWJILHOTO COCTOSTHUSI AJIEMEHTapHOTO 00beMa
dV crnos mosica TpeHHsI TUCKA MOJTydaeM
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AD =D(t, ty)-D(1,)=

=%J./10 té{([to‘l +0), [ —[t(f/]z}dl/(ez -1') (12)

LYy P
~_|_~ D) \_/cb/xf.m/
/ POSHO y
/ Tk
h / \ Y
PosI<0

PucyHok 4 a, 6 - JlokansHbI# moTermman @ (t, ty) u,
¢yakunonan F(t, ty) g ycToiarBOTO (2) U JIOKATbHBIHA
HoTeHIHal @(y, , y,, ) A HEyCTOWYMBOro (0) pemre-

HUS 33JIa9H TETUIONPOBOAHOCTH: P[S] — oOpa3yromasics
SHTPOMHUS

Figure 4 a, b - Local potential F (t, ty) and, functional F
(t, to) for stable (a) and local potential for unstable (b)
solution of heat supply problem: P [S] - resulting entro-

Py

PackpeiBas ckoOku B mipaBoit yactu (12) u
WHTETPHUPYS IO YacTsAM JIMHEHWHBIN 110 0 (Tem-
nepaTypHoe BO3MYILEHHUE BbI3BAHHOE IIepe-
MEIICHUEeM I0sica TPEHUs JUCKa 3a TPEeTHi
000poT KoJieca TPAHCIIOPTHOTO CPEJNICTBA)
(puc. 2 B) uneHy, yBUAMM, YTO 3TOT YIEH pa-
BeH Hymio Omaromapss (11). CnenoBartenbHo
BOJIM3U CTAOMIBHOTO COCTOSTHUS

A@z%jlotg(qj)zdlf>0. (13)

[Tostomy »skctpemym @ cOOTBETCTBYET
abCcomoTHOMY MHUHUMYMY. DyHKIHOHAIBI,
obnamatontue covictBamu (11) u (13) Ha3wI-
BalOTCA JIOKAJIbHBIMU MOTEHIMATIAMU (JIOKaJIb-
HBIMH TI0 OTHOIIEHHIO K QyHKIuH ty). C apy-
roif croponsl, u3 (13) cremyer, 4ro mMEpBHIi
YJIeH B MPaBOW 4acTH (6) MOJIOKUTENIEH.

BooGue dpynkuuonan tuna oy, , y, ) 0T

HECKONBKMX QYHKIMH vy, (k =1,2, .. ) Hasbl-

BarOT JIOKaJIbHBIM INOTCHLHUAJIOM, €CJIM BBIIIOJI-
HAOTCA CICAYIOIIUC YCIIOBUS:
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- mepBoro nopsaka ans muHuMyma @ mo ot-
HOILIEHUIO K

Vi 60=0 (14)
COBMECTHO C JIOTIOJTHUTEIbHBIMH
Vi = Yok (15)
9TO HE MPOTHBOPEYAT 3aKOHAM COXPAHCHHUS
JJI yk )

- 0oJiee BBICOKOTO MOPSAKA
AD>0 (16)

JUIsT aOCOJIIOTHOTO MHUHUMYMa BCETJa BBIMOJ-
HUMO.

OTMeTHM, 4TO YCIIOBUE BBICOKOTO TI0-
psiaKa, MeHee KecTKoe, ueM yciioBue (16)

(17)

HE MMOAXOJHUT, TaK KaK IIOJIb30BaThCA JIOKaAJIb-

A@:%équo

HBIM TIOTEHIMAJIOM NMPUMEHHUTEIHHO K BapHa-
IIUOHHOMY HMCYHCJICHHIO 3HAYUT IOJIb30BATHCS
NpOOHBIMU  (DYHKIIUSIMH, COOTBETCTBYIOITUMU
MPOU3BOJILHBIM OTKJIOHEHHEM HEH3BECTHOTO
peuienus. Hampumep, o omnpezaeneHuto GyHK-
[MOHAI

F(t, t0)=jq0jt;1dr/=jzoz§t<;lj (18)

YAOBJIETBOPSIET NIEPBOMY, HO HE yIIOBIETBOPSI-

14

5]

€T BTOPOMY YCJIOBHIO U MO3TOMY €r0  HElb3s
paccMaTpuBaTh KakK JIOKAJbHBIM MOTEHLIHA.

B camom pnene, uHTErpupoBaHME IO Ya-
cTsIM 1mo3BossieT noiayuuth AF=0 BOmu3u cra-
OUJIBHOTO COCTOSIHMS, a HE YCIIOBHE MHHHMY-
Ma (puc. 4 a).

Kpome Toro, B 3a1aue TEMI0IPOBOAHOCTH
3Hak A® B (10) coBmanaer co 3HakoM (6), Tak
KaK yCIIOBHE YCTOMYMBOCTH 3/1€CH BBITTOJIHEHO.
Ho storo yxe He Oyzaer B 3ajauax, JOMycKa-
IONIMX HEYCTOMYMBOE perieHue. Takas cuTya-
1Us TpecTaBiieHa Ha puc. 4 6 rie QyHKIHo-
HaJbl M300paKEHBl Kak OOBIYHBIC (PYHKIIUH
TEPMUYECKOro Iporecca. B ycroiuusBoM co-
CTOSIHUH JIOKAJIbHBIN MOTEHIMAJI BCET1a UMEET
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MHUHHMMaJIBHOE 3HAY€HUE B CJydae IOJIHOTO
MporpeBa WM TEPMOCTAOMIIN3allMOHHOTO CO-
CTOSIHUS IOSICA TPEHMSI IUCKA, U MOITOMY JIFO-
00e ero U3MeHeHHEe MPHUBOIUT K MOJIOKUTEIb-
HOW BENMYMHE MOJydyaeMOl W30BITOYHON SH-
TPOTIHH.

B nannoul 3ajmade JIOKaAbHBIA MOTEHIIMANI
JAJIEKO HE €IMHCTBEHHBIM, U TEM XK€ CIOCO-
O0M, HCIIONIBb3ys paHee PacCMOTPEHHBIE MHO-
KUTEIN, MOYKHO TIOCTPOMTH HECKOJBKO Ja-
rpaHkuaHoB. Hampumep, B 3amaue Temionpo-
BOJHOCTH, KpoMme JarpamxkuaHa (8), MOXXHO
PaccMOTPETH CIEAYIOUINE BBIPAKEHHUS:

(19)

Jlnst atoro (1) Hago YMHOXUTH Ha t8t™ v

%/Ioto [(ln t), j ]2 HIIA %ﬂot’zj

ot. Kak mpaBuio, HanOosee MoaXOIAIuN s
MPAKTUYECKUX 1EJeH JIOKAJIbHBIA MOTEHIUA
CBs3aH C XapaKTepOM TEPMHUYECKOrO 3aKOHa.
Hampumep, B nanHOM citydae jnarpamkuan (8)
Ooree ymoOeH, eciu Aoto” TOUTH HE U3MEHSET-
csl, TorjJa Kak BTOpou narpanxkuad (19) moa-
XOJUT IS citydasi Ay = const.
[Ipoananu3upyemM BapHaIlMOHHBIE YypaB-
Henus (9) u (11). Kak yxe ormedaioch xapak-
TEPHON OCOOEHHOCTBIO JIOKAJIHLHOTO TMOTEHITHU-
ama @(t, ty) (7) sBASAETCA TO, UYTO OH 3aBHCHUT OT
nBYyX (yHKIIUU t U to. BmecTe ¢ TeM u3 BbIpa-
xeHus (8) ciaemyer, 4To
2d(t, to) = P(t), (20)
rJie TIpaBasi 4acTh O3HAYAET MOITYYCHHE YHTPO-
nuu P[S]. B gactHbIX ciydasx, Korma A ~ t2
WU KOTJa A U t MOKHO CUMTATh KOHCTAHTAMH
(kak B ciaydae CTaOMIBHBIX COCTOSHUM), @ He
3aBUCHUT OT tp, & 3aBUCUT TOJILKO OT t U TOra
COBIIAJIAeT ¢ nojiydyeHuem >HTponuu P[S] [11].
UToOBI HArIAIHO TMPEACTaBUTH CBOWCTBA
¢ynkunonana @ Mo OTHOUICHUIO K (DYHKIHSIM
t ¥ ty, pACCMOTPUM IOBEICHUE OAHON PYHKITUH
@ nByX mepeMeHHBIX t U ty (puc. 5).
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@it/

P

Pucynok 5 - Jlokansnslit norennman @ (t, ty) kax
GbyHKIMA GIIyKTyHpYIOIIEH TeMIlepaTypsl t 1 Temiepa-
TypBI CTAOMIIBHOTO COCTOSTHHS ty

Figure S - Local potential F (t, t;) as a function of fluc-
tuating temperature t and stable temperature t,

Ceuenne ABC moepxHoctu @ miocko-
CTBIO t = to sBIsieTCs rpaduxoM GyHkuuu D(t,
tp), KoTopas, corjiacHo 3aBucuMocTtu (20),
paBHa IOJIOBUHE M0JydaeMou 3HTponuu. Eciaun
coOJII0/IeHa TeopeMa O MHHHMMYME IOJTy4YeH-
HOW »HTponuH, To Touka B Ha xpuBoit ABC
OTBEYAET CTAOMIIBHOMY COCTOSIHUIO CHUCTEMBI.
Ho nezaBucumo oT 3T0it Teopembr D(t, ty) u3-
BECTHO, 4TO (DyHKIMS t BCeraa MMEeT MUHU-
MYyM NIpH HEM3MEHHOM 3HA4YE€HUU ty B CTAOMIIb-
HOM cocTossHUU (cM. kpuByro PQR). Ipyrumn
CJIOBaMH, 3TOT MUHUMYM OTHOCHUTCS K KJIacCy
(GyHKIMH, KOTOpBIE MOXHO paccMaTpUBaTh
KaK BO3MYIICHHS JaHHOTO CTA0MIBHOTO CO-
CTOSIHUS (HAanpuMep, IpU UMITYJIbCHOM I0JIBO-
Jie TEIJIOBOTO MOTOKAa K CJOI0 IO0sica TPEHMS
JMCKa 3a 4eTBEpThI 00OpOT Kojeca TpaHc-
nmopTHOrO cpenctsa (puc. 2 B)). MmenHo mo-
3TOMY HEOOXOAMM (PYHKIIMOHAT OT JABYX TEM-
IIepaTypHBIX pacHpeaciIeHUi t U t). Y paBHEHHE
(11) Henp3st MHTEPIPETUPOBATh KaK BbIpaxe-
HUE BapUAIMOHHOTO MNPUHIHUNA B OOBIYHOM
CMBICIIE, TaK KaK ty B JIarpaH)KUaHe SIBISETCA
nus napameTpoM. ['opasno menecoobpasHeit
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paccmarpuBath ypaBHeHus (10) u (11) kak He-
KO€ BapHAIlMOHHOE KOTOPOMY
JIOJDKHO  YJIOBJIETBOPATH JII000€ CTaOMIBHOE

CBOMCTBO,

pacnpezenenue to (Xj). 9T0 03HaYaET, 4YTO, €C-
m D(t, ty) 3aMEHUTH t) HEKOTOPBIM JIPYIHM
CTa0WJIBHBIM  pacHpeieiiCHUEM,  pelleHHe
ypaBHeHus (9), peanusyromiee MUHUMYM O,
JacT 3HAUCHUE t" BeTMUMHBI t, OTJIMYHOE OT ty.
DTO MPOUCXOIUT, Hanpumep, B Toukax (i, O»
u Qs3, HA pHUC. 5 KOTOPBIE HE JIEkKAT B CEKYILEH
mIockocTH t = tp. Haobopot, MuHMMYM, COOT-
BETCTBYIOIIMI TOYKE (J, JEXKUT B MJIIOCKOCTH t
= to ¥ ONHUCBIBAET UCTUHHO CTaOMJIbHOE COCTO-
saHue. OJTHAKO ATy TOUKY HE CIIEAYyeT MyTaTh C
TOYKOH B - MHUHHUMYMOM 00pa3oBaHUs HTPO-
mun, Tak Kak t - QYHKIMOHAN 3aIaHHOTO CTa-
OWJIBHOTO pacHpeleNeHus, JOMOJHUTEIbHOE

ycnosue (10) 3anuceiBaeM B BUJIE

t+({t0 }):to’ (21
MO3BOJISIIOIIEM J1aTh (PU3UYECKYI0 HHTepIIpe-
TalMI0 METO/a JIOKAJIBHOTO MOTeHuuana. Tak
t", ABNAACH PEIICHMEM BAapHMAIIMOHHON 3a71aun,
COOTBETCTBYET HYJIEBOMY 3HAUEHUIO BapHallUU
Ot W, clegoBaTeNbHO, HYJICBOMY  3HAYCHHUIO
TIOJIOKUTEIBHO OIPENCICHHOI (BopMBI -8°S.
Cormacao dopmysne DHHINTEHHA CYIIECTBYET
MIPOCTOE COOTHOILIEHUE MEXKIY BEPOSITHOCTHIO
duykryamuu u 8°S. Hanbonee BeposTHOE CO-
CTOSIHUE COOTBETCTBYET 8’S = 0. [Tosromy u
pemenye t* COOTBETCTBYeT Hambosiee BEPOST-
HOMY pacrpeiesieHHI0 0ObEeMHBIX TeMIepaTyp
(IO cpaBHEHUIO C APYTUMHU PaCIpPEIEICHUIMH,
JOMYCTUMBIMU TIpU MalbIx (aykryanusx). C
APYroil CTOPOHBI, ty (Xj) - MAKPOCKOIIUYECKOE
pelieHue, T. €. cpeAHee TemIepaTypHoe pac-
npeieJieHre, KOTOpOoe O3HAa4YaeT 4yTo ty YUHUThI-
BaeT BIMSHHUE (QUIYKTyallMd MPOU3BOJILHON Be-
auuuHbl. [losTomy ¢usndeckuid cMmbica J0-
MOJIHUTENBHOTO ycnoBus (21) 3aknrodaercs B
TOM, 4TO HanboJiee BEPOSITHOE paclpesieieHue

38

00BEMHBIX TeMriepatyp (10 OTHOIICHUIO K Ma-
T6IM  QIYKTyalusiM) JIOJDKHO COBITAJIaTh CO
CpelHeM pacrpe/ielieHreM (110 OTHOLICHHIO KO
BCeM (pIIyKTyalusiM BOOOIIIE).

3akirouenue

[IpencraBieHHbIe SHEPTETUYECKHE YPOBHU
TpuboconpspDKeHUu (CcM. puc. 1) He marT moJI-
HOM KapTHHBI O CYIIECTBYIOIIUX MOTEHIHAIAX.
K nmnociaennum emje HEoOXOAMMO OTHECTH:
HOpPMAaJIbHBIM, TE€YEHUs, KUHETUYECKUH, caau-
MEHTAIlMOHHBIN  (SBISIOTCS  MOTEHLHUATaMU
Mex(}a3HOl TpaHULIbl); TaJbBaHU U J3€Ta, KO-
TOpBIE SBJISIIOTCS BHYTPEHHUMH IOTEHLMAJIA-
MU >KHJKOCTHOTO cJ10s U aApyrue. Heo6xoanmo
OTMETHUTh, YTO siBJICHHE TepMoauddy3uu co-
npoBoxaaercs dhdexramu Cope (IBHKEHHE
MOTOKA JKUJIKOCTH MpH HAIW4YUE TpagueHTa
temrepatypsl) u Jrodopa (obpaTHoe sBIICHHE,
cocTosilliee B TOSBJICHUU TEIJIOBOTO MOTOKA
IIpY HaJu4ue TpajueHTa KoHueHTpanuil). [lpu
3TOM siBNieHHE U y3UH 3aBUCUT OT KO3 hu-
nueHToB auddy3un u noasmwxHocTH AUDPY-
3MOHHOT'O TIOTOKA. BOJIBIIMHCTBO MOTEHIINAIOB
MPUHUMAIOT aKTUBHOE ydacTue B (hopMHUpOBa-
HUU JABOMHBIX AJIEKTPUUYECKUX CIIOEB.

YcTaHOBNIEHO, YTO Y€M BbIIlIe KOHIEHTpa-
U KUAKOCTH (DJIEKTPOIUTA), TEM OBICTpee
Ma/1aeT MOTEHINA C PACCTOSHUEM, ITOCKOJIBKY
X Bo3pacraer (1/X paBHO paccTOsIHMIO, Ha KO-
TOpPOM TNOTEHIMaI B (€) pa3 MEHbIIEe ero 3Ha-
YeHMs Ha OBEpXHOCTH). IIpu naHHOM SKBHBa-
JICHTHOW KOHLIEHTPAI[MX TOJIIMHA JBOWHOTO
CIIOSl YMEHbBIIAeTcsd C YBEIUYEHHEM €ero Ba-
neHTHOCTH. COOTHOIIEHHE MeXAy MOBepX-
HOCTHOM IJIOTHOCTBIO 3apsifa U MOTEHIIHAIOM
MOBEPXHOCTH [OKa3bIBAET, YTO TMPU HHU3ZKUX
3HAYCHUSAX IMOCIEIHEr0 S5TH JIBE BEIMYHMHBI
MPONOPIMOHATIBHBI JPYT K APYTY U, TAKUM 00-
pa3oM, IBOIHOI cioii Bener celsi MOAOOHO
KOHJIGHCATOPY C MOCTOSIHHOW eMKocThio. KoH-
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LEHTpAIUs JJIEKTPOJIUTAa U €r0 BAJICHTHOCTH Omnepupyst B 3aadax TEIMJIOMPOBOJIHOCTH,
BJIMAIOT KaK Ha 3apsad, TaK U Ha MMOTCHIHAJL. IMPUMEHUTCIIBHO K CINIOITHOMY AWCKY TOPMO-

W3 npyrux mNOTEHIMAIOB HEOOXOIUMO  3a, NPUPALICHUEM JIOKAIBHOIO MOTEHIMana U
OTMETHTB: JIOKaJlbHbIE B KHHETHYECKOH TE0- ero M30BITOYHBIM COCTOSTHMEM IO3BOJISIET BBE-
pHH; JOKAJIBHBIN IS CTALIMOHAPHOTO COCTOS- CTU HOBBIM OJIy>KHAIONIUIl JIOKAJTbHBIA MOTEH-
HUS; BPEMEHHBIX MPOIIECCOB; YMEHBIIEHUE J10-  nuai. llocnennuii OyaeT MMeTh MOIO0KUTENb-
KaJILHOT'O NIOTECHIMAJIA B UCCIEAOBAHUYU YCTOW- HBbIE M OTPULATEIbHBIC 3HAYCHUS UL IIPOLEC-
YUBOCTH TPUOOCONPSKEHUS INPH OMBIBAHMM  COB HAarpeBaHUS U OXJIAXAEHUS IOACA TPEHUS
BO3JYIIHBIMA TOKaMH C IIONEPEYHBIMHU U MPO-  JIHUCKA TOPMO3a TPAHCIOPTHOT'O CPENCTBA.
JOJIbHBIMH TEMIIEPATYPHBIMH I'PAIUCHTAMHU.
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Abstract

Modeling, optimization and management of multifactor operations and complex technological processes of
machines and equipment parts’ enameling was discussed in the article. It has been established that the main
advantage of mathematical models construction for individual processing operations is the possibility to create
mathematical models in new variants for different technological processes using these models. It was clarified that
mathematical models reflecting processing operations and technological processes used to manufacture machine and
equipment must take into account the key factors that characterize them. Studies show that the mode and
technological factors of separate processing operations and technological processes are directly related to the
accuracy and quality of the prepared parts. Taking all these factors into account not only complicates the proposed
mathematical models, but also makes difficult, in some cases completely impossible to use and analyze them. From
this point of view, they should be divided into main and second grade factors according to their impact level.
Therefore, it should be considered appropriate to the purpose to take into account mostly main factors that
characterize operations and processes to build mathematical models.

Key words:  machinery, equipment, operation, technology, processing, process, modeling, optimization,
management, factor.
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Annotasiya

Magqalads, masin vo avadanliglarin detallarinin emalinin goxfaktorlu emsoliyyatlarinin vo miirakkab texnoloji
proseslorinin modellogdirlimasi, optimallagdirilmasi vo idars edilmosi mosalolorine baxilmigdir. Miioyyon edilmisdir
ki, ayri-ayr1 emal amaliyyatlari ii¢lin riyazi modellorin qurulmasimnin asas istiin cshati, bu modellorden istifads
etmoklo forqli texnoloji proseslor iigiin yeni variantlarda riyazi modellorin yaradilmasi miimkiinliyiidiir.
Aydnlagdirilmigdir ki, masin vo avadanliglarin hazirlanmasi {igiin totbiq edilon emal omoliyyatlarini vo texnoloji
proseslori oks etediron riyazi modellor, onlar1 xarakterizo edon asas faktorlar1 nozoro almalidir. Todqiqatlar gostorir
ki, ayri-ayr1 emal amoliyyatlarinin vo texnoloji proseslorin rejim vo texnoloji faktorlari, hazirlanan detallarin doqiqlik
va keyfiyyot gostoricilori ilo birbasa oslagolidir. Bu faktorlarin hamisini nozars almaq toklif edilon riyazi modellori
miirokkablosdirmokla boraber, onlardan istifadeni vo analizini g¢atinlogdirir, bazi hallarda iso tamamilo miimkiinsiiz
edir. Bu baximdan faktorlar1 tasir soviyyslorine gors, asas va ikinci daracsli faktorlara ayirmaq lazimdir. Buna géro
do riyazi modellori qurmaq ii¢iin yalniz omoliyyatlar1 vo proseslori daha gox xarakterizo edon osas faktorlarin nozors
alinmas1 magsoada miivafiq hesab edilmalidir.

Acar sozlor: masin, avadanliqlar, omoliyyat, texnologiya, emal, proses, modellogdirmos, optimallasdirma,
1daroetmo, faktor.

DOI: 10.52171/2076-0515 2021 _13_02_40 47

VIK: 614.8.06; 621.9.026
AHanu3 METOA0B MOAC/IUPOBAHUSA U OIITUMHU3AIIUA YIIPDABJICHUSA
MHOFO(l)aKTOPHLIMI/I onepanmusaMi " CJI0O’KHBIMH TEXHOJOTHYC€CKUMHA

npoueccamMmu
X.B. I'apap3zane

Azepbatiodxcanckutl 20cy0apcmeenHblil yuugepcumem Hedpmu u npomviuiiennocmu (np. Asaoawie 16/21, e. baxy,
AZ1010, Azepbaiioxncan)

gﬂﬂ nepenuckKu.:

l'aap3ame Xuxmer / e-mail: aydin.qafarov@hotmail.com

AHHOTALIAA

B cratee paccMaTpuBarOTCS BOTMPOCH MOJCTHUPOBAHUS MHOTO(GAKTOPHBIX OINEpaliii H  CIOXKHBIX
TEXHOJIOTHYECKUX TIPOIIECCOB OOpaOOTKH JeTalell MamuH W 00OpYyMOBaHWHA. YCTaHOBJICHO, YTO OCHOBHOE
MIPEUMYIIECTBO MOCTPOCHHUS MaTEMAaTHYECKUX MOJENeH Ui OTHENBHBIX omepamuii oOpabOTKH 3aKiIrodacTcs B
BO3MOYHOCTH CO3JaHHUSI C TIOMOIIBIO NMPUMEHEHHS ITHX MOJeNIe HOBBIX BapHaHTOB MAaTEMAaTHYECKHUX MOJIEeH
Pa3IMYHBIX TEXHOJOTHYECKHX TMPOIECCOB. MaTeMaTHYeCKHe MOJCNH, OIHMCHIBAIONINE OIeparuu OO0padOTKH H
TEXHOJIOTHYECKHE TIPOIIECCH], JOJDKHBI YUHTHIBATH XapaKTepU3yomne ux (GaxTopbl. McciemoBaHUs ITOKa3bIBAOT,
YTO PEXHMMHBIC U TEXHOJOTMYCCKHE (DAKTOPBHI OTICIBHBIX OMEpaIiii 00pabOTKH U TEXHOJOTHYECKUX IMPOIECCOB
HETMOCPEACTBEHHO CBA3aHbl C TOYHOCTHBIMH UM KayeCTBEHHBIMU IIOKA3aTEJsIMH HW3TOTOBJICHHBIX JI€Tallei.
Hcnonp3oBanue Bcex (HAKTOPOB YCIOKHSICT CO3JaHME MATEMaTHUCCKUX MOJENeHd WHOrna JellaeT HX
HEeMPHUEeMJIEMBIMH ISl IPAKTUYECKOro npuMeHeHusl. [10aToMy [j1s1 MOCTPOEHUs] MaTeMaTUYECKUX MOJeNel clieayeT
MPUMEHSTH T¢ (PAKTOPBI, KOTOPBIC HAUOOJIEE MOJHO XaAPAKTEPU3YIOT ONEPaIUi 00PabOTKH MPOIIECCOB.

KiroueBble cjioBa:  MaiimHa, OOOPYIOBaHME, OIEPAIlMsi, TEXHOJOTHs, 00pabOTKa, MPOIECC, MOICIUPOBAHME,
MOJIEIMPOBAHKE, ONTUMH3AIINS, YIPABIeHUE, (HaKTOPHI.

41



Azarbaycan Miihandislik Akademiyasinin Xobarlori
2021. Cild 13, Ne 2. Sah. 40 — 47
H.V. Qafarzada

Herald of the Azerbaijan Engineering Academy
2021, Vol. 13, Ne 2. Pp. 40— 47
H.V. Gafarzada

Introduction

Multifactorial technological processes of
machine and equipment parts processing
differs by their specific features and
complexity. These factors manifest themselves
first of all in the influence on accuracy and
quality indicators of the enameled details of
separate operations’ different and numerous
factors, which are an integral part of
technological processes. Most of these factors
are usually in interaction with each other, the
change of one causes the change of the others,
and seriously affect the accuracy and quality
indicators of the processed details surfaces.

Thus, arise mutual relation between the
factors characterizing operations and accuracy
(eg, geometric parameters) and quality (eg,
roughness, residual stress, micro hardness)
indicators of the processed parts surfaces.
These relations put additional technological
reliability  requirements on  processing
operations. Although there are large enough
data for each processing operation in various
researches, the vast majority of them differ by
their unsystemacity, characterized by chaotic
scattering, and some can be
completely unfit condition to use. Therefore,
there occur problems in systematizing such
information, in extracting some of them and in
storing the most important of them. The
solution of these issues can be achieved by the

in cases,

modeling of processing operations and
technological processes. Such approach
actually means understanding of the

investigated operation or technological process
through modeling.

In general, the data flow is analyzed in two
stages. In the first stage, are compared events
occurring in model enameling operations or
technological processes. If the difference is not
big, then it is considered satisfactory. In the
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second stage, expectations are compared with
the model indicators. This process can be
considered as modeling.

Purpose of work is to investigate and
research the application of methods for
modeling, optimization and management of
multifactorial ~ operations  and
technological processes in the processing of
machine and equipment parts.

complex

Solving of problem

If we denote all the output parameters of the
investigated operation or technological process
by y, the input parameters by xq, x5, X3, ..., X, ,
then the modeling will be expressed in the
form of the following mathematical
dependence characterizing the relationship
between output and input parameters

y = F(Xq, X3, X3, v, Xp)-

The form of this function is determined by
the characteristics of the investigated operation
or technological process. Dependence shown
in determined (relatively simple) processing
operations is brought to (1) differential
equations, and in stochastic (eg, in free
abrasive processing) processing operations to
statistical probability equations.

It is usually differentiated two types of
modeling physical and mathematical
modeling.

It is more expedient conducting experiments
directly at research facilities for physical
modeling in processing operations of details.
So that, the results of experiments can be
expressed in the form of physical quantity
units, values of geometric parameters, discrete
and continuous quantities, linear dimensions,
combinations  of  different  quantities,
dependencies between complex variables,
dimensionless complexes and other forms.
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Measureless complexes can be obtained by the
help of differential equations or through the
measurement theory methods.

Special attention should be paid to the
stability of the defining similarity criteria in
physical modeling. That is, the experiments
should be carried out in several stages, the
main factors of processing operations and their
values should be changed by certain regularity.

Thus, the formation of physical model takes
place in the research object itself (for example,
in the processing operation or in the
technological process), during the imple-
mentation of preparation process of details.

Such approach can play an important role in
the modeling of machine or equipment parts
processing  operations  or
processes.

It is known that the technological processes

technological

of details preparation are quite complex
systems, consisting of numerous processing

operations. Their technological capabilities
checking require large-scale experimental
research in factory conditions. However,

similarity principle and physical modeling can
be fully justified in relatively low factor
processing operations and in noncomplex
technological processes (for example, in low-
throughput operations of simple geometric
shapes). Because it is enough to take into
account a limited number of criteria as the
number of technological factors in such
situations is small.

Therefore in machine building, it is more
appropriate to use mathematical modeling in
the modeling of technological processes with a

complex structure and in the processing

operations of parts having different
constructive forms, which are given high
accuracy, quality and wear resistance

requirements. As a result of the application of
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this method, it is possible to realize modeling,
optimization and management of various
processing operations, technological processes
and systems using a wide range spectrum of
computer technology capabilities.

Mathematical modeling consists of three
interrelated stages [1]:

1) Formation of the studied process -
construction  of mathematical model
(compilation of mathematical explanation);

2) Programming (algorithmization) of the
solution of the issue to determine the assigned
parameter numerical values;

3) Determining the conformity (adequacy)
of the model to the studied process.

The simplification and systematization of
the separate operations and technological
processes studied during the construction of
mathematical models depending on the
complexity is one of the important conditions.
The obtained schemes are explained by using
different mathematical methods, taking into
account the characteristics of the studied
objects.

The held researches and their results
correctness should be assessed by the accurate
and correct reflection level of the main
characteristics of studied processing operations
and  technological  processes in  the
mathematical models.

Mathematical models reflecting processing
operations and technological processes used to

a

manufacture machine and equipment must take
into account the key factors that characterize
them. Studies show that the mode and
technological factors of separate processing
operations and technological processes are
directly related to the accuracy and quality of
the prepared parts. Taking all these factors into
account not only complicates the proposed
mathematical models, but also makes difficult,
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in some cases completely impossible to use
and analyze them. From this point of view,
they should be divided into main and second
grade factors according to their impact level.
Therefore, it should be considered appropriate
to the purpose to take into account mostly main
factors that characterize operations and
processes to build mathematical models.

The mathematical description of the model
structure can be given in the form of an
algebraic or differential equations system,
depending on the operation and process. These
equations along with reflecting the interaction
of different technological factors, should not
exclude each other. To determine the type of
dependencies which clearly define the
relationship between the defined parameters,
the sought parameters can be calculated from
any set of parameters of the
mathematical expression equations by the help
of algorithms.

The most important thing here is that the
model expresses qualitative and quantitative
indicators of the modeled process quite
correctly, ie its full compatibility to the
modeled operation or technological process.

It is necessary to compare measurement
results performed during operations and
processes with the obtained results from the
model to verify fully consistence of the
mathematical model to the real process.

Models reflecting the processing operations
of machine and equipment parts, technological
processes of preparation and assembly can be
expressed mathematical
dependencies form. The obtained information
as a result of the experiment must be
summarized, and the relationship between
technological factors and the accuracy and
quality indicators obtained as a fulfillment
result of operations and technological

values

in various
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processes should be determined. Experimental
data can also be widely used besides
theoretical methods to build mathematical
models.

In mathematical modeling, the course of
processing operations and technological
processes can be studied directly by using
mathematical models unlike  physical
modeling. Application of computer technology
is quite effective in this case. For this purpose,
it is possible to change factors which
characterize separate processing operations and
whole technological processes by using
different programs, manage details accuracy
and quality indicators.

In principle, physical modeling methods of

processing operations and technological
processes are based on similar mathematical
expressions obtained as a mathematical

modeling result. Physical modeling methods
can be used to determine variation limits of the
coefficients obtained as a mathematical
modeling result and to determine the suitability
(adequacy) of the mathematical models
themselves to the studied processes.

Two main aspects should be taken into
account depending on the mathematical
expression level of the studied processes a) the
whole system of equations which express all
the main features of the modeled processes and
numerical values of these equations parameters
are known; b) the process does not have
complete mathematical expression.

The second aspect is characteristic to the
management of the processes with no available
complete information about them and
uncertain affecting factors. In most cases,
mathematical modeling is more convenient
than physical modeling.

It is possible to use mathematical models
with similar or identical in form for different
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processing operations and technologics.
Expression of different events by similar
shaped differential equations can be given as
an example to the application of such methods.
For example, energy transfer (Newton's law),
heat transfer (Fourier’s law), mass transfer
(Fick's law), and electricity transfer (Ohm's
law) laws are identical in writing, but differ in
entered parameters (speed, temperature, union,
voltage). By entering certain calculation
coefficients to each expressions of these laws,
it is possible to get unit mathematical model
fitting all of them.

Such method can be used to get unit
mathematical models that may be useful for
different processing operations and
technological processes of various details of
machine and equipment. Processing of
internal, external and side surfaces of
cylindrical and conic shaped details on lathes,
processing of shown surfaces of these details
on internal, external and side polishing
machines, creation of mathematical models
which can be used for processing of cylindrical
and conical surfaces in internal, external,
eccentric, rotation honing operations and for
other similar operations can be given as an
example. Mathematical models can be used for
technological processes used in processing of
details which have simple and complex
constructive parameters consisting of differing
each other processing operations [2-5].

Modeling of machine and equipment parts
processing operations and whole technological
processes in most cases base on optimization
principle of their main technological factors to
ensure requirements given to the accuracy,
quality and wear resistance of the parts
surfaces.

The types of mathematical models are
selected depending on the machines, devices,
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processing tools, measuring and control
instruments and devices, as well as other
ancillary technical means wused in the
processing operations, performed on the details
or technological processes.

If the main factors of detail processing
operations or technological processes change
simultaneously according to time and in space,
the models expressing such operations and
processes are called mathematical models
parameters of which are distributed. It is more
appropriate to present such models in
differential equations form.

If the main factors of processing operations
and technological processes do not change in
space, then, they are called models parameters
of which are centralized (collected in one
place).

Complex technological processes are used
in the preparation of machine and equipment
parts, taking into consideration different
geometric shapes of their vast majority, high
demands on the accuracy and quality indicators
of their surfaces, used
operations in their processing. Therefore, it is
necessary to divide the processing techno-
logical processes of detail into separate
operations, and build component models for
each of them, which can be included in the
overall model of the process.

One of the advantages of mathematical
models forming for individual processing
operations is the possibility of forming models
for new technological processes in different
variants by wusing these models, ie the
aggregation of modeling of process

The complete model of the technological
processes of details processing should reflect
the interaction of the processing operations
main factors in predetermined modes or in a
certain period of time, as well as during the

and numerous
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transition from one mode to another.

In the first case, the model is called static, in
the second case dynamic.

The static model does not consider changes
of parameters in a certain period of time.
Before creating static models of processing
technological processes, must be analyzed the
physico-mechanical (in some cases physico-
chemical) nature of the process itself, the
purpose of appointment, responsibilities, basic
equations to be expressed and distinguishing
features.

Determination of input factors and output
parameters of the process arrange the next

phase in the modeling of technological
processes processing. They include
controllable factors, changes of which

associated with the nature of the process,
changes that directly affect the course of the
process (it 1is possible to measure and
purposefully change them), factors that affect
the course of the process (it is impossible to
change them purposefully), factors changes of
which indirectly related to the course of the
process (intermediate factors). The relationship
among shown factors and the course of the
process are determined by boundary conditions
[1-4].

Static models of operations and processes
should be made taking into account the main
technological factors of operations and
processes used in the processing of details.
Shown belong to the models of assembly
technological processes at the same time.

Dynamic models are intended to reflect the
dynamic properties of processing operations
and technological processes. They are used to
determine the relationship between the main
factors during the change in a certain period of
time. Dynamic properties can be determined
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by theoretical and experimental methods, or by
using both of them together.

Experimental determination of dynamic
characteristics is based on accuracy and quality
indicators determination obtained as a result of
changing of processing operations main factors
or technological processes in different ways.
The experiments results are analyzed taking
into account basic laws and provisions of
probability theory, mathematical statistics,
information and management theories.

Models of processing operations and
technological processes should be built in a
transmission function form, the dependence of
the processed parts and a whole machine and
equipment accuracy and quality indicators on
key technological factors. Mathematical
models can also be given in the form of
ordinary or special derivative differential
equations. In such cases, the differential
equations must contain in it all dependent and
independent factors. Mathematical models of
technological processes developed for separate
processing operations can be considered as
freely usable mathematical models.

Mathematical modeling, optimization and
management methods are widely used not only
for processing operations and processes, but
also in various sphere of industry [6-12].

Conclusion
Complete = mathematical models  of
processing operations and technological

processes of machine and equipment details
must cover the followings:

- main technological factors of operations
and processes, accuracy and quality indicators
of processed parts and ready machines and
equipment, relationship among key factors in
static condition, restrictions put on processing
operations and various technological process-
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ses, optimality criteria, optimality functions,
relationship among key factors in dynamic
situations and so on.

Analysis and research of mathematical
models should be carried out by using
computer technology in the following sequen-

ce to perform processing operations and
technological processes in optimal conditions:

- conducting initial reports, modeling of
process, optimization of key technological
factors, operations and processes management
etc.
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Annotasiya

Toqdim olunan isde polimerlorin fraktal strukturu vo kosir differensiallamanin taotbiqi ilo onlarin kondensasiya
olunmus voziyyetinin analizi verilmigdir. Gostorilmisdir ki, termooksidlogdirici destruksiya prosesi zamani yalniz
polimer dolasigin strukturunu toyin eden hissasi oksidlosmays meruz qalir vo polimerin makromolekulyar
dolasiginin fraktal (Hausdorfov) 6l¢iisiiniin qalan kosir hissosi destruksiya prosesindo saxlanilan hisso ilo {ist-iisto
disiir.
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AHHOTAIUSA

B pabore nmaercs aHanu3 GU3MUECKUX OCHOB NPUMEHEHMS KOHLENIMU (pPaKTaJbHOH CTPYKTYpPbI
HOJIMMEPOB U JpoOHOro nuddepeHupoBaHus A UCCIENOBAaHUA UX KOHIEHCHPOBAHHOTO COCTOSIHUS.
[Tokazano, 4yTo B Impolecce TEPMOOKHCIUTEILHON AECTPYKIMKA OKUCICHHIO MOJBEPraeTcsl TONBKO 4acTh
MOJIMMEPHOTO KITyOKa, OompenesimMasl ero CTpyKTypoil, u qpoOHas dacTb pakTtanbHOl (Xaycnopdosoii)
Pa3sMEpPHOCTH MAaKpOMOJICKYJISIPHOIO KJIyOKa IoJIuMepa COBIIAJaeT ¢ JOJeH, COXpaHsIOILECcs B IIpolecce
JECTPYKLHH.

KiroueBble c10Ba: TEPMOOKHCIUTENBHAS ACCTPYKIHS, GU3NUECKOE CTPOSCHHE TIOIUMEPOB, (hpaKTaIbHAS

pa3MepHOCTh, MAKPOMOJIEKYIISIPHOTO KITyOKa MOJMMepa, CIIeKTpaibHasl pa3MEPHOCTD,
JIpoOHas MPOU3BOIHAS, TICEBIOMOJICKYIISIpHAS PEAKIIUS, OMMOJICKYISIPHAS PEaKIIHs.
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BBenenue

B pesynbTare MIMPOKOTrO CHEKTpa TEope-
TUYECKUX H DKCIEPUMEHTAIbHBIX HCCIEN0-
BaHMi [1-4] ycTaHOBJIEHO, YTO BIIUSIHHE CTa-
peHHUsl Ha CTPYKTYpy U CBOIlCTBa aMOp(HBIX
MOJINMEPOB  O0YCJIOBJIEHO TepMOJAUHAMUYE-
CKOIl HEpPaBHOBECHOCTHIO CTEKJI000pPa3HOIo
COCTOSIHMSI M CaM MPOLECC CTApeHHs] MOXKHO
paccMaTpuBaTh Kak MEJICHHOE MPUOIIKEHUE
K PaBHOBECHIO CHUCTEMBI C IIMPOKUM pacIipe-
JelieHueM BpeMeH penakcanuu. [Ipu mocta-
TOYHO HM3KUX (IOpsKa KOMHATHOM) TeMIle-
paTypax 3TOT MpoOLEecC UAET JOBOJIBHO MeEN-
JIEHHO M CYIIECTBEHHbIE M3MEHEHHUS CBOMCTB
pealn3yloTcs 3a BpPEMEHa IOpsiiIKa HECKOJIb-
KUX JieT. Tak 4YTo, MPOTHO3UPOBAHME TaKUX
SIBIIGHUW NIl CUCTEM, TOJIBEPTaoIIUXCs CTa-
PEHUIO, TOJDKHO TTPOU3BOJUTHCS C yUYETOM KakK
MPOCTPAHCTBEHHOT0, TaK M BPEMEHHOro Oec-
nopsiaka [5].

Kak mokazanu 3kcrepuMeHThI 1o (u3mnue-
CKOMY CTapeHHi0 [6], KOHTPOJIUPYIOUIUM
CBOMCTBAa TMOKa3aTeleM SIBISETCS COCTOSHUE
HaJICErMEHTAIPHOM (KJIACTEPHOM) CTPYKTYPHI
MoJINMEpa, KOTOPOE B CBOIO OYepeib, MOXKHO
I[EeJICHANIPABIICHHO PETyJIUpPOBaTh MPUMEHEHH-
€M MOJICKYJISIPHON OpHEHTAIlMH U TepMOooOpa-
O0otku. Panee mpeamonaranoch, 4TO0 TEPMHUH
«CTPYKTYpHast ~ CTaOWIM3alMsy  MPUMEHUM
JUIIb K TBEPAO(}A3HOMY COCTOSHUIO MOJIMME-
POB, XapaKTEepU3yeMOMY YETKO BBIPaKEHHOM
CTPYKTYpoil (0coO€HHO B cirydae amopdHo-
KPUCTAINYECKUX CTPYKTYp), B TO BpeMsl Kak
MOJIMMEPHBIA paciiaB paccMaTpUBaiCs Kak
OeccTpykTypHOe coctosiHue. OTCyTCTBHE [0
HEJABHETO BPEMEHHM KOJIMYECTBEHHBIX CTPYK-
TYpPHBIX MOJyJEH TMOIMMEpPOB B JIOOOM W3
YKa3aHHBIX COCTOSIHUN BBIHYXJAJO HCCIeN0-
Barenei mpuberatb K TeM WM UHBIM KOCBEH-
HBIM METOJIaM OLIEHKH CTpYKTypbl. [lombiTka
y4ecTh BIUSHUE TOIOJIOTHYECKOro Oecropsii-
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Ka (YpOBHS TNeEperuieTeHHs IOJIUMEPHBIX Iie-
Ief) Ha IMPOLECcChl TEPMOOKHUCIUTENBHON Je-
CTPYKIIMU TpEANpHUHsTa B padote [6], rae Obl-
JIM UCIOJIb30BaHbl KOCBEHHBIE XapaKTEPUCTH-
KM CTPYKTYPBL.

B cinydae mommMepoB CTPYKTYpPHBIM 3iie-
MEHTOM HauMMEHBILIETO MOPSAAKA ABJISIETCS CTa-
TUCTUYECKUN CErMEHT, BhIpaXXalolluil Mo cy-
IIECTBY MHIUBUAYAJIBLHOCTh Monumepa. B ¢u-
3HMKE MOJINMEPOB CTPYKTYpa ONPEEIIeTcs KakK
MHUKPO- U MAaKpOCTPYKTYypa MOJINMEpPA, a TAKKE
KaK CBSI3b CTPYKTYpa-COCTaB-CBOICTBO.

['maBHBIM  HeZOCTaTKOM  OOJIBLIMHCTBA
AJIACTOMEPOB fABIIsIETCS OBICTPOE CTapeHHE B
ycnoBusX 3kcruryatauuu. Ilo cpaBHeHHMIO C
METaJUIaMH, KOTOpPbIE C YYETOM aHTUKOPPO3H-
OHHBIX MEpOIpHUATUH cimyxar 15 u Oonee ner,
3J1aCTOMEPBHl U HU3TOTOBJIEHHBIE HA UX OCHOBE
U3JeNUsl UMEIOT B OOJBIIMHCTBE CIIy4aeB To-
pa3zno Oosee KOPOTKHM CPOK CIyKObl. 3HaHUE
MEXaHHM3Ma CTapeHMsI JaeT BO3MOJKHOCTb pe-
11aTh 3a/1a4yl YBEIMUYEHUSI CPOKOB CITYKOBI U3-
JENW W TPOTHO3MPOBATh HUX PabOTOCIIOCO0-
HOCTb B Pa3JUYHbIX yCIOBUSAX.

B nocnenHue roapl NIMPOKO pa3BUBAINCH
UCCIIEIOBaHMsI KUHETUKA U MEXaHU3Ma cTape-
HUS U CTaOMIM3allMM TOJHMMEPHBIX MaTepua-
noB. Ha 06a3ze 3Tux wWccnepoBaHUN POIMIOCH
HOBOE HAIIpaBJICHUE B XMMHMH BBICOKOMOJIEKY-
JSPHBIX COEOUHEHUN — XuMHueckas (u3nka
CTapeHHs W CTAOWIM3aIlMU TOJMMEPOB [2],
BKJIIOYAIOIIEE HM3Y4YEHHE HE TOJIBKO JIIEMEH-
TApHBIX PEAKIUN U MaKPOCKOIMMYECKUX CTAIHI
CTapeHHs U CTAOMIIM3AIMH, HO U POJIb B 3TUX
nporeccax (pu3nyeckol OpraHu3alUM IOJH-
Mepa, TMHAMUKHU MOJIEKYJISPHBIX ABMKCHUH U
Apyrux (U3n4eckux (PakTOpoB, ONpEAeIsIo-
IIUX SKCIUTyaTallMOHHBbIE CBOMCTBA IOJIMMEP-
HBIX MaTE€pUaJIOB.

[Ipu m3yueHnun mponecca cTapeHus MOJIH-
MEpPOB KaK B E€CTECTBEHHBIX, TaK U B HCKYC-
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CTBEHHBIX YCJIOBHUAX IIOJIY4arOT pa3JInyHbIe
KMHETUYECKUE 3aBUCUMOCTH U3MEHEHUs IOKa-
3aTelield DKCIUIyaTallMOHHBIX CBOMCTB MaTEpH-
aJIOB WJIM TTOKa3aTeleil, KOCBEHHO CBSI3aHHBIX C
STUMHU CBOMCTBaMM (HampuMmep, MOTJIOUICHHE
KHCJIOPOJIa MPU TEPMOOKUCIUTEIBHOM CTape-
HUU, YMEHbIIIEHHE MacChl 00pa3iia Ipu TepMu-
YECKON ACCTPYKIHMH H T.1.).

@du3nyeckoe CTapeHue MOJIUMEPOB OTpa-
KaeT UX TEPMOJMHAMUYECKH HEPaBHOBECHYIO
(ppakTasibHyI0) CTPYKTYPY. DKCHEPUMEHTAb-
HO TOKa3aHo [7], 4To TBepmodaszHbIe MOIUMe-
pBl SABIAIOTCS (PpaKTaThbHBIMH OOBEKTAaMHU B
MHTEepBase TMHEHHBIX MacmTaboB ~3+50A.

Kpome Toro, kak mokazano B [8], makpo-
MOJIEKYJISIPHBIM KIyOOK MOJMMeEpa B pacriaBe
IpeaCTaBIsieT coOoi (pakTas ¢ pasMepHO-
cteio Ar = 2,5. KoppekTHoe ommcanue (pak-
TaJbHBIX OOBEKTOB BO3MOXKHO TOJBKO B pam-
Kax (hpaKTalbHOIO aHAJIN3a C UCIIOIb30BAHUEM
(dbpakranbHON reomeTpuu [9], a mobdoe mpume-
HEHUE EBKIIUJ0BOIM IT'eOMEeTpun sBIsieTcs Oosee
WM MEHee TOYHOM ammpokcumanuen. Mexons
U3 3TOT0, B OCHOBE INpeanaraeMoil B [3] cTpyk-
TYpPHOH TPakTOBKU MPOLIECCOB TEPMOOKHCIIU-
TEIbHOW JECTPYKLUHU TOJOXKEH IOCTyJaT
(bpakTaabHON NPHPOIBI CTPYKTYPHI IMOJIUME-
poB. Takoil mMoAXO MO3BOJISIET MOJIYYUTh KO-
JIMYECTBEHHYIO OLICHKY U3MEHEHHUS CTPYKTYPBI
(u, cTtasio OBITh, CBOWCTB) MOJHUMEPOB Kak
(GYHKIUIO TPOJOKUTEIBHOCTH CTapEHUSI.

Hcnonb3oBanue (pakTanbHOW pa3MepHO-
CTH MaKpOMOJIEKYJISIPHOTO KJIyOKa JUIsl Xapak-
TEPUCTUKH CTPYKTYpPHI IOJIMMEPHOTO pacIuiaBa
J]aJI0 BO3MOXKHOCTB BBIIIOJIHUTH KOJINYECTBEH-
HYI0 OLEHKY M IMpEeACKa3aHue KHUHETHUYECKHX
KPUBBIX TMOIJIOLIEHUs KHCIOPOJA W IpPENeib-
HOW CTEMEHU TEPMOOKUCIUTEIIBHON IEeCTPYK-
IAH, a TaKXKe TMOJIYy4YUTh AHATUTUYECKUN
CTPYKTYPHBIM KPUTEPUN IIepexo/ia TUIIA KUHE-
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TUYCCKHUX KPUBLIX OT aBTO3aMCIJICHHOT'O K aB-
TOYCKOpEeHHOMY [3].

Pu3nyecKue 0CHOBBLI NPUMeHeHHs (ppak-
TAJBHOI0 aHaJM3a U APoOHOro nuddepen-
HMPOBAHMS [IJIS1 MCCJIeI0BAHUS CTPYKTYPbI
KOH/I€HCHPOBAHHOI'0 COCTOSIHUS NOJTUMEPOB

Kaxk moka3zano B pa6ote [10], ypaBHEeHHS B
IpOOHBIX TPOU3BOIHBIX OIKCHIBAIOT HBOJIIO-
IIUI0 HEKOTOPOH (PU3NYECKON CHCTEMBI C MOTe-
psAMHU, KaK HallpuMep, IpoLece pacnaja u mnpe-
BpalICHUsI YaCTUI] BO MHOTHX PEAJIbHBIX SIBJIE-
HUSX B (pU3WKE, XUMUH, TEXHUKE, OMOJIOTHH U
T [11,12, 13]. IIpu 3TOM ApoOHBIA MTOKa3a-
TeJb V4 MPOU3BOJHON YKa3bIBaeT Ha JIOJIIO CO-
CTOSIHUM CHCTEMBI, COXPAHSIOIIHUXCS 3a BCE
Bpems 3Boaouuu f. Takue cCUCTEMBI MOTYT
ObITh KJIACCH(PMLIMPOBAHBI KaK CUCTEMBI C
«OCTAaTOYHOW» NaMATHIO, 3aHUMAIOILIUE MPO-
MEXYTOUYHOE IOJI0OXKEHUE MEXKIY CUCTEMaMH,
00JIaJaloMMH TIOJIHOM IaMATBIO, C OIHOM
CTOPOHBI, 1 MapKOBCKUMH CHUCTEMaMH, C JIpY-
roil. ®paxkranpHasi CTPYKTypa MOJUMEPOB SB-
JIA€TCS. MMEHHO TaKOW NPOMEXKYTOYHOW CH-
CTEMOM, 4acTh KOTOPOW TepseTCsl B MpoIecce
TEPMOOKHUCIUTENbHON AecTpyKIuu. JpoOHbIi
MoKa3aTeib Vy COBMAJAET ¢ (paKTalbHOM pa3-
MEPHOCTBIO0 MHOKECTBa KaHTopa.

Hanomuum, uro MuoxectBo Kanropa pac-
CMaTpUBAETCS B OJHOMEPHOM €BKJIHIOBOM
npoctpanctBe (d=1), mosTomy ero (pakraib-
Has Pa3MEepHOCTh paBHa d/<l B cuily ompene-
nenus ¢pakrana. s ¢ppakTraabHbIX 00BEKTOB
B €BKJIMJIOBBIX MPOCTPAHCTBaX ¢ OoJiee BBHICO-
KUMHU pa3MmepHocTsiMH (d>1) B KadecTBe Vg4
ClleyeT NMPUHUMATh APOOHYIO YacTh pa3Mep-
HoCcTU Ay (B HalleM cllydae—3To (paxTaibHas
(XaycmopdoBa) pa3MepHOCTH MaKpOMOJIEKY-
JISIpHOTO KITyOKa B pacmuiase) [ 13].

Vg =4 —(d—-1) (1)
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Torna BenuumHa V; XapakTepU3yeT IOJIIO
¢pakrana (MaKpOMOJEKYISPHOTO  KIIyOKa),
COXPAHSAIOUIYIOCS B MPOLECCE JECTPYKIIMU.
Jlonst MakpoOMOJIEKYJISIpHOTO KiyOka [y, pac-
MasaroIascs B IpoLecce IECTPYKIHH, OIpe-
JeTsIeTCsl KaK
Ba=1-vqg=d—-A4f 2)
WIH, TIOCKOJIBKY B paccMaTpUBAaEMOM ciydae
=3, B, =3-A, (3)

Mexay ¢pakTaabHBIMH Pa3MEPHOCTIMU
CTPYKTYpPbl MaKpOMOJICKYJISIDHOTO KIyOKa B
pactBope D U CTPYKTYpBl KOHACHCUPOBAHHOTO
cocTosiHus (pacmiaBa) OBLIO MOJYYEHO MpO-
cToe cooTHomienue [13], kotopoe ass JIUHEH-
HBIX TIOJIMMEPOB UMEET BH/I:

A, =15D, )
a U1 pa3BCTBJICHHBIX:
A, =167D. (5)

CymiecTByeT JOCTATOYHO OOJBIIOE YHCIIO
METOJIOB ONpEJIENIEHHs BENUYMHBI Ay IS T10-
Jy4EHHBIX U3 Pa3HBIX PACTBOPUTENEH MoInuMe-
poB [3], MOCKOJBKY CTPYKTypa KIyOKa orpe-
JIeNIIeT CBOWCTBA pPacTBOPOB U, CIIEAOBATENb-
HO, BEJIMYMHBI MX OCHOBHBIX XapaKTEPHUCTHUK.
3aBUCUMOCTh D OT MOJEKYJAPHBIX XapakTe-
puctuk noaumepa C, u S npensoxena B [14]:

o 2 )7
D=2-4x10 o
C.S

rae C, — XapakTepHCTUYECKOE OTHOIIEHUE,

KOTOpOE€ SIBJISIETCSl MOKa3zaTeleM CTaTUCTUYe-

CKOM TMOKOCTH MaKpPOMOJIEKYJIBI; S — TJI0Mah

MOTIEPEYHOT0 CEUEHUSI MAaKPOMOJIEKYJIBL.
B rereporenHbix cpegax, K KOTOPbIM OT-

(6)

HOCHUTCSl CTPYKTypa KOHJEHCHPOBAHHOIO CO-
CTOSIHUS MOJIMMEPOB, NMPOTEKAHUE PEAKIUI HE
MOAYUHSIETCS KJIACCUYECKUM 3aKOHOMEPHO-
CTSIM OIKUCAaHMUS XUMHUYECKUX peakuuid [15].
OT0 pasznmuuue OOYCIOBIEHO CTPYKTYPHBIMU
O0COOEHHOCTSIMU YKa3aHHOTO COCTOSIHUS TTOJIH-

MepoB. B Hambonee mpocToli TpakTOBKE, TEp-
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MOOKHCIIUTENbHYIO JIECTPYKIMIO TOJIMMEepa
MOXKHO TIPEICTaBUTh OWMOJICKYJISIPHON peak-
nueit [5]:

A+B — TpOaYKT OKUCIICHHUS, (7)
rae A — MakpoMoJIeKyia nojumepa, B — mouie-
KyJa KHCIIOpO/a.

CkopocTh Takol peakuuu k, B TeTepOreH-
HOM ((pakTanpHOI) cpele OMUCHIBAETCS Clie-
JYIOIIAM COOTHOIIICHUEM:
k,~t", (8)
rje { — IpoAOHKUTEIBHOCTh peakluu, s — 1o-
Kazarejab HEOJHOPOMHOCTH cpenbl (0<h<l),
oOpamaroniicss B Hyllb B ClIy4yae KIlacCU4e-
CKOTO TIOBEJICHUS (pEaKlii B TOMOTEHHBIX WIIN
€BKIIMJIOBBIX Cpellax), U Toraa k,=const.

[Tokazarens h cBsizaH ¢ 3¢pQPeKTUBHOU
CHEKTPAJIbHON Pa3MEPHOCTBIO d's CTPYKTYpBI
MOJINMEPOB CJIEIYIOIIMM YPaBHEHUEM:
d; =2(1-h), 9)
KOTOpasi COTJIAaCHO TeopeMe O CyOOpAvHAIINH
CBSI3aHA CO CHEKTpalbHOU (PoTOHHOH) pas-
MEpPHOCTBIO d Tak [16]:

d = pd,, (10)

rae ' — mapameTp, XapaKTepU3YIOIIHA pac-

MpesieJieHle BpEeMEH NEepecKOKOB (Hampumep,

MOJIEKYJl oKkcuaaHTa). CrekTpaiabHas pa3mep-

HOCTb d; OIEHUBAETCSI COTJIACHO YPABHEHUIO
=2 (1

1+d,

B HallleM cirydae d=Ay.

[Ipu uccienoBaHuy XMMHYECKUX PEAKIUU
Ha (ppakTaNbHBIX 00BEKTaX HEOOXOIUMBI KOp-
pPEKLMH HAa HAJIUYUE B CUCTEME HEOONIbIINX
KkjacTepoB. VIMeHHO Takue KOppeKuuu Tpedy-
10T WCIIOJIb30BAHUS B TEOPETUUYECKUX OI[CHKaX
HE CIIEKTPaJbHOM pa3MepHOCTH d;, a ee -
(eKTUBHOUN BEUYUHEI d;.

B paGote [17] mokazaHo, 4TO CTPYyKTypa
aMop(HOTO MONMMepa B CTEKIIOOOPAa3HOM CO-
CTOSIHUU TIPENICTABISIET COOOW MEPKOISIINOH-



Azarbaycan Miihandislik Akademiyasinin Xobarlori
2021. Cild 13, Ne 2. Sah. 48 — 57
O.X. Canahmadov va bas.

Herald of the Azerbaijan Engineering Academy
2021, Vol. 13, Ne 2. Pp. 48 — 57
A.Kh. Janahmadov et al.

HbII (TOYHEe, TEPMUUYECKHII) KiacTep, MOpor
NEPKOJISILMU  KOTOPOrO Ha TeMIIepaTypHOU
IIKaJe COBNAJAET C TEMIIEpAaTypol CTEKJIOBa-
Hus 1. DopMupOBaHUE TAKOTO MEPKOIALUOH-
HOTO KJacTepa OIpelessieTcsi HaTHYUeM B I10-
nuMepax mpu temmeparypax 7<7. oOnacteit
JIOKaJIbHOTO mopsiaka. Hamomuum, 4uto mnpu
aHaJln3e CTPYKTYpbl aMOp(HBIX MOJIUMEPOB B
KAauecTBE MOJEIN JIOKAJIBHOIO IOpsIKa MC-
IoJIb3yeTcs KiacTepHast Mmozeins [17]. Ora Mo-
JeNb TOCTYJIUPYET, YTO OOJACTH JIOKAIBHOTO
nopsiika (KJIacTepsl), MOTPYKEHHbIE B PHIXJIO-
YIaKOBaHHYIO MaTpPHUIly, COCTOSAT M3 HECKOJIb-
KHX TJIOTHOYNAKOBaHHBIX KOJUTMHEAPHBIX Cer-
MEHTOB Pa3HBIX MAaKpPOMOJEKYII, T.€. SBISIOTCS
aMop(HBIM aHAJIOrOM KpPUCTAJIUTA C BHITSHY-
thiMu 1ensiMu (KBLT).

IIpu 7>7, COBOKYMHOCTH oOOJacTeil JIo-
KaJbHOTO TOps/IKa pacrmagaeTcs U CTPYKTypa
nojuMepa 0Oosee HE SBISIETCS TMEPKOJSAIHMOH-
HOM cuctemoi. CTpyKTypy NOJIMMEPHBIX pac-
IJJABOB MOYKHO TPaKTOBaTh Kak Habop 00Jib-
IIOT0 YMCiIa OTAEIbHBIX KJIacTEpPOB (MaKpOMO-
JEKYJISIPHBIX KIYOKOB), a TPACKTOPUSI MOJIEKY-
Jbl (aToMa) KHCIOpPOJa Ha TaKOW CTPYKType
MOJIENIUpYeTCs cay4aHbIM OnyxnaHuem [18].

!’

B »sTom cjiydac IJjid OLCHKHU BCIWYHHBI ds

KUucom:

INPUMEHUMO YypaBHEHHE, MOJIyueHHOEe Apeupa-
' d
d, = d, (2 -

d—ﬁ/v)'

rae f u v — KpUTHYECKHUE MHAEKCHl MepKOJIs-
2

(12)

1
uHI/Iﬁ=d—f,V

Coueranue ypaBHenus (12) ¢ ypaBHeHUEM
—4d-8
dr =d ” (13)
Y ypaBHEHUEM
A, =L@+ (14)
: 2
MO3BOJISIET MOTYYUTH (HOPMYITY
2Q2A . —d
d’ :AAEAAALAAAAE, (15)
‘ d+2
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U3 KOTOpOWM II0 HM3BECTHBIM 3HAYeHHAM Ay
MO>KHO PAaCCUUTHIBATH BEINUHHY ds.
N3 ypaBuennii (9) u (15) nonyuum
b 2(d+1-A,)
d+2
Pasmepnocts  d’s

(16)

SIBIIIETCSL  OCHOBHBIM
CTPYKTYpPHBIM (paKTOPOM, KOHTPOJIUPYIOLIUM
MPOLIECC TEPMOOKHUCIUTEIBHON JIeCTPYKIIHUU
pacriaBoB TreTeporenHbix mnoimddupos [19,
20]. BzaumocBs3b pasmepHocten d's u A, na-
eTcst ypaBHeHHEM (15).

3HayeHus BeIMYUHBI d's, pacCUYUTaHHBIC
mo dopmynam (9) u (15), B obmem cimydae
NpUOMKEHHO pPaBHBI, MOATOMY BTOpPOE U3
ATUX 3HAYEHUM MPUHATO Ha3bIBaTh CTPYKTYp-
HOU BEITMYUHOM 1 0003HaYaeTCst d'semp [3].

VYpaBHeHue (pakTanbHOM KWHETHUKH IS
OIMMCaHUs KPUBOM KOJMYECTBA MOIJIOMIEHHOTO
Kucioposia Nop OT BpEMEHH ¢ JIJIsl TEPMOOKHC-
JTUTENBHON JAECTPYKIMH MOJMMEpPa UMEET BHU]I
[3]
dN,, (1) (17)

dt

rIe Ng‘z— KOJMYECTBO IMOTJIOIIEHHOIO KHCIIO-

:kd(N:JOZ _No2 (t))’>

poaa; n - MOPSIOK PEaKIu 7 CBsi3aH ¢ AP dek-
TUBHOW CHEKTpPalIbHOIN pazMepHOCThIO d's clie-
JYIOIUM ypaBHEHUEM:

(18)

n=l+£,

s

Coueranue ypaBuenuit (15) m (18) maer

aQHAJIMTUYECKOE COOTHOLICHHE MeXay pu3nde-

CKMM (CTPYKTYpPHBIM) IapamMeTpoM A; M XH-

MHYECKOM XapaKTEepUCTUKOU TEPMOOKHUCIIH-

TEJIbHOW AECTPYKIUU 1
d+2

19
2A, —d (9

B pamkax dpakTanpbHOW KUHETUKH BEIUYH-
Ha k, onipenensercs 3 (HEeKTUBHOM CBA3HOCTHIO
CTPYKTYpBI, T.€. BETHUMHOU d';. YMEHbIIEHUE
d's Io Mepe pocTa TeMIepaTypsl CTapeHus 1.y
NPUBOAMT K CHHXKEHUIO k. Bonee Hu3kue 3Ha-
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4yeHusi k; BO (ppakTasbHOM IPOCTPAHCTBE IO-
Ka3bIBAIOT 00s3aTEbHOE CHIDKEHUE CKOPOCTH
pEeaKuu MO CPaBHEHUIO C €BKIUIOBHIM IIPO-
CTPaHCTBOM.

B3aumocss3e mexny k; u d's moctatodHo
MPOCTO BBISICHSETCS B paMKax (ppakTaabHOTO
aHanu3a [3] B paMkax (ppaKkTaJIbHBIX PEaKIUii B
HEYTOPSAIOYCHHBIX cpefax auddy3uro peareH-
Ta (MOJICKYJIBI OKCHJIAaHTA, PaiKalia U T.1.) Ha
(bpakTaIbHON CTPYKTYpe TMOJHMEpa MOXKHO
MPEJICTAaBUTh KaK ONyXKIaHWE dTOTO pearcHTa.
CymiecTByeT Ba OCHOBHBIX THIA OJIyKIaHUM:
cnydaitnoe Onyxnanue (CB) m cmydaiiHoe
Onmy)XqaHue C  HENpephlBHBIM  BpEeMEHEM
(CBHB). Eciu B cnmyqae Cb HeT 3aBUCHMOCTH
M0 BPEMEHU MEXIYy ABYMs MOCIe0BaTebHbI-
MU OmyxnaHusmu, To B ciaydae CBHB cneny-
folee OyXJIaHue MOXKET ObITh peaTrn30BaHO
TOJIBKO Yepe3 OMpeAeNIEeHHBI MPOMEXKYTOK
BPEMEHH IOClie mpeapiaymiero. Takum oOpa-
30M, B ciydae CBBH mo cymectBy BBOauTCS
(dbpakTaTbHOE MHOXKECTBO BpEMEH COOBITHI
(bpakTanpHOE  Bpems TEPMHUHOJIOTUHT
b.Manoenvopoma) [9]. TpaekTopuio MoJeKy-
76l (aTOMa) KUCIIOPO/ia Ha CTPYKTYpPE MOTHME-

B

pa MoxHo omucarb CBHB. Yucino mect Ha
CTPYKType nonumepa <S> (UUCIIO peakKLUOH-
HOCIIOCOOHBIX IIEHTPOB MAaKpOMOJEKYI), IO-
cemeHHbIx CBHB, kak (yHKIMsS BpeMeHH Ja-
ercs Tak [3]:
<8 >~th? (20)
MOXHO MPennoI0KHUTh, YTO BEIUUYUHA Ky
Oyzer TeMm BbIlIe, YeM OOJbIIE PEeaKIHOHHO-
CIIOCOOHBIX LIEHTPOB CMOTYT TOCETUTh MOJIe-
KyJbl (aTOMBI) KUcIopona: ks~ <S>. Torna:
21)
Pacuer nopsnka peakiuu, 00yCI0OBIEHHO-
ro MPOCTPAHCTBEHHBIM OECIOPAAKOM  (1,)
CBSI3aH C ITOKa3aTesieM /i CIIEAYIOIIUM ypaBHe-

Inky ~In<S>~d,/2~d,

HUCM!

54

2—h
_ 22
nnp 1 _ h ( )
Ilpn d'spp= ds BpeMeHHOH Oecropsamok

OTCYTCTBYET U MOPSIOK PEAKLUH N=M,, & IIPU
d's# ds TOpSIOK peaKkIy 71 paCCUUTHIBACTCS I10
dbopmyne (19), a mopsimok peakuuu, 00yCIOB-
JICHHBI BPEMEHHBIM O€CHOpsAAKOM (7,,), OII-
penensiercst reopemMoit o cydbopaunHaruu [20]:

(23)

Oueugno, 4to TP 1y >Tyy (Tem 1 Ty —
TeMIIepaTypa CTapeHUs U TUIABJICHUS) TIOPSIIOK
peaknuu n B ypaBHeHHH (17) KOHTpOIUpYyeTCS

n =I’lnp 'I’lgp

KakK HOpOCTPaHCTBCHHBLIM, TaK W BPCMCHHBIM
OeCropsIKOM, YTO COOTBETCTBYET H3BECTHBIM
JQHHBIM.

N B ypasuennu (17) MoxHO ompene-
JTUTH CIEAYIONUM o0pazom [9]:
NG, =B+ No,. (24)
rae N/, — TCOPETHYCCKOE KOIHYECTBO KHC-

J0poja, HEOOXOIUMOTO JUIsi OKHCIICHHUS BCEX
METUJIbHBIX (apOMaTHYECKUX) W anmudaTude-
CKUX TPYIII B pPaccMaTpUBacMOM TIOJHMEpE,
u3MepsieTcss B MoJib (J>/0CH MOJIb IOJIUMEPA; Sy
onpenensercs Gpopmyioii (2). Benmanna N7

ONpEeNEeNsAeTC XUMUYECKUM CTPOECHHUEM ITOJIH-
Mepa; UIsl ToJHapuiIaTapuiiecyib)oHoKCHaAA
(ITAACO) ona pasna 24,1 mons O,/0CH-MOITb
ITAACO.

B pamkax ¢paxranbHON MOAETH CTPYKTY-
pBl TOJIMMEPHBIX PACILIABOB YKUCIIO MpOpearu-
pOBaHHBIX MOJIEKya BemiectBa 4 (B ciydae
TEPMOOKHUCIUTENBHOW JIECTPYKLIUNA — 3TO MO-
nekynsl ;) py JAOIKHBI TOTYUHSATHCS CKEH-
JIMHTOBOMY COOTHOMIEHUIO [3]:

pi~E, (25)
rae ¢ — XapakTepUCTUICCKUI pa3Mep Makpo-
MOJICKYJIIPHOTO KIIyOKa 00bEMOM V.,
Ve~ (26)
YacTuilbl HU3KOMOJIEKYJISIPHOTO BEIIECTBA
(MOJIeKyJIbI OKCHJIAaHTA, PAJIUKAIIBI U T.]I.) JIBH-
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raioTcs o (ppakTaisy cilydailHbIM OyKIaHHEM
C pa3MEpPHOCTHIO d,,, UTO MTO3BOJISIET 3aMUCATh

=1 (27)
Jns peakuuu tumna
A+ A4A—0, (28)

T.€. TICeBJOMOHOMOJIEKYJISIPHON peaKIiu, Io-

JTy4YuM

o= Ny, ~ 111 (29)
Jns eBKIMIOBBIX HPOCTPaHCTB A/~d u

d,,2=2 nonyuwnu [3]:

ps=Ny, ~ 1 (30)
Jy1st OUMOJNIEKYISIPHON PEaKIuu
A+B—0, (31)

cootHoreHue (30) onpenensieTcs: CIeayrIuM
o0OpazoM:
dj4

(32)

[Tokazatens d,, B cooTHomeHun (29) ompe-
JeTsIeTCS U3 PaBEHCTBA

pA=N02 ~1

(33)

N3 coueranus (29) u (33) MOXKHO TTOTYIUTH
anasor cootnomenuit (30) u (32) ays peakuuu
OKHUCJICHHS BO (PpakTaabHOM MPOCTPAHCTBE.
Jnis peakiuu tumna (28)

Py = Ny, ~ 1% (34)
a s peaknuu tuna (31)
Py = Ny, ~ 14 (35)

OpHako pa3MEepHOCTb ds OTUCHIBAET TOJIBKO
rE€OMETPHUECKYIO CBS3HOCTH (pakrana [20],
TOTJa KaK IS pealbHBIX KOHJCHCHPOBAHHBIX
Cpea He MEHee BaXXCH y4eT BPEeMEHHOro (3Hep-
reTudyeckoro) Oecropsinka. st onucaHus mo-
cnennero »¢d@dexra B peaNbHBIX YCIOBHSIX B
BeIpakeHusaX (34) u (35) cneayer mpuHUMATH
HE 3Ha4YeHHE d;, a BeMWYHHY 3(PEKTUBHOM
CHEKTpaJIbHON pa3MepHOCTH d's, ompenense-
My1o ypaBHeHHUEM (15).

B nocnennee Bpemst Ooiibllioe BHUMaHHE
yaensieTcs: pU3NYecCKUM acreKkTaM MPOTeKaHUs

55

peaknuu tumna (28) u (31) [20] u 6bUTO MOKa-
3aHO, YTO 3TH PEAKIIMU MOTYT OBITh OMHCAHBI
cTerneHHO! GpyHKuuel BuIa

P~ (36)
rae p, — KOJIMYECTBO BelllecTBa A, mpopearu-

POBABILIETO 3a BpEMH £, X — [IOKA3aTEIb.

BennunHa mokasareins x 3aBUCUT OT psja
(bakTOpOB: HPOCTPAHCTBA, B KOTOPOM IpOTE-
KaeT XMMHUYECKasi peakuus (€BKIMIOBOTO WIH
(bpakTaabHOTo), pa3MEepHOCTEH, XapaKkTepu3y-
IOIUX 3THU IPOCTPAHCTBA, M THUNA PEAKLHU
(MoHO- mnm OumonekynspHas peakuus). [lo-
3TOMY, HCCIENYsl PEaKIMH OKUCICHHS B paMm-
kax koHreniuu [20], MOXXKHO MOJIy4uTh OoJiee
IIOJTHOE IPEJICTaBICHHE 00 YCIOBUSAX MX IPO-
TEKAHMUS.

Ucnonw3ys ypaBuenus (34), (35), MOXHO
IOCTPOUTH 3aBUCHUMOCTb N, (f) B HBOHHBIX

jJorapu(MHUUECKUX KOOpJAUHATaX U Ompene-
JUTH TOKa3aTenab X B cooTHomeHuu (36). Kak
II0OKa3aHO B [3], rpaHUYHBIM YCIIOBHUEM pEaH-
3allMM KUHETHMYECKUX KPUBBIX aBTO3aMEJICH-
HOTO ¥ aBTOYCKOPEHHOI'O THIIA SIBISETCS KpH-
Tepuil x=1 B cooTHomeHuu (36): npu x<1 pea-
JU3yeTcs aBTO3aMeIJICHHBIA TUIT OKUCIICHHUS, a
npu x>1 — aBroyckopeHHbid. [lpu x=1 momy-
4aeTCsl JIMHEHHAs 3aBUCUMOCTE N, (f), TakxKe

BCTpeuaromasicss Ha mnpaktuke. [ns peakuun
tumna (34) B €BKJIMIOBOM MPOCTPAHCTBE XapaK-
Tep KpuBOU N, (f) OIpEnENseTcs pasMepHO-

CTBIO ATOTO IpocTpaHcTBa: Wi d=1, x<1 (aB-
TO3aMEJICHHBINH peXuM), aia d=2, x=1 (nu-
HEeWHasi 3aBUCHUMOCTb) U i d=3, x>1 (aBToO-
YCKOpeHHBIN pexuM). s peakiuu tuna (35)
B EBKJHUJOBOM IIPOCTPAHCTBE C JOOOW pas-
MEPHOCTBIO d<3 KMHETHYECKHE KpPUBBIC OyIyT
MPEJCTABIISTh aBTO3aMEJICHHBIN pexum. [lo-
CKOJIbKY MakcuManbHble 3HadeHus d=4/3 [20]
u d'=1,20 (ypaBrenue (15) npu A=3), To pe-
aKUMu BO (hpakTalbHBIX MPOCTPAHCTBAX BCe-
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rra OyayT XapaKTepu30BaThCsl aBTO3aMe ICH-
HBIM THUIIOM KUHETUYECKUX KPUBBIX.

CyiiecTByeT aBa OCHOBHBIX THIIA CKEH-
JIMHTOBBIX COOTHOIICHWI: CTENEHHbIE WU
SKCIOHEHIMaNbHbIE [3]. Pe3ynbTaThl CKeMINH-
FOBOTO aHalIM3a TEPMOOKUCIUTEIBHON Je-
ctpykiuu 1K (monukapbonara Ha ocHOBE OH-
chenona A) ¢ pa3HOH CTPYKTYpOH IMOKa3zaiu
[3], 4TO HayambHBIE YYACTKH KHUHETUYECKUX
KpUBBIX N, () aBTOYCKOPEHHOIO M aBTO3a-
MeJIICHHOTO (S-00pa3HOro) THUIOB OMUCHIBAIOT
MPOTEKAHWE OKUCIEHUS B HJACHTHYHBIX YCJO-
BUSAX — BO (DpaKkTaJbHOM MPOCTPAHCTBE C pa3-
MEpPHOCTBIO, PAaBHOW pPa3MEPHOCTU IMOBEPXHO-
CTH MaKpOMOJEKYISIPHOTO KiyOka A,=44-1.
JlanpHeWIIMA X0J KUHETUYECKOW KpHUBOM
ONpENENAETCS TUIIOM NPOCTPAHCTBA, B KOTO-
POM IIPOTEKAET OKUCIICHHUE: MEPEX0]l B €BKIIHU-
JIOBO IIPOCTPAHCTBO J1aeT pe3Koe (MPaKTUUYECKH
JIMHEWHOE) YCKOpPEHUE OKUCIIEHUS, a TePeXo/]
BO (pakTaJbHOE MPOCTPAHCTBO C pPa3MEpPHO-
CTbIO, PpaBHOW (PaKTATBHON pPa3MEPHOCTH
MaKpO-MOJIEKYJSIPHOTO KiIyOka As-pe3koe 3a-
MEJUIEHUE OKHMCJICHUS, IIPU 3TOM Ay TOCTHraeT
KPUTHYECKOTO 3HAYEHMs, MPU KOTOPOM KOJIH-
94EeCTBO PEAKIIMOHHOCIIOCOOHBIX MECT B 00bEeMe
Y Ha MOBEPXHOCTU KJIyOKa CTAaHOBUTCS OJMHa-
KoBbIM. Ilepexon oT mepuoga MHAYKIUU (T1e-
pHOJla MEUIEHHOM peakIlK) K Pe3KOMY YCKO-
PEHUIO TEPMO-OKUCIUTEIbHON  JECTPYKLIHHU
00yCIIOBJIEH U3MEHEHHEM THIIa MIPOCTPAHCTBA,
B KOTOPOM IPOTEKAET peakius, OT (ppakTaib-
HOT'O K €BKJIUJOBY [3].

3akJil0ueHue

OCHOBOII TPUMEHEHUSI TEOPHH JAPOOHOTO
UHTErpo-AudGepeHIUpOBaHUS 1T ONMUCAHUS
TEPMOOKUCIUTENBHON JECTPYKLUHU IIOJIUMEp-
HBIX PACILJIaBOB SIBJISIETCSI HEOAHOPOTHOCTh UX
CTPYKTYpHBI, JOIMYCKAaIOMasi peaau3aluio e-

56

CTPYKLHUHU TOJBKO B YacCTH MaKpPOMOJEKYJISp-
HOro KiyOka. DQ¢ekTHUBHBIN 00BeM KiIyOKa
V>? . HOIJIOWAIOMKA KHUCIOPOA, TPAMOIIH-
HEWHO 3aBUCHT OT pasHocTu 3-A; rae Ar —
¢dbpakraneHas (XaycaopdoBas) pa3sMepHOCTb
MaKpOMOJIEKYISIPHOTO KITyOKa B pacruiaBe. Ta-
Kasi 3aBUCUMOCTb BO3MO>KHA TOJIbKO JUIsl hpak-
TaJbHBIX 0OBEKTOB, a /ISl €BKIHIOBBIX O0BCK-
TOB 00BEM PEAKIIMOHHOCTIOCOOHON YacTH CH-
cTeMbl paBeH Hym0. CrenoBareiabHO, TEPMO-
OKHUCJIUTEIbHAST JTECTPYKLHS IOJUMEPOB BO3-
MOJKHa TOJIbKO B CiIy4ae (PpakTaabHOCTH HUX
CTPYKTYpBHI.

Poct A; oO3HauaeT yBelnMYeHHE KOMIIAKT-
HOCTH MaKpOMOJIEKYJISIPHOTO KITyOKa MoJrMe-
pa u, cienoBarenbHO, ocnabiaenue auddysun
KHCIIOpO/ia B ero BHyTpeHHHe obnactu. [lpu
ONPEICICHHOM 3HAYECHUU A = A7 IIPOHUCXO-
IUT WU3MEHEHHE TUMa KUHETUYECKON KpUBOH U
OCYIIIECTBISIETCS MEPEX0]l KHHETHUECKUX KPH-
BBIX OKHCJICHHS OT aBTO3aMEIJIEHHOTO peXUMa
— MeproJia UHAYKIIMH TPOIIecca OKUCICHUS - K
aBTOYCKOpEHHOMY pexumy. Kpuruueckue
3HAYCHUsT A 3aBHCSAT OT Pa3MEPHOCTH d €B-
KJIMJI0Ba TPOCTPAHCTBA, B KOTOPOM paccmart-
puBaercs (pakTan, M paauyca HHEpUHU R,
MaKpOMOJIEKYJISPHOTO KITyOKa.

[TosiBnenue mporuecce TEPMO-
OKHUCJIUTEIBHOU NECTPYKLIHUU TMOJIUMEPOB KH-
HETUYECKUX KPHUBBIX «KOJUYECTBO MOTJIOIICH-
HOI'0 KHCJIOpOJa — BpeMsD» NN, o, (t) aBTO3aMen-
JIEHHOTO THIIA B paMKaX KIJIACCUYECKOW XUMHU-
YEeCKOW TPAaKTOBKH OOBSCHSETCS «BBITOpPaHU-
€M) PEaKIMOHHOCIIOCOOHBIX rpyni. [IpudauHbI
3aMeJUIeHHs] TIOTJIOIIEHUSI KHUCIOpoAa CcO Bpe-
MCHEM JUIsl KHHETHYECKUX KPUBBIX N, (¢) HO-
CAT Topazno Ooyiee OOMMI XapakTep, YeM
MIPEATNOJIAarajloch paHee. Takol NMPUYUHON MO-
XKET OBITh (PPAKTATLHOCTH CPEIbl, B KOTOPOH
MPOTEKAeT TEPMOOKHUCIHUTEIbHAS JECTPYKIIHSI.

B
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Abstract

Materials of the article apply to the physical methods for estimating the load of friction pairs of brake
devices. Methods are expressed by principles influencing the physicochemical properties of materials of friction
pairs and their internal and external parameters. Principles include causation, symmetry, reciprocity and equivalence,
affinity, superposition (elementary and complex). The principles have been analyzed and it is shown as they extend
to the energy fields of fric-tion pairs of brakes. Based on the action of the principles, the following pairs are
distinguished: "mechano-thermal", "chemico-thermal" and "electro-magnetic". The materials of this article only pay
attention to "mechano-thermal" energy field at electromechanical friction coupling of pairs of friction of brake
devices.
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Annotasiya

Magqalads ayloc qurgularinin friksion ciitlorindoki goerginliklerin qiymatlondirilmesinin fiziki metodlarina
baxilib. Metodlar siirtiinmo ciitii materiallarinin fiziki-kimyavi xiisusiyystlorino, onlarm daxili veo xarici para-
metrlorine tasir edon prinsiplore asaslanib. Prinsiplora sabab-notico slagesi, simmetriya, qarsiliqliliq ve ekvivalentlik,
affinlik vo superpozisiya (elementar vo miirokkab) daxildir. Tohlil olunub gostorilmisdir ki, bu prinsipler ayloclorin
stirtiinma clitiiniin enerji saholorini ohato edir. Prinsiplorin tosirino osason asagidaki ciitlor ayird edilir: “mexano-
termik”; “kimyovi-istilik” vo “elektromaqnit”. Maqalodo yalniz ayloc qurgularinin siirtiinms ciitiiniin elektromexa-
niki friksion slagesi zamani “mexano-termik™ enerji sahasino baxilib.

Acar sozlor:  fiziki metod, aylac qurgusu, siirtinma ciitii, metal plastin materialdan hazirlanmis friksion element,
mexaniki va istilik garginliyi.
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AHHOTALIAA

B cratee paccmaTpuBaioTcs (pU3MUYECKHE METOIBI OLEHKH HArpy3Kd (PUKIHOHHBIX Map TOPMO3HBIX
yCTpoHcTB. MeTompl OCHOBAaHBI Ha TPWHIIMIAX, BIUSIOMMX Ha (DU3WKO-XUMHYECKHE CBOWCTBA MAaTEPHAJIOB Iap
TPeHHST W WX BHYTPEHHHE W BHEUIHWE TapaMeTphl. [IpHHINOBI BKIIOYAOT NPUYUHHO-CIECICTBEHHYIO CBS3b,
CHMMETPHIO, B3aWMHOCTh M SKBHBAJCHTHOCTh, a(pPUHHOCTH M CYNEPHO3UINIO (IIEMEHTAPHYI0 U CIOXKHYIO).
[IpoaHamm3upoBaHO W IMOKAa3aHO, YTO ITH NPHHIWIBI PACIIPOCTPAHSIIOTCS HAa DHEPreTHUYECKHE IIONS Tap TPEHHS
TOpMO30B. Ha OCHOBaHWU NEHCTBHS MPUHIMIIOB BBLACISAIOT CICAYIOIIUC MAPBl: «MEXaHOTCPMHUUCCKHUECY; «XUMHKO-
TEIUIOBON»; «IJICKTPOMArHUTHEIM». B cTaThe paccMaTpUBAacTCsS TOJBKO «MEXaHOTEPMHUYECKOE» IOJIC YHEPTUU TPHU
AJIEKTPOMEXaHHUECKOM (YPUKIIMOHHO CBS3M Map TPEHHS TOPMO3HBIX YCTPOMCTB.

KiaroueBble ciioBa: (1)I/I3I/I‘~ICCKI/I€ METOAbI, TOPMO3HBIC YCTpOﬁCTBa, Iapa TpCeHus, q)pHKHPIOHHLIfI OJICMCHT U3
METaJUINYECKOI IJIaCTHUHBI, MEXaHUYCCKas U TCIJIOBAas HArpy3Ka.
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Introduction

The application of various general
physical principles opens wide possibilities for
calculation and analysis of the thermal mode
of metal friction elements of disc-drum type
and strip-block type of braking devices and
becomes a qualitatively new method for
solving thermal problems.

The material of the proposed articles is
largely focused on the development and
implementation of this method, which can be
called the physical principle method or, in
short, the principle method.

Among the principles that are used in the
articles are the principles according to the
figure 1. The principles of symmetry, equiva-
lence, superposition (elementary and complex)
have long been applied in thermodynamics and
heat transfer, although unreasonably not
enough. The principle of reciprocity was not
used for thermal problems. In contrast, the
work [1] paid attention to all principles in the
case of a plate of a given thickness in which
the temperature sources interact as well as a
symmetrical arrangement.

PRINCIPLES AFFECTING THE PHYSICAL AND MECHANICALPROPERTIES OF FRICTION PAIR MATERIALS AND THEIR
INTERNAL AND EXTERNAL PARAMETERS
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APPLIED TO FRICTION PAIR FIELDS
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FRICTION PAIR ENERGY FIELDS

ENTHALPY, ENTROPY, PERTURBATION, FLUCTUATION, RESILIENCY, POTENTIALS AND GRADIENTS OF

Figure 1. Principles, perturbations, potentials and gradients in metal polymer friction pair energy fields

The analysis of literary sources and the
state of the problem. Brief reference to the
principles of thermal problems. Causation is
the mutual relationship between processes,

phenomena and effects where one is the cause
of the other. Symmetry is the proportionality
of the parts of the product located on either
side from the middle of the center.
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Reciprocity applies to some heat
conductivity problems; this means that if the
heat source Is at point 1 causes a temperature
change at point 2, At=f(t), then if you move
the source to point 2, at point 1, the same
temperature change At will occur.

It should be emphasized that at
reciprocal speeds the changes of temperatures
are the same, but the gradients of the
temperature are different, so it should be
remembered that the transition to a mutual
problem is not a transition to an equivalent
problem - the temperature fields turn out to be
different.

The importance of reciprocity in heat
conductivity problems is known [1]. These
include with the action of a heat source: in a
semi-enclosed body or in an unlimited plate; in
a plate covered with a layer of turbulized
liquid, and in a plate with a layer of liquid and
an adiabatic condition on one boundary; and in
a boundary condition of type III on the other
boundary. The equivalence, in relation to
thermal problems, is that the replacement of
any ambiguity condition does not affect the
thermal regime of the body in question - all
temperatures remain constant.

The principle of equivalence indicates
the possibility of equivalent substitution of
sources of heat and heat resistance, as well as
therma-physical characteristics, geometric
shape and body size. It should be reminded
that there are two types of heat sources: It —
sources of the given temperature and Is —
sources of the given intensity of the heat flow.
Sources of Is can be both external and internal.
It sources can only be external. Therefore,
there may be equivalent substitutes as follows:

- external sources of any type (/; or I)
are replaced by external sources of another
type;

- external sources of type /; and I, are
replaced by internal sources of type /;;

- internal sources of type I are replaced
by external sources of type /; or I;.
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An equivalent replacement of internal
sources with another type of internal source is
not possible, as internal sources can only be of
one type - ;.

The substitutions can be complete or
partial, but in all cases the principle of
equivalence is preserved - the heat mode of the
whole body «does not notice» changes of the
conditions of unambiguousness.

All equivalent transitions (substitutions)
are reversible. For example, if it is shown that
it is possible to replace a source of type /; with
a source of It, then the possibility of a reverse
transition is shown.

Affinity — a similarity in basic properties
or in generality. For example: affinity to an
electron, chemical affinity, electrochemical
affinity.

Superposition - the resulting effect of
several independent effects, is the sum of the
effects caused by each effect individually.

The principle of superposition can be
elementary and complex. The elementary
principle of superposition states the following.
If the superposition of the temperature fields in
the system is considered, provided that the
power of the heat source, the coefficients of
the individual parts of the system and its
coefficients of heat exchange are temperature-
independent, as illustrated [2]. The latter
focuses on the conditioned environment and its
temperature, as well as on the system’s own
pointed overheating.

Thus, in this form, the methods of
principles cannot be used in friction pairs of
brakes and therefore need to be improved.

Problem statement

The use of physical principles for
friction pairs of braking devices problem
should be resolved and the friction interaction
of their mechanical and thermal fields should
be considered. The main issues of the article
are evaluation of the load of friction pairs of
braking devices; mechanical with heat load of
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the braking friction units. The objective of the
work 1is to justify the use of physical methods
for evaluating the load of friction pairs of
braking devices.

Evaluation of the load of friction pairs of
the braking devices. It is known that the load
of the friction pairs of the strip-drum and disc-
block type of brakes depends on many
subjective and objective factors. For example,
for the strip type brake of the drill winch,
objective factors are drilling technology,
climatic and physiological conditions; sub-
jective factors are the quality of the production
of the equipment, the qualification of the
maintenance personnel, etc. For drum- and
disc-block brakes of means of transport the
objective factors are climatic and road
conditions; subjective factors are the quality of
the overall braking mechanism, drivers’
qualification, vehicle driving techniques, etc.
Understandably, it is practically impossible to
take all these factors into account when
mathematically  describing the heating
processes of the brake unit components.

Table. Classic list of boundary conditions
Dependancies

I-st |Body surface temperature is known(t,,)
II-nd | External heat flux to body (q,) is
specified
ot
Az —g 1
o ‘ x=+0= 94y ( )
III-rd| Heat flux from the surrounding

medium is directly proportional to the
temperature difference between the
surrounding and the surface of the
body
o,

Ox ‘ x=+0" a(lg - tx:+0 )

The body is in contact with another
body that has different therma-
physical characteristics

) )

IV-th

The type of the boundary condition

€)

tnl‘x:+0: th‘x:—O'
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For the complete analytical description
of convective and radiative heat exchange of
the surfaces of metallic friction elements of the
brakes, it is necessary to set systems of
equations and unambiguous conditions. Listed
in the table four boundary conditions
(classical) make up the conditions of one-digit,
and the set of initial and boundary conditions
is called boundary conditions.

Legend: A, a - heat conductivity coeffi-
cients, heat output; ¢, — specific heat flux;
indices x=+0 and x=-0 - external and internal
surfaces; Ot,/Ox — temperature gradient on

body thickness; V' — heating temperature.
These initial conditions meet the

classical list of boundary conditions

t (Xa Yy, Z, e) = f3 (Xa Y, Z)' (4)

In general, A, ¢, p, p, q, @ can be
functions of coordinates, temperature, and
time. On a case-by-case basis, especially in
mobile boundary problems where phase
transformations occur, boundary conditions
may be recorded in a slightly different form,
but in principle boundary conditions I - IV
types cover all possible cases.

In recent years there have been works in
which the question of formalism of boundary
conditions I-IV types covers all possible cases.

In recent years, there have been works
that have raised the issue of formalism of
boundary conditions of types I-IV, especially
for non-stationary tasks. For example, in [3] it
is shown that non-stationary heat transfer
problems should generally be solved as
conjugate, i.e. the heat transfer equations
should be solved simultaneously for the
medium surrounding the body. In [4] it is
shown that when solving heat transfer
problems, boundary conditions type I
correspond better to the physical pattern of
phenomena than conditions of type III. For
non-stationary modes, the coefficients aqg, am
are more fictitious than for stationary modes,
where both agq, and om are formally
introduced. In principle, the problems of heat
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exchange with solids should be solved as
related problems, but in some cases boundary
conditions of type II and III are justified [5].
Note that non-linear tasks are those in
which: A, ¢, p - temperature function; a, q -
temperature functions; p is the temperature

function; the coordinates of the phase
boundaries depend on the temperature
(moving boundaries whose position is

determined by temperature).

When evaluating the energy load of
friction pairs of braking devices, it is necessary
to know: the geometric parameters of the
friction pairs and their shape; the thermal-
physical characteristics of the materials; initial
and boundary conditions; the maximum
energy loading of the metal friction elements
and the heat-exchange capacity thereof, which
consists in the joint action of the conductive
heat exchange with the radiative and
conductive heat exchange from their surfaces,

and the acceptable temperature for the
polymeric lining materials.
These four conditions are called

unambiguity conditions and the set of initial
and boundary conditions are called boundary
conditions.

The energy intensity of the working
surfaces of the pulley rim and drum, as well as
the treadmill of the disc friction (solid and
self-ventilated) depends on the metal content
of the discs. The smaller the latter is, the faster
a metal friction element will warm up. The
above-mentioned heat exchanges must also
interact with the conductive type of heat
exchange.

The metallic friction elements of the
brakes enter the fixed and thermostatic zones.
In the first case, the amount of heat generated
by the friction pair is released into the
environment. In the second case, the
temperature gradient on the thickness of the
metal friction element becomes minimal. In
addition, the surface layer of the polymeric
lining changes its aggregate state. The account
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of the above elements of the friction pair
requires different initial conditions for the
temperature zones, which results in variable
unambiguity conditions.

Mechanical with heat load of brake friction
units

The friction process is inherently
dissipative and is characterized by the
generation of electrical and thermal currents.
Friction heating determines to a large extent
the conditions for interaction of friction
surface micro projections, the change of their
area and the destruction thereof (value of the
actual and contour area of the touch, maximum
electrical and thermal currents, elastic
deformation and its energy levels in the
working layers of micro projections which in
turn affect the area of actual contact; the
values of elementary normal forces and
friction forces per unit of actual contact area,
etc.). Therefore, studies and tests of
mechanical loading of metal-polymeric
friction pairs make it possible to assess normal
forces, friction forces, dynamic friction
coefficient, braking torque developed by
friction pairs and wear intensity of their
working surfaces in a wide range of changes in
the temperature of friction, assuming that they
are impulsive in character, obeying wave field
theory.

The laws of elasticity occurring during
contact-impulse interaction of the micro
projections of the surfaces of metal-polymeric
friction pairs at small deformations thereof
reflect the mutually unambiguous relationships
between  pulsed  stress  values  and
deformations. Under the action of dynamic
loads, eclectrical and thermal currents, the
surface layers of metal-polymeric friction pairs
are subjected to plastic deformations.

It is known that mechanical energy is an
ordered form of energy, while internal energy
is disorderly. The deformations of micro
projections when contacting surfaces of
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«metal-polymer» friction pair are represented
on figure 2.

Plastic
current
area

Plastic
current
area

&>

o T
% aata e X

e SN
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Figure 2. Deformation of micro- projections in contact
with friction pair «metal (1) - polymer (2)»

The trajectories of the main tensioning
and compressing swirling stresses in the pulley
rim with uniform load distribution in the pair
of friction «polymer-metal» are given in fig. 3.

Figure 3. Trajectories of the main tensioning (-) and
compressing (-) stresses in the pulley rim with uniform
load distribution in the friction pair «polymer (1) - metal
2)»

} w(nt)

p(nn* B(r1)
2
1
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o
0 7

Figure 4. Pulse loading scheme of the friction pair
«polymer (1) - metal (2)» in the strip-block type brake
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Figure 4 and Figure 5 a, b. show the
schemes of the impulse loading of the friction
pair «polymer — metal» in the strip-block type
brake and the regularity in external and
internal parameters changes in its sector. The
following legend are used: r - the polar
coordinate of the point; /4, R - the thickness of
the shell and the radius of curvature of its
median surface; ¢, T}, - the time of reciprocal
action: normal, dimensional; p, ¢ - the surface
loads in the meridian and normal directions;
Ny, QO - effort: membrane, transverse; M, is a
bending moment; u, w is the displacement of
the median surface of the shell in the meridian
and normal directions; f is the rotation angle
of the normal to the median surface.

According to the first variant, the
specific load impulse given by the formula
O(t)=qo-H(t), where q,=10" H/M*, H(t) is the
unit Hebryside function, affects the shell.

In the second variant, the shell is
affected by the specific load impulse in the
form of «steps» given by the formula
Q(t)=qo[H(t)-H(t-w)], where w is time of the
specific load pulse.

Figures 5 a, b illustrate the systematized
and unsystematic (but which can be reduced to
systematized) sinusoidal curves generated by
the impulse loading of the metal-polymeric
friction pair of the brake.

The impulse application of the load to
the micro projections of the surfaces of the
friction of metal-polymeric pairs at the initial
braking moment causes the generation of
pulsed electrical currents.

The sinusoidal electric impulse and its
characteristics are illustrated in figure 6. The
following symbols are used: 4" amplitude; #;; —
pulse duration; t;, — pulse duration of 0.5.4".
The electric impulse is characterized by the
short-term deflection of the electric voltage or
current force from some constant value.
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Figure 5 a, b. Regularity of change in the shell sector: a - membrane force (Ng) and bending moment (M) from the
value of the dimensional time; b - shifting of the median surface in meridian (u) and normal (w) directions at the
angle of rotation (§) normal to the median surface in the plane of the meridian from the dimensional time

The empirical dependence of current
impulse determination on time is assigned to
Figure 6 (where e is the base of the natural
logarithm). The current impulse is expressed
in amperseconds in the case of an random time
current flow. It should be stated that the
electric impulse and electromagnetic flat wave
are described by the same law, the sinusoid.
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<
Y
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Figure 6. Sinusoidal electric pulse and its

characteristics

The strong temperature oscillations in
the initial friction period are related to the
unburdening of electrical currents on the micro
projections of the surfaces with the continuous
attenuation thereof towards the end is also
connected with the migration of «the hot
spots», which rise on the friction surfaces as a
result of contact discreteness. Judging by the
wave frequency of temperature changes in the
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areas of thermocouples arranged at different
points of the surface layer of the lining, the
movement of «the hot spots» obeys some
aperiodic regularity, due to the uneven
distribution of normal forces on the surface of
the friction contact, and as a consequence of
the specific loads, as well as wear. Typical
increase of temperature difference with
increase of hardness of material of the surface
layer of the lining is connected, obviously,
with the change of sizes of the «hot spots» and
more uneven distribution of them on the
surfaces of friction micro projections.

Figures 7 a, b, show the proposed
calculation models for estimating the
characteristics of the interaction of the contact
spots with different diameters of the «metal-
polymer» friction pairs of the generation of
electric and thermal currents.

Figure 7 b, introduces legend K, K,
which mean the coefficients of heat flux
distribution respectively in the metal and
polymer friction elements [6]. It should be
noted that with the increase of the area and the
contact spots of the micro-projections, the
growth of charged particles on their surfaces is
observed.

We analyze the heat-loading capacity of
the surface and surface layers of the friction
elements of metal- polymer pairs.
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Figures 7 a, b, ¢ In Calculation models for estimating the interaction characteristics of contact spots with
different diameters (d, d;, d,) of the pair «metal (1) - polymer (2)» at the generation of: a - impulse electric
currents; b, ¢ - impulse temperature currents: flashes; surface

According to the classical theory [5, 6, isothermal surfaces is characterized by the
7] in close proximity to the contact points of magnitude of the temperature gradient. In
the friction pair «metal (1) - polymer (2)» general, the temperature field in the metallic
(Figure 8 a) separate semispherical isothermal  and polymeric friction elements related to the
surfaces are formed, fusing into a common surface and subsurface layers, respectively, is
surface at some depth. The arrangement of presented in Figure 8 b, c.

b o
) o

| N

X i“ X

Figures 8 a, b, In the temperature field of the surface layer of the metal (1) element (a) during friction and envelope
changes in temperature in it (b) and in the surficial layer of the polymer (2) element (B): tf, tk, ts, tv — temperature:
friction, occurring in the deformation zone of the microregions of the working surface; contact, formed at points of
contact; surface, formed at macro-sectors of friction surfaces; bulk, occurring in the body of the friction element
below the deformation zone.
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Figures 9 a, b Temperature distribution (t) and heat flux (q) on the contact spot at: a — t=const; 6 — q=const
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The latter shows the following tempera-
tures in the interaction area: ¢y — friction,
occurring in the deformation zone of the
microregions of the working surface; # —
contact, occurring in the contact points; ¢ —
surface, occurs on the macro-regions of
friction surfaces; ¢, — bulk, occurs in the body
of the friction element below the deformation
zone.

Figures 9 a. b show the temperature
distribution (f) and current heat (¢) on the
contact spot at: @ - ¢ = const ; b — ¢ - const.
However, such an ideal temperature (f) and
heat current (g) on the contact spot in friction
pairs is impossible due to the inversion of
currents between the interacting zones.

In braking devices having a non-massive
metallic friction element (vehicles, some
tiering machines, etc.), until the friction linings
have reached the permissible temperature, a
counter-body performs the role of a
thermoelectric  generator (metal friction
element) and thermoelectric refrigerator -
surface layers of friction linings. When the
temperature is exceeded, the picture is
reversed. In the strip-block brake of the drill
winch the metal friction element is massive, it
is a thermoelectric generator. The heat state of
the surface layers of the friction linings of the
tape differs.

Theoretical and experimental studies
have shown that the energy levels of the
surface and surficial layers and the mechanical
characteristics  of the  materials are
significantly affected by their heating speed
and forced cooling as well as their cycling.
The latter causes a significant change in the
nature of structural transformations in surface
and surficial layers and, as a result, contributes
to changes in the physical and mechanical
properties of their materials [8].

When the rim of a pulley made of steel
of 35HNL with different temperature gradients
on its working surface and thickness is heated,
phase transformations occur in the material of
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the surficial layer of the rim, leading to the
formation of austenite in it. This reduces the
volume of the surface rim layer due to the
uneven heating of the surficial rim layer, while
the volume of all the lower rim layers has
increased due to the linear expansion caused
by their heating. As a result, the outer
austenitic uneven layer compresses the internal
volume of the rim layers, and in the first,
compressive stresses develop, contributing to
the occurrence of cross-sectional cracks on the
rim working surface at the most thin cross-
sections.

Thus, from the comparison of gradients
of the mechanical properties of the surface and
surficial layers of the pulley rim materials
(strength, elasticity, stresses of various kinds)'
and temperature gradients, special
requirements for permissible heating rates and
forced cooling have to be formulated for the
development phases in the above-mentioned
layers. It is important to note that the type of
breakage of the contact surfaces of metal-
polymer friction pairs is determined by the
gradients of the mechanical properties of the
materials, the temperature gradients on the
working surface of the pulley rim and the
thickness thereof, metastability of friction
linings surfaces and the external environment
surrounding their working surfaces.

Conclusion

The use of the physical components for
friction pairs of braking devices will allow:

- to systematize and present in a drawing
the principles, perturbations, potentials and
gradients in the energy fields of metal-polymer
friction pairs;

- systematize the sequence of processes,
effects and phenomena of electrothermome-
chanic friction;

- consider not only the friction interac-
tion fields separately, but also examine them in
pairs to determine the influence of one on the
other;



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2021. Cild 13. Ne 2. Saoh. 58 — 68 2021, Vol. 13, Ne 2. Pp. 58 — 68
M.Y. Cavadov va bas. M.Y. Javadov et al.

- the following unambiguous conditions  metal friction elements and the heat exchange
have been introduced for the solution of capacity thereof, which consists in the
thermal problems in order to evaluate the combined effect of the conductive heat

energy load of different types of friction units: exchange with the radiative and convective
- the geometric parameters of the friction  heat exchange from the surfaces thereof, and

pairs and their shape; the tolerable temperature for the polymeric
- the thermaphysical characteristics of lining materials;

the materials; - the initial conditions for the metal
- initial and boundary conditions; friction element should be variables that would

- is the maximum energy loading of the  correspond to its fixed and thermostatic state.
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Abstract

When the drill string is run into the well, the load acting on the system can in some cases reach a dangerous
level due to the load acting during pulling up. For example, if the weight of the casing being lowered into the hole is
greater than the weight of the raised drill string, or when the drill string is lowered into the hole at high speed, very
large dynamic forces can be generated that do not exist during pulling out. The only controllable parameters when
running the drill string into the well for the length of one plug are the maximum value of the descent speed and the
rate of deceleration. The relationship between these two parameters ultimately determines the efficiency of the
lowering operation, which, in turn, is characterized by such factors as the operating mode of the equipment;
compliance with technological requirements; physical load of the operator (driller). The goal is to determine the
scientifically and technically sound mode of running the drilling tool taking into account the piston action. The
permissible speeds of the drilling tool and the displacement of the string for the length of one plug during the well
run, the speed of fluid movement in the annulus, were determined based on the equation of equilibrium of pressures
in the well. Taking into account the turbulent regime of fluid movement in the annulus, the regime of safe running of
the tool was determined to prevent hydraulic fracturing and ensure high-quality development of the productive
horizon.

Keywords: drill pipe, annulus, lowering speed, piston effect, flushing fluid, plug movement, pressure balance.
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Piston effektini nazors almaqla qazima alstinin quyuya
endirilmd rejiminin miidyyon olunmasi
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Annotasiya

Qazima kamoarini quyuya endirdikds sistems tasir eden yiik bazi hallarda qaldirma zamani tesir eden yiikden
gorxulu hadds ¢ata bilor. Qazima komarini bir sam uzunlugunda quyuya endirdikds idars olunan parametrlor ancaq
endirmo siiratinin maksimum qiymati vo aylomenin intensivliyidir. Bu iki parametr arasindaki miinasibatlor son
naticads endirmo amoliyyatinin somaraliyini miioyyon edir vo onlar da 6z ndvbosindo avadanligin istismar rejimi;
texnoloji toloblora omal etmo; operatorun (qazmacginin) fiziki yiiklonmosi kimi amillorlo saciyyelondirilir. Piston
effektini nozoro almaqla qazima alotinin elmi vo texniki cohotdon osaslandirilmig endirmo rejiminin miioyyon
olunmast hadof kimi gotiiriilmiig, qazima alstinin quyuya endirilmosi prosesindo onun buraxila bilon siiroti, samin
yerdoyismesi, mayenin holqovi fozadaki horokot siiroti quyuda yaranan tozyiqlorin balans tonliyine osaslanaraq
miloyyan olunmusdur. Holqovi fozada mayenin horokotinin turbulent rejimino baxilaraq, laylarda hidravliki
yarilmanin bas vermomasi vo mohsuldar horizontun keyfiyystlo menimsenilmesinin tomin olunmasi ii¢iin alatin
tohliikesiz endirilmasi rejimi miioyyon olunmusdur.

Acgar sozlor:  gazima komori, holqovi foza, endirmo siirati, piston effekti, yuma mayesi, sgamin yerdoyismosi,
tozyiq balansi.
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AHHOTAIUSA

[Ipu crycke OypriIbHON KOJOHHBI B CKBXUHY Harpyska, IeHCTBYIOIIAs Ha CHCTEMY, B HEKOTOPBIX CITydasix
MOXET JOCTHUTAaTh OIMACHOTO YPOBHS H3-3a HArpy3Kd, JCWCTBYIONIEH BO BpeMs MoabeMa. EIMHCTBEHHBIMH
KOHTPOJMPYEMBIMHU TTapaMeTPaMH TIPH CITyCKe OYPHIIBHON KOJIOHHBI B CKBOKWHY Ha JIJTMHY OJTHOW CBEYH SIBIISIOTCS
MaKCHMaJIbHOE€ 3HAaYeHHE CKOPOCTH CIyCKa W MHTEHCHUBHOCTH TOPMOXKEHHS. B3auMOCBSI3b MEXIy 3THMH JBYMS
napaMeTpamMy B KOHEYHOM UTOTe onpeaessieT 3Gh(eKTHUBHOCTh ONEPAIMH CITyCKa, KOTOpasi XapaKTEePU3yeTCs TAKUMU
(akTOopaMHu, KaKk peKUM paboThl 000PYAOBAaHUS, COOMIOACHNE TEXHOIOTHICCKUX TPeOOBaHMA; (hU3MIeCKas HArpy3Ka
oneparopa (Oypuibinuka). B craThe omnpeieseHbl JOMyCTUMbIE CKOPOCTH OypOBOTO MHCTPYMEHTA U NEPEMEIICHUS
KOJIOHHBI Ha JUIMHY OJHOM CBEYM B MpOIECCE CIYCKa CKBAXKHHBI, CKOPOCTh JIBUKCHHUS KHUIKOCTU B 3aTPYyOHOM
MPOCTPAHCTBE HA OCHOBAHWU YpaBHEHHs PaBHOBECHs JaBlicHHH B ckBakuHe. C y4eToM TypOyJIEHTHOTO peKuMa
JIBIOKCHUS JKUJIKOCTH B 3aTPYOHOM MPOCTPAHCTBE ONPEICICH pPEeXHM O€30IacHOro CIyCKa HWHCTPYMEHTa s
MIPEJOTBPALICHUS THAPOPA3PHIBA IJIACTOB U 00ECTICUCHUS KAYeCTBEHHOTO YCBOCHUS MPOIYKTUBHOTO TOPU30HTA.

KiroueBble ciioBa: OypunbHas TpyOa, 3aTpyOHOE TPOCTPAHCTBO, CKOPOCTh CITycKa, HOpIIHEBOH 3ddekr,
MPOMBIBOYHAS )KUAKOCTh, IEPEMEIICHUE CBEUYH, OaNaHC AaBICHUSL.
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Giris

Qazima qurgusu qaldirma kompleksi me-
xanizmlarinin is rejimi on agir is rejiming aid
olunur: giin orzindo mexanizmlorin yiiklonmo
omsal1 vahido borabor, bir saatdaki tokrar qo-
sulmalarin say1 120-don ¢ox, miiddoti iso 40%-
don boylik olur. Tosir edon yiiklorin xarakteri-
n9 gora qazima qurgusunun qaldirma komplek-
si texnoloji ylikqaldirma masinlarindan forqlo-
nir. ©gar bu masinlarda qaldirilan yiik havada
asil1 qalir vo horokot zamani 6z ¢okisini doyis-
mirso, qazima qurgularinda qarmaga diison yiik
gazima mohluluna daldirilmis qazima komori
ilo yaradildigindan horokot zamani komiyyotco
doyisir. Buna sobob gazima mohluluna daldiril-
mis qazima komaorino tosir edon hidravlik mii-
qavimat vo qazima komoerinin quyu divarina
stirtlinmasidir.

Quyu liilesinin ideal saquli vaziyyatds ol-
madig1 sababindon qazima vo qoruyucu komar-
lor quyu divarina siirtiinorok endirilir. Horoko-
tin istigamatindon asili olaraq (endirmo yaxud
galdirma) siirtiinmo qiivvasi qaldirma sistemi-
no tosir edon yiiklonmoni azalda yaxud artira
bilor.

Qazima komorini quyuya endiron zaman
samlar bir-bir olavo olundugundan onun ¢okisi
tadricle artir vo bununla slagadar olaraq endir-
mo siiratinin vo aylomo qiivvesinin (momenti-
nin) xarakteri do doyisir. Bu zaman konkret bir
rejim toklif etmok olmaz, samlarin say1 qodor
rejim gobul etmok olar. Lakin, demok olar ki,
biitiin tocriibali qazmagilar horakotin birinci
dovriindo endirmo vaxtinit minimum etmok
ticlin calisirlar ki, komor qisa miiddotdo buraxi-
la bilon siirato ¢atsin. Bu iso oylocin iso qosul-
mamis voziyyotindo miimkiindiir. Belo rejim
komorin ¢akisi az oldugda miimkiindiir. Agirliq
artdiqca boyiik siirotlor vo bundan asili olaraq
boylik otalot qilivvealori yarana bilor ki, bu da
oylomo zamani ciddi ¢otinliklor torodor, bozi
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halarda iso qozalara vo bodboxt hadisalora so-
bab olar. Bu baximdan tadqiq olunan masalo
aktualdir.

Tacriibi todqgiqatlar vo nozori miilahizolor
osasinda o noticoyo golmok olar ki, alatin qu-
yuya endirilmosi osason iki rejimlo aparilir
[1-5]:

e iki dovrlii (licbucaq rejimli);

e iic dovrlii (trapesiya rejimli).

Tacriibi miisahidolor gostorir ki, komokei
oylac iso qosulana godor iki va qisman ii¢ dovr-
li rejim, qosuldugdan sonra iso li¢ dovrlii rejim
hoyata kegcirilir (sokil 1) [3].

Sakil 1 - Qazima alstinin quyuya endirilms rejimlori: a —
iki dovrlii; b, ¢ — li¢ dovrli

Figure 1 — Drilling tool lowering modes: a - two-cycle;
b, ¢ - three periods
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[k boru samlarmin endirilmasinda, onla-
rin agirhigindan yaranan statik moment az ol-
dugundan homin moment az qala triboqovus-
malarda yaranan siirtlinmo momenti vo tal sis-
temi elementlorinin elastiki deformasiyasi ilo
tarazlasir.

Bu zaman aylaci iso qosmaq lazim gol-
mir. Miioyyon miiddatdon, yoni alat maksimum
siiroto ¢atdigdan, sonra ayloc iso qosulur, siste-
min harakat siiratini azaldaraq sifra endirir, yo-
ni sistemi dayandirir (sokil 1,a).

Endirmo rejiminin tam tosviri baraban
valinin horokot taxoqrami vo oaylocin qosulma
grafikini 6ziindo birlogdiron idaro grafikidir.

Hor iki nov rejimdo idaro asas oyloclorin
komoyi ilo aparilir. Ug dovrlii rejimlordo osas
oyloc komoakei ayloclo (hidrodinamiki yaxud
elektrodinamiki) birlikds istifado olunur.

Trapesiya rejimli idars zamani endirmo
prosesindo yaranan enerjinin 9sas hissasini ko-
mokei aylac, qalan 15..20% hissonin qabul
edilmasi va son olaraq dayandirma asas aylocin
payina diistir.

Ug dovrlii rejimin 1 dévriindos - isasalma
- elevator maksimum siirotodok horokot alir, 11
dovrdo - gorarlagmis - osas oyloclo kdmokei
oylocin birgs tosirindon siirot mohdudlasdirilir,
III dévrds - ayloma — horokot siirati sifra qodor
azaldilir (sokil 1, b,c).

Endirmoys baslama aninda, gazmagi oy-
lomo momentini azaldir, hala elevator horokota
golmir, ¢iinki, samin yaratdigi kinetik enerji tal
sistemi elementlorinin elastiki deformasiyasina
(tellorin dartilmasma) vo slirtiinmo itkilorini
dof etmoyo yonolir. M=M oldugda horokot
baslayir, M=Mui, olduqda qazmag: siiratin bu-
raxila bilon haddon artiq olmasinin garsisini al-
magq li¢lin oylomo qilivvesini artirmaga calisir.
V=Vmax oldugda M=My olur, bu néqtodon bas-
layaraq M artmaga baslayir vo M=My,.x oldug-
da harokot dayanir.
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Isin moqsadi piston effektini nozoro al-
magqla qazima alotinin elmi va texniki cohatdon
osaslandirilmis endirmo rejiminin  miioyyon
olunmasindan ibarotdir. Noticodo hor bir opera-
torun endirmoni 6zlino moxsus rejimdo hoyata
kecira bilmosinin garsis1t alinar, subyektivlik
amili konarlagdirilmis olar.

Bunlarin qarsisin1 almaq ti¢lin endirilon
samlarin sayindan (quyunun darinliyinden) asi-
I1 olaraq ayloma qiivvasinin osaslandirilmis do-
yismo qanunu miloyyon olunmalidir. Endirmo
rejimlorini toyin etdikdo konstruksiya vo tex-
noloji amillors ciddi fikir verilmalidir.

Qazima komori quyuya endirildikdo yuma
mayesino daldirildigindan hidravliki miigavi-
mat vo siirtiinmodan slave, quyu agzina torof
yonolmis Arximed qilivvasine do moruz qalir.
Goriindiiyli kimi ¢oxsayli amillor nozors alin-
malidir.

Miixtolif endirmo grafiklorinin analizi vo
grafiki aproksimasiyasi noticesinde siirotin t;
miiddotino uygun golon doyismosi ligiin sokil
2-da tasvir olunan qrafiki asililiq alinmigdir.

V, m/s
4

3.5
3
2.5
2
1.5
1
0.5
0
-0.5

Sakil 2 -Endirms zamani siiratin doyisma qrafiki

Figure 2 - Graph of speed change during download

Bu oyrini tesvir edon asililiq asagidaki ki-
midir (R? = 1):
V = —0.0754t% + 1.2292t — 1.156
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Alinmig ifadonin birinci tortib téromosini
sifra borabor etsok, V4 = 8.15m/s alinar.
Bu siirot ¢oxdur, ya azdir? Buna yol vermok
olar, ya yox? Bu suallara cavab axtardiqda
hokmon siixurdagidict alotlo birlikdo quyuya
endirilon qazima komorinin maye icorisindad
harokat edon zaman yaratdig1 piston effekti vo
quyunun parametrlori nozors alinmalidir.

Maosalonin qoyulusu

Qazima alotinin komorlo birlikdo quyuya
endirilmosi zamani piston effektinin nozoro
alinmasinin xiisusi shomiyyati vardir. Slverisli
soraitdo, yaoni diizglin secilmis texnoloji rejim-
da piston effekti quyudaki yuma mayesinin la-
zimi horakat siiratini yaratmaga komok gosto-
rocok, rejim pozulduqda iso endirmo siirating
mane olmaga, yaxud yuma mayesinin quyunun
borkidilmomis zonasinda hidravliki yarilma to-
rodorak laya daxil olmasina vo belaliklo do mii-
rokkoblogmolor yaratmaga sobab olacaqdir.

Komoarin quyudan qaldirilmas: prosesindo
iso silirotin diizgiin sec¢ilmomasi naticasinda
laydan mayenin sorulmasi bas vers bilar ki, bu
da miiayyan ¢atinliklar térado bilor.

Komorin quyuya endirilib-qaldirilmas1 za-
mani piston effekti xiisusilo nozori colb edir,
¢linki komorin diametri vo uzunlugu elo 6l¢iilo-
ro malikdir ki, quyunun az qala tam hocmini
tutur.

Komorin quyuda horoketi zamani qazima
alotinin 6n sothinds izafi tozyiq vo kemarin so-
nunda iso seyroklogsmo (vakuum) yaranir. Bu
amillor quyuda olava hidravliki miiqavimatlor
yaradir vo mayenin quyuda horokotini tomin
edon basq1 yaradir.

Masalonin hoalli

Yuxaridakilar1 nozoro alaraq, qazima aloti-
nin quyuya endirilmosi prosesindo onun bura-
xi1la bilon siirati quyuda yaranan tozyiqlorin ba-
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lans tonliyine asaslanmalidir ki, laylarda hid-
ravliki yarilma bas vermasin vo mohsuldar ho-
rizontun keyfiyyotlo monimsonilmasi tomin
olunsun. Alstin endirilmasi prosesindo mosalo-
nin hoallini halgovi fozada mayenin horokotinin
turbulent rejimi hali iigiin nozordon kegirak.

Quyu liilesinin hesablama sxemini tortib
edirik (sokil 3).

Sakil 3 - Hesablama sxemi
Figure 3 - Calculation scheme

Alostin endirilmo siirati elo hodds olmalidir
ki, quyuda bas veron proseslordon liiloni togkil
edon dag silixurlarinin dayanigligi tomin olun-
sun, yoni hidravliki yarilma tohliikosi yaranma-
sin.

Dayaniqliq sortini asagidaki kimi tortib edi-
rik:

Pot+Dp.tAp <o

Burada p, — hidrostatik tozyiq,
po =YH

Yy — yuma mayesinin xiisusi ¢okisi; H — qu-

(1)

yunun cari darinliyi; p, — tozyiqin otalat togki-

ledicisi
__ Dbodu
bs = g dt

g — sarbastdiisma tacili; u — halgavi fozada
yuma mayesinin siiroti; Ap — halqovi fozadaki
tozyiqlor forqi, Darsi-Veysbax diisturuna osa-
son toyin olunur:
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2
Ap =po zg(D—_d)uz
A — holgovi fozadaki hidravliki miigavimot
omsali; D — quyunun diametri; d — qazima
borularinin  xarici  diametri; o — laym
hidravliki yarilmasinin méhkamlik haddidir.

Ifadolorin

qiymatlorini  (1)-do  yerina
yazsaq, alariq:
Do du A )
- — u?<
Pot g dt +p02g(D—d)u =7
yaxud
1du N A 2.0 1 @
— — —u S — —
gdt 2g(D—d) Po
Qazima alotinin  endirilmo  siiroti  ilo
mayenin horokaot siliroti arasindaki olage

quyudaki mayenin kosilmozlik sortindon toyin
olunur:

I8 I8
_ D2 _ dZ — dZ
3¢ Ju=gd
Bu ifadadon
dZ
DZ — dZ v
u — nun qiymatini (2)-do yerino yazaraq, sado
cevirmoalordon sonra, alirq:

u =

dv
Fre a? — b2v? (3)
burada
2_np(9 _\.p_ D?-d® 2 42 g
@ _ﬁ(po 1)"8_‘9 az ' = " 20-d)p

(3) ifadasini doyigenlorine ayirsaq, alariq
dv

@ e W )
(4) ifadasini inteqralladigdan sonra
1 a+bv
2abln a—bv =t

Inteqral sabitini mosolonin baslangic sortin-
don toyin edirik. t =0 olduqda v =0 ol-
dugundan C = 0 alinir.

Beloliklo

a+ bv
In

2ab  la—bv
Bozi ¢evirmolordon sonra

1

t
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()
Quyu vo komorin miixtalif kombinasiyalar1

iiclin alotin quyuya endirilmo siiratinin zaman-
dan asililig1 sokil 4-da tasvir olunmusdur.

—ath( bt
U_E abt)

Sorbost endirilmo vo gorarlagmis horokotlo
samin toxminon 85-90% uzunlugu, qalan hisso-
si ilo ayloma qilivvesinin artirilmasi ila horake-
tin tam dayandirilmasina nail olunur.

Umumi halda hidravliki miiqgavimet omsali
Reynolds parametrindon asili olaraq doyison
komiyyotdir. Ancaq holgovi fozada mayenin
turbulent rejimdo horakoti zaman1 mdvcud sii-
ratlor vo yuma mayesinin parametrlori daxilin-
da hidravliki miiqavimat amsali demak olar ki,
cox kicik hadds dayisir vo praktiki hesablama-
lar tigiin A = 0.0276 gobul etmak olar.

10 s/Po=1.07
—8—269/168 269/140
2
€
>\ )
0

12 3 45 6 7 8 9 1011 12%s

Sakil 4 - Alatin quyuya endirilmas siiratinin zamandan

asililigr*

*(suratds quyunun, maxracda kemarin xarici diametrlori gostorilmisdir)
Figure 4 - Time dependence of tool lowering speed *

* (the figure shows the outer diameters of the well, the denominator of
the pipe)

Qazima alstinin bir sam uzunlugunda qu-
yuya endirilmasi li¢iin onun yerdayisma qanu-
nunu mioyyon etmok iiclin alinmis (5) ifado-
sindan istifads eds bilarik.

B ath( bt) 6
V= T ptme (6)
Buradan
a
ds = vdt = Eth(abt)dt @)

Inteqralladiqdan sonra, alariq;
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S = 1 In ch (ab C 8 s/Po=1.07
=zinch(abt) + C, ®) 269/168 269/140
0.04
Masolonin baslangic sortine goére t =0
oldugda S = 0 oldugundan C; = 0 alinir. €
Samin yerdoyismo qanununu asagidaki 0302
kimi aling: '
S =—=lInch(abt 9
12 (abt) 9 o Cs
Miixtolif kombinasiyalar iiclin  samin 123456 7 8910111213

yerdoyismasinin zamandan asililigr sokil 5-do
gostorilmisdir.

s/Po=1.07
269/168 269/140
50
€
72)
0

12345678 91011121%5S

Sakil 5 - Samin yerdoyismasinin zamandan asililig1
Figure 5 - Time dependence of candle displacement

Hollin  miizakirasi. 269/140
269/168 kombinasiyalar1 ii¢iin miivafiq olaraq
8 vo 12 saniyo miiddstinds tohliikasiz endiril-
mo uzunluguna nail olunur, 168/140 varianti
iiclin yol verilon siirat kigik oldugundan bu
miiddot uzanir. Buna goro do bu varianta iis-
tiinliik verilmir.

Vo

Holgovi fozada yuma mayesinin harokat
stiratini toyin edirik. Bunun ii¢lin mayenin ko-
silmozlik sortino istinad edorok, v —nin qymo-
tini yerino yazmagq kifayotdir.

d? d?
D2 _gz” " D2z _ g2

Holgoavi fozada mayenin qalxma siiratinin
zamandan asililig1 sokil 6-da tosvir edilmisdir.

u= -%th(abt) (10)
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Sakil 6 - Mayenin qalxma siiratinin zamandan asililig1
Figure 6 - Time dependence of the rate of rise of the
liquid

Sokildon aydin olur ki, halgovi fozanin en
kasik sahasi bdyiik oldugu kombinasiyalarda
mayenin horakat siirati daha boyiik olur. Bu sii-
rot mayenin kosilmozlik sortindon toyin olun-
dugu iiclin qazilmis vo mayeys daldirilmis sii-
xurlarin yer sothino qaldirilmasi tomin oluna-
caqdir.

Stixurlarin miioyyon méhkomliyindos vo ba-
xilan dorinlikdo 0/py kamiyyatinin idars olun-
masi yuma mayesinin xiisusi ¢okisinin doyisdi-
rilmasi (azaldilmasi yaxud artirilmasi) hesabi-
na tonzimlono bilor (sokil 7). Bu komiyyatin ar-
tirilmast ilo alstin tohliikasiz harokat siiratini
artirmaq olar.

Sokildon aydin olur ki, yuma mohlulunun
xtlisusi ¢okisini tonzimlomoklo (py-1 azaltmag-
la) siirotin qiymetini 269/140, 269/168 va
168/140 kombinasiyalar1 iiglin miivafiq olara
5; 4.7 vo 3.7 dofoya godor artirmaq miimkiin-
diir. Bu halda layin hidravliki yarilma tohliikasi
gozlonilmis olacaqdir.

dz a . . . .
Dz p k gobul edorak (10) ifadesini dife-
rensiallasaq, holgovi fozada mayenin hansi to-

cillo horakot edocoyini miioyyonlogdirs bilorik.

du
Frin [kth(abt)] (11)
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Bazi sada ¢evirmolordon sonra, aliriq

du
- = kab sech?(abt) (12)

k —nin qiymotini yerino yazaraq tozyiqin
yuxarida geyd olunan otalot togkiledicisi tigiin

ifado almis olariq

—Podu _ Do, 2 =
i kab sech®(abt)
dZ
= % . m - a? sech? (abt)
a? ii¢iin olan ifadani do nozors alsaq,
5 B(a 1) Dz—d2<a 1)
a”- = —_—— = g _ | — —
Po d? Po
o
p, =YH (— — 1) sech?(abt) (13)
Po
t=8 s olduqda
—0=269/168 269/140
8.973
8.156
7.238
K
=

0.628

0.561
1.08

0.688
1.125/P0

0.444
1.05

Sokil 7 - Aletin endirilms siiratinin 6/p0 kemiyyatindon
astlihigl

11

Figure 7 - Dependence of tool lowering speed on o/p0

(13) diisturundan goriiniir ki, gazima alo-
tinin komorlo birlikdo horokoti zamani yaranan
tazyiqin atalat toskiledicisi (piston effektini ya-
radan osas sobab) quyunun vo komorin diamet-
rindon, hidravliki miigavimat omsalindan, yu-
ma mayesinin xiisusi ¢okisindon, samin endiril-
mo dorinliyindon vo qazilan dag slixurunun
mexaniki xassolorindon asili olaraq doyisilir.
Bunun grafiki tosviri gokil 8-do verilmisdir.

Sokil 8-don goriiniir ki, samin sorbast en-
dirilmosi zamani (oylomo momenti totbiq olu-
nana godar) tozyiqin otalot togkiledicisi siiratin
maksimuma catdig1 ana qador yiiksalir, prose-
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sin sonunda piston effekti 6z tosirini daha giic-
lii gdstormoyo baslayir. Onun dagidici tosirini
azaltmagq ticlin endirma siirotinin tonzimlonmo-
sino ehtiyac yaranir. Ona goro do miioyyon qa-
zima dorinliyindon sonra (adoton 19-20 sam-
dan baglayaraq) komokei oylaclorin iso qosul-
mas1 zorurati yaranir. Bu halda asas oylacin
yiiklonmasi azalir vo avadanliglar pasport peji-
mind uygun igloyirlor. Belo oldugda onlarin is-
lomo gabiliyyatlori, uzunomiirliik gdstoricilori
vo xidmoat miiddatlori tomin olunur.

Tazyiqin atalat taskiledicisi

—@—269/168 269/140

Toazyiqin atalat toskiledicisi

90
80
70
60
50
40
30
20
10

168/140 168/114

Pa, MPa

t,s

1 2 3 4 5 6 7 8 9

Sakil 8 - Qazima alstinin komarls birlikde horokati za-

mani yaranan tozyiqin otalot toskiledicisinin endirilmo
miiddotinden asililig1

Figure 8 - Dependence of the pressure generated during
the movement of the drilling tool with the belt on the
unloading time of the inertia organizer
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Natica.

Qazima alatinin endirilmasi prosesinds qu-
yuda tozyiqlorin balans tonliyino osaslanaraq,
endirmo siirati iiglin ganunauygunluglar miioy-
yon edilmisdir. Gostorilmisdir ki, quyunun dia-
metri ilo boru komarinin xarici diametrlori ara-
sindaki kombinasiyadan asili olaraq piston ef-
fektinin tosiri miixtolifdir. Diametrlor arasinda-
ki forq azaldiqca piston effektinin tosiri giicle-
nir.

Samin sorbast endirilon uzunluguna uygun
golon siiratlorin tohliikesiz gqiymatlori vo hoalqge-

vi fozada yuma mayesinin harokot stirotlori
miioyyan olunmusdur.

Gostorilmisdir ki, gazima alotinin komorlo
birlikdo horokoti zamani yaranan tozyiqin ota-
lat toskiledicisi (piston effektini yaradan osas
sabob) quyunun vo komorin diametrindon, hid-
ravliki miigavimet omsalindan, yuma mayesi-
nin xiisusi ¢okisindon, samin endirilmo dorinli-
yindon vo qazilan dag siixurunun mexaniki
xassolorindon asili olaraq doyisilir.

Alinmig naticolori milasir qazima qurgula-
rinin program tominatinda nozors alaraq, onlari
asanligla reallasdirmaq miimkiindjir.
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Abstract

In the article, it was attempted to model laminar and turbulent flows for multiphase mixtures at different
pressure values, taking into account changes in the degree of compression. Taking into account the nature of the
pressure drop along the pipeline, mathematical expressions characterizing the pressure-dependent variation of flow in
the pipeline for laminar and turbulent flows have been obtained. Analysis of the obtained expressions showed that
the impact of pressure on the discharge of oil pipelines in both turbulent and laminar modes of multiphase flows is
quite high, and this effect can increase up to 60%, depending on the average pressure in the pipeline.
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Tozyiqin multifazal neft komoarinin buraxma
gabiliyyatina tasiri haqqinda
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Annotasiya

Mogqalads sixilma doracasinin doyismalorini nazors almagla vo tozyiqin miixtalif gqiymotlorinde multifazali
qarisiqlar t¢iin laminar vo turbulent axinlarin modellasdirilmasina cohd edilmisdir. Boru kemari boyu tazyigin
azalmasimin xiisusiyyati nazora alinmaqla laminar vo turbulent axinlar {igiin boru kemarinds sarfin tezyiqden asili
olaraq doyismesini xarakterizo edon riyazi ifadslor alinmisdir. Alinmig ifadslorin tohlili gdstormisdir ki, multifazli
axinlarin hom turbulent, hom ds laminar rejimlerinds tozyiqin giymotinin neft komorlarinin buraxma qabiliyystine
tosiri kifayot qodor boyiikdiir vo bu tesir boru komarlorinde orta tozyiqin giymstindon asili olaraq, 60 %-o goder
yliksalo bilar.

Agar sozlar: tozyiq, sixilma, miiltifaza, qarisigin sorfi, ozliiliik, horokat rejimi, birgs yigim.
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AHHOTaNMs

B crathe crenaHa MOMBITKA CMOJICIUPOBATh TCUCHUS MYIbTH()A3HBIX CMECCH MpH JIAMHUHAPHBIX U TypOy-
JIEHTHBIX peXUMax ¢ y4eTOM MU3MEHEHHS CTENEHU C)KMMAaEeMOCTH U MPH Pa3HbIX YPOBHSAX AaBiieHUi.C yuyeToM xapak-
Tepa U3MCHECHUH ABJICHUS B CUCTEME OBLIU MOJyYeHBI 3aBUCHMOCTH PacX0/ia CMECH OT YPOBHS JTABJICHUS UIS Jia-
MUHApHBIX W TypOYJICHTHBIX TECYCHWH. AHAIN3 MMOJy4EeHHBIX (POpMyI MOKa3al, YTO BIUSHHE YPOBHS JABJICHUS Ha
MPOIYCKHYI0 CIIOCOOHOCTh HE()TEIIPOBOAOB KaK B TypOyJECHTHOM, TaK M B JIAMHHAPHOM PEKHMAaX MYJIbTH(A3HBIX
MTOTOKOB JIOBOJILHO BEJIMKO U B 3aBUCHMOCTH OT YPOBHS CPEIHETO JABJICHHUS B TPYOOIPOBOJIE MOXKET BO3PACTaTh J0
60%.

KaioueBbie ciioBa: JIaBJICHUE, COKUMAEMOCTh, MyJIbTH(ha3a, PACX0]] CMECH, BI3KOCTb, PEXKUMBI BIDKCHUS,
COBMECTHBIH cOOp.
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Giris

Moalum oldugu kimi, neftin, gazin hasilat vo
y1gim sistemlorinin yataqlarin istismar somoro-
liyino tosiri bdyiik ohomiyyat kosb edir. Ciinki
osas enerji vo sorvat mosraflori, homginin otraf
miihitin ekoloji durumuna manfi tasir gostoran
oksar goza vo miirokkablogsmalor mahz bu sis-
temlorda bas verir. Tocriibalor gostorir ki, hasi-
lat quyularinin vo neft-yigim sistemlorinin is-
tismar gostoricilorindo oksor hallarda hesablan-
mis (layiho) gqiymotlorindon konarlagmalar bag
verir [1,2]. Ona gora do, madanlarin abadlasdi-
rilma sistemlarinin optimallagdirilmast neft vo
neft (somt) gazlarinin hasilatinin somaraliyini
artirir. Quyu mohsulunun keyfiyyot gostoricilo-
rini qorumaqla, karbohidrogen xammalinin it-
kilorinin azaldilmasi ii¢lin osas istigamatlorin-
don biri olan birgo y1gim texnologiyalarinin
totbiqi ilo quyularin istismara verilmosi do sii-
rotlonir. Belo ki, abadlagdirma sistemindo giic-
londirici nasos stansiyalarindan 6nde separasi-
ya qurgular1 vo y1gim qaz komarlori qosulmur.
Maodon obyektlorinin kifayot qodor kdhnoldiyi,
islonmonin son morhalalorinds iso onlarin ok-
sor hissosi boyiik istismar xorclori hesabina ye-
nisi ilo ovoz olunur, yiiksok sulagsma sobabin-
don neft hasilatinin maya dayari yiiksalir. Bir-
g0 noqli  hoyata kegirmoklo iso xorclorin azal-
dilmasina (optimallagdirilmasina) nail olmaq
miimkiindiir.

Quyu mohsulunun neft qazinin ayrilmadan
birgo yi1gilmasini elektrik morkozdongagma na-
soslari, ejektorlar, boru tipli separatorlar vo s.
ilo tochiz edilmis giiclondirici nasos stansiyala-
rinin totbiqi ilo hoyata kecirmok olar. Bu za-
man quyuagzinda tozyiqin qaldirilmasi tolab
olunmur. Bu tozyiqin qalxmasi ilo quyu moh-
sulunun separator vo nasoslarin totbiqi olma-
dan quyulardan madon y1gin montaqlorine bir-
2o naqlini hoyata kegirmok miimkiindiir [2,3].

80

Bels texnologiyanin totbiqi ii¢iin agagidaki mo-
salalorin halli tolob olunur:

- multifazali sistemin (qazi qabaqcadan ayir-
madan) quyular qrupundan (yataq sahosindon)
y1g1m montaqosing naqli li¢iin neft-qaz qarisig
liclin boru komorinin baslangicinda minimal
zaruri tazyiqin qiymatinin tayini;

- baxilan madon sahasi liciin hasilat quyula-
rinda quyuagzi tazyiqin qiymatinin qaldirilma-
sin1 nazara almaqgla multifazali texnologiyala-
rin texniki-iqtisadi tominati.

Beloliklo, quyu mohsullarinin (neftin, qazin
vo suyun) birgo somorali yigilmasinin miithiim
sortlorindon biri tozyiq amili ilo baghdir. S6z-
stiz ki, tozyiqin doyma tozyiqindon (P4) yuxari
qiymatlorinds boru kamorinds harokat edon qa-
ris1q bircinsli, yoni homogen qarisiq olacaqdir.
Tozyiqin asag1 qiymotlorindo, yoni P<P4 ol-
dugda sistemdo 2-ci qaz fazasinin moévcudlugu
hesabma heterogen sistem yaranacaqdir. Bu
ciir sistemlords sorbost sokildo qaz fazasinin
mdvecudlugu va bu fazanin tozyiqdon asili ola-
raq fiziki-kimyavi xassolorinin  doyigmasi
qac¢ilmazdir. Bu ciir sistemlorin boru komarlo-
rindo horokoti moasololoring, sorfin tozyiq vo
temperaturdan asili olaraq qarisigin sixlhigi vo
hocmi siirotinin doyismaosini tosdigloyon xeyli
sayda nozori va tocriibi todqigatlar mévcuddur.

Neft-qaz, qaz-kondensat qarisiglarinin boru
komaorlari il noqli zamani, hatta sistemin bir-
cinsliyi qobul olundugu sortlor daxilinde belo
homin sistemlorin 6zlorini yeni keyfiyyot gos-
taricilorine malik olan, relaksasiya xiisusiyyatli
sistemlor kimi biruzo vermosi miioyyon edil-
migdir [4-8].

Multifazali qarisiglarin horaketi zamani toz-
yiqin miixtalif qiymetlorinds qaz riigeymlarinin
omoalo golmo tozahiiriiniin nozoro alinmasi vo
onlarin texnoloji proseslordo totbiqi mosolalori
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ilo akademik A.X. Mirzacanzadanin rohbarliyi
ilo ¢oxlu tadqiqatlar aparilmigdir.

Toqdim olunan isdo geyd olunan sistemlor-
do yaranan mikro riiseymlorin (olduqca kigik
qaz hissociklorinin) hesabina sistemin sixilma
xlisusiyyatinin doyigsmasing tozyiqin soviyyasi-
nin neca tasir etmasi masalalori arasdirilmisdir.

Yuxarida qeyd edilonlor osasinda qaz
riigseymlorinin doyismolorini (sixilma doracasi-
ni) nazars almagqla tozyiqin miixtalif qiymatlo-
rindo multifazali qarisiglar {i¢lin axinin model-
losdirilmosino cohd edilmisdir. Bu mogsadlo
osas kimi, tozyiqin qazla doymus miihitin 6zIii-
liiylino tosiri ii¢lin todqiqatlar naticosindo alin-
mis asagidaki asililiq qabul edilmisdir.

v =v,(1+ aP) (1)

Burada: vg-normal soraitdo (T =(° C,
P=latm.) garisigin kinematik ozliiliiyli; P-toz-
yiq; o- tozyiqinin latm. qalxmasi ilo 6zliiliikk
omsalinin O6ziinlin ilkin giymotino (vg) goro
ne¢a dofo arta bilmasini gostoran amsaldir.

Nazari tadqiqat

Multifazali sistemlor {igiin boru komaorinin
uzunlugu boyu tozyiqin paylanmasini, miioy-
yon monada sokil 1-do gostorilon kimi tosov-
viir etmok olar [1,2].

N
P "\

. \\w 2
\ \t\...\\
S - TN

1+3- tozyiqin uygun olaraq neft, qaz vo multifazali komordo
paylanmasi

Sakil 1 — Boru kamarinds tazyiqin axin boyu
paylanmasi

Figure 1 — Pressure distribution in pipeline

Ogor dP/dx=pgh/t qobul etsok, (1) vo
imumilasdirilmis Leybenzon ifadslorine gora
alanq:

—Z—z=B(1+aP)m (2)
Burada:
2-m 2-m
- % (%) ' gs—m “ Vg, m ve A-axin

rejimlorini xarakterizo edon sabit koamiyyatlor;
D- boru kamarinin diametri; O-boru kamarinda
qarisigin sorfidir.

m—1
C=(1+aPy) m
oldugunu nozars alsaq, (2) baraborliyino osason

tozyiqin doyismo ganunu asagidaki  kimi
olacaqdir:
m-1 m—1
1+aP)m = ——X-a-B+
ma 3)
+(A+aPy) m

Qobul olunur ki, diametri D, uzunlugu ¢
olan boruya P, Dbaslangic tozyiqlo qazla
doymus maye daxil olur. Tozyiqn diismosi ilo
sistemdo qaz qabarciglart omolo golmoyo
baslayir vo onlarin garisigda gatiligr intensiv
sokildo artir. Borunun sonunda (x={) P=P;
qobul etmok olar ki, bu zaman son tozyiq (Py)
atmosfer tozyiqine borabor ola biler. Qeyd
olunanlari alsaq, (3) boraborliyi
asagidaki kimi olacaqdir:

NaZara

m—1

- m—1
A+aP) m =-— ‘a-{'B+

4

m—1

+ 1+ aPy) m

(3) vo (4) ikihodlilorini Binom qaydasi ilo
siraya ayirsaq vo a-nin ikinci tortibde yuxari

haddlarini nazars almasaq onda:
m-—1

1 2p2
———a?Pp
m S
2

m-1 _
(1+aPs)Tz1+mTl-a-Ps—

m-—1

1
= m-1 Tmm
(1+aP0)m ~1+T'(X'PO—T
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Sado ¢evrilmoalordon sonra B-ni tapmaq
iciin asagidaki boraborliyi yazmaq miim-
kiindiir:

Py

— 5

2 2mé
Yuxarida geyd olunanlar1 nozoro almagla

maye axininin hom laminar, hom do turbulent

rejimlorinde sorfin qiymatini asagidaki ifado-

don tapmagq olar:

B (Po P?)

1

. __a(Pot+Pg)]2-m
Q=0Q1 -2 5)
Burada:
5_m 1
0 _ nDz=m [(Py — R)/2]2-m
0~ 2-m
A4
pz(z) W
Qo - kinematik oOzliliiylin (vo) sabit

giymatindo mayenin sorfidir.

Yuxarida sorh olunan todqiqatlara osason
mihitin sixilmasimin doyismolorini (o) nozors
almaqla, axinin miixtolif rejimlori {iglin sorfin
artma tempini (Q/Qy) qiymatlondirmok olar.
Tadqiqatlarin noticalori gostormisdir ki, qazla
doymus miihitin sixilmasini orta hesabla a=
—107 Pa’! qobul etmak olar [7].

(5) ifadosino osason axinin laminar (m=1)
vo turbulent (m=0,25) rejimlorindo sorfin
giymotinin hesablanmas1 ii¢lin uygun olaraq
asagidaki ifadolori yazmagq olar:

Quam = Q4™ |1 - (6)

a(P0+Ps)]

(7)

Qtur _ tur [1 4a(P0+P5)]

Multifazali qarisiglarda tozyiqin sorfo
tosirini qiymatlondirmak mogsadi ilo sonuncu
ifadoloro osason miixtolif hallar {i¢lin qiymaot-
londirmo vo hesablamalar aparmagla axinin la-
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minar vo turbulent rejimlorinds sorfin artma
tempinin qiymotlondirilmosi ii¢lin yekun ifa-
doni asagidaki kimi yazmagq olar:

Qlam/Qlam =1-—aPF,,

(8)

4
Qtur/Qtur = (1 - 40(Por); (9)
Burada: P, = (P, + P,)/2- orta tozyiqdir.
Sonuncu (8) va (9) ifadslorino osason orta
tozyiqin miixtalif qiymotlorinds hesablamalar
aparilmig vo ham laminar, hom do turbulent
(hamar siirtinmo zonas1) horokot rejimlori
iiclin sorfin neco doyismoasi miioyyonlos-
dirilmisdir. Tozyiqdon asili olaraq miixtolif re-
jimlordo sorflorin nisbotinin neco doyismaosi

sokil 2-do gostorilmisdir.

Q/Qq
/ T
. |
0 2 4 -
Pnr’

1 vao 2 uygun olaraq laminar va turbulent axinlar ticiin

Sokil 2 — Axinin miixtalif rejimlorinds tozyiqin sorfo
tosiri

Figure 2 — Impact of pressure on flow rate at different
flow regimes

Sokil 2-don goriindilyli kimi, ham turbu-
lent, hom do laminar axin rejimlorindo tozyiqin
mayenin sorfino tosiri kifayat qodor boylikdiir.
Mosalon orta tozyiqin (P,,) qiymotindon asili
olaraq, real boru komorlorindo qarigigin sor-
finin 60%-2 gadar artmast miimkiindiir.
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Natica

Belolikla, miioyyon edilmisdir ki, multifa-
zal1 boru komorinds tozyiqin soviyyasinin ko-
morin buraxma gabiliyyatino (qarisigin sorfino)
tosiri ohomiyyatli dorocodadir. Miioyyon edil-
misdir ki, istor laminar, istorso do turbulent

axinlarda boru komorindo olan orta tozyiqdon
asil1 olaraq multifazali qarisigin sorfi xeyli do-
yiso bilir. Belo ki, real boru komaorlori {igiin toz-
yiqin artmast ilo qarisigin sorfinin 50 — 60 %-9
godor ¢coxalmasi miimkiindiir.
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Abstract
Composite material was obtained by recycling household low polyethylene and limestone of Dashsalakhly de-

posit Gazakh district of the Republic of Azerbaijan. The fractional, chemical and mineralogical compositions of the
filler were studied, as well physical and chemical properties. Based on the analysis of the data obtained, was investi-
gated the possibility of obtaining a composite material using household polymer waste and this filler. Utilization of
wastes helps to that, although with economic first raw material for reconstruction of ecological balance in the region.
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Islonilmis asag sixhqh polietilen vo Dassalahli yatag:

sdhangdasi asasinda polimer kompozisiyasi
R.S. Alxanov ', M.C: Racabova !, V.C. Caforov ', M.T. Sorifova 2,
E.M. Haciyeva 2, M.1I. Mommbadova 2, Z.A. Aslanova >

"' AMEA Polimer Materiallar: Institutu (Sumqayit 5. S.Vurgun kiig., 124, Azarbaycan)
? AMEA Ganca Bolmasi, Gonca s, H.Oliyev pr., 419, Azarbaycan)

Yazisma iiciin:
Coforov Valeh / e-mail: valeh_ani@mail.ru

Annotasiya

Islonilmis asag1 sixligh polietilen vo Qazax rayonu Dagsalahli yatagi ohongdasi tullantisindan tokrar emal
iisulu ilo kompozisiya materiali alintb. Doldurucu kimi istifade olunan ohongdasi tullantisinin fraksiya—kimyavi va
mineraloji torkiblori, hamginin onun fiziki-mexaniki xassalori todqiq olunub. Alinan naticolor asasinda polimer
atqisindan vo geyd olunan doldurucudan istifade etmaklo kompozisiya materiali alinmasi imkani todqiq edilib.
Tullantilarin tekrar emalr ilkin xammala ganast etmoklo yanasi, Qarb regionunun ekoloji tarazliginin saxlanilmasina
imkan yaranr.

Acar sozlar: polimer atqisi, doldurucu, tokrar emal, fiziki-mexaniki xassalori, totbiq.
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HOJII/IMepHaH KOMIIO3UIINA HA OCHOBC OTpﬁﬁOTaHHOFO
MOJINITHJIEHA HU3KOM IMJIOTHOCTH U M3BECTHAKA
I[amca.ﬂax.nnncxoro MECTOPOKIACHUSA

P.III. Axxanos ', M.JI. PaxkaGosa ', B.JI. H:xadapos L ML.T. Hlapudosa 2
9.M. I'agxxkuenBa 2, M.HA. MamenoBa 2, 3.A. Ac1anoBa

! Buemumym nonumepnvix mamepuanoe HAHA, . Cymeaum, yi. C.Bypeyna, 124, Asepbaiioocan)
? Manoocunckoe omoenenue HAHA (2. Tanoorca, np. I Anuesa, 419, Azepbaiiosrcan)

gﬂﬂ NEPENUCKH:

xadapoB Banex / e-mail: valeh ani@mail.ru

AHHOTALIA

[MonmyyeH KOMITO3UIMOHHBIN MaTepuall MOBTOPHOUM mepepaboTKOi 0TpabOTaHHOTO MOJMATHICHA HHU3KOH
IUIOTHOCTH U U3BECTHsKa JlalicanaxiimHCKOro MectopoxacHus Kasaxckoro paiiona AsepOaiimxanckoit PecmyOmm-
ku. V3ydeHbl (QpakIMOHHBINA, XUMUYCCKANH U MUHEPOJOTHUCCKUI COCTABBI HATIOJIHUTEINSA, a TaKXKe ero (pH3MKO-
MexaHHuYecKue cBoiicTBa. Ha OCHOBaHMM aHaju3a MOJYYEHHBIX JAHHBIX HCCIEOBaHAa BO3MOKHOCTb MOJy4YEHUS
KOMIIO3HITMOHHOTO MaTepHata ¢ UCIOIb30BaHNEM TIOJIMMEPHOTO OTXOJa M JAaHHOTO HATIOJHUTENS. Y THITU3AIHs OT-
XOZIOB CIIOCOOCTBYET, HapsAy C YKOHOMHEH MEPBUYHOTO CHIPHS, BOCCTAHOBJICHUIO SKOJOTHYECKOTO PABHOBECHS B
pernoHe.

Knroueswie cnosa: HOHI/IMepHHI\/’I OTXOHd, HAMOJHHUTC/Ib, BTOPUYHAA Hepepa60TKa, (I)I/IBI/IKO-MCXB.HI/I‘IGCKI/Ie
CBOI\/'ICTBa, IIPUMCHCHUC
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BBenenue

Pa3BuTHe cCOBpeMEHHON TEXHHKHU TPeOy-
€T HOBBIX KOHCTPYKIIMOHHBIX MAaTepHaIOB,
MPEBOCXOAIUX TI0 CBOMM YIPYTUM, IMPOU-
HOCTHBIM M JIPyrUM CBOMCTBaM TpPaJAHUIMOH-
Hele. [lonumepHble MaTepHalibl OTHOCATCSA K
qucily HanOoJiee NepCreKTUBHBIX, HHTEPECHBIX
U IEHHBIX, © B OCOOCHHOCTH, HAIOJIHCHHBIC
MaTrepHuabl.

B nanHoe Bpemsi moijiydeHHE MOJIUMEp-
HBIX MaTepHaJioB C BBICOKUMHU (DU3HKO-MeXa-
HUYECKHMH CBOMCTBAMHU U PaBHOMEPHBIM pac-
MPEACIICHUEM HAMOJHUTENS B IOJIUMEPHOU
MaTpulle SIBISETCS BEChbMa aKTyaJlbHOM 3ada-
yeil.

B sroli cBA3M CcoO3/aHHME HANOJHEHHBIX
MOJIMMEPHBIX MAaTEpPUAIOB C MCIOJIB30BAHUEM
MUHEpAJIbHBIX HAIMOJHUTENEH MPEICTaBIISCT
OOJIBIIION HAyYHBIM M TPAKTUYECKUN HHTEPEC
[1].

Kak u3BecTHO, €KErolHO BO BCEM MHpE
HapalmuBaeTcss 00beM MPOU3BOJICTBA Pa3NIN-
HBIX IOJMMEPOB, HUCIOJIb3YEMBIX B HAPOIHOM
xo3sicTBe [2]. UMEHHO 3TU MOIUMEpHI, HC-
MOJIb3yeMble B OBITY U HMMEIOIIHE IIHPOKOE
pacnpocTpaHEHue, SBISIIOTCS Ha CETrOAHSII-
HUW JIeHb HWHTEHCHUBHBIMU 3arps3HUTEISIMU
OKpy>xaroen cpenpl. Kaxapiii monuMep ume-
€T CBOH pecypc BTOPHUYHOW MepepaboTKH, IO
HCTEYEHUU KOTOPOTO CTAHOBUTCS HEMPUTO-
HBIM JUISl JAIbHEHIIETO NCIIOIb30BAaHUS U MO-
nexut yrunuzanuu. OHUM U3 croco00B yTH-
JIU3aluy OTpabOTaHHOTO TOJUMEpPA SIBISETCS
€ro MoAau(UKaIMs C UCMOIL30BaHUEM Pa3IINd-
HBIX MHUHEPAJIBbHBIX HANOJHUTEIEH C LEJbIO
MPUMEHEHHUSI JJI1 MPOU3BOJICTBA U3JEIHUI TeX-
HAYECKOIO0 HA3HAYEHUsT U  0310POBJICHUS
OKpY>KalOIlEH Cpeibl.

Ilenv padbomer — co3ganve MOJIUMEPHON
KOMITO3UIIMU C YJIYYIICHHBIMH 3KCILTyaTallu-
OHHBIMH CBOICTBaMH Ha OCHOBE OTPabOTaHHO-
ro MOJUATHIIEHA HU3KOM TUIOTHOCTH M U3BECT-
Hska JlamicanaxyiimHCKOro MectopoxaeHus Ka-
3axCKoro paiioHa A3zepOaiimpkanckoil Pecry0-
JIMKU B KaY€CTBE MUHEPAIbHOTO HAIIOJIHUTEIIS.
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ITocTanoBKa 3agaun
[IpencraBneHHass cTaThsl MOCBAIICHA HC-

CJICIOBAHUIO IOJYYEHUSI IIOJUMEPHOTO KOM-
MO3UIIMOHOT0 MaTepHaia ¢ yay4dlieHHbIMU (u-
3UKO-MEXaHUYECKUMU CBOMCTBAMM Ha OCHOBE
O0TpabOTaHHOTO MOJMMEPHOTO OTXOAa U W3-
BECTHSIKA.

Pemenue 3agaun
N3yuensl (pakimoHHBIA, XUMHYECKHH,

MUHEPAJIOTHYCCKUH  COCTaBbl,  (PU3NYCCKO-
MEXaHUYECKHE CBOMCTBA M3BECTHIKA U KOMIIO-
3uruu (Tabmuie 1, 2, 3, 4, 5).

Tabanna 1. @pakuMOHHBINA COCTaB U3BECTHKA
Table 1. Fraction composition of lime

HazBanue @DpakIoHHBIH cocTaB, %o
MaTepuraia

Pasmeps] 50 50-|100- | 160- | 200- | 250-

cura, Mkm 63 | 160 | 200 | 250 | 315
M3pecTHsak [amica-
ITaxJIMHCKOro MecTo- |5,88(9,51(17,04(24,40(13,46(29,71
POKICHUS

Paznenenne  mopomka MHUHEPATHHOTO

HAIMOJIHUTENSI OCYIIECTBIIUIOCH MYTEM IIpOCe-
uBanus (Mapka cuta «ENJIA ETS 1410»)

Taoanmna 2. Puznuecko-MeXaHUUEeCKHUE CBOICTBA
M3BECTHSIKA
Table 2. Physical-mechanical properties of lime

X
- N
S S = |8
<12 |2 S| =
o len -~ ] =
Hasganne |& |32 2z [ |2 |2 |8 |8
vatepuana |3 | | g|= |B |4 |4 B E
E (2|24 |28 |5 |e |E
> I e (S |8 |58 o
&% 2|8 |£2 |5 |8 |E |&
“ 12 |E|E | |E |§ |5 |E
e = = Q| s < =
B |2 | &|lo T o
= |9 |58 ° |5 |E |E
& o e = |m = =
3 |© |HF |&§ a =
=107 e g |2
3
=
M3BecTHsIK
Jlamcamax-
ITHHCKOTO
3,85(1,17(1,4| 1,23 |18,0(17,0|2,56|11,141,13
MECTOpOXKIe-
HUST
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Anann3 gaHHBIX TAaOIUIEI 2 TOKa3bIBAET,
YTO JAaHHBIN MaTepHall MOKHO OTHECTH K KJiac-
Cy TSDKENBIX KaMHEH, pPEKOMEHIYEeMBIX st
MPUMEHEHUsI B KA4yeCTBE HAMOJHUTENS TIPH
MOJYYEeHUH  KOMITO3UIIMOHHOTO  MaTepHuaia
TEXHUYECKOr0 Ha3HAYEHUS.

CBoiicTBa HAIIOJIHUTENSA HCCIEIOBAHBI

HU3BCCTHBIMM MCTOJaMM aHajiu3a, COIJIaCHO

I'OCT-oB 8735-65 u 5382-23 [3-5].

Jlanee ucciieqoBaHbl XUMUYECKUNA U MU-
HEpAJIOTMYECKUIl CcOCTaBbl U3BeCTHska. Kak
M3BECTHO, XMMHUYECKUN COCTAaB 3TO OJUH U3
BAKHEUILINX OKA3aTeNIel KauecTBa BEILIECTBA.

B naGoparopum «Bropuunas mepepa-
00TKa MOJTMMEPHBIX MAaTEPHATIOB U IKOJOTHS
Wuctutyra [lonumepneix Marepuanos HAHA
(r. Cymraut) ObUIM TPOBENEHBI AHATU3BI TIO
YCTAaHOBJICHUIO XUMHUYECKOTO W MHUHEpaIOTHU-
YEeCKOr0 COCTaBOB HCCIIEyEeMOT0 HamloJHUTE-
TSl

Taoanna 3. XUMHYeCKHUHA cOCTaB M3BeCTHIKA, %
Table 3. Chemical composition of lime

Xumuuec- ololsl o " ool

Kuii cocTap 2| 222 S|2USRICIEI2IE

M3BectHsak [lamica-

ITaxJIMHCKOTO Me'gggggg~$88%%

CTOPOXKICHHS SlalS|alSleS wlSe]S]|S
S|t | S| S|ICPn|s|s|S|S

Tabauna 4. MuHEpaIOrHIeCKUil COCTaB M3BECT-
Hska , %
Table 4. Mineralogical composition of lime

HazBanue
MUHepaJjaa
Mume- CaCO;, Hpyrue
paio- (KanpIuT) MIPUMECH
TUYECKUN
COCTaB
W3pectrsik [amca-
JIAXJIUHCKOI'O Me- 99,5 0,5
CTOPOXKJICHHS
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Kak BuaHo w3 manHbix Tabmun 3,4, B
JaHHOM MuHepase coaepxxanue SiQ; u CaO, B
CPaBHEHHUU C JPYTMMH KOMIIOHEHTaMH, Hau-
oompiee (43,98 u 55,64 COOTBETCTBEHHO).
DTO0 aeT OCHOBAHUE JIJIsl PEKOMEHAAIINU €r0 B
KauecTBE HAMOJHUTENS MPU MOTy4YEHUU TOJH-
MEPHOI'0 KOMIIO3MIIMOHHOIO MaTtepuana [6-
10].

M3BecTHO, UYTO HAKOIUJICHHE MOJIUMEPHBIX
OTXOJIOB SIBJISIETCSI CEPhE3HBIM (PaKTOpOM 3a-
Tps3HEHUs OKpYyXKarouien cpeanl. Mcnons3oBa-
HUE TOJOOHBIX OTXOJOB CIIOCOOCTBYET perlie-

HUIO TPOOJIEMBI OXPaHbl OKPYXKAIOIIeH Cpelbl
Y CO3/IaHUI0 OE€30TXOIHBIX TEXHOJIOTHH.

Taoanna 5. Ousnko-MexXaHUJeCKUe CBOMCTBA II0-
JyYSHHON KOMITO3UITUU

Table 5. Physical- mechanical properties of the
obtained composition

TonmuuallpounocTbOTHOCHTEILHOE
Coctas KOM- | |} yepen, [Ha pa3phiB| yIJIHHEHHE
Ne HO3HIUH M
Y% MPa MM %
1 2 3 4 5
I15-100
1 (Mapka 1,0 11,5 148 600
15803-020)
1,0 10,87 7 28
2 [[19-70% 1,0 9,07 5 20
Haron. -30% 1,0 8,87 5 20
1,0 8,07 5 20
Cpennee 1,0 9,22 5,5 22
BHAYeHHe
1,1 10,10 5 20
3 [[19-60% 1,0 10,94 13 52
Hamo. -40% 1,0 11,05 15 60
1.1 11,13 13 | 52
Cpennee 1,1 10,81 11 46
BHAYEHHE
1,0 14,48 5 20
4 [[195-40% 1,0 14,91 5 20
Hamo. -60% 1,0 14,64 5 20
1,0 14,76 5 20
Cpennee 1,0 14,37 5 20
BHAYeHHe
1 12.82 5 20
5 [12-30% 1,1 12,65 5 20
Harro. -70% 1,1 12,98 5 20
11 12,70 5 20
Cpennee 1,1 12,79 5 20
BHAYeHHe
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B oToi CBA3M Hamu, IyT€M CMELICHUS
KOMITOHCHTOB Ha J1a00paTOpPHBIX BaJbIlaX MpPH
120/140°C+5°C, Bpe-
MeHHU BaiiblieBaHusA 10-15MuH. mosyueHa KoMm-

TEMIIEPATypEe BAJIUKOB

MO3UIUS TPU PA3JIUYHBIX COOTHOIICHUSX W3-
BeCTHsIKa W oTpaboranHoro mnonumepa. Co-
JepKaHUe MOPOIIKOOOPa3HOTO MUHEPATHLHOTO
HAMOJIHUTENSI B MaTpulle H3MeHsIoch 110 70
Mmacc. % (tabmauna 5).

W3 mpeacraBneHHBIX B Tabiuie 5 AaH-
HBIX BHJHO, YTO MaKCHUMaJbHas BeIWYHUHA
MPOYHOCTH HA Pa3pbIB JOCTUTASTCS TPU BBe-
JCHUH B COCTaB MOJUMEPHON KOMITO3UIIUU U3-
BecTHsAKA B konmuectBe 60 macc.%, 4TO 00B-
SICHSETCS CO3JaHMEM TPH JAHHOM COOTHOIIIE-
HUU KOMIIOHEHTOB 0oJjiee OJHOPOAHON CTPYyK-
Typsl Kommo3uliuu. HamonmHeHnue mnommmepa
0ojiece BBICOKMM KOJIMYECTBOM HAIMOJIHUTEIS
CIIOCOOCTBYET TOBBIIMIEHUIO XPYIMKOCTH KOM-
MTO3UIIMHA U YMEHBIIEHUIO €T0 MPOYHOCTH.

[IpakTueckoe NTPETBOPEHHUE B KU3Hb
MOJIYUEHHBIX HAYYHBIX pe3yJlbTaToOB, HECO-
MHEHHO, CIOCOOCTBYET O370POBIIEHUIO OKpY-
JKaromen cpeanl 3amagHoro peruoHa pecmyo-

JIUKA U JIaCT OMpPEeNeSIEHHBI SKOHOMUYECKHI

¢ dexr.

3akiro4yeHue

O06006mas pe3yabTaThl JAHHOTO HCCIIe-
JIOBaHUS U UCCIEAOBAHUM, TPOBEAEHHBIX HAMU
paHee, MOXHO CAENaTh BHIBOJI O TOM, YTO CO-
Jep)KaHWue HANOJTHUTENS BiIHsieT Ha aedopMa-
IIMOHHO-TTPOYHOCTHBIC TIOKA3aTeIH HaIOJTHEH-
HBIX KOMITO3UIIMOHHBIX MaTepuaioB. [laHHoe
OOCTOSITENTLCTBO CIIOCOOCTBYET PaCIIMPEHHUIO
o0ylacT TpUMEHEeHHs mociennux. Hamomue-
HUE OTPabOTAaHHOTO OBITOBOTO IOJMMEPHOTO
0TX0Ja JIMCTIEPCHBIM HATMOJIHUTEIIEM-
W3BECTHIKOM, J1aCT BO3MOXXHOCTH MPUMEHSTH
MOJTyYCHHBIH MaTepuall Uil TEXHUYECKHX IIe-

JIeH, a TaKXKe B arpapHOil IPOMBIILIEHHOCTH.
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Abstract

For the first time in laboratory conditions, the coefficient of surface tension of the depressant additive
"Difron-4201" and polar-molecular asphaltene-resinous components of highly paraffinic model oil were determined.
During the experiment, a solution of depressant additive and asphaltene-resinous components in toluene was used.
The concentration of the solution was increased to a constant value of the surface tension coefficient was established,
and water was used as the standard liquid. The ring detachment method (du Noiily) was used to determine the tension
coefficient of the surface of the depressant additive and asphaltene-resinous heterocomponents, and the measurement
process was carried out on a tensiometer with a relative error of + 1%. The results of the experiments showed that the
surface tension coefficient increases with an increase in the concentration of the additive, asphaltene-resinous
components in the solution. Analysis of the values obtained during the measurements showed that the surface tension
coefficient of the asphaltene components of the highly paraffinic model oil is higher than the surface tension
coefficient of the depressant additive Difron-4201, and the surface tension coefficient of the resin components is
close to the value obtained in the additive. This result gives reason to believe that it is the resin components that
affect the effectiveness of the depressant additive.

Keywords: surface tension coefficient, highly paraffinic model oil, depressant additive "Difron-4201", asphaltene-

resinous components, surface-active substance (SAS), viscosity, temperature.
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Depressor asqarin vo neft komponentlorinin

sathi garilmo amsalinin tadqiqi
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Yazisma iiciin:

Adigozoalova Mehpars / e-mail: mehpareadigozelova@yahoo.com

Annotasiya

[k dofs olaraq laboratoriya soraitindo “Difron-4201” depressor asqarinin vo yiiksokparafinli model neftin
polyar molekullu asfalten-qotran komponentlorinin sothi gorilms omsali toyin edilmisdir. Tocriibaden alinan
naticolordon molum olmusdur ki asqarin, asfalten va gatranin mohlulda qatilig1 artdiqca sathi gorilmos amsali da artir.
Olgmolor zamani alinmis qiymotlorin analizi yuksok parafinli model neftinin asfalten komponentlorinin sothi
garilma amsaliin qiymeatinin “Difron-4201” depressor asqarinin sathi gorilma amsalinin qiymatindan yiiksak, gatran
komponentlorinin sothi gorilmo omsalinin qiymatinin iso asqarda alinan qiymoato yaxin oldugunu gostormisdir. Belo
bir natico “Difron-4201” depressor asqarinin effektliyino mohz qotran komponentlarinin tosir etdiyini demayo osas
vermis olur.

Acar sozlor: sothi gorilmo amsali, yiliksak parafinli model neft, “Difron-4201” depressor asqart,
asfalten-qotran komponentlori, sathi aktiv madda.
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HUccaenopanue kKo3(pPpuuueHTa NOBEPXHOCTHOIO HANIPAKEHUS
AEeNpPecCcOPHON NPUCAAKHA U KOMIIOHEHTOB HedTH

I'.P. I'yp6anos, M.B. Aabire3aigosa, C.M. I[IamaeBa
Asepbationcanckuii 2ocyoapcmeentblil yHugepcumem ne@mu u npomviuiiennocmu (np. Asaonvie, 16/21,e. baxy, AZ1010,
Asepbaiiooican)

gﬂﬁ NEePEnucKu:

AnpirezanoBa Mexmapa / e-mail: mehpareadigozelova@yahoo.com

AHHOTAIMSA
BrepBrie B 1a00paTOpHBIX YCIOBUAX ONpe/eneH KodhGUIIMEHT MOBEPXHOCTHOTO HATSHKEHUS JCTPECCOPHOM

npucanku «Jndppor-4201» u MOIIPHO-MOJEKYISIPHBIX ac()aTbTEHOCMOIMCTHIX KOMIIOHEHTOB BBICOKOMAapauHOBOM
MOJIeNbHOM He(TH. Pe3ynbTaThl 9KCIIEPUMEHTOB MOKa3ald, YT0 KOA(GGHUIHUEHT MOBEPXHOCTHOTO HATSIKCHHUS YBEIIH-
YUBAETCS C YBEIMYCHHEM KOHLEHTPAlMH 100aBKH, ac(ajJbTeHOCMOIMCTOr0 KOMIIOHEHTa B pacTBoOpe. AHan3
3HAUCHHH, MOJYYEHHBIX B XOJ€ M3MEPEHHUii, MoKa3aji, 4yTo KOA(Q(UIHEHT NOBEPXHOCTHOTO HaTshKeHHs acdaibTe-
HOBBIX KOMIIOHCHTOB BBICOKOMApa()MHOBOTO MOJCIBHOr0 He(TH BBINIC, YeM KO03(D(UIIMEHT TOBEPXHOCTHOTO HATSI-
XKeHHs JenpeccopHor mpucanku «IudpoH-4201», a KO3(h(GUIHMEHT HMOBEPXHOCTHOTO HATSXKCHHS KOMIIOHCHTOB
CMOJIBI OJIN30K K 3HAYCHHIO, KOO PHUIMEHT MMOBEPXHOCTHOTO HATSHKEHUS JenpeccopHoi mpucaaku «Audpon-4201».
DTOT pe3ynbTaT JaeT OCHOBAHUE IIOJIaraTh, YTO MMEHHO CMOJISIHBIC KOMIIOHEHTHI BIHUSIOT Ha 3()()EKTHBHOCTH
JIETPECCOPHOM T00aBKH.

KuioueBble cJioBa: K03 PHUIHUEHT TOBEPXHOCTHOTO HATSIKCHHUS, BBICOKOTapaHHOBOE MOICIILHOE HE(Th,
nenpeccopHas npucaaka «JIudpon-4201», achanbTeHOCMOIUCTHIC KOMITOHEHTEI,
MOBEpXHOCTHO-akTHBHOE BeniecTBO (ITAB), BI3kOCTh, TEMITEpaTypa.
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Introduction

Undoubtedly, in the next new decade, the
oil and gas sector will continue to be a priority
component of the global energy base.

The main tasks in the development of
this sector in modern times are the develop-
ment of energy-saving technologies and incre-
asing the efficiency of existing main oil pi-
pelines.

One of the ways to solve this problem is
the wuse of chemicals that improve the
rheological properties of oils and petroleum
products, provide complete cleaning of the
pipe cavities, and significantly reduce the
energy consumption for transmission.

With the development of the chemical
industry, the range of reagents expands, and,
accordingly, the scope of their application
grows. In this case, narrower specialized
reagents are created to solve specific problems
in the transportation of oil through pipelines.
Thus, the use of chemical reagents is becoming
one of the most promising ways to improve
pipeline transport and the operation of oil
pipelines.

It is known that oils with high paraffin
content include oils with a paraffin content of
more than 6% by weight of oil. Oils with a
high paraffin content exhibit special non-
Newtonian properties, expressed in the
presence of maximum static shear stress and
the dependence of the viscosity on the velocity
gradient at transfer temperatures in a
conventional pipeline.

At low temperatures, such oils can lose
mobility, making it difficult to transport them
through pipelines. When transporting highly
paraffinic oil through pipelines, various
methods are used to increase their fluidity, in
particular, the addition of depressants.

Pipeline transportation of high-paraftinic
oils with the addition of depressants are
considered one of the most promising methods
of transporting high-paraffin oil.

The use of depressant additives makes it
possible to significantly reduce hydraulic
losses during transportation of high-paraffin
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oils, reduce the amount of asphalt-resin-
paraffin deposits on the walls of pipelines and
equipment, as well as facilitate the operation of
oil field and oil pipeline equipment [ 1-6].

Surface phenomena play an important
role in the fight against asphalt-resin-paraffin
deposits in the oilfield equipment, as well as in
the processes of oil production, treatment,
transportation and refining.

Although additives are widely used to
prevent the formation of wax deposits, there is
still no wunified theory to explain their
mechanism of action. Therefore, the selection
of depressants for dispersed oil systems is
carried out only empirically.

It is known that all additives have the
properties of surfactants (surfactants). The-
refore, in addition to the mechanism of their
volumetric action, there is information in the
literature on the surface mechanism. The
effectiveness of the effect of depressants is
inversely proportional to their surface tension
coefficient of [7-9].

The effectiveness of most additives is
also affected by polar molecular asphaltenes
and resin components of dispersed petroleum
systems. This is most likely due to their
surface-active properties. For this reason, the
study of the surface tension coefficient of the
used depressants and asphaltene-resinous
components of highly paraffinic oils is of
scientific and practical importance.

The purpose of the work

Determination of the coefficient of the
surface tension of the depressant additive
"Difron-4201" and polar molecular asphaltene-
resinous components of high-paraffinic model
oil in laboratory conditions.

Experience methodology

During the experiment, were used
asphaltene-resinous components of the model
oil sample with physicochemical character-
ristics given in tablel.
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Table 1. Physicochemical characteristics of
model oil [10].

Ne Parameters Quantity Assignment
Method

1 |The amount of 0.2 GOST 2477-65
water in the
sample, %

2 |Density, 894.3 GOST 3900-85
pjo kg/m’

3 |Amount of 11.6 GOST 11851-85
paraffin, %

4 |Amount of 10.2 GOST 11851-85
resin, %

5 |Amount of 5.2 GOST 11851-85
asphaltene, %

6 |Freezing 16 GOST 20287-91
temperature, °C

7 |Paraffin satu- 28 -
ration tempe-
rature of oil, °C

8 |Melting point of 57 GOST 11858-83
paraffin, °C

9 |Amount of 0.22 GOST 1437-75
sulfur, %

10 |A/R 0.509 -

Difron-4201 produced by OJSC “EKOS-
1” of the Russian Federation (table 2) was
chosen as a depressant additive.

Table 2. Physicochemical characteristics of the
depressant additive “Difron 4201 [10].

Ne Indicators Note
1 | Appearance Liquid from
yellow to brown
color
2 | Density, 20 °C Not more than
790 kg/m’
3 | Ignition temperature | Not below (-
in a closed bowl 28°C)
4 | Water solubility Does not
dissolves
5 | Solubility in dissolves
aromatic solvents

The surface tension coefficient of the
toluene solution of the test sample was
experimentally measured using a tensometric
device according to the ring detachment
method (du Noily); the relative error was =+
1%. The concentration of the solutions was
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gradually increased by the value of the surface
tension coefficient of the samples reached a
constant deal, and the final result was based on
the surface tension of the solutions. During the
experiment, water was used as the reference
liquid. The measurement process was carried
out at a temperature of 20 ° C, and the surface
tension of the water was 72.75 mN / m.

The principle of operation of the
tensiometer is to measure the force of
separation of a wire ring made of a platinum-
iridium alloy from the surface of the liquid
under study. The calculation of the surface
tension value in milliliters (mN / m) per meter
is carried out using the following formula:

o =0,—n/ng

where: n and ng - limbs, calculated in a
scale proportional to the breaking force for the
studied reference liquids; oo - surface tension
of the reference fluid[11-14].

Experimental part

The values of the surface tension
coefficient of the depressant additive and
asphaltene-resinous components of model oil
of different concentrations in toluene studied in
the laboratory conditions by the ring
detachment method were determined, the
results of the experiments provided in Table 3.

Table 3. Coefficient of surface tension of asp-
haltene components of the depressant additive
“Difron-4201” and model oil, (MH / m)

Sample Concentration,% (mass)

0.1 | 03] 0.5 0.7 1.0
“Difron-
4201” 348 1 39.2 | 40.1 | 40.12 | 40.12
Asphaltene | 516|532 | 54.4 | 54.41 | 54.41
Resin 35.2(38.0| 41.6 | 41.6 | 41.6

As can be seen from table 3, the value of
the surface tension coefficient increases with
an increase in the concentration of the additive,
asphaltenes, and resin in the solution.

It is known that the value of the surface
tension coefficient is small in non-polar liquids
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with weak intermolecular interactions and is
broad in polar liquids [18].

Thus, the analysis of the experimental
results shows that the value of the surface
tension coefficient of the investigated
depressant additive "Difron-4201" is less than
the amount of the surface tension coefficient of
the asphaltene and resin components of the
model oil.

As a rule, under crystallization con-
ditions, a complex structural unit (CSU)
consisting of n-alkane nuclei is formed from a
solution of a dispersed petroleum system. Such
CSU has additional surface energy and
therefore forms around itself a solvation
coating of neutral components of the oil
fraction and liquid n-alkanes [8]. As a result,
an  associative complex of paraffinic
hydrocarbons with polar asphaltene-resinous
components of a dispersed oil system with
uncompensated surface energy is formed

The depressant additive is likely to
weaken the molecular interactions between the
CSU solvation coating components and the
asphaltene-resinous components, resulting in a

decrease in the aggregate stability of
associations such as asphaltene-resin, but an
increase in the tendency towards the

association. They likely combine with each
other, and the molecular interactions between
the solvate coating and the asphaltene-resinous
components are significantly weakened, which,
in turn, leads to the transition of asphaltene-
resinous associations into the composition of
the precipitation. An associative complex
characterized by low surface energy is formed
between the CSU solvation coating and the
polar group of the depressant additive polymer
as a result of molecular interactions throughout
the oil system. Thus, the system becomes
thermodynamically  equilibrium  with a
minimum of free energy.

Based on the foregoing, it was concluded
that the value of the surface tension coefficient
of the used depressant additive "Difron-4201"
should be less than the value of the surface
tension coefficient of polar asphaltene-resinous
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components of the dispersed oil system. This
situation allows the depressants additives to

form  more  thermodynamically  stable
associations with the CSU of the distributed oil
system.

Considering that asphaltenes are the most
polar components in the dispersed oil system,
the value of their surface tension the
coefficient will be greater than the value of the
surface tension coefficient of all known
additives. It follows that asphaltenes do not
affect the effectiveness of the additives.

However, the value of the surface tension
coefficient of the solution of the resin,
components are closer to the amount of the
surface tension coefficient of the additive
solution. Consequently, the resin components
of the petroleum system will affect the
effectiveness of more additives.

Thus, laboratory experiments show that
the value of the surface tension coefficient of
asphaltene components of highly paraffinic
model oil is significantly higher than the value
of the surface tension coefficient of the Difron-
4201  depressant  additive and  these
components do not affect the effectiveness of
the additive. However, the influence of the
resin components on the efficacy of the
additive is great and this effect increases as the
value of the coefficient of its surface tension
decreases.

Conclusions

Under laboratory conditions, the value of
the surface tension coefficient of the "Difron-
4201" depressant and asphaltene-resinous
components of highly paraffinic model oil in a
solution with toluene at the temperature of
20°C was determined by the ring detachment
method using a tensometric device, with a
relative error of = 1% and using water as
reference fluid.

The results of laboratory experiments
showed that the value of the surface tension
coefficient of the asphaltene components of the
highly paraffinic model oil is significantly
higher than the value of the surface tension
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coefficient of the "Difron-4201" depressant efficiency of the additive is great, and this
additive and these components do not affect effect is enhanced as the value of the
the effectiveness of the additive. However, the coefficient of its surface tension decreases.
influence of the resin components on the
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Abstract

The issue of control with asynchronous electric motor by vector method, passed a long way of development
and widely applied in modern electric drives of alternating current is being discussed in article. This method provides
the simplicity and efficiency in control, considered as a complex object of asynchronous motor with short-circuited
rotor. Spheres of applying the vector method always expand and the applying of it in automated electric drives,
contributes of replacement and displacement of electric drive of constant current. Among the factors, first of all
contributing as widely applying of asynchronous electric drives by vector control, beginning from 70s of XX
century, is possible to indicate the development of powerful electronics, providing the issue of reliable and
economically beneficial converters as well as the development of quickly affected microelectronics capable to decide
the complex algorithms of control. In the case of sharp growth of the resistance moment on a shaft of electric engine
during the operation of the ship deck mechanism due getting the necessary speed reduction on the working
mechanical feature (soft mechanical feature M w=const) is possible by applying vector method of regulation. At
this, the necessary providing of limit and smoothness becomes easier of electric drive speed regulation. The features
of vector control by asynchronous electric motor applied in ship electric drives were researched and offered the
conception by vector control asynchronous electric motor in automatic systems in ships with symbol class of
automation AUT 2.

Key words: vessel, electric drive, asynchronous motor, vector, control.
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Gomi goyarto mexanizmlorinin elektrik intigallarimin

vektorlarla idars olunmasinin xiisusiyyatlori
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Annotasiya

Mogqalads, uzun inkisaf yolu kegmis vo hal hazirda doyison coroyan elektrik intiqallarinda on ¢ox yayilmis
idaro sistemi sayilan, asinxron miiharrikin miiasir vektorla idaro etmo sistemi mosolosine baxilmigdir. Bu iisul
miirakkab obyekt sayilan rotoru qisa qapanmis asinxron miiharrikinin sade va effektiv yolla idars edilmosin imkan
yaradir. Usulun totbiq sahosi giinii giindon genislonir vo bu {isul avtomatik idaro olunan elektrik intiqallar1 arasinda
sabit coroyan intiqalin1 ovoz etmoklo onu konarlagdirir. 1970—ci ildon baslayaraq vektor idarsli asinxron intigalinin
belo genis totbiq edilmosing tokan veran amillordon etibarlt vo ucuz ¢eviricilorin hazirlanmasina imkan yaradan giic
elektronikasinin inkigafin1 vo elocodo miirokkob idaro alqoritmlorini hall etmoyo qadir olan vo tez isloyon mikro-
elektronikanin inkisafin1 gostormok olar. Gomi gdyerts mexanizmlarinin elektrik intiqallarinda is prosesinde mii-
harrikin valindaki miigavimat momenti qoflaton artdigda miiharrikin siiratinin isladiyi mexaniki xarakteristikada
lazimi miqdarda enmosini (yumsaq mexaniki xarakteristikanin M w=const) asinxron miiharrikin vektor ilo idaroetmo
iisulunda almaq olar. Bu zaman intiqala lazim olan siirat tonziminin haddini vo salisliyini tomin etmok asanlasar.
Mogqalodo gomi elektrik intigallarinda totbiq edilon asinxron miihorriklorin vektorlarla idaro olunmasinin
xiisusiyyotlori arasdirtlmis vo vektor idarsli asinxron miiharrikin, avtomatlagdirma doracasi simvolu AUT2 olan
gomilorin avtomatik idars sistemlorinds totbiq edilmo konsepsiyast toklif olunur.
Acar sozlar: gomi, elektrik intiqali, asinxron miihorrik, vektor, idaroetmo

DOI: 10.52171/2076-0515 2021 13 02 95 100

V]IK: 62.83.52
Oc00eHHOCTH BEKTOPHOI0 YIIPAaBJEHHUS JIEKTPONPUBOIOM CYA0BbIX
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Asepbatiodcanckas eocydapcmeennas mopckas akaoemusi (yi. 3apuguol Anuesot, 18, baxy, AZ1000, Azepbaiiosican)

AJHI NEPEeNMUCKN:

CynranoB Onbiual / e-mail: elshen sultanov@mail.ru

AHHOTALINA

B crarbe paccMaTpuBaeTcst BOIIPOC YIIPABICHUS! ACHHXPOHHBIM JJIEKTPOABHUIATENIEM, BEKTOPHBIM CIIOCOO0OM,
MPOLIEIIUM OOJBIION MyTh Pa3BUTUS M IMIMPOKO NPUMEHSEMBIM B COBPEMEHHBIX JIEKTPOIIPUBOJAX MEPEMEHHOTO
ToKa. JlaHHBIA cmoco0 obecrednBaeT MPOCTOTY M 3(P(QEKTHBHOCTH B YHPABICHWH, CUHUTAIOMIETOCS CIIOKHBIM
00BEKTOM, aCHHXPOHHOTO JBHTATEsl ¢ KOPOTKO3aMKHYTHIM poTopoM. Cdepsl mprUMeHEeHHs BEKTOPHOTO crocoda
MIOCTOSIHHO PACIIUPSAIOTCS, W NMPUMEHEHHE €r0 B aBTOMAaTH3MPOBAHHBIX AJIEKTPONPHUBONAX CIIOCOOCTBYET 3aMEHE
ANEKTPONPUBO/IA TIOCTOSHHOTO TOKA M €r0 BhITecHeHMI0. Cpenu GakTOpoB, MPEXIE BCETO CITIOCOOCTBYONINX TAKOMY
LIMPOKOMY MPUMEHEHHIO ACHHXPOHHOTO MPHUBOJA C BEKTOPHBIM ylpaBieHHEM HauuHas ¢ 70-x romoB XX-ro Beka,
MOXXHO yKa3aTb pa3BUTUC CHUJIOBOM QJICKTPOHUKU, 06ecneana}omee BBIITYCK HaJIC’KHBIX U 9KOHOMUYCCKHU BbITOAHBIX
npeoOpaszoBarenieil, a Takke pa3BUTHE OBICTPOJECHCTBYIONIEH MHKPOAJIEKTPOHHUKH, CIIOCOOHOW pelaTh CIOMXKHBIE
AJITOPUTMBI YIIpaBJICHUA. B CJIyda€ pEe3KOoro Bo3pacraHuss MOMCHTA CONPOTHUBJICHU HAa BaJly JJICKTPOABUTATEIISA IPU
pabore CyZ0BOro NajgyOHOr0 MeXaHH3Ma, MOJIyYUTh HE0OXOMMOE CHIDKEHHE CKOPOCTH Ha pabovell MeXaHW4ecKon
XapaKTepUCTUKe (MATKas MeXaHW4ecKas XapakTepucTuka M w=const) BO3MOXHO NpPH NPUMEHEHHH BEKTOPHOTO
Merona perynupoBanus. IIpu 3ToM HeoOxoanmoe oOecrieueHHe INpejesa W IUIABHOCTH PEryJUpOBaHHS CKOPOCTH
ANEeKTponpuBoNa, objerdaercs. lccimemoBaHBI — OCOOCHHOCTH — BEKTOPHOTO — YIIPABICHUS  ACHHXPOHHBIM
ANEKTPOABHUTATEIIEM, MPUMEHSIEMBIM B CYIOBBIX JJIEKTPONPHUBONAX W MPEIOKEHA KOHICHINS TNPHUMEHEHUS
BEKTOPHO- YIPAaBIIEMBIX aCHHXPOHHBIX NBHTATENIed B aBTOMAaTHYCCKHX CHCTEMax Ha CyIaX C CHMBOJIOM Kiacca
aproMatu3anuu AUT?2.
KiroueBblie cjioBa: cyIHO, SJIEKTPOTIPHUBO/], ACHHXPOHHEIH TBUTATEIb, BEKTOD, YIIPABICHHE
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Giris

Vektor idarali asinxron intigalinin inkisaf
prosesinin birinci moarholosi XX asrin 20-ci
illorinin axirindan baslanan vo 40-c1 illorin
axirma kimi davam edon timumilogdirilmis
universal elektrik masininin vektor-matrisa
riyazi modelinin islonib hazirlanmas1 sayilir.

Bu model ideallagdirilmis elektrik masgi-
ninin elektromaqnit prosesini xotti tonliklor
vasitasilo ifado etmoyo imkan yaradirdi.

Ol vasitosilo hesabat isi ¢ox tolob olun-
duguna goro bu modeldon istifado etmok ¢otin
olmusdur, lakin elektrik magsininin kecgid
prosesinin nozori tonliyinde modeldon genis
istifado edilmisdir.

1971-ci ildo F.Blachke koordinat sistemi
rotorun ilismo  selino
mihorrikin vektor modelindon istifado etmoyi
vo onun idarosinin qurulmasini toklif etdi.
Vektor idarasi adini almig bu tisulun mahiyyati
idars sisteminds asinxron miiharrikin avvallor
malum olan vektor modelinin &tiirmoe funksiya-
smin aksina olan funksiyadan istifade edilme-
sindo idi. Noticade idare sisteminin girigindo
miiharrikin elektomaqgnit momentinin tonliyino
daxil olan doyison komiyyatlor alinirdi. Bu
sabobdon, belo idaroetmo prinsipine bozon bila-
vasito momentlo idars olunma deyilir [1, 2].

Isin maqsadi. Hazirki isin mogsodi go-
milordos totbiq edilon géyorto mexanizmlorinin
asinxron miharrikli elektrik intigallarinin vek-
tor lisulu ilo idare edilmesinin digor idaroetma

yonolmis asinxron

iisullarina nozoron {istlinliiklorinin  hesabi-
tacriibi yolla asaslandirilmasi
Mbosalonin qoyulusu. Stator va rotorun

vektor saklinda tanliklari. Asinxron
mithorrikin - faza  gorginliklorinin =~ Kirxhof
tonliklori olacaqdir:
Ula = ilarl + dlr//a
1)
, d
Uy =it + e
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dy,

Ulc =heh +

Ogor sifir togkiledicisi olarsa, (1) ifadesine
asagidaki tonlik slava olunur:

. dy,
Uyp = ijghi + 22
10 = hofi d
(1) tonliyini vektor soklindo yazaq, bunun

tiglin ikinci tonliyi (Ujp)-A-ya liglincilinii iso
(Uc)-A? -yo vurub, hor ii¢ tonliyi toplayiriq vo

.2 .
sag, sol toroflorini 3 Yo vururug. Noticoada

aling [1]:

2 Y 2(. . . 2

3 Uy +Uy A+ U, - 4 =3 g iy At A" r+
2 d( 2)

+—— +yy,  A+w, - A
3 di Vie TWip ATV A4

Asagidaki ovozetmolordon sonra

%(Um +Uy, - A+ U, -A2j =u

5

N

('1a+i1b'A+ilc'A2)_

W

2

(V/la Y ATy A_z) =V

[N}

(98]

Sado sokilds aliriq:
dy,
a4
& 2)
Eyni qaydada rotor gorginliyinin Xx—y
koordinat sistemindo vektor sokilli tonliyini
almagq olar:

Ui=iin

dy,

Uy=ir-n+

)

Qeyd etmok lazimdir ki, (2) vo (3)
tonliklori miixtolif koordinat sistemlori iigiin
yaziliblar, yoni (2) a -4, (3) iso x-y koordinat
sistemindo yazilib. Bu voziyyet onlarin birlikdo
holl olunmasina imkan vermir. Rotorun
tonliyini torponmoz koordinat sistemi  olan
a—f kecirmok ii¢iin onun hor iki torofini

dénmo operatoru (koordinat siteminin cari

o orc G
donmo bucagi) olan e™ ” vururuq va rotorun
ilismo selinin téromasinin vektoronu, yoni,

koordinat sistemindo y,"") =y @F. ¢ kimi

tosvir etsok, alariq:
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S,EJaﬁ)

dt
Miivafiq riyazi omolliyyatdan sonra
koordinat sisteminin indeksini nozoro almasaq,
rotorun vektor sokilli tonliyini statorun
koordinat sistemindo alariq:
A
dt dt

e

2

y)

7 (xay)_rz +€]'9

e ‘12

Uy =i . dy, .
Ur=1r1 W2—12'72+W—J'0)'ﬂ2 (4)

ds .
Burada o = o rotorun cari bucaq

suiratidir.
(2) vo (3) tonliklori torponmoz koordinat
sistemi  li¢glin yazilib, onlar1  asinxron

mihorrikinin imumi sistemino daxil edib hall
etmok olar. Bundan basqa, gostorilon hor iki

m,n

tonliyi sorbost bucaq siiroti ™" ilo firlanan
m—n sarbast koordinat sisteminds yazmagq olar.
Bunun {i¢ilin bunlarin {izorinds (4) almaq iiglin
aparillmis amoliyyatlarla eyni olan omoliyyati
aparmaq lazimdir [1, 2].

Noticado alariq:

+J[wmn w}ﬂmn

Rotoru qisa gapanmis asinxron miihorikin
ds 1,=0 oldugu ti¢lin homin tonlik asagidaki
kimi olacaqdir.

y )

_l_ja).(m,n) ﬂgm,n)

(5a)

iz +j[a)mn a)}fimn

Ahnmls tenhklerl miixtolif koordinat siste-
mina kegirmak olar, bunun {igiin (5) tonliyindo

(Sb)

M,H

@’ yerino mivafiq firlanma
qoymagq lazimdir.

tezliyini

a — B — torpanmoaz koordinat sistemi (©™"

=0), statorun a fazasinin oxu ilo iist-listo diisir.
x—y — rotorla sinxron firlanan koordinat

sistemi (@ =), rotorun a fazasmmn oxu
ilo tist-listo diisiir.

d—q — rotorun ilismo seli ilo sinxron
firlanan vo eyni istigamotdo olan koordinat

98

sistemi (@ =@ ), m—n — sorbast siiratlo
firlanan vo istiqgamoti sorbost olan koordinat

sistemi """

Asinxron masinlarinda statorun magqnit
selinin bucaq tezliyi €2;, rotorun maqnit selinin
bucaq tezliyi €, vo rotorun firlanmasinin
bucaq tezliyi Q - ilo asagidaki asililiq ilo
baghdir. Q;=Q+Q,

Burada miisbot isarosi firlanma istigamot-
lori eyni oldugu hala aiddir. Ancaq statorun va
rotorun maqnit sahoalorinin bucaq tezliklori Q;
vo (2, miivafiq olaraq onlarin coroyanlarinin
tezliyi va clit qiitblor say1 ils toyin edilir.

Ql =-1

n

Burada: Z,-ciit qiitblor say1

w
inz
273

n

Yoani, %)

®, Vo @,— statorun vo rotorun coroyan-

lariin tezliyidir.
Bunlarin asasinda yaza bilorik:

o =Q-3, tw, =0t (6)
Burada o, =Q-3, — bir ciit qiitbo malik
olan asinxron  miuharrikinin  rotorunun

firlanmasinin bucaq tezliyidir.

Asinxron miiharrikinin vektorlarla idara
edilmasinin iimumi prinsipi. Asinxron miihaor-
riklordo elektrik enerjisinin mexaniki enerjiyo
cevirilmasinin asas axirinct gostaricisi valdaki
elektromaqgnit moment say1lir.

O, statordan vo ya rotordan kegon coro-
yanin magnit sahosi ilo qarsiligl slagosindon
yaranir vo vektor komiyyatlorinin vurulma-
sindan alindig1 iiclin asagidaki kimi tosvir
oluna bilar.

3 . 3 .
m= 5 Z,\y, - 11) ~Z, 1//1'12)=EZP l//z'Lz) (7)
Burada, Z, — masmin ciit qiitblorinin
sayidir.

Molum oldugu kimi elektrik intigalinin
tam idarosini tomin etmok {iglin miiharrikin
yaratdigi  elektromagnit momentin  idaro
olunmasi miimkiin olmalidir.

Asinxron miiharrikli intigalin tam idarasini
qurmaq iclin  7-do  gostorilmis moment
diisturundan istifado etmok olar [2, 3].
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Homin diisturdan goriindiiyi kimi elektro-
maqgnit momentinin ifadosindo rotoru qisa
gqapanmis asinxron miharrikindo oOlgiilmasi
miimkiin olmayan i, rotor coroyant vardir vo
bu momentin idars olunmasini c¢otinlosdirir.
Buna goro do asinxron miiharrrikinin
coroyanlart  vo ilismo sellori arasindaki

olagadon [3.4], yeni v, =Lih+L,i> Vo
w, = Lyir + L,i; diisturlarina osason, elektro-

maqgnit momentin diisturunda i, -ni I, ilo ovoz
edok:

m = Zme(ZZ il)z ZZP Lm (I//I'ZZ)
1
27,

Umumiyyatlo, tonliklorin secilmosi idaro
sisteminin qurulmasinda boyiik rol oynayir,
clinki tonliklora daxil olan komiyyatlorin bir
coxlarmin olgiilmasi (xilisusen qisa gapanmisg
rotorlu asinxron miihorrikdo) qeyri miimkiin-
diir. Bundan olavo, tonliyin diizglin seg¢ilmo-
mosi sistemin Gtiirmo  funksiyasini  miirok-
koblosdirar vo onun daracasini artira bilar.

Secilmodon asili olmayaraq elektromaqnit
momentin idarasinin strukturu (torkibi) 9—da
gostarilonlo eyni oldugda asinxron miiharrikin
modelinin vo idare sisteminin qurulmasinin
imumi  prinsipi, elektromaqnit momentin
miloyyon komiyyotinin vektoruna yonolmis
koordinat sistemindon istifads edilmasindadir.

=22, s, s i, )-

3 . .
_EZP(V/ZX'ZZy_WZy'ZZx): (9)
3 . .
= EZp (\VZy "y = Woy o 1Zy)
Belo oldugda se¢ilmis komiyyatin

vektorunun koordinat sisteminin digor oxuna
(mosalon, d, q koordinat sistemindo q oxuna)
proyeksiyast vo onun moment diisturunda
toskiledicisi sifira barabor olacaqdir.

Bununla da asinxron miiharrikin elektro-
maqnit momentinin ifadssi sabit caoroyan
mihorrikinin elektromagnit momentinin ifa-
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dosi ilo eyni olur, hanst ki, miihorrikin 16vbor
corayanina vo 9sas maqnit selino (M =kl; @)

miitonasibdir.

Elektromaqnit momentino daxil olan
komiyyatlordon hansinin vektorunun koordinat
sistemi {igiin yon (koordinat sisteminin
oxlarindan birinin homin vektorla iist-iisto
diismosi) secilmasi sorbostdirso, burada ancaq
sistemin sadoliyi vo asinxron miihorrikin
modelinin igloyo bilmosi (realizasiya olunmast)
nazors alinmalidir 3, 4].

Sakil - Elektromaqnit momentin miixtalif koordinat
sistemlorinds toyin edon vektorlar

Figure -Vectors determining the electromagnetic
moment in different coordinate systems

Masolon, koordinat sistemi (d, q) rotorun
ilismo selinin (y,) vektoruna ydnelmis olsa

(tst-listo  diisso), alanq: (‘//2 =VouiWay = 0)
elektromaqgnit momentinin ifadosi iso asagidaki

sokildo olacaqdir:
3 ( . : ) 3 .
m:EZp Vaq d =Yaa ly :_Ezpw2dl2q (10)
vo yaxud
3, L 3, L
m=_Z i(‘ﬂzd'ﬁ V> ‘ild):*Z T Waal
) pLZ q q ) PL2 q
(10)-da  gostorilonlordon aydin olur ki,

bunlardan birinin diisturu rotoru qisa qapanmis
asinxron miihorrikinin idars olunmasi {i¢ilin
totbiq edilo bilmoz, ¢iinki bu diisturda olgiil-
mosi vo idara olunmasi miimkiin olmayan rotor
carayant (iq) vardir.
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Eyni zamanda, ikinci diistur rotorun ilisma
selini sabit saxlamagq sorti ilo stator coroyaninin
enind oxa proyeksiyast ( i, ) doyismokla,

elektromaqgnit momentini idaro etmoya imkan
verir.

Beloliklo asinxron miiharrikin vektorla
idara sistemini qurmagq ii¢lin koordinat sistemi-
no yonalmis olan vektoru segmok, elektromag-
nit momentin tonliyini miioyyan etmak vo bu
tonliyo daxil olan komiyyotlori (5b) goro
se¢mok lazimdir [3, 4].

Noatico

Moqalodo gomi elektrik intigallarinda
totbiq edilon rotoru qisa qapanmis ii¢ fazali
asinxron miuhorrikin idars edilmesinde yeni
texniki nailiyyot sayilan vektorla idaro iisulu
aragdirilmis vo aydin olmusdur ki, bu iisul
gomi elektrik intigallarinda totbiq edilon

asinxron miihorrikino bir ¢ox miisbot cohatlori
verir. Belo ki, miihorrikin siirat tonziminin
haddini vo solisliyini tomin etmak asanlasir.
Mexaniki xarakteristikan1 (yumsaq mexaniki
xarakteristikanin M-m=~const) asinxron mi-
harrikin vektor ilo idara etms {isulunda almaq
olar. d-g koordinat sistemindo aparilmis riyazi
omoliyyatlarin naticasinde miiharrikin elektro-
maqgnit momentinin ifadosi sadolosdirilmis,
Olglilmoasi vo hesablanmasi asan basa golon,
comi iki parametrdon asili olan (rotorun ilismo
selindon va onun coroyanmin tezliyindan)
riyazi ifadosi alimmigdir.

Moaqalodo aparilmis tohlilloro vo hesabla-

malara asason, AUT2 avtomatlasma doracali
gomilordo asinxron miihorriki vektor idaroli
avtomatik idaro sistemlorinin totbiq edilmosi
toklif olunur.
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Abstract

For carrying out GPS measurements with millimeter accuracy, the most important issues of ensuring such
measurements are the issues of correct assessment of the effect of water vapor and hydrometeors. It is considered
that the "dry" delay of GPS signals usually falls into the category of "systematic" error, which can be eliminated by
calculation. Methods and means for measuring water vapor have been currently developed and worked out much
more widely than methods for measuring hydrometeors. Taking into account the above, it becomes clear that an
accurate assessment of the impact of hydrometeors, and especially rain on the signals of GPS satellites is an urgent
task. It is noted that the relevance of the development of technical means for measuring the intensity of rainfall is
also explained by the property of rains to greatly attenuate electromagnetic waves with a frequency of 10 GHz and
higher. Based on the analysis of the factual material, it is shown that the delay of GPS satellite signals due to the
influence of hydrometeors will be 5-8% of the "wet" delay. The process of distrometric measurements of the
occurrence frequency of raindrops of various sizes has been optimized. The functional of unconstrained variational
optimization has been formulated and its mathematical algorithm has been given.

Keywords: GPS signals, rain, hydrometeors, wet delay, dystrometric measurements, optimization, estimation.
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Yagisin GPS signallarinin troposfer gecikmosing
etdiyi tasirinin qiymatlondirilmasi

R.9. Eminov
Azarbaycan Doviat Neft va Sanaye Universiteti (Azadlig pr. 16/21, Baki §., AZ1010, Azarbaycan)

Yazisma iiciin:
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Annotasiya

GPS olgmolorini millimetr doqiqliyilo aparmaq {igciin 6nomli mosololordon biri do troposferdoki su
buxarlarinin vo hidrometeorlarin onlara edilon tosirinin diizgiin qiymstlondirilmoesidir. Hesab edirlor ki, GPS
signallarinin “quru” gecikmosi adoton “miintozom” sshvlor kateqoriyasina aiddir vo buna goéro do onu hesablamaq
yolu ilo tosirini azaltmaq olar. Yuxarida qeyd etdiklorimizi nozoro alsaq, demok olar ki, GPS signallarina
hidrometeorlarin va asasan do yagislarin etdiklari tasirlorinin daqiq qiymstlondirilmasi aktual masaladir.Qeyd olunur
ki, yagis 10 HHs vo ondan yuxari tezlikli elektromaqnit dalgalarini ¢ox zayiflatmok xassesine malik oldugundan,
onun intensivliyinin 6l¢lilmasi tiglin yeni texniki vasitolorinin yaradilmasini da aktual hesab etmok olar. Faktiki
materiallarin tohlili noticesindo gostorilmisdir ki, hidrometeorlarin tasiri naticosinda. GPS signallarin gecikmosi com
“riitubat” gecikmosinin 5-8 % toskil edir. Miixtalif 6l¢iilii yagis damcilarinin yagma tezliyinin distrometrik 6l¢iilmasi
prosesi optimallagdirilmisdir. Sortsiz variasion optimizasiyasinin funksionali formalasdirilmigdir vo onun riyazi
alqoritmi verilmisdir.

Acar sozlor: GPS siqgnallar, yagis, hidrometeorlar, riitubot gecikmosi, distrometrik dlgmalor, optimallagdirma,
giymotlondirmao.
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AHHOTaLMA

s mposenenus GPS-m3mepennii ¢ MHUIMMETPOBOH TOYHOCTBIO Hambojiee BaKHBIMH BOIPOCAMH
oOecrieueHHs] IPOBEACHUS TAKUX U3MEPEHUH SIBJISAIOTCS BOIPOCH! MPABUIBHOW OLIEHKH BIHMSIHUS BOASHBIX MApOB U
ruapoMeTeopoB. CuurTaercsi, 4To «cyxas» 3ajepkka cUrHanoB GPS 0OBIMHO OTHOCHUTCS K KaTErOPHH «CHC-
TeMaTU4YeCKO» MOrPEHIHOCTH, KOTOpas YCTpaHMMa pAacdeTHbIM IyTeM. TouHas OIIeHKa BO3AECHUCTBHUS THAPO-
METEOpOB, U B 0COOCHHOCTH NOX/eH, Ha curHaibl GPS criyTHUKOB sIBisleTCs akTyalbHOH 3a1adeil. OTMedaercsi, 4To
aKTYaJIbHOCTh Pa3pabOTKH TEXHUYECKHX CPEICTB H3MEPEHMsT WHTEHCUBHOCTH MIOXKICH, CKOpee BCEro, TakKxke
00BSICHAETCSI CBOMCTBOM JIOKJIEH CHIBHO OCHA0JATh 3JIeKTpOMarHUTHbIE BOJIHBEI ¢ yacToTo 10 I'T m Beime. Ha
OCHOBe aHanmm3a (paKTHYEeCKOTO MaTephala IMOKa3aHo, 4YTO 3aluepkka curHainoB GPS cmyTHHKOB w3-3a BIHSHUS
TUAPOMETEOPOB COCTaBISIET 5-8 % OT «BIAXHONW» 3anepkku. ONTHUMU3ZMPOBAH MpPOLECC AUCTPOMETPUUECKUX
W3MEPEeHUIl YaCTOTHOCTH IOSIBIICHHUS JOXAEBBIX Kalelbh Pa3luYHbIX pa3MepoB. ChopmymupoBaH (yHKIIHOHAIT
0e3ycIIoBHOI BapHAIlMOHHON ONTHMHU3AIIUH U JaH €r0 MaTeMAaTHICCKUH aJlTOPUTM.

Knamwuessbie cioBa: GPS CUT'HAJIbI, JOXKb, THAPOMETCOPDI, BJId’KHAA 3a1CPIKKA, JUCTPOMETPUICCKUC U3MCPCHUA,
OIITUMM3AIIMsA, OLICHKA.
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Giris

Molumdur ki, Qlobal Mdvgetoyinetma
Sisteminin peyklorilo 6tiiriilon 1,575 HHs va
1,228 HHs tezlikli mikrodalgali signallar
asagidaki amillorin tosiri noticesindo tropo-
sferdo gecikmoyo moruz qalirlar [1]: atmo-
sferin quru hava kiitlesi; su buxarlari; hidro-
meteorlar (buludlar, duman, gqar, yagis,
dolu); giqroskopik aerozollar; qum qasir-
galari; vulkanik kiillor.

GPS 6lgmolorini millimetr doqiqliyilo
aparmaq lic¢lin 6nomli mosalolordon biri do
su buxarlarinin vo hidrometeorlarin onlara
edilon tosirinin diizgiin qiymatlondirilmo-
sidir. Hesab edirlor ki, GPS signallarinin
“quru” gecikmosi adoton “miintozom” sohv-
lor kateqoriyasina aiddir vo buna gors do onu
hesablamaq yolu ilo tosirini azaltmaq olar.
Eyni zamanda “hidrometeorlar” adlanan bir
qrup amillor torofdon téradilon gecikmolor su
buxarlarinin amolo gotiron gecikmosinin 5-8
% -ni togkil edir.

Qeyd etmok lazimdir ki,
zamanda hidrometeorlar1 6l¢on metodlar, su
buxarlarint 6l¢on metod vo vasitolorilo mii-
qayisado, xeyli az inkisaf etmisdir. Yuxarida
geyd etdiklorimizi nozore alsaq, demok olar
ki, GPS signallarina hidrometeorlarin vo
osason do yagislarin etdiklori tosirlorinin
doqiq qiymatlondirilmasi aktual masoladir.

Is [2]-do yagisin GPS sistemlorinin
keyfiyotine etdiyi tosirinin kompleks qiymat-
londirilmasi aparilmisdir vo onun peyk sig-
nallarina neqativ tesirlori qiymetlondiril-
migdir.

Sok. 1-do GPS signallarinin gecikmo
giymotinin yagis intensivliyindon asililiginin
oyrilori gostarilir [3].

Sok.1-do verilon grafiklordon goriiniir
ki, giiclii yagisda signallarin gecikmasi bir

muasir
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ne¢o metra catir vo bu GPS-0lgmoalori hotta
metr doqiqgliyilo aparmaga imkan vermir.
Qeyd etmok lazimdir ki, yagis 10 HHs vo
ondan yuxan tezlikli elektromaqnit dalga-
larin1 ¢ox zoiflotmok xassosino malik oldu-
gundan, onun intensivliyinin 6l¢iilmasi iigiin
yeni texniki vasitolorin yaradilmasini da
aktual hesab etmok olar.
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Sakil 1. GPS signallarinin gecikma giymatinin yagis
intensivliyinden asililiginin ayrilori gostarilir:

L1 - 1,575 HHs tezlikli signal gecikmosidir; L2 — 1.228 HHs
tezlikli signal gecikmasidir; Lc — com gecikmadir.

Figure 1. The probability curves of the delay value of
GPS signals from rain intensity are shown:

L1 - 1,575 HHs is the frequency of signal delay; L2 — 1.228
HHs is the frequency of signal delay; Lc-total delay.

Bu tezlik hoddindon asagida siqnal-
larin zoiflonmosi xeyli azalir vo 1,2 — 1,5
HHs tezliklorindo ¢ox ciizi olur. Beloliklo,
yagisin intensivliyini 6lgmays imkan veron
har bir texniki vasito iki toyinatli olmalidir:

1. 10 HHs vo ondan yuxar1 tezliklordo
yagls damcilar1 ilo radiosignallarin zoif-
lonmasinin qiymatlondirilmasi {i¢iin;

2. 1,2 — 1,5 HHs tezliklordo GPS
radiosignallarinin gecikmosinin qymatlondi-
rilmasi tiglin.

Bu giino kimi mosafodon zondlas-
dirma prinsipi osasinda isloyon vo “lazerli
distrometr” adlanan lazerli yagisol¢onlor
buraxilib totbiq olunur.
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Is [3]-do qeyd olunur ki, distro-
metrlorin 1§ prinsipi asagidakina osaslanir.
Lazer siias1 fotogobuledicinin tizorino yonoalir
vo bu zaman yagis damcilari onun {izorindon
kecorok stialandirmani  kosir yaxud da
zaifladir. Bu halda impulsun hiindiirliiyli vo
eni damcinin Slgilisiing vo silanin damcidan
kegmosi miiddotine uygun olur.

Bu ciir Olgiiciilorin nizamlanmasi {i¢iin
mixtolif generatorlardan vo su damcilarinin
formalasdiricisindan istifado edirlor. Misal
iiclin, sok.2-do impuls hiindirliyliniin su
damcilarin1  formalasdiran  forsunkanin
diametrindon asiliginin oyrisi verilib.

Is [4]-do 785 nm dalga uzunlugunda
isloyon vo seriya ilo
distrometr haqqinda molumatlar verilir.
Onun vasitasilo 0,005 m/saat - 250 mm/saat
arasindaki intensivlik diapazonunda 0,16
mm — 8 mm diametrli damcilar1 6l¢gmok olar.

buraxilan lazerli
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Sokil 2. impuls amplitudasinin forsunka diametrindon
asitliligl, mm

Figure 2. Dependence of pulse amplitude on injector
diametr, mm

Is [5]-do gostorilir ki, yagis
damcilarinin  dlglilorino  goro bas veron
tezliklor paylanmasi qamma paylanmasinin
normallasmis funksiyas1 ilo
approksimassiya olunur (sok.3).

daha yaxs1
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Sokil 3. Yagis damcilarimin diametrlorinin  paylanmasi
qrafiklori. Qabul olunmus qeydler: D — diametri D olan
damcilarin yagma tezliyidir; R — yagisin intensivliyidir.

Figure 3. Graphs of raindrop diametr distrubution.
Accepted notes: : D- is the precipitation frequency of
droplets with diameter D; R —is the intensity of rain.

Masoalanin halli

Distrometrik ~ yagis  Olgmoalorinin
optimizasiya masolasini nazardon kegirok.
Bu mogsadlo

Olgmalorinin osas informativ parametrlorini

distrometrik  yagis

miioyyon edok. Homin parametrlor bunlardir:
1. Yagis damcilarinin 6lgiilorino goro
yagma tezliyinin paylanma diaqrama.
2. Olciiciiniin  ¢ixisinda
nisbati.

signal/sas

Yuxarida gostorilon parametrlorin qar-
stligh alagosi distrometrik yagis 6lgmalarinin
optimal rejiminds nozorden kegirilib. 1lk
ndvbads, bu dlgmalorin optimalliq meyarinin
se¢imi masalasi lizorindo dayanagq.
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Is [5]-do totbiq olunan sarti-entro-
piyali meyardan forqli olarag, bizim halda
asagida gostorilon inteqral informasion funk-
sionalin totbiqi daha mogsodyonliidiir [6]

Dmax

[ N(D)1o g, [y (D)+1]aD

0
burada N (D) -yagis damcilarinin 6l¢iilorine
funksiyasidir; l//(D)-
Ol¢iicilinilin ¢ixisinda signal/sos nisbatidir.

Is [6]-dan farqli olaraq, bu mogqsadlo
asagidaki kvadratik qiymotlondirmo ifado-
sindon istifado edorak, is [1]-doki meyarin
formasini doyismok mogsadyonliidiir

(1)

gbéra  paylanma

Dmax

[ (VD) tog. [y(D)+1]f ap @

0

(2)-ci kvadratik inteqral meyarindan
istifado etsok, NV (D) \& 1//(D) komiyyatlo-
rinin cilizi doyison hallarinda daha hossas
giymatlondirilmo almagqla yanasi, signallarda
yaranan miixtolif tosadiifi additiv sosloro
qars1t miiqavimati do artirmaq olar.

Distrometrik yagis 6lgmalorinin opti-
mizasiyasint etmok {i¢iin asagidaki moh-
dudlasdirict sortdon istifado edok:

Dmax
[ N(D)dD=C, 3)
0
burada C = const .
(2)-ci vo (3)-cii ifadolor sortsiz

variasion optimizasiyasinin asagidaki funk-
sionalin1 formalasdirmaga imkan verir:

Fo= [FIVOL 0D =

Pucr @
= [ )togi (D)4 1)+ 2-N(D)}ap

burada A - Laqranj sabitidir.

105

Eyler qanununa osasan, F; ekstremu-
munu N (D) -yo gOro hesablamaq {i¢iin
asagidaki sortdon istifado edok:

dF,
L _— 5
aN(D) )
(4)-cti va (5)-ci ifadalors nozaran
2N(D)-log?w(D)+1]+2=0, (6)
A

N(D)=- : (7)

) S oe @]

(3)-cii vo (7)-ci ifadolors nozaran

p— < .®

dD

L 2toe o))
Yekunda (7)-ci vo (8)-ci ifadolordon bunu
aling

N(D)=

dD
log,[w(D)+1]

)

C
oglyo)r1) |
Bu geydlori etsok,
JX dD
0 lng[l//(D)"'l]
onda, (9)-cu ifadodon

D

=C,, C = const (10)

bunu alarnq:

C
N(D)'logz[‘//(D)"‘l]:E:Cz' (11)
1
Beloliklo, (10)-cu sort yerino yetirilsa,
N(D) va lo g,[w(D)+1] qarsihgh doyis-
sa, N(D) iso w(D) azalsa-artsa vo oksino

olsa, onda (4)-cii funksional ekstremuma
¢atacaq.

Catdigimiz ekstremumunun xarakterini
nozordon kegirorok, (4)-cii funksionalin
ikinci toromosini N (D)-ya goro alib bunu
oldo etdik:

d’F,

*s=log; [y(D)+1]

12
DN*(D) (12
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Belaliklo, (12)-ci ifadoys goro (4)-cii
funksionalin ikinci téromosi miisbot komiy-
yotdir, bu da onu gostorir ki, (11)-ci sort
yerino  yetirilso, funksional
catacaq. Beloliklo, (10)-cu
maksimuma c¢atdirmaq tigiin N (D) Vo

minimuma
funksionali

l//(D) funksiyalarinin sinfazli deyismasini
tomin etmok tolob olunur, yoni, W(D) artan
zaman NN (D) boylimalidir va aksina.

Beloliklo, yagma tezliklori maksimal
qiymatds olan damcilarin 6l¢iilmasi zamani
optimal distrometr ¢ixigda siqnal/sos nisbo-
tinin on bdyiik qiymetini tomin etmalidir.
Olgiiciiniin bu ciir is alqoritmi onun optimal
calismasini da tomin edo bilor.

Noatico

Aparilmis todqigatlar osasinda asagi-
daki naticalor alinmisdir:

Faktiki materiallarin tohlili naticosinda
gostorilmisdir ki, hidrometeorlarin tosiri
naticasinda GPS signallarin gecikmasi com
“riitubot” gecikmosinin 5 — 8 % -ni togkil
edir.

Miixtolif olgiili yagis damcilarinin
yagma tezliyinin distrometrik 6l¢tilmosi pro-
sesi optimallasdirilmisdir.

Sortsiz  variasion optimizasiyasinin
funksionali formalasdirilmisdir
riyazi alqoritmi verilmisdir.

Vo onun

REFERENCES

1. Solheim F.S., Vivekanandan J. Propagation delays induced in GPS signals by dry air, water vapor,

4.

5.

6.

hydrometeors, and other particulates // Journal of Geophysical Research. — April 27 1999, Vol. 104, No. D8. Pp.
9663-9670.

Eminov R.9., ibrahimova S.I. Yagisin GPS mévqetoyinetms sistemlorinin keyfiyotino etdiyi tosirinin kompleks
qimetlondirilmasi // Azarbaycan Miihandislik Akademiyasinin Xobarlari. Baki, — 2020, Ne 1, cild 12, s. 92-96.
Saikia M., Devi M., Barbara A.K., Sarmah H.K. Raindorp size distribution profiling by laser distrometer and
rain attenuation of centimeter radio waves // Indian Journal of Radio & Space Physics, — 2009, Vol. 38, pp. 80-
85.

Lee, I.-S., Ge, L. The performance of RTK GPS for surveying under challeng ingenviron mental conditions //
Earth Planets Space, —2006. Vol. 58, — p. 515-522.

Checa, R., Tapiador, F.J. A maximum entropy modeling of the rain drop size Distribution // Entropy, — 2011,
vol. 13, — p. 293-315: 10.3390/e1302029.

Asadov H.G., Ismailov K.H. Informacionnyj metod pozicionirovaniya obyektov // — M.: Informacionnye
tekhnologii,—2011. Ne 9, — s. 37-39 (in Russia).

Redaksiyaya daxil olub: 30.08.2020
Tamamlama iglorindan sonra:  14.06.2021
Nasra qabul edilib: 17.06.2021

106



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2021. Cild 13, Ne 2. Sah. 107-112 2021, Vol. 13, Ne 2. Pp. 107112
E.O. Canahmadov E.A. Janahmadov

Pricing Asian Options with Monte-Carlo Method

E.A. Janahmadov
SAEQ LTD (Basevi Way, 68, London, SE8 3JS, United Kingdom)

For correspondence:
Janahmadov Elmar / e-mail: ejlabnet@gmail.com

Abstract

The paper is the Computational Finance project on pricing Asian options with the Monte-Carlo method. The
certain discounted payoff formula is given under the risk-neutral density. The author reviews the arithmetic sampling
payoff formula for fixed and floating strikes; the geometric sampling payoff formula for the fixed and floating strikes.
In both cases the author use the Euler-Maruyama scheme for simulating the underlying stock price using the following
set of data: today’s stock price SO0 = 100, strike K = 100; time to expiry (T — t) = I year; volatility o = 20%; constant
risk-free interest rate » = 5%. As a result following is produced: outline of the numerical procedure; appropriate tables,
comparisons and error graphs; analysis of observations and problems encountered.
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Annotasiya

Mogqalade Monte-Carlo metodu ila Asiya segimlorinin qiymatlorini miioyyanlosdirmoys kdmek edon bir
Hesablama Maliyyasi layihosi aparilib. Giizostli 6domo ii¢iin xiisusi diistur neytral risk sixliginda verilib. Miollif
fiksasiya olunan va iizon mozonnolor ii¢iin ddoniglorin cobri segmo formulunu aragdirib; fiksasiya olunan vo iizon
mozonnalar {igiin hondasi segmo ilo diistur alib. Har iki halda da miisllif asagidaki verilonlor bazasindan istifads edorok
asas sohm qiymotini modellogdirmak ii¢iin Eyler-Maruyama sxemindon istifado edib: bugiinkii sohm giymati S, = 100,
mozonno K = 100; sona ¢atma miiddati (T - ¢) = I il; doyiskenlik ¢ = 20%; daimi risksiz faiz doracasi r = 5%. Noticodo
odadi prosedurun sxemi; miivafiq cadvellor, miigayisalor va sohvlorin grafiklori; miisahidslorin vo yaranan problemlorin
tohlili oldos edilib.

Acar sozlor:  asiya se¢imi, cobri niimuno, hondosi niimuno, cari qiymat, fiksasiya olunan vo ilizon mozonno, bitmo
miiddati, doyiskonlik, faiz doracasi.
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AHHOTAIIAA

Cratbs mpeacTaBiseT codoit uccnenopanne Computational Finance o 1nieHoo0pa3oBaHUIO a3UATCKUX OMIIHOHOB C
moMoIelo Merona Monrte-Kapno. OmnpeneneHnas popMmynina AUCKOHTUPOBAHHOM BBHIILIATHI JaHA TPU HEHTPAIBLHOW K
PHUCKY ILIOTHOCTH. ABTOp paccMmarpuBaeT (HopMyny apuUpMETHYecKOil BHIOOPKH BEITUIAT A (DUKCHPOBAHHBIX H
IUTAaBAOIINX CTPAWKOB, a Take (OPMYNIy BBIUIPHINA C T'E€OMETPHUYECKOW BBIOOPKOW A (PUKCHPOBAHHBIX W
IJIaBAIONINX CTpPakoB. B 000uX ciydasx aBTOp MCMOJB3YeT cxemy Diniepa-MapysMbl JJisi MOAETUPOBaHUsT 0a30BOM
LIEHBI aKI[UH C WCTIOIH30BAHUEM OIPEACTICHHOTO Habopa JaHHBIX: CerOMHAIIHISA 1eHa akiuu Sy = 100; ctpaiik K= 100,
CpOK 110 MicTedeHus cpoka (7 - t) = 1 200; nerydects ¢ = 20%; mocTossHHAs Oe3pHUCKOBAsi MPOIEHTHAS CTaBKa 7 = 5%.
HccnenoBana cxemMa 4YHCICHHOW TPOIEAYPHI, a TaKKe IaHBl COOTBETCTBYIOIIWE TAaONUIIBI, CpaBHEHUS U TpaduKu
OIIUOOK, aHAIN3 HAOIIOACHUI W BOSHHUKIIUX MPOOICeM.

KaioueBble ciioBa:  a3uarckuil omiuoH, apudmeTnveckas BbIOOpKa, IeOMETpU4YecKas BbIOOpKa, TEeKyllas IieHa,
(UKCUpOBaHHBIE ¥ IUIABAIOIIME CTPAWKW, BpeMs 1O HCTEYCHHS CPOKa, BOJIATHIIBHOCTH,
MPOLIEHTHAs CTaBKa.
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Introduction

Asian options are a type of exotic options
with a payoff that depends on the average price
of the underlying asset over the specified
period. As such an Asian option might be less
costly than an equivalent vanilla contract. Since
it is quite hard to manipulate the average price
over time than a single stock price, the Asian
options are obvious choice for the commodity
and energy market participants.

Asian options were first priced by David
Spaughton and Mark Standish of Bankers trust.
They developed the first commercially used
pricing formula for options based on the average
price of crude oil in 1987 while working in
Tokyo, Japan. Hence, there is a name “Asian”.

As an exotic option, the Asian tail offers
further protection against risk by reducing
exposure to sudden movements in the under-
lying asset just before expiry.

One disadvantage of Asian options is that
their prices are very hard to compute using
standard techniques. Unlike European options,
which can be priced using the classic Black-
Scholes formula, there is no analytical formula
for pricing an Asian option when the underlying
asset 1s assumed to have a lognormal
distribution.

Option Payoff

By taking the payoff formula for the vanilla
contract and replacing the current asset price
with its average we get the formula forth
average rate option payoff
Call max (4 — K, 0)
Put max (K — A4, 0), (1)
where A4 — the average price of the underlying
asset over some specified period; K — the strike
price.

This payoff formula allows to lock in the
price of the underlying asset over extended
period time.

Type of Sampling

The setting the payoff formula for the Asian
call and put options, we must look into input
parameters. The strike price is usually given by

the contract. In our project we will look into two
types of strikes: fixed and floating. The second
parameter is the average of the underlying asset
price. Here, we are going to look into different
types of averaging the price of underlying asset.
The averaging for an Asian option depends on
two factors:

< how the data points are combined to form
an average,

< what data points to be used.

The first one points toward the type of
sampling, such as the arithmetic and geometric
sampling. The second one defines the data set,
such as all quoted prices and the subset from the
global data.

By definition, the arithmetic average A, of
the price is the sum of all the constituent prices
equally weighted, divided by the total number of
prices used
AL =—3N S AG=1f S@dr @)

The geometric average Az is the
exponential of the sum of all the logarithms of
the constituent prices equally weighted, divided

by the total number of prices used [Wilmott,
2016].

i1 = exp (13 1ogs
a = exp N 099k |

k=1

1

L ¢ 3)
Ag = exp ?f logS(t)dt
0

With respect of what data points to be used,
we can identify the continuously samples
average, and the discretely sampled average.

The continuously sampled average A° is
called the sum of closely spaced prices taken
over a finite time in such way, that average
become integrals of the asset over the averaging
period.

The discretely sampled average A% s called
the data points of the set of reliable closing
prices over small time period.

In our project we will look at the con-
tinuous arithmetic and geometric sampling with
fixed and floating strikes.
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Solution methods

In order to solve our problem, we have two
methods: the partial differential equation ap-
proach and the Monte Carlo method. Although,
the partial differential method is faster and more
flexible, it is much harder to code. The Monte
Carlo method is much easier to code. Under the
Monte Carlo method, the value of option is the
present present value of the expected payoff
under a risk neutral random walk

V(S,t) =E° [exp - ftT r.dtPayoff (ST)] 4)

The pricing
[Wilmott, 2016]:

1. Simulate the risk-neutral random walk
starting at today’s value of the asset over the
required time horizon. This gives one realization
of the underlying price path;

2. For this realization calculate the option
payoff;

3. Perform many more such realizations
over the time horizon;

4. Calculate the average payoff over all
realizations;

5. Take the present value of this average,
this is the option value.

As part of the exercise we have chosen
following parameters for pricing Asian call
options: today’s stock price Sy = 100; strike
K=100; time to expiry (7-t)=1 year; volatility o
= 20%; constant risk-free interest rate » = 5%.
We set the time-steps at 100, while varying then
number of replications from 10 to 10,

In this report we consider the Asian call
options based on their strike type and the
sampling choice with following payoff formulas
for each type (here, we replace for average with
to avoid confusion with Arithmetic):

1. Arithmetic sampling: fixed strike

algorithm 1s following

Cupe = max(V, — K, 0), ()
2. Arithmetic sampling: floating strike

Cyp = max(St— Vg, 0), (6)
3. Geometric sampling: fixed strike

Co =max(Vy — K, 0), (7)
4. Geometric sampling: floating strike

Cyr1 = max(Sr— Vg, 0), ()

We use Maple as a primary choice of
software to generate a path base on following
formula

Serst = Se(1 + 18t + o /6t) 9)

a) (=100, N=10

0 0.2 0.4 0.6 0.8 1

0 0.2 04 0.6 0.8 1

Figure 1. The MonteCarlo method for N replications

Figures 1 (a—b) compares of the replicated
stock prices with the fixed ¢ = 100 time-steps
and varying number of replications N = 10 and
N =100. Having N = 100 and above ensures the
normal distribution of the asset prices.
Although, any values for N > 10® is beyond the
scope of this work, since the limit capacity of
the employed computer. We use the regular
MACBOOKPro with Processor 3 GHz Intel
Core 17 and Memory 16 GB 1600 MHz DDR3.
All prices are rounded up to three decimal
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places, as if you pay cash, the more detail prices
are provided in WorkbookO1.xls.

0.018
0.0164
0 nH:
0.014
0.0104
0.0084
0.0061
0.004

0.00

0
50 100 150 200

Figure 2. The MonteCarlo asset price distribution

The analytical solution of PDE for Asian
Call Option provides us with the initial price as
5.763. We gonna use it as reference to find the
price approximation for our simulation model.

The standard error is provides by the Maple
Statistics package (library) based on formula.

g

en == (10)
Table 1 shows he error factors in pricing
Asian Options for each type of options.

Table 1. The error factor in pricing of Asian options
(call-put)

Num- Arithmetic Geometric
If)er of
SItIiI:)l:ll:- Fixed Floating Fixed Floating
N Call Put | Call Put Call Put Call Put
10 3.766 |1.842{5.159 [0.356 |3.380 |1.249 |2.520 2.335
100 0.979 10.618 10.952 10.568 0.704 0.627 |0.906 |0.517
1000 0270 0.182 {0.279 |0.166 |0.248 0.187 0.315 0.172
10000 0.084 0.054 {0.091 0.055 0.081 10.058 0.091 0.053
100000 0.026 0.017 {0.029 10.017 |0.025 0.018 0.030 0.017
1000000 | 0.008 |0.005 0.009 0.005 0.008 [0.006 0.009 |0.005
10000000 | 0.003 0.002 |0.003 {0.002 {0.003 |0.002 |0.003 0.002
100000000 0 0 0 0 0 0 0 0

We start our analysis by comparing prices
for Asian Call Options at the money (S; = K).
Table 2 shows prices for Asian Options at S, = K
=100.

Table 2. The prices of Asian options (call-put) at the
money

Number of Arithmetic Geometric
e Fixed Floating Fixed Floating
N Call | Pwt Call Pui | Call Puw Call Put
i 7445 2533 5960 1833 6418| 1251 3149 53555
100 4783 4209| 6299 3900| 610z| 4231 5139 3073
1000 5394 3205| 6051 3645 5081| 3519 5860 3246
10000 | 5831| 3334 5856 34l0| 5568 3423 6050 3.182
100000 | 5633| 3349 5933 3413 5503 3460| 6115 3317
1000000 | s732) 3333 s000| 3432 5507 3443| 6123 3300

10000000 5F14| 3323 5903 3423 5459 3441 6131 3301

I OO0 3715 3322 3911| 3428 5500 3440| 6119 3300

As we can see from Table 2, the prices

become more stable after N > 10° replications.
If you have to pick, then most expensive option
that will be Geometric Floating Strike Asian
Call Option. The cheapest is also Geometric
but Fixed Strike Asian Call Option.

Next, we look at Asian Call Option out the
money (S, < K). Table 3 shows prices for Asian
Options at K > S; = 90.

As we can see from Table 3, the prices also

become more stable after N > 10° replications. If
you have to pick, then most expensive option that
will be Geometric Floating Strike Asian Call
Option. The cheapest is also Geometric but Fixed
Strike Asian Call Option.

Next, we look at Asian Call Option in the
money (S, > K). Table 4 shows prices for Asian
Options at K < S;= 110.

As we can see from Table 4, the prices become
more stable after N>10° replications. If you have to
pick, then most expensive option that will be
Arithmetic Fixed Strike Asian Call Option. The
cheapest is Arithmetic Floating Strike Asian Call
Option.
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Table 3. The prices of Asian options (call-put) out the
money

Numth er of Arithmetic Geomeiric
Shmlations Fixed Floating Fixed Flbating
N Call Put Call Put Call Put Call Put
i OERE| DA2a 5045 1126 1976 E 148 2488 4794
ion 1567 | 10,045 | 4.853| 2737 1.251| 7.594| 5430 2041
100 1224 B7E0 5351 3280 1.424) 9113 5727 3072
10000 1.522| BE1T7| 35335 3060 1411 9.060) 5537 20907
T 000 1.528| 5884 5331 3065 1415 9073 5512 2974

100000 1.537| Z.886| 5304| 3.083| 1.413| 9.072| 35.514| 2973
10000000 1536 BE80Z) 5317 3085 1413 0070 5512 2972

100000000 11,536 |8.892 5317 | 3085 | 1413 | 9070 | 5512 | 2.972

By looking at these tables and comparing
the rates of change of derivative per 10% move
in the underlying up or down, we can say that
Asian Options with Fixed Strike are more
sensitive to the movement of the underlying.
Meanwhile, Asian Option with Floating Strike,
especially the Geometric Floating Strike Asian
Options, act more like a damper by reducing the
oscillation in underlying price.

The call-put parity doesn’t hold in the
standard definition. The asset price on the right
hand side of equality actually represents the
average underlying price.

Table 4. The prices of Asian options (call-put) in the
money

Nunth er of Arithmetic Geomeiric

R s B Wikoes i Wzl Fileifin,
N Call Put Call Put Call Put Call Put
in 20710 0203 6060| 1205 15.027| 0.660) 6550 2.84%
100 14.544) 1068| 5350 2690 12261| 0.942| 6963 4.418
106 | 12963 0831| 6302 2.529| 12.731| 0.865| 6.66%| 3.707

10000 12.070| 0D8F9| &Addd| 3.704| 12644 0063 4731 33551

100000 12990 0D8&0| &538| 3754| 12674 0938 4756 3429

00000 12994 0262 6503 3773 12689 0924 AF2Z 3624

0000000 13.006| OD2A0) @505 3770 12703 0929 6728 36351

IO0O0000 | 13005 | 0861 | 6502 | 3770 12706 | 09329 | 6731 | 3431

Conclusion

Here are the major points of our research:

The Euler method generates the lognormal
distributed asset prices.

The higher the number of repetitions the
more accurate the price of derivative.

Asian Arithmetic Fixed Call Option is
more sensitive to the price movement of
underlying asset.

Asian Geometric Floating Call Option is
less sensitive to the price movement of
underlying asset.

The call-put parity doesn’t hold in the
standard definition. The asset price on the right
hand side of equality actually represents the
average underlying price.
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Abstract

The main purpose of the study of atmospheric aerosols is to determine their impact on the Earth's radiation
balance and climate change on a regional and global scale. Because aerosols vary in size, shape, composition, and
duration in the atmosphere, they are evaluated in the terrestrial atmosphere and at different altitudes via satellite
systems. In the article under review, the study of atmospheric aerosols in large industrial centers was carried out on
the basis of mutual analysis of surface and satellite data. It has been shown that the correct estimation of aerosol
attenuation of the signal depends directly on the choice of spectral wavelength (0.4 um to 11.3 pm). Surface
measurement results, data from Landsat-7.8 and AZERSKY satellites were used in the research. The article focuses
on the assessment of NO,, SO, and large dispersed aerosols, which are typical for industrial centers.
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Peyk informasiyasi asasinda sonaye markazlorinds atmosfer

aerozollarinin qiymatlondirilmasinin bazi aspektlori
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Annotasiya

Atmosfer aerozollarinin toedqiqinde osas mogsad onlarin regional va qlobal miqyasda Yerin radiasiya
balansina vo iqlim doyigmoloring tasirini miioyyonlosdirmokdir. Aerozollarin 6lgtilori, formasi, torkibi vo atmosferdo
miiddoatlori olduqca forgli xarakter dasidigindan onlarin giymetlondirilmasi yeriistii atmosferdo vo peyk sistemlori
vasitosilo miixtolif hiindiirliiklordo hoyata kegirilir. Baxilan moqalodo iri sonaye morkozlorinde atmosfer
aerozollarinin todqiqi yeriistii vo peyk molumatlarinin qarsiliglh analizi osasinda aparilmisdir. Gostorilmisdir ki,
signalin aerozol zoiflomoslarinin diizglin qiymotlondirilmasi bilavasits spektral dalga uzunlugunun (0.4 mkm-don 11.3
mkm-o kimi) seg¢ilmosindon asilt olur. Aragdirmalarda yeriistii 6lgmo noticolori, Landsat-7,8 vo AZERSKY
peykindon alinmis molumatlardan istifade olunmusdur. Maqalods asas diggoet sanaye markozlari iigiin xarakterik olan
NO2, SO, va iri dispersli aerozollarin giymatlandirilmasins yonaldilmisdir.

Agar sozlor: acrozol, atmosfer ¢irklonmasi, kvazisinxron miisahidolor, antropogen amil,spektral béliinma,
aerokosmik molumatlar.
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HekoTopbie acnieKThl OLEHKHA aTMOC(EepPHbIX a3P030J1ed B

NMPOMBIILJIEHHBIX IEHTPAaX HA OCHOBE CIYTHUKOBOM MH(pOpMauu
B.M. Asnsos, X.C. XajaunjaoBa

Hayuonanvnas akademus asuayuu Asepbatioxcana (Mapoaxsnckuii npocnexkm, 30,
Baxky, AZ1045, Azepbatioscan)

gﬂﬂ NEPENUCKH:

Xamnoa Xagumxa / e-mail: x.xalilova@mail.ru

AHHOTAIIA

OcHOBHasl 1IeJIb HCCIIEIOBaHHMS aTMOC(EPHBIX a’po30Jiell — OIpeAeIeHre UX BIMSHMS Ha paJHalMOHHBIN
Oanmanc 3emMiM M M3MEHEHHE KiMMaTra B PErMOHAILHOM U II0O0aJbHOM Macmitabe. A3po30iiM pa3iM4aloTcs IO
pasmepy, hopme, cocTaBy M IIPOIOIDKUTENEHOCTH NPeObIBaHUS B aTMOC(epe U OLICHUBAIOTCS B 3eMHON atMocdepe n
Ha pa3HBIX BBICOTaX C IIOMOUIBIO CIYTHUKOBBIX CHCTEM. B cTaThe mpuBeAEHBI pPE3yNbTaThl MCCIIEJOBAHUS
aTMOc(epHBIX a’3po30Jied B KPYMHBIX NPOMBIIIICHHBIX IIEHTpax, KOTOPOE NPOBOJMIOCH Ha OCHOBE B3aHMHOIO
aHaJ W32 HA3eMHBIX M CIIyTHHKOBBIX HaHHbIX. [loka3aHO, 4TO NpaBMiIbHas OLEHKA a’pO30JIBHOTO OCIA0ICHUS
CUTHAJIa HANPSMYIO 3aBHCHT OT BBIOOpA CHEKTpainbHON umuHBI BOMHHBI (0T 0,4 MM mo 11,3 mxm). B uccnenoBannu
HCTIONIB30BaHbl PE3yNIbTaThl M3MEPEHUH MMOBEPXHOCTH, NaHHbIe cmyTHUKOB Landsat-7.8 u AZERSKY. Jlana omnenka
NO,, SO, 1 KpyTHOIUCHIEPCHBIX a9PO30JI€H, XapaKTEPHBIX AT NPOMBIIIICHHBIX IICHTPOB.

KiroueBble ciioBa: a’p0307Th, 3aTPA3HEHNE aTMOC(EPDI, N3MEPEHHS, CHHXPOHHBIH, KBa3UIIHHXPOHHBIE
HAOJIOICHUS, CTICKTPhI, AaHTPOTIOTEHHEIH (DaKTOp, CIIEKTPaIbHOE pa3JIciICHHE.
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Giris

Mbolumdur ki, aerozol atmosferin sorhad
gatidir vo osas konsentrasiyast yerdon 1000
m-o kimi hiindiirliikds paylanir. Aerozol yer-
do iglimi formalasdiran amil olmagqla yanasi
insan saglamligina ciddi tesir gosterir [1, 3].
Aerozol atmosfer sorhoddindo giinos radiasi-
yasini udaraq vo sopaloyarok temperaturun sa-
quli paylanmasia tosir gostorir vo naticado
atmosferin baxilan sarhoddinds onun dinami-
kasini va istilik rejimini doyisir. Bu sobobdon
iglim doyismolori va aotraf miihits aerozollarin
gostordiyi tosirin nozoro alinmasi miasir at-
mosfer todqgigatlarinin osas problemlorindon
biridir. Bu problem sonaye markazlori {izarin-
do olan atmosfer {i¢lin daha 6nomlidir. Miiasir
model hesablamalar1 gostorir ki, atmosfer ae-
rozollarmin giinas radiasiyasina va onunla sla-
godar otraf miihito tosir gostoricilorinin diiz-
giin nozoro alinmasi otraf miihit vo iglim gos-
taricilorinin nisbaton diizgiin proqnozlasdiril-
masina imkan verir. Diizglin prognozlasdir-
manin asas gostoricilorindon biri iso onun op-
tik-mikrofiziki parametrlorinin diizglin toyin
olunmasindan asilidir.

Atmosfer sorhoddindo atmosferin optik
xarakteristikalarinin  diizgiin  qiymatlondiril-
mosi bilavasito yeriistii 6lgmo noticolori ilo
(meteostansiyalarda vo soyyar nozarot Olgii
komplekslorinds) peyk 06lgmo naticolorinin
qarsiliglt miiqayisosi ilo alinmig naticolorin
analizi osasinda Ol¢li xotalarinin qiymoti vo
onlar1 yaradan sobablori aragdirmaq imkani ol-
do olunur. Bu mogsadlo peyk sistemlori vasi-
tosilo spektrin miixtolif dalga uzunluglarinda
atmosferin  goffafliinin  qiymotlondirilmasi
yuxarida qeyd olunan bu vo ya digor mosalo-
lari hall etmok miimkiindiir.

Material vo metod

Hal-hazirda atmosfer aerozollarinin me-
safodon qiymotlondirilmasinin miixtalif {isul-
lar1t movcuddur. Bunlardan an genis yayilmis-
lari-kombinasiya tisulu, atmosferin soffafliq
iisulu, temperaturun hiindiirliiys gore paylan-
mas1 tsulu vo infraqirmizi 6lgmo tsullandir.
Hor bir tisulun 6ziinomoxsus iistiinliiklori vo
catismazliglart mévcuddur. Baxilan moqgalods
atmosferin soffafliq tisulundan istifado olun-
musdur. Bu, ilk ndvbados, 6l¢gmo avadanlig ki-
mi istifado olunan sistemlo baghdir. Bizim
arasdirmalarda ~ Ol¢ii  sistemlori  kimi
AZERSKY vo LANDSAT-7,8 materiallarin-
dan istifads olundugundan atmosferin soffaf-
lig metodu daha optimal hesab olunur. Belo
ki, baxilan sistemlords istifado olunan radio-
metrlor giines radiasiyasinin aerozollar toro-
findon udulmasi vo sopolonmasi noticosindo
atmosferin optik sixliginda bas veron doyisik-
liklori komiyyat vo keyfiyyatco qiymatlondir-
modo 6lgmo xotalarinin qiymoti digor metod-
lara nisboton daha asagi olur. Digor torofdon
baxilan metodla alinan informasiyanin emali
nisboton sada olur. Informasiyanin emali miia-
sir emal proqrami olan Erdas Imagine-do apa-
rilmigdir.

Tohlil vo miizakira

Moqals atmosfer ¢irklonmasinin kosmik
molumatlar osasinda qiymatlondirilmasinin
analizi vo 6lgmo metodlar1 haqqinda molumat-
larin imumiloasdirilmasing hasr olunur. Goste-
rilmisdir ki, atmosferin torkibindo doyisiklik-
lorin, xiisuson aerozolun konsentrasiyasinin
doyismosi 6lgma naticaloring ciddi tosir gosto-
rir. Bu tosir 0ziinii aerozollarin Olgiilorindon,
hiintidiirliik {izro paylanmasindan vo nov tor-
kibindan asili olaraq doyisir.
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Masalonin qoyulusu

Molum oldugu kimi, sonaye sohorlori
tizorindoki aerozol saholorinin  formalasma
prosesinin miirakkabliyi vo onlarin kimyavi
tarkibinin, dispersliyinin miixtalifliyi ilo bagh
mikrofiziki xiisusiyyotlori, optik diapazonun
miixtolif spektral zonalarinda ¢ox sayda 6l¢iil-
molarin kegirilmasini tolob edir. Atmosfer ae-
rozolunun optik galinligi hom tobii, hom do
antropogen amillordon asili olaraq sutkaliq,
movslimi va illerarasi toraddiidlors moruz qa-
lir. Tocriibalor gostarir ki, iri dispersli aerozol-
larin (tobii vo sonaye tozlarinin) komiyyot vo
keyfiyyotco qiymsotlondirilimosindo atmosfe-
rin soffafliq metodu digor metodlara nisboton
daha optimal hesab olunur. Todqiqatlar apari-
larkon atmosferin dinamikliyino tosir géstoron
meteoroloji gostaricilor nozoro alinmalidir.

Masalanin halli

Son illar atmosfer ¢irklonmolarinin asas
sociyyoalondirici sobablorindon biri aerozol
cirklonmoalori hesab olunur. Aerozol cirklon-
malari ham tobii, hom do antropogen xarakter-
li oldugundan, onlarin bir-birindon forqlondi-
rilmasi kamiyyat vo keyfiyyatco qiymaotlondir-
mo mosolalori miiasir atmosfer todqigatlarinin
osas problemlorindon biri hesab olunur. Onla-
rin peyk Usulu vasitosilo giymotlondirilmosi
xususilo iri sonaye sohorlori tiglin miithiim xii-
susiyyoto malikdir.

Baxilan moqalods miixtalif mongali vo
miixtalif dl¢ilii aerozol ¢irklonmalarinin qiy-
matlondirma tsullarina baxilmis vo gostoril-
migdir ki, digor atmosfer ¢irklonmorindon
forqli olaraq aerozol ¢irklonmalorinin geydo
alinmas forqli xiisusiyyotloro malikdir. Xiisu-
silo spektrin miixtolif diapazonunda aparilan
Olemolor aerozol cirklonmolorinin digor ¢irk-
lonmoalorden forglondirilmasini tomin eds bi-
lir.

Sonaye sohori {izorindoki atmosferin ae-
rozol ¢irklonmosi tobii global proseslordon,
sonaye tullantilarinin hacmindon, ham ds qa-
risiqlarin yigilmasindan, yaxud oksine atmos-
ferin tomizlonmasina sobob olan metereoloji
soraitdon asilidir. Meteoroloji vo spektromet-
rik molumatlarin miiasir in- terpretasiyasi so-
hor atmosferinin aerozol optik galinliginin do-
yiskonliyinin qiymotlondirilmosino imkan ve-
rir [1, 2, 3].

Kosmik informasiyalar osasinda atmos-
fer ¢irklonmosinin iki ndévii analiz olunur.
Bunlardan biri molekulyar tasiro malik qaz
hissaciklori (Reley vo Mi sopalonmosi), digori
150 ¢oxlu sayda bork aerozol hissociklori he-
sab olunur. Tabii aerozollar asason, meso, ot
yanginlarinin, toz burulganlarinin vo vulkan
pliskiirmasi naticosindo yaranir. Antropogen
mongali aerozollar iso insan foaliyyati natico-
sindo, asasondo enerji istehsali proseslorinda
yaranir.

Atmosferdo aerozol ¢irklonmoalori hag-
ginda informasiya veran ii¢ kosmik informasi-
ya monbayini gostormok olar:

1. Spektrin miixtolif oblastlarinda, Yerin
tasvirinin analiz metodu;

2. Trayektoriyanin formasina osason
Glinoso goro atmosferin soffafliginin 6lgmo
metodu;

3. “Yer-Atmosfer” sistemi torofindon
oks olunan vo sopolonon Giinos siialanmasinin
Olgmolorinin noticalorinin sorhino osaslanan
metod.

Birinci tisul, yalniz aerozollarin fozada
paylanmasin digor iki tisul iso atmosfer aero-
zollarmin optik xiisusiyyatlori baximindan
qiymatlondirmays imkan verir [3, 4].

Qeyd olunan isullarin  mahiyyatinin
arasdirilmasi mogsadi ilo atmosferin agsagidaki
optik parametrlori haqqinda boazi molumatlari
nazardan kegirak:
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Atmosferin optik parametrlori. Yer at-
mosferinda is1q selinin atmosferlo qarsiliql
olagosini miioyyonlosdiron osas godstaricilor:
k-udulma, c-sopalonma vo ¥ (Ono1) atmosferin
yayim indikatoru (gostoricisi) kimi parametr-
lorlo miioyyan olunur. Spektrin goriinon hisso-
sindo udulma ¢ox az oldugu iigiin onu nozora
almamagq olar. Molekulyar (reley) vo aerozol
sopalanmalori isa forqlonirler.

Molekulyar sopalonmo gostaricisi G,
yaxst molumdur. Atmosferin yerotrafi qgatla-
rinda 2=0.55 dalga uzunlugunda, onun qiy-
mati 6,0 (A=0.55 mkm) =0.0119 km™'-dir.

Omo gOstoricisinin, slialanmanin dalga
uzunlugundan asililig1 asagidaki kimidir.

Omol (Hs &) = 0,01 (A=0.55 mkm)

Burada o,,,; (H, ) - molekulyar sops-
lonmonin hiindiirliik vo dalga uzunlugundan
asililiq funksiyasidir.

Hiindiirlityo goro molekulyar sopolon-
mao gostaricisi eksponensial qanunla doyisir.

Opmol (H, &) = 0,1 (0, ) exp (H/Hmol).

Burada Hmol=8 km - molekulyar at-
mosferin effektiv hiindiirliyiidir. Molekul-
yar yayim indikatrisast 189 ¥;,0/(Omor) = 0.75
(1+cos2 Omol) ifadosi ilo tapilir.

Atmosferin aerozolla ¢irklonmasinin
aerokosmik monitoringi sistemi. Atmosferin
aerozolla ¢irklonmosinin aerokosmik monito-
rinqi, spektrin ultrabondvsoyi goriinon vo ya-
infraqirmizi  diapazonlarda aparilir.
Spektrin bu diapazonlarinda udulma va sopo-

Xin

lonma proseslorine aerozoldan slava, atmos-
ferin digor aktiv optik komponentlori tosir
gostara bilor. Onlara ozon, azot dioksidi vo
basqalart misal ola bilor. Aerozol kompo-
nentlorinin parametrlorinin borpasina birka-
nalli1 Olglilordon ¢oxkanalli (¢oxspektralli,
coxbucaqli vo ya spektral-bucaqli) 6l¢iiloro
ke¢mokla nail olmaq olar. Onlarin masolonin

hallino tosirinin gdstaricilorinin miioyyonlog-
dirilmasi iigiin ¢oxkanalli 6lgma {isullarinin
noticalorindon istifade olunur. Belo 6lgmo
avadanliglar1 Landsat, Spot, Aqua, Sentinel,
NOAA vo diger miiasir peyk sistemlarindo
totbiq olunur [3, 5, 6, 7].

Arasdirmalarda biz osason AZERSKY
(Spot-6) vo Landsat-8 peykindo qurasdiril-
mis skaner tosvirlorindon istifado etmisik.
Asagida homin sistemin asas texniki xarakte-
ristikalar1 verilmisdir:

AZERSKY (Spot-6)

a)  Spektral diapazonlar, mkm:
Panxromatik: 0.450-0.475 I kanal — goy,
0.450-0.520; II kanal — yasil; 0.530-0.590

II  kanal — qirmizi; 0.625-0.695

I kanala yaxin infraqirmizi; 0.760-0.890
b)  Miisahida zonasinin eni-60 km

¢)  Radiometrik ayirdetmosi - 2'% qradasi-
ya

d)  Foza ayirdetmosi: Panxromatikdo-1.5
m, multispektral-10 m

Landsat-8
a)  Spektral diapazonlar, mkm:

I kanal — sahilyam1 vo aerozol; 0,433-0,453
mkm; II kanal — goy; 0,450-0,515 mkm; III
kanal — yasil; 0,525-0,600 mkm IV kanal —
qurmizt; 0,630-0,680 mkm V kanala yaxin inf-
raqirmizi; 0,845-0,885 mkm

b)  Miisahida zonasinin eni-30 km

Akkumulyasiya metodu. Atmosfer toro-
findon zoiflodilmis Gilinos slialanmasinin
Ol¢iilmasi geyd olunmus ¢oxkanalli skaner ilo
aparilmigdir: dala uzunlugunun is¢i diapazo-
nu-0,45, 0,89 mkm, spektral kanallarinin say1
5 olmusdur. Aerozol qalinligi, spektral sahado
0.45...0.53 mkm va 0.75...0.83 mkm, ozonun
udma zolagindan konarda 0.55...0.73 mkm
mioyyon edilmisdir (burada Giinos radiasiya-
s1 ozon torafindon az miqdarda udulur). Aero-
zolun zoiflomo gostoricisinin saquli profilinin
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borpasi, Olcililon qalinliga goro statik tonzim-
loma metodu ilo aparilir. Aerozolun zsifloma
gostaricisinin profili h>10 km hiindiirliik ob-
lastinda barpa olunur. Tacriibalorin naticalori
aerozol qatinin asason 14...20 km, 25 km vo
32 km-do formalagsmasini miioyyonlogdirmis-
dir.

Bucag metodu. Bu metodda nadir xotti-
no nozoron simmetrik yerlogmis iki istigamat-
do buraxilmis siialanmalarin isiglanmasinin
Ol¢iilmasi ilo atmosferin optik gqalinliginin ta-
pilmasina yonolmisdir.

Peykin qabaq hissosindo yerlosdirilmis
tickanalli telefotometr, ugus istigamotino per-
pendikulyar istiqgamotds skanerlosir vo Yerin
oks etdirdiyi radiasiyanin isiqlanmasin1 da
spektral intervalda Olgiir. Bu interval 0.34;
0.47 vo 0.75 mkm-do morkozlogmisdir. Bucaq
metodunun asas lstlinliiyli ondan ibaratdir ki,
miixtalif dispersiyali aerozollarin qiymatlon-
dirilmasi miixtalif bucaqlar altinda daha ef-
fektiv olur. Olgmalor nadirden £3 - 10° bucaq
altinda aparilmisdir. Sonaye sohorlorindo tem-
peratur toyin olunmasinda da aerozollarin to-
sirinin qiymotlondirilmasi bdyiik ohomiyyato
malik olur [6, 7].

Temperaturun tapilmasinda osas ma-
ned, atmosferda aerozolun vo su buxarinin
olmasidir. ©goar ikidlciilii kanallar1 tiglin su
buxariin udma saviyyasi forqlidirss, onlarin
nisbati sabitdirsa, onda ikikanalli 6lgma su
buxarinin hesablanmasini (qeydiyyatini) ki-
fayot qodor dogiqliklo tomin edir. Gostorilon
soraitlor morkozlor mkm-do olan, 1 mkm
spektral intervallar1 liglin yerina yetirilir. Be-
la ikikanalli 6lgmolora goérs temperaturun ta-
pilma xatas1 aerozollarin nazors alinmamasi,
doniz sothinin siialanma omsal1 vo aparat kii-
yii ilo baglidir.

Yuxarida geyd olundugu kimi, iri sona-
ye sohorlorindo atmosferin aerozol ¢irklon-

molarino miixtalif tasirlor, o ciimladon avto-
mobil naqliyyat1 tasir gdstarir. Bu tesirin xii-
susiyyatini gqiymotlondirmok {i¢iin Baki soha-
ri lizarindo aerozol ¢irklonmalarinin paylan-
ma gostaricilori asasinda, nagliyyatin inten-
sivliyinin boyiik oldugu Heydor Oliyev pros-
pektindo ¢irklonmolorin paylanma xiisusiy-
yoti nozordon kegirilmisdir.

Asagidaki sokillordo Heydor Oliyev
prospektindo 2019-cu ilin iyun ayinda aparil-
mis 6lgmo naticolori gostorilmisdir. Sokil 1-
da NO,-nin, Sokil 2- da isa SO,-nin sutka or-
zinds (geco saat 00°- dan giindiiz saat 10%-
a kimi) alinmis yeriisti vo peyk molumatlari
0z oksini tapmigdir.

Qrafiklordon goriiniir ki, hor iki ¢irk-
londirici gaz {i¢lin konsentrasiyanin qiymaoti
saat 04°° vo 05%-dan etibaron artmaga basla-
yir. Bu isa bilavasits naqliyyatin intensivliyi-
nin artmasi ilo olaqadardir. Aparilan todqi-
qatlarin naticalori gosterir ki, nogliyyatin in-
tensivliyinin doyismasi baxilan qazlarin kon-
sentrasiyasinin koskin artmasina sobab oldu.

Masolon, NO, {igiin geco saatlarinda
konsentrasiyanin qiymoti 35-40 mg/m’ ol-
dugu halda, 08”- 09" radslsrinds bu giymat
togribon iki dofoyadok artaraq 70-75 mg/m’
toskil edir [7].

ARS00 gacs data Cone NOZ,(ugm3)
R S e T

1.Yeriistii 6lgma naticalori 2. Peyk molumatlar: esasinda

Sakil 1 — 2019-cu ilin iyun ayinda sutka arzinda
NO,- nin konsentrasiyasinin doyismo qrafiki

Figure 1 — Schedule of changes in the concentration
of NO, during the day in June 2019
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Analoji olarag SO, qaz1 ii¢iin geco
saatlarmda bu giymot 8-10 mq/m’ oldugu
halda, saat 08°°-09% arasinda bu qiymsot 2-
2.5 dofs artaraq 17-18 mqg/m’ toskil edir.

Yuxarida qeyd etdik ki, H. Oliyev
prospektindo atmosferi ¢irklondiron gostori-
cilordon biri do, tozun konsentrasiyasinin do-
yismosidir. Olgmalar iyun ayinin 12-don 21-
o kimi miiddatds aparilmis vo miioyyan olun-
musdur ki, tozun konsentrasiyast miixtolif
giinlordo miixtolif gqiymoto malik olmusdur.
Aparilan dlgmolor noticosindo  miioyyan
olunmusdur ki, baxilan giinlordo on boytk,
on yiiksok konsentrasiya iyunun 14-do geydo
alinmigdir. Bunun osas sababi meteoroloji
molumatlara goro, qum firtinalar1 meydana
golmigdir [6, 7].

ARS00 gas data Conc S02,1(gm3)

[ 3 5 i L1 o
Zthun 2tun 2itjun 214k 2iiun 2tun 2un 2Mhun 2Uun 2ithen ien

1.Yertistii 6lgmo naticalari. 2. Peyk malumatlar asasinda

Sakil 2 — 2019-cu ilin iyun ayinda sutka arzinde SO,-
nin konsentrasiyasinin doyismo qrafiki

Figure 2 — Schedule of change in SO, concentration
during the day in June 2019

Sokil 1, 2 vo 3-do yeriistii 6lgmo nati-
colori vo peyk molumatlar1 osasinda alinmig
qiymatlor arasindaki forq ilk névbade olgii
masafasi arasindaki farglar, peyk 6lgmalorine
digor amillorin (xiisuson atmosfer sopslon-
molorinin peyk Ol¢li sistemlorinin xatalar vo
peyk informasiyasinin emali prosesindo ya-
ranan xotalar) tosiri naticosindo yaranir

5m 200 logger data Sample Mass Conc(ugNm3)
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$m200 logger data Sampke Mass CONCGNM3)

7w 12 1z
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1.Yerdistii 6lgma naticalori 2. Peyk malumatlari osasinda

Sokil 3 — Iyun ayinin 13-don 21-o kimi atmosferin
torkibinda tozun konsentrasiyasinin doyisme diaqram

Figure 3 — Diagram of changes in the concentration of
dust in the atmosphere from 13 to 21 June

Cadval 1. Atmosfer Havasinin ¢irklondiricilarinin
Yol Verilon Qatiliq Haddlari (YVQH)

Table 1. Permissible Concentrations of
Atmospheric Air Pollutants (PC)

Cirklondiricilor| YVQH-lori |Ortalama dovrii
(ug/m’)

Benzol 5 1il

Toluol - -
Para-Ksilol - -

NO2 200 1 saat

SO2 350 1 saat

03 (Ozon) 120 8 saat
PM10 50 1 glin

Cadvalds cirklonma doracasinin saviy-
yosini toyin etmok mogsadi ilo qiymotlondiri-
lon ¢irklondiricilorin yol verilo bilon qatiliq
hadlarinin qiymatlori verilmisdir.
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Natica

-Sonaye morkazlorindo atmosferds ge-
don proseslorin izlonilmasi bilavasito Peyk
molumatlar osasinda hoyata kegirilir. Miioy-
yon olunmusdur ki, aerozol konsentrasiyasi-
nin doyismasi atmosferin optik sixligina tosir
gostorir. Aerozolun konsentrasiyasindan asili
olaraq baxilan dovr igciin optik sixliq
10%+35%-o kimi azalmagir miisahido edil-
misdir.

- Miiayyan edilmisdir ki, sonaye gohor-
lorinin istehsal strukturundan asili olaraq at-
mosfera atilan ¢irklondiricilorin ndv torkibi
miixtolif olur. Bizim todqiqatlarda osason
NO2 vo SO2-nin konsentrasiyalarinin doyis-

mo xiisusiyyati analiz olunub vo miixtolif
spektral diapazonda onlarin konsentrasiyasi
hesablanmigdir.

- Aerozol tadqiqatlarinda atmosfers tasir
edon osas amillordon biri do aerozollarin
hiindiirlik iizro paylanma xiisusiyyotidir.
Miioyyon edilib ki, sonaye morkozlorindo ae-
rozollarin hiindiirliiyo goro paylanmasi onun
Olciilorindon vo ¢irklonmo monbaoyinin x{isu-
siyyatindon asili olaraq formalasir. Hiindiir-
lilyo goro paylanan aerozolun konsentrasiya-
siin doyismasi elektromaqnit dalgalarinin
aerozol hissociklorindon udulmast vo sopo-
lonmasi ils izah olunur.
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Abstract

The mineral composition and textural and structural characteristics of ores are studied, also the phases and stages
of mineralization, which are an important source of information on the conditions of formation of the deposit, time
allocation of gold and its spatial association with certain mineral assemblages and associations. Consideration of
these issues can come to an understanding of the factors behind the differences in the scale and extent of gold
deposits of various types, as well as to form a mineralogical search features gold-bearing mineralization.
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Annotasiya

Filizlorin mineral torkibi, tekstur vo struktur xiisusiyyetlori, hamg¢inin yatagin amoalo golmesi, qizilin vaxt
bolgiisii vo miioyyon mineral birlogsmolori ilo mokan birlogmasi sortlori haqqinda mithiim molumat monbayi olan
minerallagma morhalalori Oyronilir. Bu masalolorin  nozerden kegirilmosi, miixtalif ndv qizil yataqlarinin
Oyronilmasing vo axtarig amillorinin hazirlanmasina sabab ola bilor.

Acar sozlor: mineral torkibi, teksturasi, qurulusu, qizil, filiz.
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AHHOTAIINA

W3ydyeHsl MHUHEpaldbHBIA COCTAaB M TEKCTYPHO-CTPYKTYpHBIE XapaKTEPUCTUKH DY, a TaKXKe CTaJAud MUHe-
paiooOpa3oBaHusl, KOTOPHIC SBISIOTCS BaXKHBIM MUCTOYHUKOM HH(pOpManuud 00 yCIOBUAX (OPMHUPOBAHHS MECTO-
POXKIEHUSI, BPEMEHHOM paclpeiesieHUH 30J0Ta M €ro NPOCTPAHCTBEHHOW accolUMalud C ONpeAeseHHbIMU
MUHEPATLHBIMHA  ACCOIMAIMSIMH. PaccMOTpeHHEe 3THUX BOIPOCOB MOXKET TMPUBECTH K TIOHUMaHUIO (HaKTOPOB,
JIeKAIMUX B OCHOBE PAa3IMuWil B MacIiTabax ¥ MPOTSKEHHOCTH MECTOPOKIEHUH 30J10Ta Pa3IMYHbIX TUIIOB, & TAKXKe
K (opMUpPOBaHUIO MUHEPATIOTHIECKUX TTOMCKOBBIX MPU3HAKOB 30JJ0TOHOCHOTO OPYIHEHHUS.

KiioueBble ciioBa: MUHEpaTbHAs KOMIIO3UIIHS, TEKCTYpHAs, CTPYKTypHasi, 30JI0TO, OPYJTHEHHE.
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Introduction

Gedabek gold-copper deposit located in the
Azerbaijan part of the Lok-Karabakh suture
zone. Gedabek gold-copper pyrite deposit was
discovered in the first quarter of the 19th
century, and due to the uniqueness of the
geological structure and the high content of
minerals, including precious metals (Au, Ag),
for more than one and a half centuries has
attracted the attention of many researchers and
practitioners. Development of the field began
in 1864 by the German concession Siemens
brothers and lasted until the end of 1917.
During this period, was produced 1,720
thousand tons of ore from which copper
smelted about 58,047.5 m and simultaneously
removed more than 3 tons of gold and 57 tons
of silver.

Since 1917 in the field exploration
conducted intermittently until 1989. From
1989 to 1997 research works were carried out
by of the SCGSRI. In 1997, he signed a
contract with the American company "RV
Investment Group Servises LLC" and on the
basis of this contract from 2009 to the present
field is operated.

Geology. Gedabek deposit is located within
the Shamkir raise Locke Agdam metallogenic
zones of the Lesser Caucasus.The geological
structure of the deposit involves deposition
Middle and Upper Jurassic. Middle Jurassic
volcanic rocks represented by the lower and
upper Bajocian, Bathonian and Callovian.
Volcanics of the Lower Bajocian-basalt,
andesite and tuff, in the halo of the same name
intrusion  homfelsed Upper
Bajocian presented by rhyolites, which cover
the deposits of the lower Bajocian-rhyolites,
hydrothermal quartzite. Breed Bathonian Stage
transgressivly overlap the thickness of rhyolite
and stacked basalt, andesite and partly their

intensively.

tuffs and tuffs breccias. In turn overlap sedi-
mentary-tuffaceous and carbonate sediments of
Callovian-Oxfordian stages (fig.1).

Work methods. Mineral composition of
the ore is set in a result of field documentation,
microscopic study of polished sections,
interpreting the chemical analytical data. For
the minerals diagnosis used the of X-rays,
measurements sectors of reflection, and a laser
and X-ray microanalyses.

Figure 1. Geology map of the Gedabek deposit

The solution of the problem. The ore
mineralogical composition of the Gedabek
field at different times were studied by several
researchers (Efendiyev, 1957 Kerimov, 1963
Stileymanov 1982, Guseynov, 1989). Results
sets, that in this field the main ore-forming
minerals are pyrite, chalcopyrite, sphalerite,
minor - galena, molybdenite, bomite, rutile,
native gold, native silver, of vein-quartz, cal-
cite, barite, of supergene-hydroxides, chalco-
cite, covellite, malachite, azurite, cuprite,
native copper.

In connection with the start of mining
activities in this field, there is a need for a
detailed study of the mineral composition. To
this end, field documentation of open workings
microscopic study of polished sections, the
interpretation of chemical analytical data.
Minerals used for the diagnosis of X-ray and
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laser microanalysis. As a result of these
studies, in addition to previously established
for the first time we have found some new
minerals for Gedabek field [4] (Table 1).

Table 1. List of minerals, ores diagnosed
Gedabek field
Hypogene

Ore

pvrite, chalcopyrite. sphalerite.

The extent of

nonmetallic supergene

The main quartz.barite

arsenopvrite, pyrrhotite, galena,
tetrahedrite, Mushketov, magnetite,
hematite, magmeit * Waller Minne *,
cubanite, molybdenite *. marcasite,
pentlandite. bravoite, bomite,
Linnaeus *, rutile, native gold, native
silver

hydroxyls,
iron,
chalcocite,
covellite,
malachite,

calcite, sericite,
chlorite,
heulandite *

secondary

native copper

* - Minerals first discovered by the authors
The main sulfide minerals characterized as
follows:

Pyrite. Quantitatively dominant ore
mineral, common in massive and disseminated
ores, as well as near-ore metasomatic. He 1is
represented by two generations (pyrite-I,
pyrite-1I). Pyrite 1 forms embedded in seri-
citized and silicified rocks, and characterized
by a high degree of idiomorphism. Also found
in malachit. (Fig. 2a, b).

B g i
Figure 2. Varieties of pyrite aggregates

In massive pyrite ores forms continuous
granular aggregates (Fig.2c). Etching it in
crystals revealed concentric-zonal structure
(Fig.2 d). Pyrite II in the form of single

azunte, cuprite

crystals and isometric rozetchatyh aggregates
found in chalcopyrite. This generation is
viewed as a product sulphidation chalcopyrite,
apparently formed by metasomatic.
Microscopic visible dissolving gold in pyrite 11
were detected. Perhaps the presence of fine
gold.

Chalcopyrite. The average content of
chalcopyrite ores pyrite-chalcopyrite- sphale-
rite type is about 0,2%, but in some areas can
be observed prevalence of chalcopyrite and
grouting them euhedral crystals and scattered
grains of pyrite II. Yet bowl chalcopyrite is su-
bordinate to fill the interstices between pyrite
crystals, replacing them with the periphery,
getting them to cracks. Closely associated with
chalcopyrite ore tetrahedrite and sphalerite also
bomite, covellite (Fig. 3a). Covellite observed
as fringes, on the periphery of the developing
chalcopyrite grains (Fig. 3b). Unlike pyrite II,
in chalcopyrite appears visible gold. This is
probably due to the redeposition of gold in the
formation of the second stage of ore
deposition. Microscopically visible isolation of
native gold are presented in Figure 3 c, d.

Figure 3. Variety of aggregates of chalcopyrite

Sphalerite. Enjoy  wide spread
distribution, although the average mineral
content does not exceed a percentand only in
some local areasreaches 2- 5%. Sphalerite
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usually develops in the interstices of pyrite
crystal sand quartz II as xeromorphic selec-
tions. Always contain scoarse sphalerite dis-
seminated chalcopyrite. Allocation chal-
copyrite dominantsiz €3.0 microns distributed
unevenly sphalerite matrix, forming a cloud
clusters nearcracksand twinjointsthat act as
diffusion flows. Peripherals sphalerite grains
free of chalcopyrite inclusions, butthe latter
forms Kai 10-20 microns thick around the
grains of sphalerite. All this allows us to
assume that, chalcopyrite in sphalerite is the
product of the loss of high-solid solution. Is
often inter grown with covellite and chalcocite
(Fig.4a).

Galena. Galena is in great development in
ore Gedabey field, but always quantitatively
inferior to the other main sulphides. The
content in the ores galena does not exceed 3-
5%, and usually occurs in the form of isolated
grains of irregular shape, filling the spaces
between sphalerite and chalcopyrite, indicating
a later his education in relation to the latter, is
often associated with chalcopyrite (Fig. 4 b).

Figure 4. Variety of aggregates of a) sphalerite, b)
galena, c) rutile and d) magnetite

Bornite. Bornite is distributed unevenly hi
the ore, forming in some cases, large clusters,
cementing pyrite crystals and aggregates. The

regularly oriented lamellar of chalcopyrite and
chalcopyriterims inclusions are characterized
for bomite, which is presented asselection
product of the solid solution and point to the
relatively high temperature of formation.
Therefore, the primary nature bomite, along
with the implication that there are signs of
bomite chalcocite, who had a secondary origin,
often associated with chalcopyrite (Fig. 3a).

Native gold. Visible gold in the Gadabay
ore deposits found in chalcopyrite (Fig. 3, d).
The thin dispersion gold founded pyrite and
arsenopyrite by analytical studies. There is the
insignificantly Native silver in this field. Not
funded in polished section

Rutile. Rutile is a rare mineral in the ores
of the deposit occurs as single small isometric
grains, the size in hundredths or tenths of a
millimeter. Associated with sulphides early
pyrite mineralization. Rarely associated with
iron hydroxides (Fig. 4c). Hydroxides as the
main product of oxidation of sulphide ores are
very common in the field. The formation of
iron hydroxides occurred as a result of various
implication iron minerals pyrite, chalcopyrite,
hematite and magnetite (Fig. 4d) in oxidized
conditions. Chalcocite. Chalcocite in small
numbers in the ore deposit and are distributed
only in the oxidation zone of copper pyrite
ores, where it fonns thin rims and pallets
around the selection of chalcopyrite, bomite
less, due to which it was formed. Often fonns
chart chalcocite and covellite intergrowths,
which is closely associated.

Covellite. Covellite enjoys relatively more
extensive development than chalcocite, but
does not form large aggregates. The only
exception is the northern flank Gedabek
deposit, which have accumulated considerable
congestion kovellin ore, consisting of pyrite
kovellin mixed with chalcocite, cuprite and
native copper. Covellite observed under the
microscope in the form of fringes, stacks on
chalcopyrite (Fig. 3 b).
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Malachite, azurite, cuprite. These
minerals are often associated with each other
and form different rims, shells, sinter forms in
sulfide ores, the oxidation of which they were
formed.

Native copper is very common mineral in
the ores of the deposit, but does not create
large clusters, found in almost all openings,
forming his characteristic dendrites irregular.
The formation of copper, apparently results
from the interaction of copper sulfate and iron.

It should be noted that the article focuses
on the first found minerals that give the
opportunity to supplement mineral
composition.

Maghemite in their optical data between
intermediate mineral hematite and magnetite,
and first discovered by us in Gedabek field.

Usually associated with hematite and
magnetite, sulphides of iron, cobalt, nickel,
copper, lead and zinc.

Color of the mineral magnetite in the
presence of blue - gray, in the presence of
hematite and hydroxyls takes pink. Reflectivity
maghemite significantly lower than that of
magnetite, anisotropic, gives brown internal
reflexes, develops magnetite all varieties. In
contrast to the nature of hematite magnetite
maghemite a replacement, it develops in the
center predominantly = magnetite  grains
(characterized by irregular grains), which are
rare remnants of constant * brownish
magnetite.

Linnaeus first set us Gedabek ore deposit.
It is associated with chalcopyrite, sphalerite,
arsenopyrite, galena, quartz, calcite and
supergene minerals. Forms irregular shape of a
selected size from 0.011 to 0.2 mm.

Pinkish-white color, depending on the
isomorphic impurities ranging from red to
cream. Reflectivity is very close to
chalcopyrite. The results of measurements of
the reflection linneita shown in Table 2.

Linneit teetched HCL (1:1) here is its
zonal structure. Micro hardness linneit a Hep
=5351kg/mm2at loadP =20-50gaussshared
=470+ 0,002g/cm3; linneitachemical compo-
sition was determined by electronmicroprobe
(Table) MS-46 “CAMECA”(weight%): Co-45,
0; 2,0; Fe-4, 0; Cu-7, 0,42.0.

Table 2. The results reflect the changes in the
spectra(Rm,%) Linneit a of Gedabek deposit

Wavelength, o, nm Sam.I".200
440 57.3
460 56,1
480 55,0
500 53,0
520 50,0
540 47,0
560 46,0
580 45,0
600 442
620 46,1
640 46,0
660 45,5
680 47,0
700 47,1
720 45,5
740 44,7

Note: Themeasurements were performedon the
"[IMOH" (portable pulsednano second single block) in
the laboratory by L.N.Vyalsov MTEMPAH (Institute of
Geology of Ore Deposits, Petrography, Mineralogy and
Geochemistry of Russian Academy of Sciences)

Molybdenite was first installed by us in
Gedabek field.It is found in the form of small
phenocrystsnestssize 0,001-0.1mm, rarelyup to
1.0 mm. Sometimes forms large radiating,
scale selection, also in places meet its crystals
like plate intergrown with pyrite.

In reflected light,white andoft-
whiteishighly reflective. Double reflectionis
very stronganisotropic. The reflection spectra
ofmolybdeniteare shown in Table 3.
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Table 3. The results reflect changes impectors
(Rm,%) Molybdenite from Gedabek deposit

Wavelength, a, nm Sam.F.201
440 46,7
460 46,0
480 46,7
500 47,0
520 47,5
540 48,3
560 49,4
580 50,4
600 51,4
620 52,5
640 53,0
660 53,8
680 53,9
700 53,8
720 55,2
740 55,2
760 55,4
780 56,2
800 57,5
850 58,8
900 59,6
950 61,0
1000 52,4
1050 63,6
1100 64,6

Note: The measurements were performed on the
"[IMOH" (portable pulsed nanosecond single block) by
L.N.Vyalsovin the laboratory HTEMPAH (Institute of
Geology of Ore Deposits, Petrography, Mineralogy and
Geochemistry of Russian Academy of Sciences)

Microhardness of molybdenum Hp =59+0,05
kgf/mm®

The chemical composition of Gyzylbulag
molybdenite deposit determined by microprobe
- 46 "Sateka"

Spectral analysis of molybdenite shows a
small amount of impurity following (in%): iron
(0.01-1.0), copper (0.05-0.1), bismuth -0.1),
titanium (0.002-0.005), magnesium (0,0001-
0,07), barium -0.02).

Heulandite first installed by us in
Gedabek field. It is a significant part of calcite
veinlets presented translucent light-colored

tabular unit, composing near-bandage areas.
Sometimes fills voids in rocks, forming a brush
tabular crystals.

Indices of refraction for heulandite Npl =
1,502 0,001; Ngl = 1,493 0,001. optical data
and forms crystals typical heulandite.

Textural-structural peculiarities of ore.
Principle factors, causing to formation of
different textural types and structural
interrelations are: morphologic peculiarities of
ore minerals, character of ore solutions and
mineral covering cavities, interrelation of ore
minerals and so on, alterations, which the
minerals imposing at the result of post-hard
tectonic processes. Distribution of textural
types of minerals of Gedabek deposit in
vertical sections conforms to the laws: upward
successively replaced vein-disseminated ores,
localized in secondary quartzite, massive
copper- sulfur and disseminated ores in mono
quartzite [3]. There are spot, brecciated,
venous, disseminated, vein-disseminated
cement texture. There are dominancy of
disseminated and vein-disseminated texture in
volume of ore deposit, characterizing with
significant dominancy rock forming and vein
minerals on sulphides. In relation sulfides
among them are the types of pyrite, pyrite-
chalcopyrite and pyrite-chalcopyrite-sphalerite
ores.

Phenocrysts  presented by  pyrite,
ehalcopyrite, sphalerite, sometimes galena.
There are pyrite, pyrite- ehalcopyrite

composition with thickness to 5-8 mm in the
transition zone, especially intensive apparent in
expositive brecciate, characterizing of high
transmissivity.

Spotty texture (fig 5.a) small-scale
spreaded and developed only in area of
contacts of ore bodies with lateral rocks. It
forms by fine grain aggregates of pyrite
developed in areola of secondary quartzites

and quartz.
Vein texture refers to so-called non-
homogenous texture and has gradual

transitions to disseminated ores. This texture
characterizes by timing spread of mineral
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aggregates, constituent of vein and principle
mass of ores. Such textural forms characterize
for pyrite, frequently with composition of
chalcopyrite. In this case lately formed pyrite
vein cements with chalcopyrite (fig 5.b).
Sometimes these veins have loop structure.

Brecciated texture has great similarity
with loop structure according to external
image. It has limited spreading at deposit and
usually composes peripheral parts of ore
bodies. It formed at the result of penetration of
ore liquid with purely pyrite composition to
secondary  quartzites with  disseminated
pyritisation on net of cracks of possible
directions (fig 5.c).

IR S

Figure 5. a) Spotted texture. Fine-grained pyrite
aggregates in secondary quartzites. 90 x b) Vein texture.
x 165, ¢) Brecciated texture. d) Interspersed texture. x
130.

Cement texture is peculiar for three
mineral associations where ore forming
minerals, in this case chalcopyrite and pyrite,
cements fragments of intervening quartz rocks.
It should be noted cementation of well-formed
crystals of quartz with chalcopyrite, beside,
latter dominates quantitatively on first.

Disseminated texture wide spreaded in the
region and is peculiar for pyrite. Depending on
scale of grain and density the disseminated
texture presents significant diversity. It founds
with direct contact with massive ore bodies
and quartzites (fig 5.d). This texture forms

from chalcopyrite, sfaleryte in addition to
pyrite.

There are spread structure, cellular and
migrating-shell textures in hypergenesis zone
of Gedabek deposit the characteristic feature of
which is the development of concentrically
zoned aggregates of oxides and hydroxides of
iron and manganese, as well as complex
combination of relict sulfides in cavities filled
with secondary minerals.

Structural peculiarities of ores of Gedabak
deposit differs with great differences [2].

There are initial structures, regarded
directly to processes of ore deposition and
secondary-formed at  the  result of

fragmentation of ores and in zones of oxidation
under effect of external aggregates.

Ores of deposits, characterizing mainly
with grain structures, which are extremely
different on their morphologic peculiarities (fig
6.a).

Figure 6. a) The granular structure formed pyrite grains
in combination with chalcopyrite. 90 x b) Subgraphic
structure. Accretion of bornite with galena. x 90, c)
Cataclastic structure x90 d). Looped structure.
Chalcopyrite is replaced by cracks hydroxides of iron. x
130.

Structure of destruction of hard liquid
mainly wide development and found in ores of
Gedabek deposit and more characteristically
for chalcopyrite and shpalerite, where always
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interventions of cubanite, valerite, sphalerite
are found, in second turn chalcopyrite and
pyrotine. Product of destruction of hard liquid
is fire like allocation of pentlandite in pyrotine.
Subgrahic structures (fig 6.b) arise at the result
of destruction of hard liquid (decomposition
faded ore with forming the oriented
intergrowths of pyrite, sphalerite, arsenopyrite,
chalcopyrite) and in zone of hypergenesis-
legitimate accretion of bornite, chalcosine,
coveline with chalcopyrite, sometimes with
halenyte. Structures of substitution observed in
location of chalcopyrite, gray copper ore on
early formed minerals, mainly in pyrite.

Cataclastic structures developed signify-
cantly less in complete ores in comparison
with structures of deposits and substitution, but
relatively it frequently stated near contacts of
diabase, cutting sulfur ore bodies. Cataclastic
structures are found mainly in zones of post
ore fragmentation-on lines of tectonic
violations (fig 6.c).

And different corrosion structures broadly
developed, which in more intensity reached the
edge side parts of ore rods in maximal copper -
zinc ore development spaces.

Loop and concentric zonal structure are
stated in described deposit (fig 6.d).

Staged and phases of mineral forming
ores. Study of phasing of mineral forming
allows determine dynamicity of formation of
deposit, important genetic aspects and zone
distribution of ore agent. As a reliable criteria
for identifying the stages of mineralization are
the intersection of the earliest communities of
mineral veins and veinlets later stages of
brecciation and previously deferred ore,
accompanied by cementation of mineral
masses of debris arising from more recent
solutions [1].

The basis of allocation of mineral phases
in the study focuses on: changes in the
composition of mineral associations and

structural textural features of ores, featured
intraoral metamorphism, accompanied by
crushing, cementation, the intersection of the
earliest  associations later, temperature
parameters. Character of presentation of
metacrystals of ore and non-ore minerals is

examined for proper interpretation of
sequence.
Study of mineral composition and

textural-structural parameters of the Gedabek
deposit allows us to define in their formation
two non-equal stages of mineralization:
hypogenous and hyperegenous.

Hypogene mineralization stage is a long
process, which established several stages of
mineralization (quartz-pyrite, pyrite-sphalerite,
quartz-carbonate) characterized by certain
mineral assemblages and separated by tectonic
shifts (intersection and cementation) and a
relatively short intervals of time, during the
change of the composition and concentration
of the ore-bearing solutions.

Gold stated in quartz-pyrite ores in thin-
disperse condition. Thin dissemination of gold
is concentrated in early generation of pyrite.

Productive pyrite-chalcopyrite-sphalerite
stage of mineralization, which widely deve-
loped directly under channel in type of stock-
work deposited to early formed sulfuric-sulfur
ores after period of inter stage fragmentation,
schistosity and metamorphism of ores.

Process finishes with deposition of pro-
ducts of quartz -carbonate stage. They bear
significant signs of deposited, lately character
of mineralization. There is small-scale of gold.

During hyperegenous stage of mine-
ralization formed secondary minerals at the
expense of alteration of initial sulfides ores in
zone of oxidation.

Thus, ores of described deposits formed
during short period of geologic time and in this
case stated zoning could not be conditioned
with stratigraphic or other factors. It apparently
regards with sum of acting reasons: 1) multiple
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opening of cracks during migration of front in
space; 2) staging coming of ore forming
solutions, changing their composition on time
on background of general reduction of
temperature; 3) several diffuse penetration of
ore forming agents.

Talking about role of ore-covering rocks
in formation of zoning it should be noted that it
arise in weakly expressed zoning in distribu-
tion of vein minerals around-ore- altered rocks
relatively to parameters and so on, ore
controlling fractures [4].

Staging of ore formation and sequence of
secretion of minerals, stated in scheme.

The solution of the problem. The mineral
composition and texture-structural features of
the ores of the Gadabay deposit were esta-
blished as a result of microscopic examination
of polished sections, interpretation of chemical
and analytical data. To diagnose minerals, X-
ray diffraction, measurement of reflection
sectors, X-ray spectral and laser microanalysis
were used.

The study of the mineral composition and
textural-structural features of the ores allowed
us to determine the stages of ore formation and
the sequence of minerals extraction in this
deposit.

Conclusions.

The results of the work on the mineral
composition of ore deposits Gedabek
concluded the following conclusions:

A microscopic study of the huge amount
of polished sections and Interpretation
chemical analytical data of the ore deposit was
first discovered following minerals, maghe-
mite, lynn, rninna, molybdenite, heulandite.

Set the tune of separation of gold and its
paragenetic relationship with certain minerals
(pyrite, chalcopyrite).

The results of mineralogical and analytical
studies have shown that the main carrier of
gold in Gedabek field is the early pyrite. Gold
in this mineral is thin dispersion condition. In
chalcopyrite observed visible gold, which is
probably related to the second stage of ore
deposition.

Established structural-textural features of
ores, which have scientific and practical
importance in the study of the ore formation
conditions of the Gedabek deposit.

The results have a great practical impor-
tance in the right choosing.
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