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Abstract

Theoretical and experimental studies of conductive heat transfer during the frictional interaction of
brake friction pairs based on the gradient theory regarding circular isotherms, which allow the formation
of energy loading modes, made it possible to obtain the following results: patterns of changes in the heat
flow passing through the thickness of the metal friction element depending on its thermal resistance and
volume temperature; the patterns of changes in the thermal resistance of a metal element depending on its
thickness and the thermal conductivity coefficients of materials, varying within the range of
(20-200) W/(m-°C), are given; the following total electric microcurrents have been established: contact
electrification, frictional mass transfer, sorption-desorption, reverse discharge, depending on the work
function of particles from the surfaces of the metal and polymer element; while the latter is considered at
different surface-volume temperatures; the different nature of electric and heat flows nevertheless has the
same approach to their potential, and as a consequence, to the resistance of microprotrusions of the
surfaces of brake friction pairs; isotherm levels corresponding to the surface and subsurface layers of the
metal friction element indicate their loading modes; at a minimum temperature gradient — steady; at
maximum, conductive heat transfer is intensified.
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9.X. Canahmadov?, D.A. Volcenko?, M.Ya. Cavadov?, N.A. Vol¢enko®,
V.S. Skripnik®, D.Yu. Juravlev?, A.V. Vozmy®
Y Azarbaycan Milli Aviasiya Akademiyasi (Mardakan pr. 30, Baki, AZ1045, Azorbaycan)
2 [vano-Frankivsk Milli Texniki Neft va Qaz Universiteti (Karpatska kii¢. 15, Ivano-Frankivsk, 76019, Ukrayna)
3Azarbaycan Miihandislik Akademiyasi (Mardakan pr. 30, Baki, AZ1045, Azarbaycan)
4 Kuban Doviat Texnologiya Universiteti (Moskovskaya kiic. 2, Krasnodar, 350072, Rusiya)
SMilli Nagliyyat Universitetinin Ixtisaslasdirilmis Kolleci (Soborna kii¢. 117, Nadvirna, Ivano-Frankivsk vilayati,
78400, Ukrayna)
& Xarkov Milli Avtomobil va Yol Universiteti (Yaroslav Mudri kiig. 25, Xarkov, 61002, Ukrayna)
Xiilasa

Mogalads enerji yiiklonmasi rejimlorinin formalagsmasina imkan veran dairavi izotermloro aid gradient
nozariyyasi osasinda oyloclorin siirtiinma ciitiindoa friksion qarsilight tosir zamani konduktiv istilik miibadilosinin
nozari va eksperimental tadgigatlar: toqdim olunub. Metal siirtiinmo elementinin galinhigindan kegon istilik axinimin
doyismo ganunauygunluglart onun termik miigavimatindon vo hacmi temperaturundan asili olaraq miiayyan edilib;
metal elementin termik miigavimotinin onun qalinhigindan vo (20-200)Vt/(m-“S) diapazonunda doyigon materiallarin
istilik kegiricilik omsallarindan asili olaraq doyisme qanunauygunluglart verilib; asagidaki tmumi elektrik
mikrocarayanlar verilib: metal vo polimer elementin sathlorindon hissaciklorin is funksiyasindan asili olaraq kontakt
elektriklagdirilmasi, friksion kiitla 6tiiriilmasi, sorbsiya-desorbsiyasi, oks bosalmasi; metal stirtiinma elementinin soth
Vo Sothalti tobogolorina uygun golon izoterm soviyyslori onlarin yiitklonmo rejimlorini gostorir; konduktiv istilik
miibadilasi minimum temperatur gradientinds — sabit qalir; maksimumda — intensivlosir.
Agar sozlor: ayloc qurgusu, siirtiinmo ciitii, sath vo Sathalti tobaqpo, istilikkegiricilik amsali, konduktiv istilik

miibadilasi.
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AHHOTALUA.

B crarbe NpUBOAATCS TEOPETUUECKHE W IKCIIEPUMEHTANIbHBIE HCCIIEJ0BAHUS KOHAYKTHBHOTO TEIIOOOMEeHa
npu  (PUKIMOHHOM B3aWMOJCHCTBUM Tap TPEHHWS TOPMO30B HA OCHOBE TPAJMEHTHOW TEOpPHM, Kacarollencs
KPYTOBBIX HM30TE€PM, KOTOpbIE TIO3BOJIIIOT (OPMHPOBATh PEKMMBI IHEPrOHATPYKEHHOCTH. Y CTAHOBJIEHBI
3aKOHOMEPHOCTH M3MEHEHHMs TEIUIOBOTO MOTOKA, MPOXOJSIIET0 Yepe3 TONIIMHY METaUIMYecKOro (ppUKIHOHHOTO
JIEMEHTa B 3aBHCUMOCTH OT TEPMHYECKOTO COIPOTHBICHWS W OOBEMHOW TeMIEparypbl; IpHUBEICHBI
3aKOHOMEPHOCTH H3MEHEHUs] TEPMUYECKOTO CONPOTHBIICHHUS METAIIIMYECKOr0 3JIEMEHTa OT €ro TOJIIIMHBI U
KO3()(pMIIMEHTOB TEIJIONPOBOAHOCTH MarepuasioB B mpeaenax 20-200 Bt/(m-°C); ycTaHOBIEHBI CyMMapHbIE
JNEKTPUYECKHE MHUKPOTOKM: KOHTAKTHOM JIIEKTpH3alWd, (PUKIMOHHOTO MAacCOlepeHoca, COPOIHMOHHO-
NeCOpOIIMOHHBIN, 00paTHBINA Pa3psAHBIN B 3aBHCHMOCTH OT BBIXOJ]a YaCTHI[ C MOBEPXHOCTEH METAIIUYECKOTO H
MOJMMEPHOTO0 JJIEMEHTa; YPOBHH H30TEpPM, OTBEYAION[HE [OBEPXHOCTHBIM M MOJIIOBEPXHOCTHBIM  CJIOSIM
METATMYECKOT0 (PUKIUOHHOTO 3JIEMEHTAa YKa3bIBAIOT HAa PEXHMMBbI UX HArpYKEHHOCTH; TPH MHUHUMAJIbHOM

TEMIIEPATYPHOM TPaJUEHTe HHTECUPHUIUPYETCS YCTAHOBMBIIMUCS, I[PH MAaKCUMaAbHOM — KOHIYKTHBHBIN
TEI000MEH.
KiroueBble c10Ba: TOPMO3HOE YCTPOWCTBO, IMapa TPEHUsI, OBEPXHOCTHBIA U TMOIIOBEPXHOCTHBIA CIIOH,

K03()(PULIMEHT TEIUIONPOBOAHOCTH, KOHAYKTHBHBIN TEIIOOOMEH.
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Introduction

The energy load of friction pairs during
electro-thermo-mechanical friction interaction
is influenced by pulsed specific loads, the
coefficient of mutual overlap of friction pairs
and sliding speeds, not to the same extent as
the influence of the surface-volume tem-
perature of the surface and subsurface layers
of metal friction elements. The problem of
heat transfer from the polished working
surface of a metal rotating element to its matte
surface is carried out by a flow of electrons
using conductive (heat transfer) heat transfer.
In the latter, the coefficient of thermal
conductivity plays an important role along
with the levels of temperature gradients across
the layers of thickness of the metal friction
element.

Analysis of literary sources and the state of
the problem

A characteristic of the level of thermal
energy is the surface-volume temperature of
the surface and subsurface layers of metal
friction elements. It acts as a barometer of the
energy load of the elements of metal-polymer
brake friction pairs [1-5].

In [1, 2] it is shown that the amount of
heat transferred through a vertically located
metal flat wall is directly proportional to the
temperature difference between the hot (t1)
and cold (t2) surface of the wall, its area (A)
and time (t), as well as thermal conductivity
coefficient () of the wall material and
inversely proportional to the thickness (5) of
the wall. However, when estimating the
amount of heat during electrothermo-
mechanical friction, it is necessary to take into
account the zones of discrete contact and
electrical resistance of microprotrusions of
metal-polymer brake friction pairs. When
calculating the thermal regime of solids [6-8],

nothing is said about their surface-volume
temperature, which is the main operational
parameter in metal-polymer friction pairs of
braking devices.

The problem of heat transfer from the
working polished to matte surface of a metal
friction element, the thermal conductivity of
which is its main characteristic. So, when
determining the heat transfer coefficient (K) of
a horizontal element washed by a medium
with different heat transfer coefficients (o1 and
a2), in this case they use a dependence of the

form [1]

where 1/, 8/, 1/ -thermal resistances.
Jo 00" e

In this case, the thermal conductivity
coefficient (1) of cast iron and steel from
which the metal friction element is made is a
fixed value. Increase (K) possibility (when
ai1=const, az=const) only by reducing the
thickness (8) of the friction element. However,
the possibilities of reducing (5) are extremely
limited since the thickness negatively affects
the strength characteristics of the element.

Thus, the surface-volume temperature of
the surface and subsurface layer of materials
of friction pairs determines not only their
thermal stress, but also the energy state and
heat transfer modes according to the theory of
gradient temperatures.

Based on the above, an algorithm
(Fig. 1) for studying conductive heat transfer
is proposed.

The purpose of the work is to estimate
the levels of isotherms corresponding to the
surface and subsurface layers of metal friction
elements based on their temperature gradients
during the electrothermo-mechanical interact-
tion of microprotrusions of brake friction
pairs.
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Conductive heat transfer

v

Coefficient of thermal conductivitv

y

Contact thermal conductivity

v

Electrical and thermal contact resistance

v

Intensification of heat transfer due to
conductive heat transfer

Figure 1 — Determination of thermodynamic
parameters of friction pairs of brake devices
during conductive heat transfer

Basic principles of the theory of
conductive (heat transfer) heat transfer in
friction pairs of brake devices. The process
of thermal conductivity, like other types of
heat exchange, occurs only under conditions
when the surface-volume temperatures of the
surface and subsurface layers of metal-
polymer friction pairs at different points or
tribosystems are not the same. The study of
surface-volume temperature comes down to
considering  thermal conductivity  in
spatiotemporal changes, i.e., to finding the
equation

t=tx,y, z 1). 1)
where X, y, z — coordinates of a point in the
interface of friction pairs; T — braking time.

Equation (1) is a mathematical
expression of a non-stationary temperature
field that changes over time. The surface-
volume temperature at the interface of friction

pairs varies from one, two or three
coordinates. In accordance with this, one-
dimensional, two-dimensional and three-
dimensional temperature fields are

distinguished. The temperature field can be
characterized by a series of isothermal
surfaces. An isothermal surface is understood
as the geometric location of points with the
same temperature. Isothermal surfaces do not
intersect and do not break off inside the metal
friction element - they can be located both
inside and at the interface (Fig. 2 a).

b/ | _/

/—\ f-At
Figure 2 a, b — Isotherms in a metal friction
element (a) and their levels when determining the
temperature gradient (b)

By the location of isotherms in a metal
friction element, you can estimate the intensity
of temperature changes in different directions;
the more often the isotherms are located, the
more intense the temperature changes. In
Fig. 2 b shows isotherms whose temperatures
differ by 4t, and the normal distance between
them is 4n. The temperature in the body of the
metal friction element changes only in
directions intersecting the isothermal surfaces.
In this case, the greatest temperature
difference per unit length occurs in the
direction of the normal to the isothermal
surface. The ratio At/4An characterizes the
intensity of temperature changes between
isotherms.

The derivative of temperature normal to
an isothermal surface is called the temperature
gradient. Temperature gradient is a vector
quantity directed normal to the isotherm in the
direction of increasing temperature:



Azarbaycan Miihandislik Akademiyasinin Xoborlori
2024, cild 16, M2 2, s. 24-33
O.X. Canahmadov va basq.

Herald of the Azerbaijan Engineering Academy
2024, vol. 16, Ae 2, pp. 24-33
A.Kh. Janahmadov et al.

At ot

radt= lim —=n, —, 2

g An—=0 AN 0 on ( )

where ng — unit vector, normal to the

isothermal surface and directed towards

increasing temperature; a normal
on

derivative of temperature.

The value 2 in the decreasing direction
on

is negative. Vector projections grad t to

coordinates axes ox, oy, 0z will be equal.
ot ot

radt), = —cos{n", x)=—

(gradt), an ( ) X

ot ot
dt), = L cogn, y)= 3
(gra )y P cos(n y) Y ©)

ot ot
dt = — ﬂ, = —
(gradt), o cos(n z) 5

The basic law of thermal conductivity is
the hypothesis proposed by J. Fourier about
the proportionality of heat flow to the
temperature gradient. According to this
hypothesis, the amount of heat 6Q1 passing
through an isothermal surface element dH
over a period of time dr, proportional to

.ot
temperature gradient —:
on

Q=-2%dH. dt ), )
an
where A — proportionality coefficient, which is
further called the thermal conductivity
coefficient, W/(m-°C).

The minus sign in equation (4) reflects
the opposite directions of the heat flow and
temperature gradient vectors.

The amount of transferred heat passing
per unit time through a unit area of an
isothermal surface is called heat flux density:

q =éQ/det=—/13r: (W/m2)  (5)

Formulas (4) and (5) are the
mathematical expression of Fourier's law.

From equation (5) it is clear that the thermal
conductivity coefficient is numerically equal
to the amount of heat that passes per unit time
through a unit surface with a temperature
gradient equal to unity:
q
gradt

» (W/(m-C)) (6)

The thermal conductivity coefficient is
an important thermophysical characteristic of
a substance, determining its ability to conduct
heat through direct contact of the structural
particles of the substance. The value of A
depends on the nature of the substance, its
structure, temperature and a number of other
factors. The metals of the friction elements
(steel, cast iron) have the highest thermal
conductivity coefficient, and the lowest is the
gases that form when the binding components
burn out from the surface and subsurface
layers of the polymer lining.

An analysis of the dependence of the
thermal conductivity  coefficient  on
temperature shows that for most solids, liquids
and gases at moderate temperatures the
dependence can be approximately estimated
by a linear function.

A=A,(L£Dt) (7
where Lo — thermal conductivity coefficient of
the material at t=0 °C; b — experimental
constant.

For pure metals, the value of A varies
from 500 to 10 W/(m-°C). With increasing
temperature, the coefficient A for most metals
decreases.  The  thermal  conductivity
coefficient of metals can change sharply due
to the amount of impurities. Unlike pure
metals, the thermal conductivity coefficient of
alloys increases with increasing temperature,
which can be explained by an increase in
structural inhomogeneities, which lead to
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electron scattering. The coefficient A for a
mixture of metals does not change in
proportion to the number of components
included in the mixture. It also depends on the
type of thermal and mechanical treatment of
the metal.

Liquids (except molten metals) have a
small coefficient 1 (0.09 + 0.07) W/(m-°C).
For most liquids (except water and glycerin),
the thermal conductivity coefficient decreases
with increasing temperature. Liquid metals
have significantly higher thermal conductivity
(A =7 - 90 (W/(m~°C)). Gases and vapors
conduct heat poorly by thermal conductivity
(A =0.006 ~ 0.6 (W/m-°C)). Coefficient A for
gases increases with increasing temperature.

Interfaces are boundary isotherms in
friction pairs that resist heat flow. The latter
divided by the difference in surface-volume
temperatures of the surface and subsurface
layers of friction pairs, i.e., between the
interfaces is called the contact thermal
conductivity of the connection. Since the
hard surfaces of metal-polymer friction pairs
are never absolutely smooth, they come into
contact only in certain areas of
microprotrusions, and the volume of voids
between which is usually filled with washing
air or wear products. Heat transfer through the
interface is carried out mainly by thermal
conduction through the layer of media filling
the wvoids and through the protruding
microprotrusions of the surfaces in direct
contact with each other. The layer of the
medium is very thin and therefore convective
heat transfer does not take place, and heat
transfer by radiation through the gaps at
normal surface-volume temperatures below
those permissible for polymer overlay
materials is negligible. Contact thermal
conductivity is essentially determined by two

resistances: the resistance of the medium layer
and the resistance of the areas in direct contact
with each other.

Contact thermal and electrical
resistance of layers of friction pairs of
brakes. The problem of heat transfers from a
metal friction element during electrothermo-
mechanical friction of brake device interfaces
to the air washing them when the vehicle is
moving is the most important problem of
reducing the energy load of friction pairs of
brake devices. The thermal conductivity of the

friction element material is its main
characteristic and is related to the heat flow
_ At
q= 5

where A is the thermal conductivity

coefficient, W/(m-°C); At — temperature jump

due to contact thermal resistance in the

interface, °C; 0 — thickness of surface layers of
mating friction pairs, m.

The heat flow can be expressed as

follows

RC

A= (8)

where R; — thermal resistance along the

thickness of the surface layers of the interface,

W- <)

mm 2

According to the graphical dependence
of the form q=u1(2/q, t) (Fig. 3) for the friction
belt of a self-ventilated disc, it is clear that
with an increase in heat flow in the brake
friction pairs, an increase in thermal resistance
is observed, and as a consequence, an increase
in the surface-volume temperature in the
interface. As for the graphical dependence of
the form q=u1(2/q, t) (Fig. 4 a, b) regarding
the friction belt of the disk, it follows that with
an increase in its thickness it is necessary to
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increase the thermal conductivity coefficient
of the material. Electric charges are:
alternating, constant, conductivity,
displacement, convection. The creators of
electric charges are those arising during the
electrothermomechanical frictional interaction
of a metal-polymer friction pair with an
electric potential. The latter are described by
passing through contact spots of different
microcurrent strengths. The electric flow is
similar to the heat flow as they pass through
the layers of the metal friction element,
increasing its surface-volume temperature and
volumetric thickness. In this case, the electric
flows are directed perpendicular to the mating
surface of the friction pairs.

In table shows the names and directions
of the components of the total electric current
that occurs on the microsurfaces of the contact
spots during sliding friction in various zones
of the thermal state of their metal friction
element.

1200

9, Wm?
1000
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200

i — -—v-. 15,0
i A S
08 153 no .,

Figure 3 — Regularities of changes in the heat flow
g penetrating the friction belt of the brake disc
during frictional interaction of the friction pair
“lining-disc” of the brake, depending on the
parameter A/5 and the volumetric temperature in
the body of the disc
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Figure 4 a, b — Patterns of changes in thermal
resistance (d/\) of brake discs depending on their
thickness (8) and thermal conductivity coefficients
of materials (A), varying within: a — (20...100)
W/(m-°C); b — (120...200) W /(m-°C) 5, mm

n
The following notations are used: Y I
1

— total current arising due to contact

electrification; ZI — total current generated
1

by the movement of charged particles of

n
frictional mass transfer; Y|, — total current
1

due to sorption-desorption processes in the

n
surface layers of the contact. Y| — total
1

current arising upon contact of interacting
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n
surfaces; DI, — the total reverse discharge
1

current that occurs when the friction contact is
destroyed (total pulse current); W — work

function of electrons leaving the polymer
(index «p») and metal (index «my») surfaces of
friction elements.

Table — Changes in the directions of current components during electrification and its total value during
the interaction of the surfaces of friction pairs of braking devices in different energy-load zones of their

metal friction elements

Components of
electrification current: e .
Total electrification current, Y1,
e L] ][0 -
Signs of generated currents
) at Wm > Wp
E n n n n n
Ead + - 0 + + Z'nzzlc_le +ZIT+ZIP; (1)
1 1 1 1 1
at Wp > Wm
CT) » n n n n n
i—f» % _ + 0 _ + Z| fo = ZIC +Z| o _ZIT +ZIP l (2)
= 1 1 1 1 1
S at Wy, > Wp
% fé) n n n n n n
7] GEJ + - + + - Zlnzzlc_leizld +ZIT+ZIIJ; (3)
TEU % 1 1 1 1 1 1
S c at Wp > Whn
< ..C:) n n n n n n
gls2| - + x|+ |+ Dy =02 2N+ e+ 0, (4)
8 ..g 1 1 1 1 1 1
1<} N
E —_ at Wm > Wp
E g n n n n n n
Z + S F |- PITEDI NI FESIIEDI DI M
1 1 1 1 1 1
at W, > W,
n n n n n n
I Dl =D+ F N2, (6)
1 1 1 1 1 1

Let us consider the law of change in the
total electrification current in the zones of the
thermal state (see Table) of the metal friction
element of the braking state under two
conditions: Wm > Wp and Wp < Wr. In the area
of the pre-stabilization device under two
conditions: Wmn > Wp and Wn < Wp. In the
zone of the pre-stabilization thermal state of
the metal friction element, the total
electrification current will be greatest in the
case of a friction pair approaching in this
zone, provided that W, > Wp. In this case, the

total currents > 1. and DI, will be greater
t t

than under the condition Wpn > W,

This circumstance indicates that during
braking there is an intensive accumulation of
thermal energy in the metal friction element,
and the intensity of convective heat transfer
from its matte surfaces and radiation heat
transfer is low.

The most interesting phenomenon
occurs in the zone of the thermal state of the
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metal friction element in the case of intensi-
fication of adsorption-desorption processes
occurring in the near-surface layers of the
metal friction element in the case of inten-
sification of adsorption-desorption processes
occurring in the near-surface layers of the
lining material under the condition Wm > W,.

n n
In this case, the total currents » I and DI,
1 1

will be greater than under the condition
Wp>Wr.  Burnout of the connecting
components of friction materials causes smoke
on their surfaces and leads to the formation of
liquid fractions on them, which causes the
inversion of heat flow from the matte surfaces
of the metal friction element to its polished
(working) surface. This circumstance contri-
butes to the emergence of a stabilizing thermal
state of the metal friction element, despite the
intense radiation heat transfer from its
polished surface. The duration of the
stabilization state largely depends on the time
and temperature of completion of sorption-
desorption processes in the surface layers. The
value of the latter in a zone with a temperature
exceeding the temperature of the stabilization
thermal state of the metal friction element will
be minimal, provided Wmn >W,.

Thus, the levels of isotherms corres-
ponding to the layered structure of the entire
thickness of the metal friction element indicate
the modes of their energy loading; at a
minimum temperature gradient — steady; at
maximum, conductive heat transfer is
intensified.

Theoretical and experimental studies of
conductive heat transfer during frictional
interaction of brake friction pairs based on the
gradient theory regarding circular isotherms,
which allow the formation of energy load
modes and made it possible to obtain the

following results: patterns of changes in the
heat flow passing through the thickness of the
metal friction element have been established
depending on its thermal resistance and
volumetric temperature; the patterns of
changes in the thermal resistance of a metal
element depending on its thickness and
thermal conductivity coefficients of materials,
varying within the range of (20-200)
W/(m-°C); the following total electric micro-

currents have been established: contact
electrification, frictional mass transfer,
sorption-desorption, reverse discharge,

depending on the work function of particles
from the surfaces of the metal and polymer
element; while the latter is considered at
different surface-volume temperatures; the
different nature of electric and heat flows
nevertheless has the same approach to their
potential and, as a consequence, to the
resistance of microprotrusions of the surfaces
of brake friction pairs; isotherm levels
corresponding to the surface and subsurface
layers of the metal friction element indicate
their loading modes; at a minimum
temperature gradient — steady; at maximum,
conductive heat transfer is intensified.

Conclusion

The levels of isotherms corresponding to
the surface and subsurface layers along the
thickness of metal friction elements were
assessed based on their temperature gradients
during the electrothermomechanical
interaction of microprotrusions of brake
friction pairs.
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