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ENERGY LOAD CONTROL OF BRAKES' FRICTION PAIRS

Theoretical research and a computational experiment dedicated to optimal
control of thermal processes in friction pairs during frictional interaction in braking
devices have allowed us to establish and propose the following. Thermal process
control is accomplished mathematically using the heat equation with initial and
boundary conditions, employing a control function, as well as the method of
thermoelastic potentials and moving local heat sources in brake friction pairs.
Material selection based on the mechanical properties of drill drawworks brake
pulleys was conducted using a computational experiment. Based on the research
conducted, a discovery formula was formulated: "Unknown patterns of microcrack
occurrence and development on the working surfaces of metal friction brake elements
have been established.”

Key words: control, energy loading, braking devices, friction pair, equivalent
stresses.

Introduction. Wear and failure of materials during friction are caused by the
combined action of surface temperature and a temperature gradient, which induces
equivalent stresses in the material. When a temperature gradient occurs in the material
of a metal element, or when a material consisting of two or more components with
different expansion coefficients is heated, its individual components expand differently
in accordance with their surface-volume temperature and failure coefficient. A
material's resistance to thermal impulse is understood as its resistance under conditions
of instantaneous heat generation. Thus, the problem of resistance to thermal impulse
and thermal stresses is reduced to determining the thermal stresses caused by the
temperature field of the material of a metal brake friction element.

Analysis of literary sources and the state of the problem. Significant progress
in ensuring the desired limit behavior of adaptive control systems with input constraints
of the saturation type was achieved in [1]. The authors established a condition under
which, in the absence of disturbances, the output error converges to zero, and the control
input ceases to saturate after a finite time. New results were obtained by the same
authors for the case of bounded disturbances of a certain class in [2]. Thus, the question
of under what conditions the desired asymptotic properties of an adaptive control system
with bounded input, in particular suboptimality, could be achieved in the case of
bounded disturbances has not yet been resolved.

In [3], an adaptive control system containing a discrete linear stationary plant with
arbitrary disturbance constraints, the control input of which is bounded within certain
limits, is considered. Sufficient conditions are established that guarantee global
asymptotic stability and simultaneously suboptimality of operating parameters. In [4-
5], it was not proven that the output errors and control sequences converge. It turns out
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that although these signals remain bounded, such control systems may not be
asymptotically stable, even when the plant, whose parameters are known, is strictly
stable and minimum-phase.

To control the heat generation process during friction in drum-shoe brakes [6], it is
necessary to consider the influence of various factors on the temperature field of the
friction pair. Cooling has a significant effect on the heating depth of the surface layers.
With identical heat source parameters, the maximum heating depth of the surface layer
to a given temperature with cooling is always less than without cooling.

The aim of this research is to control the energy loading of friction pairs of braking
devices through mathematical operations and computational experiments.

Optimal control of thermal processes of friction pairs during frictional
interaction. To control the heat generation process during braking, it is necessary to
take into account cooling and temperature gradient in the calculation model as possible
causes of cracking of the pulley material.

Let us compose a differential equation for the thermal Q balance of heat during
braking of friction pairs

Qdz=cmdA9+ ApocAddr, (D)
hence the increment in temperature difference has the form
dAg 1
—=—(Q-A20A9). 2
5= o Q- A20n ) )

where: dr is the change in braking time; c is the specific heat capacity of the metal;
m is the mass of the pulley; A is the change in surface temperature; A; is the matte
surface area of the pulley; o is the heat transfer coefficient.

On the other hand, the heat during braking goes to heating the rim of the brake
pulley and is removed in the form of heat exchange, the balance of which can be written
as

Q—AZO"AS—Alﬂdﬁ—rlg, 3
where: A; is the area of the polished surface of the pulley rim; A is the thermal
conductivity coefficient of the pulley rim.

Thus, the intensity of the heat flow serves as the main parameter both when heating
the pulley rim material and when causing large thermal stresses (the temperature
gradient is included in the equation), which should be controlled during braking [6].

For friction pairs of brakes operating in an aperiodic intermittent mode, it is
necessary to determine the maximum value of Q at which maximum thermal stresses
arise, causing cracking of the working surface of the brake pulley rim.

The total braking work is equal to the sum of the works of the translational and
rotational moving parts of the system (for example, the brakes of a drilling winch).

G 1)2 a)2
W = FEE) +ldsh =~
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where G = Gs + G'N is the total weight acting on the hook; Gs is the weight of the
hoisting system, turbodrill, and drill collar; G'N is the weight of the drilling tool; v is
the hook speed; lgsh is the moment of inertia of the drawworks drum shaft; w is the
angular velocity of the drum; N is the number of stands lowered into the borehole
[7-8].
Provided that during braking all the work of friction is converted into heat
W => Q, we will compose the heat balance equation
m pCAzg
T l-ahf
1

where m, is the mass of the pulley rim taking into account the effective heat
penetration thickness; ans is the heat flow distribution coefficient.

b dA S

In the equation of the controlled object we take as the control parameter ~ dr
taking into account (3) and (2), we obtain
dAg _ A4 dAv _ dAv

= . 4
dr cm  dr bdr u(r.z7) @

where: b = Ad/l..
Let's compose a differential equation of heat conduction for a cylindrical pulley.

dAg  [1 dAg d2A9 d2ag
=. + +

—=a S)
dT r dl‘ dr2 dzrzn ( )
with initial
DV (r,z,0)=0 (6)
and boundary at (r = R)
Alids—r‘g+ A2ocA9=Q (7

conditions that are necessary and sufficient for its solution using a generalized
parameter.

‘o r2 + zrzn
Introducing a generalized parameter ar  equation (5) will be reduced to
the form
2
ax 8 A29+(6+x)dA—3=0. (8)
dx dx
The solution to equation (8) can be represented as:
1 3 1 3
A3 e 47y 2, 42
i +(C1e x £, A9=C1fx x 4dx+C»2 9)
X
Thus, the generalized parameter allows us to limit ourselves to only two (6) and (7)
instead of four boundary conditions and one initial condition, which AY(0)=0
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1

3 270 o3
oy —2R™_.¢ _KBi Je 4x 2dx |- (10

where KBi = As'R/A1L; K - coefficient of volumetric deformation; Bi — Biot
criterion; R — nominal radius of the pulley rim; zn — generalized parameter.
From the first condition (10) we determine

_x 3
Co=C1f[e 4x 2dx : (11)
X=00
and substituting the second, we get
QR
cL-—— ot @
2R e 70 — KBi Cf)e_xmx_slzdx
R2 + 22 \/% XO
R2 + 22
XQ = I
where dz

The improper integral in expressions (9, 10, and 12) can be represented as
X X

x 3

?e_zx_gdx= 2 4 Az 2 Ofo e_22d2= 2 4 -\/;erf{‘&]' (13)
X0 Jx T X Jx 2
2
where the latter is the Gauss integral, which we write as
o0
% [ e_xz dz=erfc{§} (14)
™ Jx
2

For large values of the argument, we expand function (14) into a series and, with
sufficient accuracy, restrict ourselves to two of its terms.

-Xo/4
VX0 e 2
erfc =2 1-—1|. (15)
{ 2 J VX0 [ X0 J

Taking into account (15) in expression (13) and the fact that R>>>z%,, we simplify
the value of Ci:
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SR e X0/t or xpxge*0/4 15)
2M A R2  2KE T 2A14 (xg +2KBi)

R2 +z% X0

&)

where K=A,/A:.
Substituting (16) into (9) after some transformations, we obtain the equation for the

control function [9]
dAg A4 dAS _ QrR

dzcm dr cm(R2+z%+2KBiar)

Thus, using the method of thermal displacement potentials, thermal stresses in a
heated cylindrical body were determined for the quasi-temperature case. It was
established that cracking of the rim material occurs under the influence of a maximum
stress difference, which has the form

(17)

A9 dASj (18)

*
og =02r —o0U =K (X i
Next, we will solve a variational problem that allows us to determine a
mathematical algorithm for the control function U(t), in which the control object is
transferred from the initial position (at z = 0, U = U,) to some final position (at z =z, U

= U,) and yields a minimum of the integral.

L2
Jp=[U4(t)dz. (19)
0
For a limited value of maximum thermal stresses (isoparametric problem)
*r
1=K (A—‘g—dA—‘gjdrng. (20)
m g\ X dx
dA_‘gsz‘g.E:_l.dA‘gzﬁu(r), (21)
dx dz dx X dr X
taking into account the new coordinates on the pulley rim, we write
87 _0(e)= 11
dr
g K
PL_2 (aA9+a0)=fy; 22)
drz  mX
0 _ 2= 15,
dr

Since all equations (22) are linear, we compose the Hamiltonian functions
[10-11]
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*

. K
H=zw1f1=w1j(r)+wzm(ASHU)wsSZ(r) (23)

and find its extreme value:

* *
K . K
d_H:l//1+l//2 T+2(//3U(T)=0, U(T)Z— V1 + Ve £ ) (24)
du Tmx 23 2y3TmX
Since all equations (22) are linear, we compose the Hamiltonian functions
dyj 3 df
av _ —Lyi. (25)
dr |:1 dX|

We can represent its solution as follows:

* 2
Kt = = =Ch =
w1 =Cf - l//2Q2 - w2 =Ch =const . y3=C3 =const (g
ZTm(r +Zm]
Taking into account (26) and (24), we obtain

* 2 * 2

U(e)=- i woQK % w3QK 7
23 21//3(r2 + z%j 2tm ng(rz + z%) ™m

where C; and C; are constants determined from expression (17) at z = 0; U = U,,
and accordingly Q = Q..

—C1-Cor2  (27)

Ug-—_ 0 (28)
cm(R2 + Zrznj
From the integral relation (20), taking into account (27), we determine
K'o |t 2k "ard) 2 9
og 2—?j jU(r)dr+rU(r) zdz':T(CleCz §ij (29)
Tm(r +ij00 3Tm(r +Zm)

From relations (27), (28), (29) we find the values of the constants C; and C:

C1- QgrR2
cm(R +Zm). 3 QrR 30'ng
;Co = 5 y o ow , (30)
2tm cm(R +zmj 2K m
r2 4+ 2,
Xm=——+
where dtm

Taking into account (27) and (28), we obtain
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2 2
2 2 cm(R z jx
U(r)=——0®R |, 3[ = | 97 °9 e (31)
cm(R2+22) 2{m 4\rm QoK TR
m 0 r m

Using equation (31), we determine the optimal heat dissipation during heating of
brake pairs and the temperature limits of applicability of alloys for the manufacture of
pulleys.

To this end, we substitute the value of the control function, i.e., the heating rate
U(z) from (31), into (19) to find the integral minimum. The function that ensures the
integral minimum allows us to determine the optimal heat dissipation during heating of
friction pairs, thereby reducing the heating rate of the materials used and reducing their
thermal stress [12].

For ease of calculation, we will denote

2, .2
agcm(R +ZmJX 2

D= QOrR - B= _ . U(T)ZD 1_2-_2[§+§Bj

cm(R2 +z%j QoK +rRrm ™M 4
A:i(1+§8j.

27;%
Then
U() = (1-A2)DV.
Let's substitute the value of U(t) into (19):

T T 2 3 5
J1=IU2(r)dr=j(l—A12j D2dr=D2|r-2A° +A2T |, (32)

0 0 3 >

Thus, mathematical control of the energy load of the friction pairs of a drilling
winch's band-and-shoe brake has been achieved.
The value of the maximum permissible thermal direction was selected for each

material from the reference book [13-14] or calculated using the formula 7 = PEAS

It is known that temperature changes on the brake pulley surface are cyclical
and depend on the number of descents and ascents. At the beginning of the descent, the
increment is insignificant. The temperature increase increases with increasing braking
time. However, thermal equilibrium is not achieved due to the simultaneous increase in
heat transfer and the increase in braking work during the descent.

The resulting control function (31) optimizes heat dissipation during heating of
the brake pairs and identifies the temperature limits of applicability of various alloys
from which the pulleys are made.

Let's give an example of calculating the minimum of the integral J; using formula
(32). Initial data:
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Qo = 60-10°J, R = 0,725 m, C = 0,44-10° J/kg-°C, m = 140 kg, r = 0,695 m,
a=10,5-10% m?s, p = 1,25-10° °C, E = 2,185-10" Pa, 7 = 10 s, 7 = (0...10) s,
z,=0,230 m, 4 =0,35.

Let's calculate

x 4EB  4-2185-107 -125.1073
1-u 1-0,35

12428 0,695% +0,2302

atm 105-1075 .10

K

~168-10°

_5.103

Xm

The main stages of the development of tribology, like the development of other
sciences, are associated with major scientific inventions and discoveries, which are
patented, so we assume:

Previously unknown patterns have been established in the occurrence and
development of microcracks on the working surfaces of metal friction elements in areas
where mechanical stress concentrators are present and in areas where thermal stresses
occur during electrothermomechanical friction of macroprotrusions of metal-polymer
pairs. These patterns consist in the fact that under the influence of mechanical, electrical
and thermal fields of a pulsed nature, the destruction of thin films of secondary
structures occurs in the surface layer formed from the contact spots of the
macroprotrusions, and their surfaces are subject to mechanical and thermal distortion
under current stress waves, which include constant mechanical and residual stresses,
and electrical and thermal currents of varying intensity act, weakening the surface layer;
"At the same time, variable longitudinal and transverse temperature gradients are
formed on the surface and subsurface layers of the metal friction element along its length
and thickness, facilitating aperiodic cyclic processes of 'expansion (heating) —
compression (cooling)’, causing a disruption of the thermal balance and, as a
consequence, the formation of a network of microcracks in the form of a fractal structure
consisting of polygons, i.e., fused triangles with different areas of thermal stress
concentration and minimal cross-sectional thicknesses of the subsurface layer of the
metal friction element.”

Computational experiment.

Research and study of friction processes in brake assembly friction units should be
conducted not only from the perspective of the dynamic and thermal loading of their
friction pairs, but also by considering each of the materials from which the metal friction
element and linings are made. Let's consider the selection of materials based on
mechanical properties for brake pulleys in drilling winches.

The calculation examples used the mechanical characteristics of steels
recommended in [15]: 35KhNL (standard) with a tensile strength of s, = 72-107 Pa;

25KhGSL - sp = 74:107 Pa; 15KhNMF - sp = 85:107 Pa; 20Kh2MF - sp = 100-107
Pa.
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60-10° -0,695-0,725

D =
0,44-103 -14(0,7252 + 0,2302j

=848

70-107 .0,44.103 -14(0,7252 +0,2302)-5-103
B =

5 5 = 24,55
60-10~ -168-10~ -0,695-0,725-10

A= 32(1 § 245} 0,56
2-10 :

3 5
J1—8482{10 2. 056% 0,562 1?5 J41,6.108

For material 25KhGSL

75.107 .0,44.103 .14(0,7252 + 0,2302)5-103
B =

5 5 =26,3
60-10~ -168-10~ -0,695-0,725-10

A= 32(1 E 263) 0,65
2-10 :

3 5
1,2 8482[10 20,657 +0657 1%}48,2-108

For material 15KhNMF
85.107 .0,44-103 '14(0,7252 +0,2302)-5-1o3

B= 5 5 =298
60-10* -168-10~ -0,695-0,725-10
A= 3 2(1+§ 298) 0,67
2-10

3 5
J1,38482[10 2. 067% +0,672 12 J 615-108

For material 20Kh2MF material

100-107 -0,44-103 -14(0,7252 + 0,2302j .5.10°
B =

5 5 =350
60-10* -168-10~ - 0,695-0,725-10

A= 3 2(1+§ 35J 0,80
2-10 -
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3 5
3, 4 = 8487 10—2-0,80%+0,802% _g884.108

The minimum J; function is achieved with grade 35KhNL material, which exhibits
optimal heat dissipation during friction pair heating. This reduces the heating rate and
the generation of thermal stress on the brake pulley working surface.

Discussion of results.

Theoretical research and computational experiments devoted to optimal control of
thermal processes in friction pairs during frictional interaction in braking devices have
allowed us to establish and propose:

- thermal process control is accomplished mathematically using the heat conduction
equation with initial and boundary conditions, using a control function, as well as the
method of thermoelastic potentials, moving local heat sources in the brake friction pairs;

- selection of material based on the mechanical properties of brake pulleys for
drilling winches using a computational experiment$

- based on the completed research, a discovery formula was formulated: "Unknown
patterns of occurrence and development of microcracks on the working surfaces of
metal friction brake elements have been established".

Conclusions. Thus, the problem of controlling the energy load of the friction pairs
of a band-shoe brake has been solved using mathematical tools and computational
experiments.
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0. I BOJIPYEHKO, H. M. DIJPOBCBHKA, 0. M. BY/BYV]],
€. FO. AHJJPEUYIKOB, O. C. FYPABA, B. M. YY®YC

KEPYBAHHS EHEPTOHABAHTAKEHICTIO ITAP TEPTS I'AJIBM

TeopeTnuHi HOCTIHKEHHS Ta OOYHCITIOBAILHIN €KCIIEPUMEHT NPUCBIYEHI ONTHMAILHOMY
KEpPYBaHHIO TEIUIOBMMHU MpOLIECAMH Map TepTs NpH (QPUKLIKHHIN B3aeMofil y raibMOBHX
MPUCTPOSIX JO3BOJIMIM BCTAaHOBUTH Ta 3alpPOIIOHYBAaTH HAacTymHe. KepyBaHHS TEIUIOBHMH
NpoLecaMy 3/1HCHEHO MaTeMaTHMYHUM IUIIXOM Ha OCHOBI PIBHSHHS TEIUIONPOBIAHOCTI 3
MOYATKOBHMH Ta I'PAaHUYHHMH YMOBaMH i3 3ally4eHHSIM Kepylodoi (QyHKIII, a TakoX METOIy
TEPMOIIPY)KHUX ITOTCHIIIaTiB, MEPeMIllyl0YnX JIOKAIBHUX DKepeN TEIUIOTH B IMapax TepTs
rampMa. [limbip Matepianmy 3a MeXaHIYHHMH BIIACTHBOCTSIMH TaJbMOBHX IIKiBiB OypOBHX
71e0iJ0K 32 JOMTOMOTOI0 OOYHCITIOBAIIFHOTO eKCIIepUMeHTy. Ha miicTaBi BUKOHAHUX JOCITi IKSHb
chopMyIpOBaHO POPMYITY BiIKpUTTS «BCcTaHOBICHO HEBIOMi 3aKOHOMIPHOCTI BHHUKHEHHS Ta
PO3BUTKY MIKPOTPIIIMH Ha POOOYNX MOBEPXHIX METAJICBUX (PUKLIHHUX €IEMEHTIB rajbMy.

KoarouoBi cjioBa: kepyBaHHS, €HEPrOHABAHTAXKEHICTh, TAJIBMOBI HPUCTPOI, Mapa TepTs,
€KBIBJICHTHI HAIIPYKEHHSI.
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