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The paper presents an approximate solution of the wear-contact problem for a cylindrical sliding bearing. The law
of wear is adopted in a dimensionless form, depending on the determining factors: contact pressure and sliding speed. The
law of wear also includes: the coefficient of friction, the modulus of elasticity of the material of the bearing, the gap in the
bearing and the thermal diffusivity of the material of the bearing. For the calculation, an approximate relationship was used
for maximum contact pressures in the bearing. To simplify the geometric dependence of normal wear on the contact angle,
the decomposition of trigonometric functions into a power series was used.
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Introduction

The creation of design models of wear resistance of modern friction units of machines is complicated by
the many-sided nature of the interrelationships of various factors during wear. As a rule, these connections are
nonlinear. That in turn leads to mathematical difficulties in solving wear contact problems. Often the solution is
possible only in numerical form.

In many energy and transport vehicles (internal combustion engines, turbines, cars, etc.), plain bearings
are one of the main components that determine the durability and reliability of the machine as a whole. Analysis
of the current state of methods for calculating and designing sliding bearings shows that they are lagging behind
the general level and requirements. Therefore, for engineering applications, it is advisable to use approximate
approaches. In this direction there is a small number of studies presented below.

In paper [1] using a generalized cumulative wear model, the tribocontact problem has been solved for a
sliding bearing, the shaft of which has small contour lobing with various forms. The effect of lobing on the bear-
ing life has been investigated at the complete single-area and mixed-area contact. It has been found that the oval-
ity and trilobing of the shaft promote a rise in the service life. Features of this effect are presented graphically.

The evolution of contact pressure is analyzed in paper [2] during the wear of a thrust sliding bearing
following the law of nonlinear wear. The coating’s deformation properties are described using the nonlinear
Winkler model. It is demonstrated that steady wear can exist with a definite contact pressure distribution.

In article [3] the problem of simultaneous wear of an elastic cylinder and a cylindrical notch surface in
an elastic space is discussed (in the planar formulation). The contact problem formulation omits the limitation of
the contact area. The contact is solved in steps; the linear wear and contact parameters of the shaft and bush are
solved at each step in time. The Multopp-Kalandia method is applied to the solution of the contact problem. The
constructed model is used to investigate the evolution of contact pressure and form changes of the shaft and bush
in the process of wear.

The parameter of the wear law of bronze coupled with steel under dry friction is identified by compar-
ing the results of mathematical modeling with experimental data [4]. The wear tests were carried out according
to the steel-ball—flat-bronze sample scheme under relative reciprocal sliding of the tested samples. The modeling
of the wear of the sample was based on asymptotic behavior of the solution of the corresponding wear-contact
problem. The effectiveness of using this asymptotic behavior to identify the wear law based on the tribological
test results has been demonstrated.

Based on pin-on-disk friction and wear testing, the parameters of the wear rate as a function of sliding
velocity and pressure with account for their distribution over the contact spot are computed in paper [5]. The pa-
rameters are compared to those obtained assuming a uniform distribution of velocities and pressures. It is as-
sumed in the work that the contact spot does not vary, the disk does not wear out, and the study is carried out un-
der steady-state wear conditions.

The kinetics of sample wear on a four-ball friction-testing machine using various lubricants is analyzed
in [6]. It is shown that the growth of the contact-patch area on the balls obeys the kinetic second-order equation,
which, within the limits, corresponds to catastrophic wear. The linear wear rates and the strain level of the ball
material in different lubricating media are estimated.
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The article [7] employs an adaptive wear modeling method to study the wear progress in radial sliding
bearings contacting with a rotary shaft. Mixed Lagrangian—Eulerian formulation has been used to simulate the
contact condition between the bearing and the shaft, and the local wear evolution is modeled using the Archard
equation. In the developed wear processor algorithm, not only remeshing is performed on the contact elements,
but also is executed for their proximity elements. In this way the wear simulation becomes independent of the
size of the contact elements. Validation was done for a laminated polymeric composite bearing. The composite
has been modeled as a linear orthotropic material. The wear coefficients were obtained from flat-on-flat experi-
ments and were applied as pressure and velocity dependent parameters in the wear processor. Finally, the effect
of the clearance on the wear of the radial bearings has been studied numerically. The simulations also demon-
strate how the contact pressure evolves during the wear process, and how the clearance influences this evolution.

In our works [8 - 10], we have proposed experimental design approaches for solving wear-contact prob-
lems for sliding bearings. On the basis of direct and inverse wear-contact tasks, algorithms are presented for cal-
culating bearing wear and identifying the parameters of their wear laws. At the same time there are difficulties in
the engineering implementation of the solutions obtained.

Therefore, for practical use, algorithms for calculating the service life of bearings using simple algebra-
ic dependencies and formulas are necessary.

Direct wear-contact task for radial sliding bearing

Under the wear contact task is the task of determining the magnitude of the maximum linear wear in a
bearing, depending on the friction path. The structural data, load, kinematic parameters of the bearing, as well as
the wear law with the parameters of wear resistance are taken as the initial data.

Cylindrical sliding bearings represent the internal contact of two cylinders of similar radii with a radial

clearance A (Fig. 1). The shaft of radius R, of the bearing is loaded with force () and performs rotational
movement with sliding speed V' along sleeve 2 with radius R . In the process of force interaction of the shaft
and bearing sleeve, a contact pressure o appears along the contact arc 2¢p,, in the place of contact of two cylinders.

It is assumed that the wear resistance of the shaft is much greater than the wear resistance of the sleeve
(straight friction pair). During operation, an arc zone is formed on the inner surface of the sleeve, with a

maximum value at the center of contact 2, .

R |

Fig. 1 — The design scheme of the cylindrical sliding bearing

For an analytical solution of the problem of calculating the wear of a sliding bearing, the mathematical
form of the law of wear is taken as the initial value. The representation of such laws as a dependence of the wear
rate on the determining parameters of the process (contact pressure, sliding speed, temperature, etc.) is widely
used. In our case, the law (model) of wear is adopted in the form of a dimensionless complex of determining fac-
tors: For an analytical solution of the problem of calculating wear of a sliding bearing, the mathematical form of
the law of wear is taken as the initial value. The representation of such laws as a dependence of the wear rate on
the determining parameters of the process (contact pressure, sliding speed, temperature, etc.) is widely used. In
our case, the law (model) of wear is adopted in the form of a dimensionless complex of determining factors:
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duy, o(9) ) (VAY
dS_KWf(Ej(a]’ M

where U, is the bearing wear;

S is the friction path;

f is the coefficient of friction in a pair of shaft-sleeve;

G is the normal contact pressure;

E is the modulus of elasticity of the sleeve material;

V' isthe sliding speed;

R is the radius of the bearing (sleeve);

a is the coefficient of thermal diffusivity of the bearing material;

KW, m, n arethe wear resistance parameters;

@, is the half angle of the contact shaft and sleeve

To calculate the maximum wear we use the values of the maximum contact pressure. With a known
contact angle, the maximum contact pressures can be determined by the formula:

I—cos
o, =2 1Teose @
bR, ¢, —sin @, cos@,
We use the approximate decomposition of trigonometric functions in the series:
1
I-1+—
o, =2 2% ~ 39 3)
0 bR, | L 5) 4bRo,
¢y — (po_g(po 1_5([)0

where Q is the bearing load,;
b is the width of the contact shaft and sleeve.
The relationship between maximum wear 4, and the contact angle is determined from the geometry of

the internal contact of two cylinders with a radial initial clearance A according to:

uW:A( ! —1]. @
cos @,

Where the contact angle is determined:

A
= arccos . 5
P (uW + A] ©)

More convenient approximate algebraic formulas for determining the contact angle are possible. Formu-
la (5) by decomposition of the cosine in a power series and discarding the members of the highest order of
smallness is reduced to the form:

1 1 1
2 2 2 /A) )2
g=| 2o oo 2 (2 /AR ©)
u, +A 1+A/u, u, /A+1

From (5) in the decomposition of the cosine:
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Expression (5) can be inverted and presented as a secant:

uW+A:u_W+1
A

secp, =
or

1
sec @, =1+§(p02 :MZWH,

?, =( ”XW] - (7

From the fact that (6) goes into (7) with small displacements, it follows that expression (7) is more ac-
curate. And the decomposition of the secant with the same number of members is less accurate than the decom-
position of the cosine. This is confirmed by a numerical estimate of the accuracy of determining the contact an-

gle using formulas (5), (6), and (7). Comparison results for different 1, / A are presented in tab. 1.

Table 1
Comparison of the results of calculating the angle for different formulas
Uy /A 0,1 0,5 1,0 1,5 2,0
Formulas
(5) 24,62 48,19 60 66,42 70,53
(6) 24,43 46,78 57,3 62,76 66,16
(7 25,62 57,3 81,03 99,24 114,6

From the numerical comparison it follows that the calculations by the formula (7) obtained by the de-
composition of the secant are close to the calculations by the original formula (5) only at angles not exceeding 20°.
From formula (7), the dependence for wear on the contact angle in a bearing will look like:

2
uy, :A%. 8)

The resulting expression (8) is differentiated along the path of friction and together with expression (3)
we substitute into (1). As a result, we get:

do 30 ) (vAY
Ap ()P0 — g p|l 2% | [12] 9
S Wf(4bR](po(S)E] ( p j ©)
Or:
30 ) (VAY
Ao do =K. | —==—| [ L2 45 10
Po” 4o Wf(4bR]E] ( a ) (10)

This is an ordinary differential equation with separable variables. After integrating equation (10), we
obtain:
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m+2 m n
P —KWf[ 30 ] (@] S+C. (11)

m+2 A \4RE) \ a

If we assume that in the initial period of time S =0 the contact angle is zero ¢, = 0, then the integra-
tion constant C =0 .
Thus, the dependence for the contact angle will take the form:

1

(2K, 1 (30 (@]S
. A 4bRE | \ a '

(12)

Finally, taking into account expression (8), the calculation formula for maximum wear in a sliding bear-
ing, depending on the friction path, will take the form:

2z
A - 3 m v n m+2
1

The obtained dependence for the calculation of wear allows you to analyze the effect on wear of
structural and operational parameters of bearings. This makes it possible to choose the optimal parameters of the
bearings at the stage of design preparation of the machine according to the criterion of maximum wear
resistance.

Example of calculating the wear of a sliding bearing.

We take the following initial data:
. Clearance in bearing A = 0.05 mm;

. Wear resistance parameters: K, =1.76-10"; m=1.58: n=1.14;
. Coefficient of friction f =0.05;

. Normal bearing load: O =100...500 N;

. Bearing working width b =15 mm, bearing radius R, =25 mm;

. The modulus of elasticity of bronze £ =1.15-10° MPa;

. Sliding speed in bearing ¥, =1 m/s, V, =3 m/c;

. Coefficient of thermal diffusivity of bronze @ =110 m%/s;

. Bearing life 7 =100h (S =10 mm).
The results of the calculation of wear as a function of loading and sliding speed are shown in Fig. 2.

O 0 9 N N b~ VLW~

0 T T T
0 100 200 300 400 500

—— V=] m/s —O— V=3 m/s O N

Fig. 1 — The wear as a function of loading and sliding speed in sliding bearing
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To determine the parameters of the law of wear

In the process of solving the direct wear-contact problem, the parameters of the law of wear were taken
known as the initial data. However, the determination of wear parameters is also a rather complicated problem.
This is due to the need for experimental wear tests. Moreover, the test conditions should be close to the actual
operating conditions of the friction unit. In addition, the results of direct wear tests allow us to determine the
dependence of wear on the time or friction path, and not on the parameters of the law of wear. This requires the
solution of reverse wear-contact problems.

Let us briefly consider the method of determining the parameters of the law of wear as applied to a
sliding bearing in the form (1).

Let, according to test results, the approximation of the dependence of the contact arc upon bearing wear
on the friction path in the form:

0, =cS", (14)

where ¢, [ is the parameters of power approximation of the experimental wear curve.

We integrate the law of wear (1) along the path of friction and substitute the expression for wear (8) in
the left side, and the expression for maximum contact pressures (3) in the right side:

% _ 30 Y'(raY
ey ij(%ze,(po(S)E] ( a )dS' (42

After substituting the approximation (14) and integration, we obtain:

s VAY st
A= 2 Wf(4bRQ ] (_] ' (19
cE a ) 1-Pm

From the condition of satisfiability of equation (16) we obtain:

2=1-2Bm. (17)
From:

_1-28
—

= P . Then, after substitutions and transformations, equation (16)

(18)

We introduce the notation:
1

s Kl (PY(VAY
5 (2]

To determine the second parameter, tests are performed at two values of the slip velocity. As a result,
we obtain two approximating functions of the form (14). After substituting the parameters of these functions into
equation (19), we obtain the system of equations:

BK_f@ (5],

A ¢ a

a-5aL(2 (K],
A \c a

Dividing one equation by another, we find an expression for the parameter of the law of wear 7 :

takes the form:

(20)
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n=(m+2) 86 /)
lg(V1/7)

To determine the coefficient K, use one of equations (20):

2 m n
KW = ﬂ(ﬁ] a4 . (22)
7 \rP)ra

Thus, for the correct use of the formula for the calculation of wear (13), the parameters of the law of
wear should be obtained by the above method. The solution of direct and inverse wear-contact problems in con-
junction with laboratory tests allows to obtain adequate design models of wear.

We also write the solution of the direct problem for a sliding bearing, if the law of wear is adopted in
the classical form:

21)

du m
d—; =K, 6" (9,). (22)

It is for this form of the law of wear that wear resistance parameters are given in reference books.
After substitution of the equilibrium equation (3) and the geometrical condition (8) into this wear law,
after transformations, we obtain:

2
n w2
_A (m+2)KW( 30 ] 7 o)

u
) A 4bR,

The resulting formula contains only the parameters of the law of wear and the source data for the calcu-
lation of the bearing.

Conclusion

It is shown that the calculated estimate of wear of friction units is difficult due to the complexity of the
interaction processes of the elements of the tribosystem. Nonlinearity of wear processes leads to mathematical
difficulties in the construction of wear models. The paper proposes an approximate method for solving a direct
wear-contact problem for a sliding bearing. The calculation was carried out for maximum contact pressures at
the center of the wear area. Trigonometric functions in the solution process were replaced by approximate power
series expansions. An example is given of the numerical implementation of the obtained closed formula for cal-
culating the wear of a sliding bearing.
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Heixa A.B., babak O.I1., Iprteiaiok B.A. IIpsiMasi H3HOCOKOHTAKTHASI 3a1a4a Uil PaAdaJIbHOr0 MOAINITHHKA
CKOJIbKEHMSI.

INoxazano, 4T0 pacueTHast OLEHKA M3HOCA Y3JI0B TPEHMs 3aTPYyJHEHA BCIIEJICTBHE CIOKHOCTH HMPOLECCOB B3aMMO-
JIEHCTBHSA IEMEHTOB TpubocucTeMbl. HenmMHeHOCTh NPOLEeCCOB M3HAIMBAHUS MPUBOAUT K MaTeMaTHYECKUM TPYIHOCTSIM
IIpH TIOCTPOSHUM MoOJelel n3Hoca. B pabore npenoxkeH npuOIKEHHbIH METO peLICHUs IPAMON M3HOCO-KOHTaKTHOH 3a-
Jlauyl [yl HOAIINITHAKA CKOIbKEeHHUs. PacueT mpoBoamiics [u1sl MaKCUMAaIbHBIX KOHTAKTHBIX JABJIEHHUH B LIEHTPE IUIOMIAIKK
W3HAIIMBaHUS. TpUroHOMeTpHYeckue (GYHKIUM B IPOLECcCEe PEIEeHU 3aMEHINCh NPUOIMKEHHBIMHU Pa3JIOKeHUAMU B CTe-
HeHHbIe pspl. [IpUBeieH npuMep YUCICHHON pean3aliy OJIyYeHHOW 3aMKHYTOH (opMyIibl 171 pacueTa M3HOCA TOALIUII-
HHKa CKOJIIbKEHUSL.

KaroueBble cJ10Ba: KOHTAKTHBIC JaBJICHUS, CKOPOCTH CKOJILXKCHUS, U3BHOCOKOHTAKTHAs 3a/iava, HpH6J’[I/I)KBHHLII>i oaAXO0d.
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