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WORKING CAPACITY OF ROLLING PILLOWS AND RELIABILITY
INVESTIGATION

The article is devoted to a comprehensive study of the performance and reliability of roller
bearings. Based on the analysis of the longevity of the pillows and the generalization of the
research results, the method of assessing the impact of key factors on the longevity of roller
bearings has been clarified. A mathematical model was obtained to express the longevity
of rolling pads as a function of a random argument based on a known law of distribution
of conductivity. It has been confirmed that the longevity of roller bearings is distributed by
the law of normal logarithmic distribution. Probability-statistical models for estimating the
continuous operation of roller bearings as a result of the composition of the distribution
function of the dynamic load, taking into account the typical variable loading modes and
real operating conditions, have been clarified. Given the need to substantiate the adequacy
of probabilistic-statistical mathematical models and to obtain more accurate results, the
probability of continuous operation of roller bearings with a high level of reliability was
assessed. An analytical model of pillow conductivity has been developed. The probability
of uninterrupted operation of the pads was assessed, taking into account the operating
modes. Probabilistic-statistical models of longevity of pillows have been clarified. The sys-
tem of equations obtained as a result of analytical studies represents mathematical models
of the continuous operation of roller bearings, taking into account the typical variable
loading modes. In order to ensure a high level of reliability and to more accurately deter-
mine the effect of the equivalent load, the relative error of the reliability index was 0.05
and the significance level was 0.01. These conditions meet the requirements of methods for
assessing the reliability of experimental data.

Key words: rolling pads, performance, reliability, longevity, operating modes, uninter-
rupted operation, probabilistic and statistical models.
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V3a2anbHeHHsA pe3yIbmamie 00CNi0NHCeHb YIMOUHEHO MeMOOUKY OYIHKU 8NIUBY KIIOYOBUX
gaxmopis Ha 006206iUHICMb POIUKOBUX RIOWURHUKIE. OMPUMAHO MAMEMAMUYHY MOOETb
0Ji51 BUPADICEHHS 00B20BIUHOCI NPOKAMHUX KOI0OOK AK PYHKYIT 8UNAOK0B020 apeyMeHmy
HA OCHOBI 8i00MO020 3aKOHY pO3n00iny npogionocmi. Iliomeepodceno, uwjo 008208iunicmb
POIUKOBUX NIOUUNHUKIE PO3HOOLIAEMBCS 34 3AKOHOM HOPMATLHO20 J02APUPMIUHO20 PO3-
nooiny. 3’AC08AHO UMOBIPHICHO-CIAMUCMUYHI MOOeNi 08 OYiHKU Oe3nepepsroi pobomu
PONUKOBUX NIOWUNHUKIB K pe3yIbmamy cKaady QyHKyii po3nooiny OuHAMIYHO20 HABAH-
MAdHCEHHs 3 YPAXYBAHHAM MUNOBUX 3MIHHUX PENCUMIE HABAHMANCEHHS MA PEalbHUX YMO8
excnyamayii. Bpaxosyouu neobxionicmv 0OIpyHMYEAHHS A0eK8AMHOCMI UMOGIPHICHO-
CIMAMUCMUYHUX MAMEMAMUYHUX MOOeiell Mma OMPUMAnHs OLbW MOYHUX Pe3VIbmamie,
oyna oyinena UmosipHicmo 6e3nepepsroi pobomu poruKo8ux NIOWUNHUKIG 3 BUCOKUM Di6-
Hem HaoiuHocmi. Po3pobneno ananimuuny mooenv nposionocmi nodywku. Oyinrosanacs
tmosipHicms Oe3nepebitinoi pobomu KOL0OOK 3 YPAXYBAHHAM pedcumie pobomu. 3’saco-
8AHO UMOBIPHICHO-CIAMUCTMUYHI MOOedi 008208iuHOCMI NOOYuoK. Ompumana 8 pe3yib-
mami GHALEMUYHUX 00CHIONCEHb CUCHEMA DIBHAHL ABNAE CODO0I0 MAMeMAMUYHY MOOelb
be3nepepsHoi pobomu pOIUKOBUX NIOUUNHUKIG 3 YPAXYBAHHAM MUNOGUX SMIHHUX PENCUMIE
HasaumascenHs. J{na 3abe3neyents UCOK020 piHs HAOIUHOCMI Ma Oinbl MOYHO20 8U-
SHAYEeHHS NIUBY eKBIBAICHMHO20 HABAHMANCEHHS BIOHOCHA NOXUOKA THOeKCY HAOTUHOCMI
cmanosuna 0,05, a pigenv suawywocmi — 0,01. Lfi ymosu 6ionogioaroms sumozam memooie
OYiHKU 0OCMOGIPHOCHI eKCNEPUMEHMATIbHUX OAHUX.

Kniouosi cnoea: npoxamui KonoOKu, npoOYKMuSHICMb, HAOIUHICMb, 008208IYHICIb, pe-
arcumu pobomu, besnepeditina poboma, UMOGIPHICHO-CIMAMUCMUYHE MOOEJL.

Description of the problem. Different types of machines and mechanisms are widely used in
most industries. Machines facilitate heavy manual labor, increase productivity and reduce the cost of
production [1, 2].

Machines and mechanisms consist of separate knots, junctions and details, the most responsible
of which are knotted pads. The pads support the shafts and the details on the shafts. The details of the
pillows must have quality indicators such as strength and rigidity, resistance to wear, heat, vibration and
reliability [3, 4].

Pillow-block parts must be functional - be able to perform maintenance in the required time, meet
the requirements of minimal preparation and maintenance costs. Therefore, it is important to design
pillow-block joints and evaluate their performance and reliability in engineering calculations [5, 6].

At present, the main focus in the design of machines is on the reduction of dynamic loads and
mechanical external influences, while ensuring reliability and durability, overall quality, and this issue
requires a comprehensive study of cushion joints [7, 8].

Modern trends in the development of mechanical engineering are aimed at increasing the produc-
tivity of machinery and equipment and the speed of working bodies, increasing the efficiency of ma-
chines, and ultimately improving the quality, reliability and durability of machine parts [5, 6].

It is known that increasing the productivity of machinery and equipment is directly related to
increasing the speed of the working bodies. Increasing the speed of the working bodies creates additional
dynamic forces. Under the influence of these forces, additional forces are created on the friction parts
of the machine, the parts are subjected to elastic deformation, as a result of which the course of techno-
logical processes is disrupted. Efficiency factor and reliability of machinery decreases [4, 5].

Statistical analysis shows that the main cause of failure of machinery and equipment is the wear
of moving parts of the working bodies due to friction. It is estimated that almost 33% of the world's
energy resources are used to repel friction [9, 10].

Low reliability of machinery and equipment leads to increased operating costs and troubleshoot-
ing. When reliability is insufficient, the failure of nodes and parts occurs as a result of violation of
technological regulations, resulting in serious accidents, which require large costs [7].

However, the increase in reliability is due to the complexity and cost of the equipment. For this
reason, the design, manufacture and maintenance costs of the equipment should be kept to a minimum
[7, 8]. That is, a level of reliability must be chosen to ensure the optimal cost of design, development
and operation.
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Analysis of recent research and publications. The literature review showed that the methods
for determining the resource and reliability of roller bearings are not sufficiently developed, and the
issues of reducing the material capacity and ensuring the accuracy of the bearings are pending [9, 10].
There is a need for a comprehensive study of the handling and carrying capacity of analytical methods,
taking into account the high level of reliability of rolling pads.

Purpose of the article. Thus, the purpose of this work is to increase the level of reliability of
rolling pads on the basis of analytical assessment of leadership.

Presentation of the main material. Analytical model of pillow-block conductivity. It is known
that many factors affect the longevity and conductivity of rolling pads. These factors can affect the
research object individually or in combination, as well as in combination with several factors [3, 5].

Some factors can affect the pillow-block by overlapping, some can disappear, and in turn, the
sum and difference of each factor can be added or subtracted, and the factors can interact with each
other. This means that the effect of many factors on the performance of pillow-blocks has a complex
synergistic nature [4, 6].

If we consider the residual conductivity of the pillow-blocks as a result of the combined effect of
these factors, then it is necessary to take into account the combined or synergistic effect of the factors
to determine the dispersion of performance.

It is known that the equivalent load or overload can be considered as a more important factor, the
nature of which allows to assess the condition of the roller bearings and increase the accuracy of the
probability of uninterrupted operation. Other factors include the quality characteristics of the construc-
tion material, the kinematic and dynamic loading parameters.

However, in order to synergistically evaluate all of these effects, a function must be obtained that
takes into account the scattering of the affected loads and the corresponding change in the scattering
function of the dynamic load-bearing or conduction capacity [4-6].

It is practically impossible to determine experimentally the function of pillow conduction distri-
bution by conducting an excessive number of experiments [6]. However, at a given value of the resource
of the node, the required amount of data from different values of the dynamic load (C) can be used for
statistical processing.

Try to determine the distribution law of dynamic load g (C) analytically. Let L = ¥ (C) be defined
as a function of the random argument of longevity by a known law of distribution [6].

Let us examine the logarithmic normal distribution as the assumed distribution laws of longevity:

Ige [lg(L_Lo)—ay ]2
exXpy —
(L—Ly)\27-G, 2G;

y

f(L)=9(L_L°j exp —(L_LOJ } 2)
C C C

where Ly — the slip parameter when L > Ly; a, —y = log(L — Ly) — the average value of the random
limit; G, — the mean quadratic inclination of the random limit y.
Taking into account the formula (1), the value of the dynamic load can be determined as follows

f)=

) (M

[6]:
C=¢(L)=(aa,)" PL"" 3)

As can be seen, the function (3) is monotonous and C > (a;az3)"™ P Ly"™, then the distribution
density or conductivity of the dynamic load bearing of the roller bearing can be represented as the dis-
tribution law of the function:

g(O)=flw O ©)|=f[aan(C/ Py |- [aas(C/P)" ]|, )
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where the derivative quantity:
w'(C)=(a,a,(C/ P)") =a,a,,mC"" | P". (5)

Using formula (4) and referring to the results of (5), the differential function or conductivity of
the dynamic load distribution of rolling pads for the three-parameter logarithmic normal distribution law
of longevity (1) can be determined as follows:

2
"] lg(a,a,,(C" / P)" —L,))—a,
2(C) = a,a,,;mC""1ge exp _[g( 13 ( )2 0) }] ©
P"(a,a,C"/ P"~L,)27-G, 2G:
for the Veybull’s distribution:
m= m m b1 m m b
2(C) = a1a23Pn:lnC ' _(alaza(c / P) _Loj -exp _(alaB(C / P) —Loj o
c c c

The probability of uninterrupted operation of the pads, taking into account the operating modes.
By determining the law of distribution of the conductivity of the pads and the loading modes, the prob-
ability of continuous operation of the roller pads can be found as the difference of independent random
quantities [6]:

C-P="Z

The loading curve Z (L,) of the left roller bearings is shown in the figure below (Figure 1,a). The
left side of the curve shows the probability of continuous operation and the distribution density of lon-
gevity for the Z; load level. The figure on the right shows the differential graphs of their compositions
for a certain L; value of the acting load, dynamic load and longevity (Fig. 1, b).

The condition for continuous operation of roller bearings is that they do not exceed any limit value
of the quantity Z for the distribution densities 1 (P), ¥ (C), ¢ (Z) selected on the right. The probability
that this condition is met is determined by the area below this selected curve.

s fiL) t
Z(Lo)

A Z

=

Zi

:L L

Fig. 1 — Probability of continuous operation of roller bearings

If we consider that the most important random factors for roller bearings are the characteristics of
dynamic load C (conductivity) and equivalent loading P (loading function - f (P)), then the residual
carrying capacity is an integral sum, taking into account the symbols in the formula Z = C - P is defined
as, and the scattering function is as follows:
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w(2)= [ w(O)f (C—2)-dC= [ y(P+2)f(P)P. (8)

Thus, the final equation Z of the distribution density of the random value of the residual conduc-
tivity can be written as follows for the typical variable operating modes, taking into account the three-
parameter logarithmic normal distribution law of longevity — (6) and normal, equal probability and f-
distribution functions:

—2
+oo a]aBmCm’1 lge-exp{—[(C—z)/PmaX —n] /2G2} [lg(alaBCm /P _Lo)_ay:lz
z)= eXpq— 5
pe) ! P P"(a,a,C" | P"~L,)27-G, -G P 2G;
)
¢ a,a,,mC" ' 1ge [lg(alaBC’” /P"—L))-a, ]2
#2)= [ — — expy - - r21dC, (10)
2 P"(0,a,C" /1 P"~1,)\[27-G, -(B—A) 2G’
c-zY(, c+zY
Cm—l l . —Zz 1_ z 2
+0 a1a23m ge ( Pmax j ( Pmax } I:lg(alaBCm /Pm _LO)_ay}
¢(z):j " — -€Xp4— > C.
2 P"(a,a,C" /1 P"~L,)\[27-G, - B(4,B) 267
(11)

The equations of the distribution density of a random quantity Z, the three-parameter Veybull’s
distribution for the longevity of roller bearings — (7) and the normal, equal probability and S-distribution
functions can be written as follows for typical variable operating modes:

b-1 b
[ aa,C"/ P" L, a,a,C" | P" L, | aa,mC""'b
¢(Z):J‘( 123 - OJ -exp _[ 1923 0] 163 %
0

c P"c
. (12)
exp{—[(C—z)/Pmax —n} }
X dcC,
\/2”'G'Pmax
+00 m—1 ml m b-1 m m b
¢(z):_[ a,a,;mC""b [ a,a,,C" | P" - L, expl— a,a,,C" | P" - L, iC. (13
o P"c-(B—A) c c

( C-z jA ( C+ z]
+o m—1 m m b-1 - m m b
¢(Z) _ J‘ a1a23mc b . a1a23c / P - LO . Pmax Pmax . exp _ a1a23c / P —_ LO dC.
Pc c B(A,B) .

0
(14)

Thus, the dependencies (9)+(14) express the integral effects of the main factors on the residual
conductivity through random functions, which in turn are determined by the appropriate coefficients of
longevity and conductivity.
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Probabilistic-statistical models of longevity of pillow-blocks. It is necessary to determine the main
characteristics of the obtained distribution laws in order to identify the different designs of rolling pads,
the conditions of damage and the general characteristics of the loading regimes.

Variations in residual conductivity can be estimated by mathematical expectation, which deter-
mines the average value of the random effects of the relevant factors [5, 6]:

M{z}= Tz-qﬁi(z)-dz. (15)

The function M {Z} and its variances determine the scattering of the residual lead:

o0
A

D{Z} = J.(Z—A;[{Z}j ¢(z2)-dz= J.Zzgﬁi(z)-dz—Z\Alz {Z} (16)

—o0

The accuracy of the statistical characteristics of residual conductivity M(z) and D (z) is determined
by the limits of possible deviations of the obtained values or confidence intervals at the required level
of significance a. When the variance is unknown (/-a), the mathematical expectation in the correspond-
ing confidence interval can be defined as follows:

. D{x
<SM{X}<M{X}+t,,-1 # (17)

The variance in an unknown mathematical expectation can be found as follows:

(N-1)D{x} <(N—1)13{X}

<p{x\<—— V1 (18)
X w X

where fa,N —Fn. (fa,N_l) = 1-0,5a, Fy.1(t) — is the root of the (17) equation; N — the number of
degrees of freedom of the Student's distribution function N-1/ is the number of observed random quanti-

: 2 2. . o : .
ties; %, , and %, , with a—are the roots of the equations; Fy (X) —is a distribution function with degree

of freedom Fiy ( ., )=1-0,5a. and Fy( ¥}, )= 0,5..

For each factor determined by any random quantity, and the optimal value of the integral perma-
nent conduction capacity determined by random quantities affecting the conductivity in contact with
other factors, the coefficient of variation can be determined:

v=\D{z}/M{z}. (19)

By paying attention to the value of the coefficient of variation, it is possible to judge the effect of
each factor on how one or another factor affects the performance of roller bearings. If the factors taken
into account are constant, then the solution of the problem is much simpler, ie only one parameter can
be taken as a variable, for example, the number of revolutions of the shaft on the cushion.

The results of numerical calculations showed that the assessment of the reliability of roller bear-
ings depends on the operating time of the bearings during the control selection, the volume of the selec-
tion and the distribution of longevity.

It was found that the experimental-statistical approach is the optimal method of estimating the
residual conductivity of pillows and allows to determine a random quantity from another — through the
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longevity of pillows and obtain regression models. The accuracy of the mathematical model and the
importance of individual factors can be assessed by Fisher's and Student's criteria.

Thus, for the longevity of roller bearings, the three-parameter logarithmic normal distribution law
and the equation that characterizes the scattering of the operating load, taking into account the Veybull’s
distribution, can be expressed as follows:

2
a,a,,;mC" "' Ige-exp {—[(C—z) /P —n} /2G2}

'([ -([ P P"(@a,C" | P"-L)2x-G,-G (20)
2
le(a,,a,,C" | P"—L)—a
Xz -exp —[g(l = > o) J dCdz,
2G°
m b
A =400 +00 m m b-1 a1a23 7 _LO
M{Z}:[Ijala%c i LOJ expi—| — L | Ix
0% c c
21)
T
1 exp{—[(C—z)/PmaX—n }
a,,a,,;mC""b-z .
X dCdz,
P'c J27-G-P_,
vren 4,0,,mC" g e exp {—[(C—Z)Pm —ZT /202}
=11 P P"(aa,C"/ P"~L)27-G.-G
00 193 2 0 i (22)
lg(a,a,,C" / P" —L )—a A2
xz” exp _[g( a— - o) y] dCdz —M {Z}
2G,
TT(alaBCm/Pm ]b_l expl— alaﬂﬁ_Lo xzzalaBmC""_lb><
0% c P’c
(23)
2
IC-z| -
exp —{[ Z]—n} /2G?
Pmax A 2
x dCdz—M {Z}.

J27-G-P

max

The significance of the mathematical expectation and variance values for the longevity of roller
bearings, taking into account the equivalent probability of operation load distribution, logarithmic nor-
mal and Veybull’s distribution, can be expressed as follows:

2
I z-a,a,;mC""'Ige [lg(alaazacm /P" _LO)_ay]
Z)= l ! dCz,

P"(0,,C" | P" —L V27 -G, -(B—-A) P 2G?
(24)
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m mn 2
ZS{Z}:TT Za,a,,mC" "' Ige exp _[lg(alaBC /P _Lo)_ay)] dCdz—]\A/{Z}
2 0 P"(aayC" | P"~L)N27 -G, (B~ A) 2G:
(25)
+00 +00 m— m n m n b
lA){Z}=J.J.a1a23mC lb. a,a,,C" /| P" - L, 2 expi— a,a,,C" /| P" - L, dCdz—AA/IZ{Z}
0 o Plc-(B-A) c c
(26)

The importance of the values of mathematical expectations determines the average value of the
indicated random effects of the corresponding factors and variances. This average value characterizes
the scattering of the operational load for the S-distribution of the scattering capacity. Taking into account
three-parameter logarithmic normal and Veybull’s distribution, we can write for the longevity of roller

bearings:
A B
a,a,,;mC""! lge(c_ZJ (I—CJFZ]
N +00 +00 Pmax Pmax
o o P (aa,C" /P —L)N27 -G, - B(AB) 27)
2
lg(a,,a,,C" /| P"—L)—a.
Xz -eXp _[g( D 5 o) J dCdz,
2G,
C-z C+z
T aa,mC™'b o)A ol o | -
A _ a1a23m -Z. a],a23 — 1Ly ) ‘max max
mizi=]] P'c ( ¢ j B(AB) g
00 (28)
m m_ b
X exp —(al’aBC /P LO] dCdz,
c
c—zY'(, c+zY
m—1 - _ +Z
/\ +00 o0 aa23mc lge ( Pmax j (1 Pmax ) I:lg(ala23cm /Pm _LO)_ay):IZ
Ij — — Z* exp{ — > dCdz —
o o P"(aa,C" | P" —L)N2rm -G, - B(AB) 2G,
A2
-M {z}
(29)
B
( C+ZJ
400 400 e m m b-1 A 1_
J~J-ala3mC 'b-z (alaBC / P" — j [C—z] . P y
00 ¢ B B(4B) (30)

m m b A2
XEeXp _(alaBC [P LO] dCdz-M {Z}
c

Let us determine the significance of the values of the mathematical expectation that determine the
average value of the relevant factors and variances. These, in turn, determine the scattering of residual
conductivity for a stable loading regime and a dynamic loading or conducting capacity composition.

Given the possible longevity models of roller bearings, it is possible to write for logarithmic nor-
mal and Veybull’s distribution, respectively:
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2
+90 m—1 lg(a,a,,C" | P" — L —da,
§o)= [t B Leaecir o]l
2 P"(a,a,C" | P" —L W27 -G, 2G,
+0 m—1 m m n " ’
#(z)= J' alaannC b (a1a23c /P — } (a1a23C /P LO} dcC, (32)
. P’c ¢
m n 2
_TT za,0,mC" " Ige [lg(al,aBC / P LO)—ay] dCdz. (33)
)Y P (a,aC" | P~ L) 271G, 2G: ’
+00 40 m— m m m n b
AA/[ :J.jZ 1a;mC" b (al’aBC /P" - } (al,anC /P _Loj dCdz, (34)
50 P"c ¢
m n 2
Diz s Za,a,;mC" "' Ige [lg(alazsc /P _Lo)_ay] dCd AA/ 7
121= ”P’"(aa C" /P~ L,)27-G, 2G; FM A2,
00 123 Y
(35)
A 400 400 2 m—1 m m m m b A 2
O S ORI I E ST )
00 Pre ¢ ¢
(36)

Thus, the system of equations (20)-(36) obtained as a result of analytical studies represents math-
ematical models of the continuous operation of roller bearings, taking into account the typical variable
loading modes. To ensure a high level of reliability and to more accurately determine the effect of the
equivalent load, the significance level was assumed to be 0.01 when the relative error of the reliability
index was 0.05. These conditions are described in «Methods for estimating the reliability of experi-
mental data / PD 50-690-89» normative technical document.

Conclusions

Based on the analysis of the longevity of the pillow-blocks and the generalization of the research
results, the method of assessing the impact of the main factors on the longevity of the roller pillows has
been clarified. A mathematical model was obtained to express the longevity of rolling pads as a function
of a random argument based on a known law of distribution of conductivity. The scattering of the lon-
gevity of ball bearings by the law of normal logarithmic distribution has been confirmed.

Probability-statistical models for estimating the continuous operation of roller bearings as a result
of the composition of the distribution function of the dynamic load, taking into account the typical var-
iable loading modes and real operating conditions, have been clarified. Given the need to justify the
adequacy of probabilistic-statistical mathematical models and to obtain more accurate results, the prob-
ability of continuous operation of high-reliability roller bearings was assessed.
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