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Anomauin. Ha oanuil vac 6iooma 3HauHA KilbKicmb pe3yibmamie 00CAi0NCeHb, NPUCEIUEHUX GUBUEHHIO
PIBHOMAHIMHUX 6U0i6 Oe2padayiliHux npoyecis, Wo NPOMIKarOmMy Y MEXHIYHUX eleMeHMAX ma CUCEMAx.
YV binvwocmi pobim xoodicen i3 npoyecie po3enioacmspcs OKpemo, a 8pAxy8ants ix 6NaU8y Ha 3a1UUIKOBULL
pecypc 8upobdy 3600umvcst 00 8UOOPY I YPAXYBAHHS OOMIHYIOU020 NpoYecy — npoyecy, AKull Hauditb im-
MEHCUBHO PO3BUBAEMBCA, WO NPEOCMABIAE 6 Meopii HAOIUHOCMI MaK 36aHy «caabky aaukyy». Taxuil nio-
Xi0 3HAYHO CHpOWYE 0ecpadayitiny Kapmuuy supooy, wo npuzeoounv 00 3a6UUEHUX Pe3YTbMamie npo-
2HO3Y. A ye € HenpunyCmumMum y CUCIeMax KpUmuyHo2o 3acmocy8anus. ¥ cmammi 3anponoHoeano me-
MO0, Wo 00360718€ 8 OOCHYNHIU THNHCEHEPHIU POPMI NPOBOOUMU OOUUCIEHHS 3ATUUKOB020 pecypcy 00'¢-
Kmis, AKI ni00awmsbcsi 00OHOYACHOMY 8NIUBY KLIbKOX Npoyecie dezpadayii 3 pi3HOI0 YACMKOBOK YUaACIO.
Memoo 3acnosanuii Ha 06uUCIeHH] cepeOHbOI WBUOKOCMI ma Koeghiyicnma eapiayii y3aeaibHeH020 npo-
yecy deepadayii. Pospaxynxu npoeoosimvcs 3 6UKOPUCMAHHAM IMOBIPHICHO-QI3U4HO20 NIOX00Y, 8 PAMKAX
KOO JIedHCUmsb IMOBIPHICHA MOOelb OUQY3IUHO-MOHOMOHHO20 po3nodiny eiomoe (DM-posnoodiny). Lleii
PO3NOOLN CneyianbHO POPMANi308aHO 3 YPAXYBAHHAM MAPKIBCbKO20 BUNAOKOB020 npoyecy OughysitiHozo
muny 3 noCMitiHow weuokicmio. Ju@y3itiHo-mMoHOMOHHUI PO3NOOLI HAUMOYHIUE BUPIBHIOE CIAMUCTNUYHI
O0awi npo 8i0Mo8U MexaHiuHux 0b'cxmis. B ymosax éniugy Kintbkox 0ecpadayitinux npoyecie enepuie UKo-
PUCAHT HOPMALI3AYisa BUXIOHUX OAHUX MaA iHpopMayis npo natogy y4acms KONHCHO20 i3 CKAAO08UX NPO-
yecis deepadayii 8 yzazanvHenomy oe2padayitinomy npoyeci. Memoo 0038075€ YMOUHUMU OYIHKY 3ATUUL-
K0B020 pecypcy upoby NOPIGHAHO 3 OYIHKOI, 00epiHCAHOI0 3 YPAXYBAHHAM Julie 00HO20 OOMIHYIOU020
Odezpadayitinozo npoyecy. Ompumana ymouHeHa OYiHKa 3a1UUK0B020 Pecypcy 00360JI€ SHUSUMU eKCHIY-
amayitini eumpamu 3a paxyHOK ONMUMI3AYIl MINCDEeMOHMHUX IHMepeanie ma GCMAHOGUMU PealbHUull
mepmin excnayamayii 06'exmis, wo 00CHiOAHCYIOMbCAL.

Knwuogi cnoea: timogipnicno-gizuunuii nioxio, DM-posnodin, ysaeanvuenuii npoyec decpadayii, yacm-
KOBULL 8NIIUB, 3ATUUKOBULL pecypC.

Abstract. At present, there are a significant number of research results devoted to the study of various
types of degradation processes occurring in technical elements and systems. In most works, each of the
processes is analyzed separately, and taking into account their influence on the residual life of the product
is reduced to choosing and taking into account the dominant process — the most intensively developing
process, representing a so-called “weak link” in the theory of reliability. This approach greatly simplifies
the degradation pattern of the product, which leads to overestimated prediction results that are unac-
ceptable in critical application systems. The article proposes a method that in an accessible engineering
form allows for calculating the residual resource of objects that are subject to the simultaneous influence
of several degradation processes with different partial participation. The method is based on the calcula-
tion of the average rate and the coefficient of variation of the generalized degradation process. The calcu-
lations are carried out using a probabilistic-physical approach which includes a probabilistic model of a
diffusion-monotonous distribution of failures (DM-distribution). This distribution is specially formalized
on the basis of a Markov random process of diffuse type with a constant rate. The diffusion-monotonic
distribution most accurately aligns the statistical data on failures of mechanical objects. Under the influ-
ence of several degradation processes, the normalization of initial data and information on the share par-
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ticipation of each of the constituent degradation processes in the generalized degradation process was
used for the first time. The method makes it possible to refine the estimate of the product's residual life in
comparison with the estimate obtained by taking into account only one dominant degradation process.
The obtained refined estimate of the residual life allows for reducing operating costs by optimizing the
overhaul intervals and establishing the actual life of the objects under study.

Keywords: probabilistic-physical approach, DM-distribution, generalized degradation process, partial
impact, residual resource.
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1. Introduction

The issue of predicting the residual life of technical systems is devoted to a significant number of
scientific articles based on the study of the influence of various degradation processes on the life
of the systems under study (electronic, electro-mechanical, and mechanical).

Note. Depending on the degree of detail, the system can be either an element or a combi-
nation of them, combined into devices and complexes of devices.

When developing models of resource consumption on the basis of the obtained statistical
data, graphs of the dependencies of resource parameters on the operating time are constructed,
and various methods are proposed for predicting the development trend of the dominant degrada-
tion process that affects the object under study [1]. In a number of works, for example [2], the so-
called multifactorial models have been developed, but their disadvantage is the complexity of the
application and narrow object orientation, which does not allow them to be extended to all classes
of technical systems. In the future, such a multifactorial model is needed, this makes it possible to
take into account the negative impact of many system degradation processes that occur simulta-
neously and lead the system to a failure state.

The aim of the article is to develop a method that will allow calculating the residual re-
source under the influence of several degradation processes.

2. Formulation of the problem

To take into account the influence of several factors of influence on the system, it is proposed:

— to define the failure criteria;

— to evaluate the influence of each of the factors;

—to determine the initial quantitative indicators for each of the influencing factors;

— to set the limit values of indicators for each of the factors of influence;

— to develop a universal mathematical apparatus that takes into account the specifics of
the physics of failures of each class of systems.

To build multifactorial models, as a rule, dependencies between several key parameters or
characteristics of influencing factors are used, and their influence is set by setting weighting coef-
ficients.

A number of approaches [3-5], which are described in detail in [6], are based on allowa-
ble stresses and represent safety margin calculations (for mechanical systems) and are performed
in order to comply with the so-called safety criterion. The calculations are based on the calcula-
tions of formulas for estimating fracture stresses, which take into account several factors of nega-
tive impact on the system, but they do not take into account accidental disease in the processes of
the drive mechanisms that cause failure.

In those works where probabilistic [7-9] and semi-probabilistic methods [10] are involved
the authors also focus on one prevailing negative factor of influence, then, taking into account the
entire range of influences, it is proposed to make several calculations and choose the most pessi-
mistic forecast.

Taking into consideration the shortcomings of single- and multi-factor models for re-
source estimation listed above, the purpose of this article is to develop a probabilistic-physical
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calculation method that allows taking into account the influence of several independent (or weak-
ly correlated) degradation processes acting simultaneously on the technical system under study.

3. Method for calculating the residual resource of a technical system in a complex degrada-
tion process

3.1. Description of the complex process of product degradation

Any technical product or system is subject to the influence m of independent degradation pro-
cesses that occur during operation, for example, at a constant rate over time a .

The parameters of the generalized product degradation process are determined as in [11].
The average speed of the generalized degradation process is

Y
(&)
t |\

where \R\ is the module of the vector function of the determining parameter of the generalized
degradation process and is calculated as follows:

- A 0 o
\R\:(Zaﬁtzj =t[2a?j .
j=1 j=1

Thus, the average speed of the generalized degradation process is calculated according to

the formula:
m y2
a= (Zl ajj . (1)
=

The composite degradation processes are random, and the generalized degradation pro-
cess can be represented by a monotonic diffusion distribution (DM-distribution [12]) with the
shape parameter v, a consistent estimate of which is the coefficient of variation of the general-
ized degradation process.

It is possible to obtain an estimate of the shape parameter based on the independence of
the components of the degradation processes with the parameters v, :

L 2A2 1/2
ZV,—a,-
=1

y="I2t @)
a

Substituting into (2) the expression for the rate of the generalized degradation process (1),
we obtain an estimate for the shape parameter of the diffusion distribution v:

m Y2
(Zvjza?j
j=1
VvV = —J ]/2 . (3)

To build a formalized model of the generalized degradation process of a product, it is nec-
essary to know how the degradation rates for each j-th process are related to the average speed
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of the generalized degradation process. Assuming that the product degradation process is homo-
geneous and its components are independent of each other, the expression for the average rate of
the generalized degradation process in the application (operation) mode can be written as follows:

m Y2
aO:[Zang : 4)

where q,; is the rate of the j-th degradation process in the mode of application at a temperature

t,, °C; a, is the rate of the generalized degradation process in the mode of application at a tem-
perature ¢,,°C.

Lemma 1. If the generalized degradation process is homogeneous and its components
i and k are independent of each other, then the ratio of the rates of degradation processes is pro-
portional to the ratio of failure rates ( p,) for each of them:

B _ Py o
aOk pOk

In practice, the values a,, are unknown, and the only information about the rates of deg-
radation processes is their share p, . in the generalized degradation process.
Indeed, taking into account (4), (5), the expression for a,; can be written as follows:

a = 0P ®)

0j m 1/2
(Z_l: pgjj

Adding (6) to (3), we get the following:

1/2 12

m 232 p2 m 2 pn2
vozi ZVOJ 0j Poj _ ZVijO] . )

Q| = - 2 i=1 2
DN DN
=i i

Expressions (4), (7) make it possible to estimate the parameters of the diffusion distribu-
tion (DN or DM), which describes the generalized process of product degradation for normal use
(index 0) when estimating its residual life.

Note. In the future, the values according to formulas (4) and (7) will be obtained for any
temperature regime (index 1) with known values of the activation energies of the composite deg-
radation processes E,; .

3.2. Estimation of residual life in case of complex degradation process

If the defining parameter of one product degradation process changes monotonically at a constant
average rate, then based on the accepted reliability model, the average residual life is calculated

by the formula
. {1, -11) V2
n:—pa 1 1+—2 , (8)
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where IT,, is the maximum allowable value of the defining parameter;I1, is the measured value

of the determining parameter at the time of operation t _; and v is the coefficient of variation of

the degradation process.

Consider a complex degradation process, for example, for a pipeline, including two deg-
radation processes occurring simultaneously.
1. Erosive-corrosive wear.
Example 1. It is necessary to calculate the residual life of a straight pipeline section after 23 years
of operation. 60 similar sites of one year of production and commissioning were subjected to the
study [2]. The measurements were carried out for pipes with diameter D=530 mm and wall thick-
ness S,=28 mm. For the period of operation t =23 years, the measured wall thickness of the

study area was S,=24 mm at the minimum allowable standard value S;=19.5 mm.
Calculating the values of the residual resource in absolute units of the initial data
M,,=S, -S,=28-19.5=8.5 mm,
I1,=S, —S,=28-24=4 mm,

v, =0.35 (the average value from Table 1),

= % =5 1 =0.174 mm/year
LT A 2317 yer
i M. -1 2 _ 2
= (IL;, —11,) 144|854 1+ 0,35 =27.4 years.
a, 2 0,174 2

Table 1 — The values of the coefficients of variation for the degradation processes that occur in
the system

Type of destruction (degradation process) Coefficient of variation destruction process
Wear and tear:
mechanochemical 0.20-0.50

Let’s calculate the values of the final resource in relative units of the initial data. We nor-
malize the data relative to the pipe wall thickness S, =28 mm.

X _X, = My Ty My S,-T1,S, 238-112_, o
S, S, S, 28
2 2
7142 214935 06,
2
_ =Ty 11 -5, — TGS, if [T =0, then a, =1 =2 _0,174 mm/year
% t st 0 % t 23 ’
v = X=Xy 45 = 25,86,
a, 0,174

7, =Y -Z =2586-1,06= 27,4 years.
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Both approaches in absolute and relative units of data gave identical results in estimating the final
resource.

2. Fatigue wear (crack formation).

Example 2. In the example, we calculate the residual life for a pipeline section, its straight sec-
tion, with an operating time of 23 years of operation. 60 similar sites of one year of production
and commissioning were subjected to the study. The indicators are relevant for pipes of straight
sections with diameter D = 530 mm and wall thickness S, =28 mm. For the period of operation

t = 23 the measured crack opening width in the wall of the studied area was R,= 2 mm at the

maximum permissible value R, =4 mm.

lim
Calculating the values of the residual resource in absolute units of the initial data

I, =Ry, =4 mm,

IT, =R,=2 mm,
V, =0.51 (the average value from Table 2 and Table 3),
A, 2
a2 = —
At,n 231

I1, —1II 2 2
T, =—( i =) 142 12 2 1+ 051 =26 years.
a, 2 ) 0,087 2

=0.087 mml/year,

Table 2 — The value of the coefficients of variation of working hours and types of destruction
processes for typical objects of thermomechanical equipment

Names of objects The main types of destruction Coefficient

(refusal) variations

Pipelines Aging, volumetric fatigue of 0.40-0.70
welds and base metal

Table 3 — The value of the coefficients of variation for the degradation processes that affect the
system

Type of destruction(degradation process) Coefficient of variation destruction process
Wear and tear:
mechanochemical 0.20-0.50
Aging 0.40-1.00

Let’s calculate the values of the residual resource in relative units of the initial data. We
normalize the data with respect to the pipe wall thickness S, =28 mm.

X, — :%_&:Hnm‘sn—nl'sn:4-28—2-28:20
"t s, s, S, 28 o
2 2
Z=1+%:1+0'51 =113,

— 11, — 1, _ I1, -S, —ILS,
t S, -t

n

2

,if I1, =0, then a, = % = 2% =0,087 mmlyear,

n
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Y:xlim_xl 2

= =23
a, 0,087

7, =Y -Z = 23-113=26years.

Both approaches in absolute and relative units also gave identical results for residual re-
source estimation.

Estimation of the residual resource under the conditions of a complex degradation process

Option 1. For each of the degradation processes, we calculate 7, and 7, , and the resulting re-
sidual resource can be represented as [13]:
(1 . 1)
T4 7
where 7, =27.4 years, 7,=26 years.
Tlyy = L = L —=18.9 years.

1
(1+1)2 1, 1)
74 7% 27.4% 267

Option 2. Let’s assume that, based on the results of the operation of products (for example, pipe-
lines), it is known that the share of failures caused by the first degradation process (erosive-
corrosive wear) accounts for p, share of failures, and the share of the second degradation process
(fatigue wear) accounts for p, share of failure rate, for example, p,=0.8 and p,=0.2.
Sop, +p,=1.

For further calculations, we use the values ¢, =0,174 and «, =0,087, obtained from the
normalized initial data in relative units. Let’s calculate the value of the coefficient of variation of
the generalized degradation process according to (7) for v, =0,35 and v, =0,51:

TTy1 =

N |-

12

2,2

m 2 p? 0352.08° 0512-022)""
v=| Y IR :(’ ! Rl j =0.36.

+
o=t T 0,82+0,22 0,82+O,22
DN F

i1

Let’s calculate the value of the average degradation rate:
m 1/2
a = (Z af} =(0,1742 + 0,087 ] *=0.194 mm/year,
j=1

2 2
y =1+V7=1+ 0,36

Let’s normalize the following initial data with respect to S, =28 mm and calculate the
following:

=1,065.

him 85 5 304
28

X, .=
lim1 S

n
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Xima = iy :i =0.143,
S, 28
Ximavg. = (Xiims + Xiim2 )/ 2=(0,304+0,143)/ 2=0.224,
X, :& :@:0,143,
- S, 28
X, = H, 3:0.071,
© S5, 28
Xipg = (X1.1 +X,,)/2=(0,143+0, 071)/2 =0.107,
X _ —X — 1_Ilim.avg. _ Hlavg
lim 1s Sn Sn !
(Xlim.avg. - ><1avg ) ’ Sn = 1_Ilim.avg. _Hlavg = (0’224_ 0’107) 28=3.276.
Calculating the average residual resource is then made as follows:
I1, —1I
Ry = (i = Mg z-3.216 -1,065=17.98 years.
' a 0,194

4. Conclusions

All the methods for estimating the residual life given in the article showed results that are con-
vergent in the order of magnitude. The methods that take into account the simultaneous occur-
rence of several degradation processes in the product should be considered the most adequate.
The paper proposes a method that makes it possible, on the basis of the participation of compo-
nent degradation processes, to evaluate the parameters of the diffusion distribution and based on

them correctly calculate the residual life of the product. Methods with scores 7,, and 7, led to

the closest results, and the choice of one of them is recommended to be made only on the basis of
the availability and completeness of the initial data on the degradation processes occurring in the
product.
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