MATEC Web of Conferences 298, 00078 (2019) https://doi.org/10.1051/matecconf/201929800078
ICMTMTE 2019

Mathematical models and methods of
prolongation of operating lifetimes for
expensive objects

Vladimir Trukhanov**, Mikhail Kukhtik® , and Natal'ya Fyodorova®

Volgograd State Technical University, Department of Production Process Automation, 400005
Volgograd, Russia

Abstract. The article is devoted to the relevant issue of prolongation of
operating lifetimes for expensive objects. The methods of prolongation of
operating lifetimes for complex technical systems have been described. In
particular, the mathematical model of prolongation of operating lifetimes
by the calculation and analytical method, which is based on normal
distribution law of actual load and durability, has been represented. The
experimental method, which is based on analysis of actual technical state
of element base and material, has been described. The probabilistic method
of calculation of reliability function during prolonged operating lifetime
taking into account actual technical state of element base has been
represented.

1 Introduction

The final stage of the lifecycle of expensive objects is prolongation of operating lifetimes
with acceptable level of reliability and output technical characteristics [1-5].

Hence and with regard to large cost of research object, the issue of ensuring of preset
level of reliability and other operational characteristics of complex technical systems at
prolonged operating lifetime becomes relevant. The issue of prediction of technical life of
complex technical system is relevant and is based on actual technical state of its
components [6-8]. This issue happens to solve at prolonged operating lifetime, for example,
by replacement of mechanisms, assemblies, devices and apparatus, which have exceeded
assigned life, and in the case of prolongation of operating lifetimes over guarantee ones as
well [9-11].

The known method of prolongation of operating lifetimes is based on normative and
technical documentation by only replacement of constituent elements and components,
which have exceeded established life [12, 13]. The proposed approach consists in so as to
keep established in normative documentation technical and operational characteristics at
acceptable level at prolonged operating lifetime including quantitative reliability indices.
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Thus, newness of new approach specifies the existent method of prolongation of
operating lifetimes by addition of calculation and analytical, experimental and probabilistic
methods [14].

Methods of prolongation of operating lifetimes

for complex technical systems
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Fig. 1. Methods of prolongation of operating lifetimes for complex technical systems.

2 The calculation and analytical method

The calculation and analytical method is based on theoretical statements and calculations of
life and endurance prolongation on criteria of durability, wear resistance, corrosion stability
and other criteria on actual technical state of object at the moment of prolongation of
operating lifetimes. Quantile of normal distribution function is calculated on estimated
value of margin and variation coefficients of metal constructions and mechanical units.
Nonfailure operation probability [14] is determined on quantile by the formula

P=lu,) (1)

where u, is the quantile of normal distribution function, is chosen from the tables [12,
15, 16].

u :n—_l (2)

P V(v P +v3 ,

where n is the margin coefficient of durability, wear resistance, corrosion stability etc.;
v, is the variation coefficient of durability, wear resistance, corrosion stability etc.;

v, is the variation coefficient of actual load, humidity, temperature etc.
O (e}
Vl = —1, V2 = _21 (3)
my m,
m;, o, are the mathematical expectation of margin of durability, wear resistance,

corrosion stability etc. and the standard deviation;

m,, o, are the mathematical expectation of load, humidity, temperature etc. and the
standard deviation.

Let us represent the analytical expressions of quantiles for determining of nonfailure
operation probability as examples [14].

Design formula for criterion of wear of attrition faces looks in the following way:
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. . . A
where n is the margin coefficient on wear, n= F;
\

J is the mean value of wear intensity;
v is the speed of relative movement of attrition faces;
t is the performance time of attrition faces;

v, is the variation coefficient of part magnitude, v, = ciT“'

oy is the standard deviation of initial magnitude;

A = hiit ~Nmax» When magnitude decreases;

A = hpa - hinic, When magnitude increases;

hinic is the initial value of magnitude;

Nmax 1S the maximum permissible value of magnitude under wear;

v, is the variation coefficient of wear intensity, v, =GJ—J;

o, is the standard deviation of wear intensity.
Design formula for criterion of part durability looks in the following way:

u :n—_l (5)

p )
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where n is the coefficient of durability margin, depending on mean values of yield point
and stress Ggq, N= S

Oeq
v, is the variation coefficient of yield point;

v, is the variation coefficient of pressure.

2

Calculations at the stage of prolongation of operating lifetimes must be carried out on
actual technical state of elements, units and assemblies at the moment of prolongation.

This method is used both in design calculation of reliability and when operating
lifetimes of complex mechanical, hydromechanical, hydraulic systems and devices are
prolonged.

In the case of disconfirmation of sufficient margins elements and units are subjected to
constructive reprocessings at the design stage or to mandatory replacement in provided
terms according to normative and technical documentation at the operation stage. Under
conditions of prolongation of operating lifetimes necessity of replacement of materials and
constituent elements by more durable ones is determined with a view to ensure preset
output technical and operational characteristics and preset reliability level as well.

3 The experimental method

The experimental method is based on analysis of actual technical state of materials,
elements, assemblies and product integrally after expiration of guarantee or established
operating lifetime of complex technical system. Developer of given system chooses no less
than two systems from operational locations, which have exhausted guarantee or
established lifetime, where they have been operated. Functioning testing is carried out on
chosen systems in amount of double or triple guarantee or established life. During the
functioning process all output technical and operational characteristics are measured and
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after functioning reliability level is estimated and compared with requirements of technical
conditions. Then components are dismounted on chosen systems (assemblies, units, desks
and other equipment) and are tested on functioning as part of desks with measurements of
output technical parameters and recording of actual values of parameters in data sheet or
logbook. After that assembly, unit or desk is subjected to dismounting and flaw detection of
each element with measurements of geometric parameters and technical and operational
parameters as well (for example, output current or voltage of electronic element, engine
power, time of moving-out and retraction of jack etc.).

According to the results of estimation of actual technical state of elements and units,
procedures, which are directed to increase of life both of individual elements, units,
assemblies and product integrally, are developed. Procedures, which are directed to
increase of life can have construction, technological and operational character.

Construction procedures are most often connected with replacement of less stable
materials to external actions by more stable ones for different climatic zones. Thus,
materials, which are more enduring to low temperatures, are used for systems, which
perform under conditions of low temperatures (for example, metal constructions should be
made from Kkilled steels, low-temperature operating fluids should be used in units and
mechanisms etc.). Materials, which are stable to thermites, are chosen for products, which
perform under conditions of high temperatures and tropical climate, and clearance is
increased in couplings of attrition faces, high-temperature operating fluids are used in units
and mechanisms etc.

Procedures of technological character are directed to improvement of technological
process in part of stableness increase of material surface coating to decrease of wear
intensity, increase of time on corrosive influences and cavitation etc.

Procedures of operational character are directed to more precise definition of
operational documentation in part of reduction of number of failures caused by violation of
operating instruction. For example, when the most crucial operations of system functioning
are executed, it is necessary to provide for particular signs of attention in operating
instruction and put them directly at working place of operator, which carries out this
performance, in the form of tablet.

According to the results of researches, all objects, which are in operation, are
reprocessed on bulletins, and operational documentation is corrected taking into account
prolongation of operating lifetimes in part of modification and more precise definition of
maintenance supports and replacements of constituent elements and units on preset run or
preset time. Consecution of carrying out of performances on prolongation of operating
lifetimes is represented at fig. 2.
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The experimental method is based on carrying out
of the following kinds of performances

v

Functioning testing of two objects
in amount of double or triple guarantee life

v

Dismounting of components from objects and flaw detection

of assemblies, units, mechanisms, desks etc.

v

Development of plan of procedures on mandatory

replacement and requalification of individual
elements, assemblies, units, mechanisms, desks etc.

v

Development of bulletins on reprocessing of objects

which are at operational locations
with necessity of change and requalification of

elements, assemblies, units, mechanisms, desks etc.

v

Reprocessing of all products, which are

at operational locations, and more precise
definition of operational documentation

Fig. 2. Consecution of carrying out of performances on prolongation of operating lifetimes for
complex technical systems.

4 The probabilistic method of calculation of reliability function
during prolonged operating lifetime taking into account actual
technical state of element base

The probabilistic method is based on probability calculations of reliability indices, which
are established in technical conditions. Reliability calculations are carried out on durability
margins and their deviations for metal constructions, mechanical units, attrition faces etc.
When operating lifetimes of communications electronics equipment are prolonged,
different kinds of redundancy are considered and required terms of requalification or
mandatory replacement of appropriate elements and units are established in operating
documentation as well.

At probability calculations it is recommended to use methodology of calculation taking
into account control actions, which is considered in parts 5.3 and 5.4 [14].

Reliability function at prolonged operating lifetime taking into account actual technical
state of element base is determined by the expression

Gt o, B)= P(t, 1)R(t.ot, B) = exp(— 1t )expl- at® ) (6)
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where P(t,1) is the one-parameter reliability function, which takes into account

random failures depending on actual technical state of element base;
R(t,a, ﬁ) is the two-parameter reliability function, which takes into account nonrandom

failures depending on actual technical state of element base.

In the model of calculation of reliability function taking into account control actions
matrix of parameters B' is formed on actual technical state of element base at the moment
of prolongation of operating lifetime

by By by
oo |Pi B o bin| -
B B

and shape parameter takes on a value p =2+4, when reliability function R(t,cx, B) is

calculated.

When reliability of metal constructions and mechanical units is calculated at period of
prolonged operating lifetime, margins of durability, wear resistance, fatigue etc. are
recounted depending on actual technical state of constructive parameters of elements, units,
mechanisms etc. by the formula

pop "1 | 8)

(i P+ vy

m . - - . . .
where n’ :—,1 is the coefficient of durability margin of element, unit, mechanism etc.
my
on actual technical state at the moment of prolongation of operating lifetime;
m;, o; are the mean value of durability and its standard deviation at the moment of

prolongation of operating lifetime;
m,, o, are the mean value of load and its standard deviation at the moment of

prolongation of operating lifetime;

’

v = 0—1' is the coefficient of durability variation;

is the coefficient of load variation;

n'-1 . . N . .
=—————— is the quantile of normal distribution function, which corresponds

(v P+ vy P

to probability P, is chosen from table (appendix 1 [14]).

Up

5 Conclusions

The methods of prolongation of operating lifetimes for complex technical systems have
been considered. The calculation and analytical method of prolongation of operating
lifetimes in terms of normal distribution law of load and durability has been represented.
The experimental method of prolongation of operating lifetimes, which is based on analysis
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of actual technical state of material and element base, has been stated. The probabilistic
method of calculation of reliability function during prolonged operating lifetime taking into
account actual technical state of element base has been represented.

The considered methods have found a use at several enterprises of machine-building
industry, for example, at «Federal research and production center «Titan-Barrikady»
(Volgograd), «Plant no. 9» (Ekaterinburg) and «Manufacturing facility «Akhtuba»
(Volgograd). The obtained scientific results have been used, when the monographs [14, 17-
19] have been published, and in the educational process of Volgograd state technical
university.

The reported study was funded by RFBR according to the research project no. 17-01-00018.
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