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Abstract

It has been proposed to use the triboelement method to improve the elements of information technology
CAD / CAM / CAE - tribological systems. The method uses a unified mathematical apparatus and a
methodological approach in modeling wear of various types of friction units and takes into account the
requirements for the mathematical support of CAD / CAM / CAE systems. The mathematical support of
information technologyv and the generalized algorithm for the interaction of the wear calculation module with the
elements of CAD / CAM / CAE - systems have undergone sufficient testing through the implementation of
software and verification of the calculation results.
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Introduction

Design automation is a complex discipline, the components of which are a lot of modern information
techmologies. This determnines its special place m the range of CAD / CAM / CAE mformation technologies -
complexes as the main automation tool for the design of complex modern software systems. Currently, CAD /
CAM / CAE - complexes have become an effective tool in engmeering. They allow computer simulation
methods to evaluate the performance of a technical system in a given period of time. The adequacy of the models
used in CAD / CAM / CAE complexes depends on taking into account the physical processes that determine the
behavior of technical systems. In this regard, it is necessary to improve the elements of information technology.
In particular, the mathematical and algorithmic support of CAD / CAM / CAE are the systems that take mto
account the influence of physical processes in mathematical models.

One of the most important and influencing behavior of technical systems is the wear processes of
elements. Therefore, the main direction of improving the CAD / CAM / CAE software systems at the present
stage is the development of calculation methods for the analysis of wear processes.

Background and problem definition

Recently, in the calculation modules of CAD / CAM / CAE - systems, attempts have been made to take
into account the influence of wear on the behavior of technical systems by simulating and analyzing the physical
processes occurring m the wear process.

Iu [1-5], the authors solve the problem by dividing the complex problem of assessing the wear of friction
units into a number of problems. These problems can be solved by means of CAD / CAM / CAE-complexes with
the subsequent use of calculation results to assess the wear of friction pairs.

In some CAD / CAM / CAE - systems for modeling wear processes, the following algorithm is imple-
mented [1. 2]:

*in the CAD / CAM / CAE solver - ABAQUS systems, the contact geomeltric parameters were deter-
mined:

» the results of the calculation analysis were transferred to an extermal software application, where the
depreciation was calculated;

» the results of the calculation of wear were transferred to the preprocessor to build a new finite element
model and carry out VAT calculations taking into account changes in geometry due to wear;
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+ the above procedures were repeated until the set value of the wear of the friction pair clements was
reached.

The main disadvantage of this algorithm is the constant restructuring of the entire finite element grid,
which leads to a significant increase in the calculation time. Another approach for taking into account physical
processes that occur during wear in models was implemented by MSC Software, namely the use of integrated
modules in a CAD / CAM / CAE system. Marc / Mentat CAD / CAM / CAE system developers have included a
module for calculating wear using several deterministic wear models [10-12]. A similar architectural solution
was implemented by the developers of the CAD / CAM / CAE-system ANSYS. A wear calculation module was
included in the system based on the use of the Archard model for steady abrasive wear [6-9].

This approach has the following features. If the geometry of the friction pair changes. after a wear cycle,
there is no need to rebuild the entire finite element grid. It is enough to change the coordinates of only the nodes
of the elements that were in the contact zone and have wear. This will significantly reduce the time of calculation
analysis.

The models used to deseribe the wear processes in CAD / CAM / CAE - systems should be invariant to
the methods of obtaining the initial data for determining the parameters of the models, It is impossible to be
based only on theoretical models, since in tribology a significant part of the data was obtained experimentally.

The fact that the wear process is a random process is also ignored. In addition to the main prevailing fac-
tors. a large number of random factors affect wear. The combined effect of these factors at the physical level has
not been fully studied either theoretically or experimentally. The mfluence of factors that are not taken into ac-
count in wear models leads to the fact that the wear process behaves as a random process. For an adequate de-
scription of the wear process, the function of the mathematical expectation of wear over time and the dispersion
of values relative to this function at each moment of time should be determined.

The analysis allows us to formulate the requirements for the mathematical support of information tech-
nology for CAD / CAM / CAE systems of the tribological sector. Namely:

* The software should be based on the principles of spatio-temporal discretization, and be able to interact
with other calculation modules of the CAD / CAM / CAE system.

+ Mathematical models should be based on the use of a unified mathematical apparatus and methodologi-
cal approach to describe the behavior of various types of technical tribosystems.

* Models should describe the wear process as a non-stationary random process.

The aim of this work is to improve the mathematical and algorithmic support of information technology
of CAD / CAM / CAE-systems of tribological direction, taking into account these requirements.

Improving the mathematical support of information technology CAD / CAM / CAE-systems of
tribological direction

It has been proposed to use a numerical method for modeling the behavior of tribosystems, the method of
triboelements (MTE), as the basic method for the mathematical support of information technology for CAD /
CAM / CAE systems of the tribological sector [13]. This method most fully takes into account the basic
requirements for the software of CAD / CAM / CAE-systems. It can be implemented in their architecture as a
separate calculation module or integrated directly into one of the existing modules.

The triboelement method is based on an iterative approach, which involves considering a number of
discrete states through which the tribosystem passes in the process of functioning. This method (like most
modeling methods m SAE modules) is based on spatio-temporal discretization. This allows you 1o organize the
interaction of the calculation modules at the level of the source data and the calculation results. To describe the
behavior of tribosystems, the method uses a unified mathematical apparatus and a methodological approach to
simulate the wear of various types of friction units. The method takes into account a wide range of factors
affecting the course of wear processes and their changes in the process of functioning.

The method takes into account that the wear process at the macro level is an evolutionary, non-stationary
random process. The determination of the parameters of a random process is based on the correspondence
between the parameters of the mathematical model and the physical characteristics of the wear process. The
method for determining the model parameters is invariant to methods for obtaining the physical characteristics of
the process.

To describe the wear of elements of friction pairs, arrays of probability vectors of wear values of discrete
points of the surface, called "triboelements”, are used. Triboelements are modeled by non-statienary random
processes of the Markov type. The change in the size of the bodies in the direction perpendicular to the friction
surface is estimated using the mathematical expectation of the probability of the presence of triboelements in a
certain state. The shape of the worn surface is determined using the cubic spline approximation of the
mathematical expectations of wear at the points of location of the riboelements. which ensures a minimum of
potential energy of the wear surface.

In accordance with the method, wear is described by a random Markov process with discrete time and

states [13]. Attime ¢ =1 the probabilities of finding triboelements are defined as the product of the vector of
initial states and the transition probability matrix (TPM) [\V“] :
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where [7!: /(t = 0)] is the vector ofinitial states: [nJ, (1‘ = 1)] is the vector of unconditional probabilities
of finding triboelements in j states at time ¢ =1: [\vV"] is the transition probability matrix.

The components of the mitial state vector [1! (= 0)] are determined from the assumption that at the
mitial moment of time the triboelement was in the first state:

[=,(=0)] =[1,00,..0] @

If more detailed information is known about the probabilities of finding the triboelements at the mitial
moment of time (for example, dispersion of the initial parameters of the elements of the tribosystem), the vector
of initial states may have a different form.

Probabilities of the state of triboelements at time ¢ 1 defined as a product [",' (t— l)] vector of

unconditional probabilities at the moment 7 —1 on the transition probability matrix. defining behavior of a
riboelement at a time £ -

[xO)=[x,-DIw,] . ii=12..k. @)

To describe the behavior of triboelements, a matrix of transition probabilities with smgle jumps up and
the presence of an absorbing state is used:

w,(f) wof) 0 0 .0
[\V,j]= 0 11'21(!) wn(l) 0 ... 0 )

0 0 0 0 .1
The components of the matrix W (l ) are defined as follows:

Wy (t) =A, (t) Ar, )

where A, (¢) =V, (¢)/ h; is the wear flow rate: Az is the time step; /=& /(K —1)is the value

determined from the condition of ordinary wear flow; F;(7)is the wear rate at time.

Tt should be noted that the wear rate function is mvariant with respect to the methods of its preparation.
As a function, one can use both the approximation functions of empirical data and the dependences obtained by
calculation methods. Through the fimction of the wear rate, the main characteristic of the wear flow, represented

in the form of a Markov chain, is determined as the intensity of the wear flow A,(¢) . which determines the

transitions of a system from state to state.
The wear flow rate can be determined by the caleulation method [9]. based on the thermokinetic theory of
fracture.
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where &, (x,y,2.1). T(x,,z,t) is the contact pressure and temperature, respectively, at the point
with coordinates (x,y.=) atthetime 7; f} is the dynamic coefficient of friction; f, is the static coefficient of
friction: v, is the relative sliding speed at the point of contact; § is the coefficient: L is the sliding friction
path; M is the molar volume; Jr,_ is the wear layer thickness; U, is the activation energy of the leading
mechanism of destruction: AG is the coefficient taking into account the influence of the external environment;
R is gas constant,

Dependence of wear flow rate A4,(¢) can be used to simulate tribosystems with a wide range of input
parameters.

The value of wear is determined through the mathematical average 1, :

z, = (m, —1)A ©)

— Ke
where 1, =Zi7ti(l), i=12..,K.: n,(t) is the vector of unconditional probabilities of
-]

triboelement states,

Topological equations describing the relationships i the composition of the simulated system are
represented by a cubic spline approximation of the mathematical expectations of wear. This provides a minimum
of potential energy of the wear surface:
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where d, =1, —1l,: k=12.,K, u=12.,U: K, Uis the number of triboelements
with wear in the radial and axial directions.

W+l

M are determined from systems of linear equations for each & :
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Cubic spline fimction of the dependence of wear values is:

1
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Generalized interaction algorithm for the wear calculation module with CAD / CAM / CAE systems

The effectiveness of the calculation method will depend on how much the basic requirements for the
mathematical support of CAD / CAM / CAE systems and the architectural features of the software package for
its implementation are taken into account,
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To consider the influence of wear processes on the behavior of the technical system in information
technology, it is necessary to ensure the interaction of the calculation modules of the software complex, taking
mto account changes in the input parameters at cach step of the iterative process.

For example, the initial data for determining the parameters of the wear model are the results of the
analysis of the stress-straim state of the elements of the friction pair. On the other hand, the stress-stram slate
depends on geometric parameters that change due to wear of the elements. In addition, the dynamic processes
occurring in the system influence the stress-strain state. The dynamic behavior of the system determines, among
other things, the wear of elements of friction pairs.

In connection with the above. a generalized algorithm for the mteraction of the module for calculating
wear by the triboelement method with the CAD / CAM / CAE complex can be represented as follows.

1. Construction of a geometric model of a technical system using a CAD / CAM / CAE complex
preprocessor, including tribopairs.

2. Construction by means of CAD / CAM / CAE-complex of the calculated finite-element model of the
system and tribopairs.

3. Saving the set of coordinates of the nodes of the finite elements of the tribological conjugation located
on the wear surface.

4. Determination of the stress-strain state of the elements of the technical svstem (including tribological
conjugation elements) using the solver CAD / CAM / CAE-complex, taking mnto account a given set of input
parameters

5. Determnination of the parameters of the wear model using the obtained results of the solution of p. 4 m
the wear calculation module. The parameters are the values of the components of the transition probability
matrix for each node of the fmite element that has come mto contact.

6. In the module for calculating wear, the mathematical expectation of the amount of wear is determined
for each node of the final element located on the wear surface and which has come into contact. Saving the
obtamed vectors of unconditional wear probabilities for finite element nodes.

7. Determination of the amount of wear and the set of new coordinates of the nodes of the finite elements
located on the wear surface.

8. By means of the CAD / CAM / CAE complex. the set of coordinates of the nodes of finite elements
located on the wear surface and having wear is adjusted (taking into account the results obtained (p. 7)).

9. The cyclic repetition of p.p. 4-8 until the specified boundary operating time of the technical system or
the specified parameters of the state of the systemn.

Approbation of the proposed solutions

The proposed solutions for improving the mathematical support of information technology, the interac-
tion algorithms of the wear calculation module with the elements of a CAD / CAM / CAE complex have been
tested.

Using this method, new results were obtained by calculation, which received experimental confirmation.
The method of tribo elements was verified by comparison with empirical and calculated data available in the
literature. For various types and conditions of functioning of tribosystems, sufficient accuracy and efficiency of
the method was obtained in solving tribotechnical problems [13 - 16].

To test the mathematical models of the method, software was developed to calculate the wear of various
types of friction units (Fig. 1, 2). The software was implemented both in the form of autonomous modules (Fig.
1). and in the form of computational modules integrated into the CAD / CAM / CAE complex (Fig. 2).

AT EE— Al
m fororem Ba feeon

< W0 smis

PR CEME 10T a0 -n .

0l oo g e 2100 )

U om0 2 % 300 38 f

W o a0 BI04

et RALLLLLLLLL L LLELLL L UL L UL

Fig. 1. The results of the calculations of the autonomous module
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When implementing integrated calculation modules, a generalized algorithm for the interaction of the wear
calculation module with CAD / CAM / CAE systems was implemented and tested.
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Fig. 2. The results of the calculations of the integrated module

The testing of the mathematical support of information technology was carried out both for normal operating
conditions of technical systems [13 - 15], and for systems operating in extreme conditions [16-17]. Mathematical
models have shown sufficient accuracy in assessing the wear of rifled small arms trunks [16].

Conclusion

Based on the analysis. it is proposed to use the triboelement method as the basic method of mathematical
support of information technology for CAD / CAM / CAE-systems of the tribological sector. This method most
fully takes into account the basic requirements for the CAD / CAM / CAE systems of mathematical software and
can be implemented in software systems. The proposed solutions to improve the mathematical support of infor-
mation technology, the interaction algorithms of the wear calculation module with the elements of the CAD /
CAM / CAE complex are quite approved. The proposed generalized algorithm for the interaction of the wear
calculation module with CAD / CAM / CAE - systems has been implemented and tested by implementmg the
software of integrated calculation modules.
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Copokartprii P., [Ipixa A., llaceannk A., Ckppmaak T. KommbioTepHo-HEGOPMAIIHOHHEIE TEXHOIO-
THHH MOJETHPOBAHHA TPHOOIOTHYECKHX CHCTEM

1IpeanoKeHO I COBEPIISHCTBOBAHHA 31EMEHTOB HH(OPMAUHOHEOHN TexHOTorHH CAD/CAM/CAL -
CHCTEM TPHOOTEXHHTIECKOTO HA3HAMEHHA HCIONBIOBATL METOd TPHOOdTeMeHTOB. MaTeMaTHieckoe obecmetde-
HHe HHPOPMAIHOHHOH TeXHONOTHH H 0000NIeHHBIH ATOPHTM B3aHMOJIEHCTBHA MOY/IA pacyera H3HOCA C 2Ure-
meHTaMi CAD/CAM/CAE - cucTeM NPOUUTH JOCTATOYHYHO ANPODALMIO MYTEM pealH3aliid NPOIPAMMHOIO
obecmedeHEHa H BepH(PHKAITHE IONYIeHHBIX Pe2yIbTaToB pacteTa.

Karouesble ¢a0BA: HHQOPMADMOEHAA  TeXHONOIHA.  MAaTeMaTHUecKoe  oOecIeueHHe,
CAD/CAM/CAE. MeT0ox TpHO021€MEHTOB, ABTOMATH3ALIHA MPOSKTHPOBAHHA



