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CIRCUIT DESIGN OF TRANSFORMATION AND TRANSFER
PROCESSES IN HETEROGENEOUS MEDIUM

B. Touxonozuu, O. Cmanoscvkuu, M. Ionogeesa, 10. Tonogees, €. Haymenrxo. CxeMOTexHiuHe NPOEKTYBAHHSI HpoleciB
NepeTBOPEHHs i MepeHocy B rereporeHHux cepegoBumax. CTaTTs NPUCBAYECHA TOCIIHKEHHIO MOXKIMBOCTI BUKOPHUCTAHHS MPHHIHIIB
CXEMOTEXHIYHOrO MPOEKTYBAHH MPU MOJIEIIOBAHHI BHYTPIIIHIX MPOLECIB, 10 MPOTIKAIOTh B reTepOreHHOMY cepenoBuini. CydacHi ckiaHi
00’€KTH B MalIMHOOY/IyBaHHI (€IE€MEHTH, MPOLECH, BY3JIH, CyMIlll, CIJIABU TOIIO) MOXYTb OyTH IPEICTABJICHI Y BUTJIAII BaXKJIMBUX CXEM,
il SKUMH PO3YMI€ThCSl CYKYIHICTD €IEMEHTIB i 3B’SI3KIB MiX HHUMH. Taki CXeMH J03BOJIAIOTH CTBOPIOBATU OJHO3HAUYHY MOJENb 00 €KTa.
KpiM TOro, HpHHUHUIIOBI CXEMH JO03BOJIAIOTH ONTHMIi3yBaTH iX (OTke i 00’€KTH) y mpoueci MoOyIOBH: 3MIHIOBATH KiJIbKICTh €JIEMEHTIB;
3MIHIOBATH XapaKTEPUCTHKU eneMeHTiB. OCHOBHA NepeBara Takoro IiJXOAY BHUILIMBAE 3 TOTrO, 10 B JaHMH 4ac iCHYIOTh CHeLiaJbHi
IpOrpamMy, B TOMY YHCIi KOMII'IOTepHi, IO MO3BOJLIIOTH OyAyBaTH Taki MOJeNi Ha MiACTaBi MeTH (YHKLIOHyBaHHS 00’€KTa, IO
HPOCKTYEThCS, 1 MONIMBOCTEH HOro crBopeHHs. CXEMOTEXHIYHE NpPOCKTYBAaHHS B MEXaHILi — I¢ CTBOPEHHS IPUHIMUIOBOI CXEMH
MaiOyTHROrO 00’€KTa (METOAM, MPUCTPOI, PEYOBHHM), SKHW, OyIydd BHKOHAaHMM (BHTOTOBJICHUM), IO3BOJUTH OO €KTYy MAOCATATH
mocTaBieHOI MeTH. PO3rsiHyTHi mpoliec MEepeTBOPEHHs Ta MEPEHECCHHS IHTCHCHBHOTO IapaMeTpa B IETCPOrCHHUX CEPEAOBHINAX Ha
NPHUKNaJi MOLIMPEHHS B HHUX INPYXKHHMX KOJIMBaHb Ta TEIUIOBHX MPOLECIB, IO € IKAaBUM 3 IIOIVIAZY MOJCINIOBaHHS IPOILECIB, IO
BifOyBaIOThCS B JaHUX CEPEAOBHINAX IIPH iX Ae()EKTOCKOMIT aKyCTUYHNM iH(ppadyepBOHUM TEPMOMETPHYHUM METOOM, KU 3aCHOBAHMH Ha
B3aeMOii 1e(heKTiB CTPYKTYPH 3 aKyCTHYHMMHA XBWISIMH. [Ipy 1IbOMyY Ha TXHIX MeXax reHepyeThCs TEIUIOBa CHEepris, IO € IHAUKATOPOM He
TUIBKY HAsBHOCTI TPILMH, a i IXHBOTO HampsMy Ta po3BUTKY. [Ipu MoJeIoBaHHI MOMIKO/KEHb TUITY TPILMH Ta PyHHYBaHb y BUpoOax 3
HEMETAJIeBUX T'eTEPOrCHHUX MaTepiajiB BBEICHI CIelialibHI JOJATKOBI €IEMEHTH, L0 IMITYIOTh MOPYIICHHS CYLIIBHOCTI KOHCTPYKIIT —
perneliHi eneMeHTH.

Kniouogi crosa: CXeMOTEXHIYHE IIPOCKTYBAHHSI, TETEPOreHHE CEPEeIOBHILE, BHYTPIIIHI IPOLECH

V. Tonkonogyi, O. Stanovskyi, M. Holofieieva, Yu. Holofieiev, Ye. Naumenko. Circuit design of transformation and transfer
processes in heterogeneous medium. The article is devoted to the study of the possibility of using the principles of circuit design when
modeling internal processes occurring in a heterogeneous medium. Modern complex objects in mechanical engineering (elements, processes,
components, mixtures, alloys, etc.) can be represented in the form of circuit diagrams, which are understood as a set of elements and
relationships between them. Such schemes make it possible to create an unambiguous model of this object. In addition, circuit diagrams
allow you to optimize them (and hence objects) in the process of construction: change the number of elements; change the characteristics of
the elements. The main advantage of this approach stems from the fact that at present there are special programs, including computer
programs, that make it possible to build such models based on the purpose of the functioning of the designed object and the possibilities of its
creation. Circuit design in mechanics is the creation of a concept diagram of a future object (method, device, substance), which, when
completed (manufactured), will allow the object to achieve its goals. The process of transformation and transfer of an intensive parameter in
heterogeneous media is considered, using the example of the propagation of elastic oscillations and thermal processes in them, which is
interesting from the point of view of modeling the processes that take place in these media during their flaw detection by the acoustic
infrared thermometric method, which is based on the interaction of structural defects with acoustic waves. At the same time, thermal energy
is generated at their boundaries, which is an indicator not only of the presence of cracks, but also of their direction and development. When
modeling damage such as cracks and fractures in products made of non-metallic heterogeneous materials, special additional elements are
introduced that simulate structural integrity violations — relay elements.

Keywords: circuit design, heterogeneous medium, internal processes

Introduction

Many technological processes in mechanical engineering can be described in the form of a cer-
tain model that connects intensive (temperature, pressure, electric current, etc.) extensive (information)
parameters of the elements of this process [1, 2, 3].

Such models have some features that allow them to be used in the circuit design of the indicated
processes. These features include the multicomponent nature of the model, as it links various aspects
of the activity of the object as a whole, for example, geometric, energy, procedural characteristics and
many other components. It is clear that being built once, the circuit diagram does not structurally
change during the entire process. For example, a component received at the input of the n-th element
with the help of the m-th structural connection will always be transferred to n+1 components, and so
on. This structural dependence is constant for a given scheme and can only be changed by introducing
new elements or new connections, that is, in fact, by changing the structure. If, after leaving the ele-
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ment, the component split and passed to several elements, then such a structural approach should be
unchanged in this scheme and, accordingly, reflect the subprocesses occurring in the object.

It should be noted that technological processes are built based on two types of sub-processes:

— sub-processes of processing (transformation of a component);

— component transfer subprocesses.

This gives rise to fundamentally different topological solutions in such circuits and allows the
control process to influence quantitatively and qualitatively the processes occurring in the object under
study. When designing new processes, such schemes allow you to select and calculate individual ele-
ments of transformations, as well as the relationships between them.

Analysis of publications on the research topic

Let us consider as an example the technological process of transferring an intense component (tem-
perature, pressure, etc.) from a point source to a receiver. In the process of such processing and transfer, the
transformation and transfer of process components takes place. Each of the transformation and transfer
subprocesses, depending on its physical nature, can be described by different equations, and the set of such
equations will represent a general mathematical model of the object under consideration.

As in a computer program, in such a system of equations, which is a model of the process, there
should not be parameters that are taken from “no one knows where” and components that are “trans-
ferred to no one knows where”.

Let’s consider the technology of creating schematic diagrams for transfer and transformation pro-
cesses in heterogeneous environments. Such a medium consists of at least two components (phases).
That is, the main feature of a heterogeneous structure is the phase boundary, through or through which
the interaction of these components takes place. It is clear that the properties of such a medium differ
from the properties of its components. At the same time, by selecting the composition (type of filler
and binder, their ratio, orientation of the filler, etc.), the required operational and technological proper-
ties of a heterogeneous medium are achieved [4].

In mechanical engineering, heterogeneous structures are used as structural materials that perform
heat-insulating, anti-friction, vibration-damping functions. They allow reducing the weight of the
structure increasing the service life and other properties of products while maintaining, for example,
strength characteristics. In addition, it becomes possible to create fundamentally new parts, assemblies
and structures [5, 6]. The multilevel nature of the organization of heterogeneous media creates great
opportunities for directed regulation of their physical and mechanical properties [7].

It should be noted that in most cases, heterogeneous media are characterized by specific physical
and mechanical properties. First of all, this concerns non-metallic heterogeneous materials. They are
distinguished, for example, by high vibration, sound and heat insulation properties, non-magnetic
properties, anti-corrosion properties. Consequently, the processes of transformation and transfer of
intensive parameters are characterized by certain features. This is primarily due to the complexity of
the structure of heterogeneous media, and, accordingly, for each specific case such processes are de-
scribed by individual models that are different from others.

In fact, a heterogeneous medium is a kind of construction with an internal architecture — a hierarchy
of structural levels and sublevels [4]. Considering it in this form, one can evaluate the contribution of
each structural element to the process of transformation and transfer of a certain intensive parameter.

Purpose and Objectives of the Research

The main objective of this article is to demonstrate the possibility of using the principles of cir-
cuit design when modeling internal processes occurring in a heterogeneous medium. In particular, the
technology of creating schematics for transfer and conversion processes in heterogeneous environ-
ments is considered. Using the example of modeling damage such as cracks and fractures in products
made of non-metallic heterogeneous materials, show the possibility of introducing special additional
elements simulating a violation of the integrity of the structure — relay elements.

Research Methodology

Let us consider the process of transformation and transfer of an intense parameter in heterogene-
ous medium using the example of the propagation of elastic vibrations in them. It is known that heter-
ogeneous medium is characterized by increased dissipative properties, which are determined by the
value of irretrievable losses of vibration energy. Such processes must be considered in the inextricable
relationship of design, technological and operational factors [8].

To characterize vibration energy damping in heterogeneous medium, the concepts of “internal”
(scattering in a viscous matrix and rigid filler) and “constructive” (scattering at phase boundaries) scat-
tering are used, which are influenced by structural features, mechanical stresses, phase transfor-
mations, temperature, sizes and shape of objects [9]. In addition, it is necessary to note the dependence
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of the characteristics of the dissipation of vibration energy on the characteristics of the mechanical
waves themselves (amplitude and frequency). Due to the adhesive bonds of the components at the
phase boundary, which are characterized by different rigidity, a much higher level of vibration damp-
ing is provided in comparison with the total dispersion on these components. Therefore, in the circuit
design of processes in heterogeneous media, it is necessary to build on the real-life mechanisms of
energy dissipation that are characteristic of a particular heterogeneous object.

Let us consider the transformation of a mechanical wave when passing through a heterogeneous
structure. During the excitation of oscillations in this structure, a number of modes arise, and, conse-
quently, the wave itself is a combination of harmonic components, each of which has its own ampli-
tude and frequency, combined with the rest of the components in various ratios [8]. The transfor-
mation model of a mechanical wave passing through a heterogeneous medium, taking into account its
physical and mechanical characteristics, has the form:

n
u, (t) =u, (t)- Y e sin[2nf, (t—S /)], (1)
i=1
where S is the distance traveled by the wave; f is the oscillation frequency; A is the oscillation damping dec-
rement; i is an integer from 1 to oo, called the harmonic order (number of vibration modes); t is time; ¢ is
the speed of wave propagation; u,(t) — initial waveform; u(t) is a wave with a modified shape.

As another example of the transformation and transfer of intense parameters in heterogeneous
medium, let us consider thermal processes in them. Despite a large number of studies, the issue of
modeling temperature processes in complex heterogeneous structures consisting of elements with dif-
ferent heat transfer characteristics, using mathematical models that would display temperature distri-
butions with sufficient accuracy and make it possible to control them, remains open [10].

In the general case, the object under study is heated either due to internal sources, or due to surface
heating from external sources, or as a result of a combination of these processes [11]. Internal sources of
thermal energy, for example, can be defects in the structure of a heterogeneous medium during the pas-
sage of mechanical waves through it [12]. In the analytical theory of heat transfer, the temperature field
is characterized by a continuous and differential function of time and coordinates of physical space
points [13]. Both surface and internal heat fluxes are distributed in space in accordance with the Gaussi-
an law, if the structure of the medium is without features, for example, cracks or cavities.

If the design of a heterogeneous object contains the regulation of energy flows in it, and such
flow control is supposed to be carried out by changing the characteristics of the transfer, then the cir-
cuit of the heterogeneous object (also, the electrical circuit) should consist of elements simulating the
intensity of the transfer, and elements simulating its direction. The mathematical analogy with electri-
cal processes is complete here (capacitor — capacitance, resistor — transmission resistance, conductor —
lossless transmission direction, etc.).

When building a circuit model of any transfer process, the following sequence of operations works:

— an electrical model of a non-electrical process is created in the form, for example, of an electri-
cal circuit;

—the model is optimized in its electrical essence, but taking into account the commonality be-
tween the transfer process of any component and the electrical circuit;

— a return to the non-electric circuit, which we will consider optimal, is carried out.

This approach can significantly reduce the time for designing processes occurring in heterogene-
ous media. Separately, it should be noted the processes of synthesis and analysis, which are subjected
to both the structure of the circuit diagram and the parameters of its elements. Approaches to structure
formation are determined by the stratification of internal processes occurring in heterogeneous media.
As for parametric synthesis, such tasks consist in establishing the values of the parameters of elements
for the selected structure, namely:

— identification of the model, that is, the approximation of the parameters of the circuit to the
characteristics of the process under study, obtained empirically;

—refinement of design parameters, approximation of known solutions to new conditions and
search for parameters that provide the optimal solution to the problem.

The transfers of intense parameters considered earlier in heterogeneous objects (propagation of
vibrations and thermal processes) are interesting from the point of view of modeling the processes oc-
curring in these media during their flaw detection by the acoustic infrared thermometric method,
which is based on the interaction of structural defects with acoustic waves. At the same time, thermal
energy is generated at their boundaries, which is an indicator not only of the presence of cracks, but
also of their direction and development.
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When modeling damage such as cracks and fractures in products made of non-metallic heteroge-
neous materials, special additional elements can be introduced that simulate a discontinuity in the
structure — relay elements. The main requirements for such elements are:

—a virtual relay element can be in two states: “off” — there are no defects in the structure of a
non-metallic heterogeneous object and the element does not make changes to the result of modeling
the transfer processes; “on” — damage is present, changes are made to the simulation result taking into
account the nature of the structural defect;

— switching of the virtual relay element is carried out automatically after the next iteration of the
simulation during the calculation of the transfer parameters.

The switching signal comes from a subsystem that simulates the mechanism of transfer of an intense
parameter in a nonmetallic heterogeneous medium. The relay element is essentially a kind of non-linear
model element. Its difference from the rest lies in the fact that the change in the characteristics of the pa-
rameter transfer in the specified environment is carried out after each time iteration by a relatively small
amount, and the change in the relay element is made once, and the parameter jump is maximum (Fig. 1).

AT AT

Iteration number by time i Iteration number by time i
a b

Fig. 1. Timing diagram of the temperature contrast of conventional non-linear (a) and virtual relay (b) elements
when modeling the processes occurring during flaw detection of products from non-metallic heterogeneous
materials by acoustic infrared thermometric method: i, — the moment of “turning on” the relay element

If the model must take into account the development
of a crack, then several relay elements are “inserted” in
the cross section of a product made of non-metallic heter-
ogeneous material, as shown in Fig. 2. In this case, it be-
comes possible to simulate the development of a “danger-
ous place” structure defect.

Results

To continue the modeling process, information is
needed on the parameters of the transfer process at a
given time iteration. That is, not only on the presence
of temperature anomalies on the surface of a product

Fig. 2. Scheme for modeling the stage-by-stage made of non-metallic heterogeneous material, but also
development of a crack in a non-metallic on the change in temperature contrasts over time, and,
heterogeneous structure: 1 — First relay element;  consequently, on the presence of structural defects,
2 - Second relay element; 3 - Third relay their geometric parameters and coordinates, including
element; 4 — Fourth relay element the depth of occurrence.

To prepare such information, the concept of “site
of a structural defect” is introduced, which will unambiguously determine the location on corresponds
to M; of sites of structural defects. Thus, the total number of places of possible structural defects D
taken into account by the system is equal to:

M;j

D:iZDij, (2

=1

where Dj; is a structure defect of the i-th type in the j-th place.
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Taking into account the above-described technique for modeling the development of a crack,
each location of a structural defect is considered in the model as several (more than 1) relay elements.
Let for each D;; from D places of structural defects the number of relay elements is equal to Kj;. Then
the total number of relay elements in the transfer process model will be:

N Mj ki
R=2.2.2 1k, ®
i=1 j=1k=1
where rik is a relay element simulating the k-th degree of a structure defect of the i-th type in the j-th place.
Obviously, the maximum possible number of modeled structural defects is z,.=R.

The input data for modeling is the defect matrix at the beginning of each iteration of A’ ; the out-

put data is the defectiveness matrix at the end of each iteration A’ **. As for the function of the internal

state, we accept as it the probability matrix of the occurrence of a structural defect of one type or an-
other in one place or another of an object made of non-metallic heterogeneous material A; at a time
iteration T—(T+1). Then the exit function will look like:

A=A AL 4)
Let us consider the physical and mathematical meaning of the matrices in formula (4). Complete
information about the location and number of relay elements of the model is a two-dimensional nu-
merical array with the number of rows N, the number of columns M;and the value of each element of
the array, which is equal to K(i=1, ..., N; j=1, ..., M;). Choosing from the number of array elements
in each row the maximum My {Mmx< M} and complementing each row on the right with such a
number of zero elements that their total number is equal to M.« , We obtain a rectangular matrix with
dimensions N x Mpax, Which can look like this, for example:

Kp K, Kz 0 0 0 0
K21 K22 K23 K24 K25 O O
Ag =Ky Ky Ky Ky Ky Kyg Kyl )
K, O 0 0 0 0 0
KSl K52 K53 K54 O 0 O
Thus, the final machine code of the relay element
will have the specification: “structure defect type — XXX XXX XXX
structure defect location — structure defect degree” and L~ Degree of structural defect
include the following bits (Fig. 3). L | ocation of structural defect
If the elements of the matrix Ag are not the num- L ocation of structural defect
ber of relay elements (that is, the potential for the ap- ) .
pearance of a structural defect), but the structural de- Fig. 3. The relay cod element generation
fects themselves, then we get a matrix similar in size:
AL =f(t). (6)
Such a matrix for an object that does not provide for the possibility of a defect will be zero, that is:
0 0 .. 0
0 0 .. 0
pol @)
0 0 .. 0

For the case when all “planned” structural defects have taken place, matrix (6) will coincide with

the matrix of relay elements:
AL =A;. (8)
Given the fact that time t is a discrete value with nodes O; Ty; Ty; ...; Te, then modeling of

transport processes in non-metallic heterogeneous materials will consist of successive transformations
of matrices:
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A =T(ALT,): AR =fART); o Ay =S(APET), 9)
where Ty is the time boundary of the simulation.
Transformation:
AQ = f, (ATH;Tt)i (10)

is carried out on the basis of adding elements of the modernized d-matrix similar in size to the ele-
ments of the input matrix A{‘ , that is:

Al =AlL + AT (11)
The upgraded 5-matrix Al', in turn, is obtained by sequentially multiplying each element of the

non-modernized P-matrix Al by the corresponding elements of the so-called “matrix-sieve” (S-
matrix) As, which can take on the values “0” or “1”, for example (Fig. 4).

0 4031 00100
8 0 0 2 0Off element-wise multiplication ||1 1 1 0 1
21211v00001
003165 §-matrix 10100

00000

8 0000

00001

00300

Fig. 4. The example of formation the J-matrix

The sources of the non-modernized P-matrix and S-matrix after each time iteration of the simula-
tion are the corresponding subsystems of the general system for assessing the states of a non-metallic
heterogeneous object.

Conclusions

In this article, the possibility of using the principles of circuit design when modeling internal pro-
cesses occurring in a heterogeneous medium is shown. In particular, the technology of creating sche-
matics for transfer and conversion processes in heterogeneous environments is considered. Using the
example of modeling damage such as cracks and fractures in products made of non-metallic heteroge-
neous materials, show the possibility of introducing special additional elements simulating a violation
of the integrity of the structure — relay elements.

The described approach makes it possible to create an unambiguous model of the object under
study. Its main advantage stems from the fact that at present there are special programs, including
computer programs that make it possible to build such models based on the purpose of the functioning
of the designed object and the possibilities of its creation. The developed models make it possible to
relate such parameters as the distribution of temperature fields over the surface of a heterogeneous
object during its control by an acoustic thermal imaging method with extensive parameters of the ele-
ments of this process, such as information about the presence of structural defects and their geometric
characteristics, including the depth of occurrence.
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