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BAYESIAN MODELLING OF RISKS OF VARIOUS ORIGIN

Background. Financial as well as many other types of risks are inherent to all types of human activities. The problem is
to construct adequate mathematical description for the formal representation of risks selected and to use it for possible
loss estimation and forecasting. The loss estimation can be based upon processing available data and relevant expert
estimates characterizing history and current state of the processes considered. An appropriate instrumentation for mod-
elling and estimating risks of possible losses provides probabilistic approach including Bayesian techniques known today
as Bayesian programming methodology.

Objective. The purpose of the paper is to perform overview of some Bayesian data processing methods providing a
possibility for constructing models of financial risks selected. To use statistical data to develop a new model of Bayesian
type so that to describe formally operational risk that can occur in the information processing procedures.

Methods. The methods used for data processing and model constructing refer to Bayesian programming methodology.
Also Bayes theorem was directly applied to operational risk assessment in its formulation for discrete events and discrete
parameters.

Results. The proposed approach to modelling was applied to building a model of operational risk associated with in-
correct information processing. To construct and apply the model to risk estimation the risk problem was analysed,
appropriate variables were selected, and prior conditional probabilities were estimated. Functioning of the models con-
structed was demonstrated with illustrative examples.

Conclusions. Modelling and estimating financial and other type of risks is important practical problem that can be
solved using the methodology of Bayesian programming providing the possibility for identification and taking into
consideration uncertainties of data and expert estimates. The risk model constructed with the methodology proposed
illustrates the possibilities of applying the Bayesian methods to solving the risk estimation problems.

Keywords: financial processes; financial risks; Bayesian programming methodology; risk estimation.

Introduction

Repeating financial crises, unfavourable chang-
es of climate, local military conflicts between many
countries of the world and fighting terrorists in mul-
tiple locations give an evidence for high necessity of
solving the problems of analysis and management
of growing various type risks in every area of hu-
man activity. Together with these highly unfavour-
able for economic and social developments events
the facts are revealed that existing methods of risk
analysis, and modelling the situations concentrated
on creating their formal description and appropriate

risk management procedures usually come with
some delays or are inadequate for the quality risk
estimating and forecasting in conditions of multiple
random external disturbances (risk factors). This is
mostly explained by the high dynamics of modern
processes (especially financial ones, ecological and
climate changes), their high dimensionality, sophis-
ticated vertical and horizontal interconnections at
the level of separate companies, economy branches,
macro-economy as a whole and at the global level as
well [1]. Actually most of the risks met in everyday
life, including the risks of natural disasters, can be
analysed from the financial point of view, and this

doi: 10.20535/kpisn.2021.4.251684.
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way we can find an estimate for possible loss and
construct appropriate risk management algorithms.

Sometimes mathematical models available are
too complicated for practical use, and the necessi-
ty emerges to create simpler formal descriptions of
risk, adequacy of which can be substantially different
from the ideal ones. Generally speaking any mod-
el represents somewhat simplified representation of
the world that can lead to incomplete description of
situations with uncertainties, inadequacy and wrong
forecasts as well as to incorrect decisions based upon
the forecasts. That is why one of the most urgent
problems that can be often met in the risk manage-
ment processes is development of appropriate mod-
els adequate enough for practical use. The models
should be acceptable for practitioners and, when
necessary, supplied with extra structural nonlinear
elements; they should have a possibility for correct-
ing prior expert estimates of parameters and initial
conditions, restrictions, experimental data, and with
clearly defined possible practical applications.

A substantial role regarding timely and high
quality problem solving to perform the risk mod-
elling and management plays systemic approach. It
means that the approach supposes taking into con-
sideration current market factors (including random
ones); possibly revealing new deterministic and sto-
chastic factors of influence (including the hidden
ones); estimating the scale and frequency of their
influence on the processes of interest; identifying
and taking into consideration possible structural,
statistical and parametric uncertainties met in the
processes of model constructing, estimating of fore-
casts for relevant processes development and esti-
mating respective risk. In most cases it is necessary
to perform correct problem stating and solving op-
timization problems directed towards risk loss min-
imization. Another problem related to systemic ap-
proach of risk analysis is in providing several sets of
statistical quality criteria related to analysis of data
quality, adequacy of models, quality of forecasts and
decision alternatives generated on the basis of the
models and forecasts. These sets of criteria provide
the possibility for achieving high quality results of
computing at each stage of data processing, model
constructing and risk estimation [2], [3]. Usually it
is more convenient to perform such analysis in the
frames of appropriately designed and implemented
specialized decision support system (DSS) [3].

Analysis of financial processes development
and their internal and external interaction within
the last several decades highlights the needs of spe-
cial attention, from the point of view of financial
risk management, for banking system, investment

and insurance as well as for large and medium level
firms. Especially sophisticated and highly dynamic
are financial processes in the area of market process-
es, insurance and respective risk situations. This is
explained by the fact that market and insurance ar-
eas are directly connected with many other dynamic
processes in international banking system, produc-
tion, tourism, cargo and passenger transportation,
and also with natural and industrial catastrophes etc.
Just market and actuarial activities are in the focus
of solving complex everyday financial problems at
all levels of economy and private activities. The ac-
tivities require correct practical applications of high
quality mathematical models, methods and knowl-
edge of data analysis techniques and procedures.
The mathematical methods and data models as well
as decision support systems based upon them do not
replace professionals making final decisions but they
provide the possibility for much deeper analysis and
understanding of related processes, for improved
data and expert estimates processing, for generating
possible objective alternatives, and select objectively
the best decision for specific application.

A crucial role in analysis of risk and estimat-
ing possible loss plays probabilistic approach to data
analysis, modelling and forecasting. Say, Bayesian
paradigm in the form of systemic Bayesian program-
ming creates appropriate probabilistic-and-statistical
instrumentation to fight uncertainties and provide ap-
propriate risk analysis results. Practically all the prob-
abilities we have to cope with in solving most prac-
tical problems in every area are conditional. These
conditions lead to emerging multiple special cases for
analysis of specific problems including risk manage-
ment. That is why application of the Bayesian model-
ling approach to risk analysis is very important, useful
and appropriate what is supported by many available
examples from the past developments.

The study is focused on some aspects of model-
ling and estimation of financial and some other type
of risks, application of related mathematical models
to solving practical risk estimation and forecasting
problems. The study supposes constructing and im-
plementation of appropriate DSS providing for all
necessary computational procedures for reaching
high quality results at each step of data analysis, risk
modelling and estimation.

Problem statement

The purpose of the study is to: determine basic
types of risks in different areas of human activities
and consider the possibilities for their mathemati-
cal description; determine the possibility of hiring
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Bayesian approach to constructing mathematical
models of financial as well as some other types of
risk, and show examples of constructing Bayesian
type models for stochastic financial process.

Operational risks

Definition of many types of risk including the
financial one is linked to the probability of events
that can be accompanied by some material loss,
and the level of the loss. An International Standard
Organization gave the following definition to risk:
“risk is a combination of probability for some event
and its consequences [4]”. The study [5] formulated
the following definition: “risk is a set of possible
scenarios, s, each of which is characterized by the
probability p,, and the consequence c¢,”. This defi-
nition is very general, robust and can be hired for
solving engineering and financial problems. The
most practical problems exhibit multivariate risk,
i.e. there exist multiple internal and external risk
factors that in combination create general situation
leading to emergence of risk.

For example, the actuarial activities are cha-
racterized by the set of multiple risks with the most
known among them are as follows: individual risks;
collective risks for one (short) period of time; col-
lective risks for long periods; high distributed risks
of loss; operational risks; non-return risk of cred-
it; bankruptcy risk, and other type of risks [6]—[8].
A substantial loss comes to companies and various
enterprises today due to availability of operation-
al risk that exists in any organization and can be
considered as the “universal” one. It can be viewed
as the risk of direct and indirect loss that comes to
being due to inappropriate organization of working
activities or inappropriate organization of internal
processes in a company, incorrect behaviour of a
company staff, and/or incorrect functioning of tech-
nical equipment, or due to influence of unfavourable
external factors.

The operational risk can also be provoked by
the absence of appropriate methods and means for
management of this type of risk. The operational risk
should be analysed qualitatively and quantitatively as
well as any other type of risk that requires collecting
and thorough analysing appropriate statistical data
and expert estimates. As far as emergence of the risk
is influenced by the most different events, the prob-
lems of collecting necessary data, model construc-
ting, and estimating the volume of possible loss and
its probability require substantial efforts of experts
in information technology, mathematical modelling,
forecasting and decision support systems.

As a possible source of statistical data could
serve insurances policies, that contain information
regarding possible insurance risks that come to being
due to the events resulting in operational loss. How-
ever, this is not the best possibility for collecting
necessary information because the policies contain
confidential information about clients, and the task
of processing policies is complicated, time consum-
ing process that is not distinguished with the infor-
mation completeness regarding the problem stated.
As of today, to get mathematical description for all
types of the insurance risks the following methods
are widely used: applied statistics, probability theo-
ry, fuzzy logic, Bayesian theory of data processing,
neural networks etc.

In the process of analysing the situations lead-
ing to appearance of financial risk it is important
to get objective information regarding current state
of insurance company from independent sources.
It is necessary to establish correctness of functioning
of the risk management department, to study the
information accessible for the department and the
methods of its processing. One of the most import-
ant characteristics of this information is its com-
pleteness, i.e. does it contain enough data for con-
structing the model capable to forecast the volume
of possible loss? It may turn out rather often that the
information is not complete for discovering all types
of possible risks that may emerge in a company. The
loss discovered may not reflect all possible types of
risks met by the company because not all possible
risks resulted in the loss and could be ignored.

In such cases additional analyses should be per-
formed directed towards discovering the following
events: (1) determining the moment of time when
the financial loss occurred as well as establishing
the fact of making the decision resulting in the loss;
(2) estimation of the possible income that company
could get in the case of avoiding the risky situation;
(3) distribution of actual financial loss among the
existing several possible risk factors when the num-
ber of actual risk factors is greater than one; (4) col-
lection of additional information from the company
personnel who is related to the risky situation that
took place. The purpose of the additional situational
analysis is reconstruction of the sequence of events
that actually resulted in the loss, discovering the rea-
sons for happening of the events and establishing
the possibilities of their avoiding. It would also be
logical to establish the reasons why the events were
not avoided. The probability always exists that not
all the losses were discovered and were taken into
account by the risk management department. That
is why the interaction with the company personnel
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can reveal additional information regarding other
possible loss that was avoided or it remains actual
for further studying.

Generally the procedure for identifying the
types of risks and their management can be repre-
sented in the form of the following cyclical sequence
of actions: (1) establishing the possible types of risk
for a company; (2) identification, studying, deep-
er understanding and description of the situations
that are favourable regarding development of the risk
factors; (3) a thorough analysis of possible risks with
establishing appropriate risk measures, loss estima-
tion and forecasting; (4) development and making
appropriate control decisions regarding specific risks
management; (5) tracking implementation into life
the managerial decisions developed, detecting and
analysis of the indicators for emergence of possible
risks; (6) making detailed reports on the actions di-
rected towards avoiding, ignoring or active control
of the situations with risk emergence. Implementa-
tion of the cyclical procedure for risk identification
and management of respective situations should be
based upon classification and continuous analysis of
possible risks for a selected company. Very often the
term is used like “enterprise risk” that includes all
possible risks for a specific enterprise. The enter-
prise risk is divided into basic risk for business and
operational risk; and both types of risk include their
specific components.

Today there exist a set of quantitative ap-
proaches to risk analysis that can be applied to solv-
ing the problem of deeper understanding the essence
and estimation the financial risk level. The methods
of this class include the following ones: (1) statis-
tical estimation — empirical studies; estimation of
maximum possible loss; construction of appropriate
probability distribution functions; linear and non-
linear regression analysis; (2) frequency analysis of
loss — frequency analysis of the level of loss; theory
of extreme values; stochastic differential equations;
(3) statistical Bayesian approach (Bayesian program-
ming techniques) — dynamic Bayesian models for
the systems under study; Bayesian belief networks
(BBN), and causal models; process development
charts; (4) artificial intelligence systems — neural nets,
neuro-fuzzy models and decision trees for client and
enterprises classification as well as estimation of the
possible loss risk; (5) Monte Carlo based models and
the mode switching models — generation of the de-
velopment scenarios, methods of income analysis;
strategic investment analysis; (6) expert estimation
and fuzzy logic — direct likelihood estimation for the
development scenarios; Delphi method; the models
for capital and price forming; market risk estimation

in actuarial studies; (7) practical approaches to risk
estimation and management — stress testing and sce-
nario analysis; industrial and business scenarios; dy-
namic financial analysis; market beta-comparison of
separate companies in the frames of market sectors.

The mathematical models that are hired for
the formal description of processes related to risk
estimation can be classified as deterministic and
stochastic. It is known that such models represent
simplified formal pictures of possible consequences
for the future uncertain events. The uncertainty is
represented in this case with the time of emergence
of the events and their consequences, as possible
loss that in most cases can be related to the finan-
cial one. Though it should be stressed that when
mathematical model is hired for a study the fore-
cast estimate can be computed in the form of quite
definite value but this “certainty” is based upon the
assumptions that are uncertain by their nature. It is
useful to remember that the data available practical-
ly always contain deterministic and stochastic com-
ponents, and this fact requires including at least one
stochastic variable into deterministic model.

This is related to the probability distributions
of random variables used for analysis, selection of
the methods for model structure and parameter es-
timation, determining the type and parameters for
stochastic disturbances, selecting the technique for
forecast estimation etc. If the assumptions accepted
in the process of model constructing correspond to
actual behaviour of the process being studied and the
future developments of the process correspond to
the forecast estimates generated by the model then
such estimates could be used for decision making.
Probabilistic models are directed to forecasting prob-
abilities of the events (processes) using the historical
information regarding former behaviour of the pro-
cesses. The models are based upon the hypothesis
and assumptions that are logically coordinated with
the probable development of the events in the fu-
ture taking into consideration possible uncertainties.
It should be noted here that the forecasts computed
with the models cannot be completely deterministic
(certain) because their complete certainty would ac-
tually mean practical uselessness of the model.

Bayesian programming methods

Today there exist a set of Bayesian methods
of filtering, modelling, forecasting and decision
making known under the general name of Bayesian
programming or Bayesian methodology. The
methodology provides the possibility for solving the
following problems:
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— constructing probabilistic and statistical models
(model structure and parameters estimation) using
statistical (experimental) data and expert estimates;

— computing final results on the basis of the
models created according to the specific problem
statement: estimates of forecasts; control actions;
estimates of variables and parameters using filters;
image recognition; making managerial decisions
regarding the process and systems under investigation,
and many other tasks;

— analysis of quality of the results received
at each stage of data processing by making use of
appropriate sets of quality criteria.

Some methods related to the Bayesian prog-
ramming methodology include the techniques in
short mentioned below.

1. Recursive Bayesian estimation: filtering, fore-
casting, and smoothing the data. The basic equation
of estimation has the following form:

P(S(K) [ 0(0)...0(k)) = P(O(k) | S(k)) %

§ {(P(S(k) | S(k—1))x }
s& | X(P(S(k —1)] O0)...0(k - 1) ’

where, S(0),..., S(k), is time series of state va-
riables; 0(0),..., O(k) is time series of observations;
P(S(k) | S(k -1)) is system or state transition model;
P(O(k) | S(k)) is conditional model for observations
that shows what would be observation at the mo-
ment k, if the system is in the state S(k).

This model can be used for computing future
distribution of states P(S(k + /) | 0(0)...0(k)) at the
moment k + / on the basis of the available observa-
tions 0(0),..., O(k).

When /=0, the filtering procedure is imple-
mented; if />0, then forecast estimate is genera-
ted, and when /<0, the data is being smoothed.
Smoothing means restoring of former state on the
basis of the observations received before or after the
moment of smoothing.

2. Hidden Markov models (HMM) — is modi-
fication of Bayesian filter which supposes that data is
discrete; the state transition models and observations
are defined by the probability matrices or conditional
probability tables. If the variables observed are contin-
uous such models are called semi-continuous HMM.

3. Optimal recursive Kalman filters (KF) can
process continuous or discrete data. The state tran-
sition and observation models are constructed in this
case with the use of Gaussian processes for describ-
ing external random disturbances and measurement
noise. If nonlinear models are hired then Tailor
expansion is used what results in application of
local linear models. For simultaneous estimation of

parameters and states an Extended Kalman Filter
(EKF) can be applied.

4. Particle (granular) filters (PF) are used for
data processing using the following distribution
model: P(S(k-1)|0(0),...,0(k-1)), where S()
is matrix of states, and O(-) is observation matrix.
The observations are approximated by the set of par-
ticles with weighting coefficients proportional to the
probabilities of their occurring. The state probabili-
ties are renewed by recursive procedure.

5. Static Bayesian networks (BN) are probabilistic
and statistical models used to describe formally
available data and expert estimates in conditions
of uncertainty. To the net variables are imposed
practically no restrictions, and no special semantics
is used for their description. Thus, definite freedom
exists for selecting the variables and constructing the
network model.

Graphically BN is represented by directed
acyclic graph the vertices of which are variables of
the network, and the arcs indicate existing condi-
tional relations between the variables. Formally the
model is described by the triple: BN ={V, G, T},
where V represents the set of variables for construct-
ing the net (data base); G is directed acyclic graph
constructed with application of optimization proce-
dures; T is conditional probability tables associat-
ed with the graph vertices (for parent vertices these
probabilities are unconditional).

The model parameters are created by condi-
tional probabilities in the conditional probability
tables. Continuous variables are represented by the
specific distributions. If BN contains both discrete
and continuous variables it is called a hybrid one.
Continuous variables in such cases are transformed
into discrete ones using known procedures.

The result of constructing and application of
BN is provided in the form probabilistic inference
like following: P(X' | Known), where Known means
the set of other network variables the probabilities
of states for which are known. Generally the proba-
bilistic inference generated by BN is in propagation
of probabilities and parameters of Gaussian distri-
bution laws over the whole network and depends
on availability of evidences — additional informa-
tion about the network states. The process of form-
ing (computing) the inference is based upon rather
complicated mathematical algorithms. One of the
simplest approaches is based upon Bayes rule.

6. Dynamic Bayesian networks (DBN) are
models of the same type as static BN but the dif-
ference is that they take into account dynamics of
the processes being modelled (i.e. their evolution in
time) as well as possible stochastic influences to the
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basic variables. Actually, DBN represents further
evolution of static networks directed towards taking
into consideration evolution of the processes con-
sidered in time. First static network is constructed
for the variables selected and data available, that is
considered as time invariant one. Then this model
structure is repeated for each next moment of time
with coming new observations (measurements).

7. Part of the model graph that corresponds to
the specific moment of time #,, or simply %, is called
time cross-section. If hypothesis is accepted that the
current system state (being modelled) depends on
the previous state only then this assumption is called
first order Markov assumption. And if the model
structure remains unchanged for all the time cross-
sections then such DBN is called stationary one.
In such cases model that corresponds to one moment
of time is defined as local and time-invariant or
homogeneous.

8. Markov localization (ML) models: these are
models of the Bayesian filter type that additionally
include control variables, u(0),...,u(k —1). They
also have another name of hidden Markov input-
output models. Such models provide a possibility for
improving state estimates using control variables
as follows: P(S(k)|u(k -1),S(k-1)). Sometimes
the model is called action model. Generally these
models are represented in matrix form similar to
those used in particle filters under the name of
Monte Carlo with Markov localization (MCML).
The model constructed should give an answer to the
question: what is the probability of current state of a
system under study:

P(S(k) | u(0),...,u(k —1),0(0),...,0(k)),

using the information regarding former control ac-
tions and observations of previous states. The term
“localization” is linked to robotic system applica-
tions, i.e. localization of a robot in space. The basic
state equation is similar to the basic filtering equa-
tion given above.

9. Bayesian maps: the name that means gen-
eralization of the Markov localization models that
also were originated in the sphere of robotic control
systems.

10. Bayesian approach to data processing and
decision making using hierarchical models.

11. Bayesian regression in the form of general-
ized linear models (GLM).

Bayesian approach to modelling and decision
making

The Bayesian approach to modelling and com-
puting probabilistic inference supposes fulfilling the
following stages given in Fig. 1. According to the
approach the initial information is coming from two
sources: prior information from researcher and sta-
tistical data received as a result of performing appro-
priate experiments.

Information
from
a researcher

- J

4 2\
Experimental Likelihood
data y, X function

AN J

Prior
distribution
g(©)

Posterior
t]i”lz}(’)f;: | distribution
pO]y,X)

Fig. 1 Information flows in the data processing system based
upon Bayes theorem

The prior information from a researcher is
based upon the results of his former studies; the-
oretical information regarding the processes under
study; informal data received from various sources.
Generally this is extra information that is added to
the experimental one. The Bayes rule (BR) is in the
center of the methodology, and it can be written as
follows:

20)p(y |6,X)

ug®p(y | 6,X), (1)
p(y)

p(0]y,X) =

where y is observation vector for dependent variable
for the system under study; X is observation matrix
for independent variables (regressors) that influence
behaviour of the dependent one; 0 is vector of ran-
dom parameters that together with matrix X define
probability density function (PDF) for y (if we refer
to classic regression, 0 is vector of the regression);
p() is PDF; p(0) is prior density for random pa-
rameter 0, that is based upon prior knowledge of a
researcher (y, X) before applying experimental re-
sults; p(0 |y, X) is conditional PDF for the data
y given 6 and X, in other words, his is likelihood
function for data y; p(y) is marginal probability for
y after excluding influence of independent variables
and parameters. Here p(0 |y, X) is posterior PDF
for parameter, 0, based upon renovation of the prior
distribution by the data (y, X).

Thus BR shows the way how to combine prior
distribution with experimental data to correct the
prior PDF. Actually the BR provides the possibility
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not only for combining information coming from
two sources but any other way of combining will vi-
olate logical (and mathematical) essence of the rules
for operating with PDF.

The expression (1) contains two variants of
representing the Bayes rule. The first one is given in
the form of equality due to availability of denomi-
nator p(y) (unconditional density for, y) that plays
the role of normalizing constant providing condition
that posterior conditional density for 0 is proper and
integrates to 1 over the parameter definition range.
The second variant of the rule representation is giv-
en without normalizing constant what simplifies the
expression. In practice, first the nominator is com-
puted, and then the normalizing constant if neces-
sary. In some cases only ratio of results is of interest
and the normalizing constant is cancelled.

Application of Bayesian approach to risk mod-
elling and estimation has the following advantages:

— this approach is convenient for taking into
consideration various uncertainties that are related
to statistical data like imputation of missing observa-
tions, noise and short samples processing; appropri-
ate state and parameter estimation procedures; ap-
plication of different data formats; hiring of expert
estimates in modelling procedures; possibilities for
application of high dimension of data and models;
the use of static and dynamic approaches to model-
ling various systems; availability of alternative proce-
dures for model structure and parameter estimation;
possibilities for model adaptation and constructing
simulation procedures etc.;

— possibilities for constructing complex hierar-
chical models;

— possibilities for constructing combined mod-
els that include linear and nonlinear regression
equations, Bayesian and neural networks, fuzzy log-
ic etc.;

— taking into consideration probabilistic un-
certainties of the type: “will some event happen or
not”, and “under what conditions it will happen”;

— elimination of amplitude-like uncertainties by
replacing missing measurements with estimated or
generated values;

— availability of linear and nonlinear filtering
procedures;

— possibilities for application of forecasting dis-
tributions;

— availability of possibilities for application of
Bayesian optimization.

Bayesian approach to the formal description
of risk

Consider possible approach to formal
description of a risk using Bayesian approach.
Let M={M,,M,,.... M} is a set of risk describing
models; p(x | M,,0,) is a likelihood function for the
model M,,i=1,...,N with parameters 0, and avail-
able data, x; and p(0, | M,) is prior distribution for
parameter vector 0, related to selected model M.
According to Bayes rule posterior distribution of
vector 6, given known model structure M, and data
X can be written in the form:

p(el | M[’x) = C,'p(x | M[’ei)p(ei | M[)7

where ¢; is normalizing constant. Various model
structures may differ with the number of param-
eters and better models are considered those that
have lower number of parameters, according to the
economy principle, but provide the possibility for
acceptable quality (adequacy) of formal description
for the process under study. To select the best model
it is possible to use appropriately modified Akaike
information criterion (AIC) [9]:
log p(x | M;,0,) = log(x | M,

1

,0,) — A(k,),

where k; is dimension of vector 0;; A(k;) = k; is in-
creasing function of k. This criterion can be rep-
resented in the form that is minimized for the best
model, i.e. —2logp(x|M,,0,)+2k,. An alternative
for the AIC is Bayes-Schwartz criterion, where
A(k;)= 0.5k, log N, and where N is sample power
for data {x}. Some other modifications of the criteria
are hired for analysis of regression models of various
structures.

After structure,
M = M., it is necessary maximize posterior density
p(6. | M.,x) for 0. to find better estimate of the
parameter vector éi. If the power of sample {x} is
large enough, and the prior distribution p(9. | M)
is of diffusion type then the posterior maximum can
be replaced by the maximum likelihood estimate.
The model structure, M., and parameters, 0., found
this way can be considered as acceptable ones. Now
consider the possibility of introducing uncertainties
into the model and parameters.

Let p(M) is prior probability for estimating
model structure M, and p(6, | M,) be conditional
prior distribution for parameters 0 with known
structure M. According to the Bayes rule it can be
written:

selection of the model
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p(O,M | x)=p6|mx)p,(M|x)=
p(0 | m,x)xcx p(M)p(x| M),

where p(x| M) = .[p(x |6, M)p(6| M)dO; and c is
normalizing constant. Thus, joint posterior density
for (0, M) is determined by the product of poste-
rior density for 0, with condition that model M is

adequate, and posterior probability of determining
adequate structure M for the data {x}:

p(O,M | x)=
c(e,p(x|6,M)p(O| M))x p(x | M)p, (M),

where ¢, is normalizing constant for p(6 | M, x), and
¢ is normalizing constant for the whole posterior
distribution.

Suppose it is necessary to determine the
probability of bankruptcy, y, that is determined via
parameters of model M. Conditional probability for
y can be written as follows:

p(y1x) =2 p(y|x.M)p,(M;|x),

where p(y | x, M;) = [ p(y | x, M;,0,)p(6, | M, x)d6;

p(e, | Mi, X) = c,.p(x|M,., 9,) [)(9, | M,)

An asymptotic analysis of the conditional
distribution p(0, | M,, x) says [10], [11], that

log p(6, [ M,, x) =

c—%(@, ~6.) H.(6,-0)+0(]0,-6, ),

where 6, is weighted mean of maximum likelihood
estimate for 6, and of the prior distribution mode
for é,.; H, is a sum of hessians in corresponding
maxima of likelihood function and prior density.

If the prior distribution is of diffusion type and
power of sample N is large enough then parameter
estimate computing can be performed using appropriate
approximation. For example, matrix H, can be
approximated by the product, NB,, where B, = B, (6,) is
information matrix for one observation with condition
that & ; is actual value for é,.. The estimated é,. can also
be computed with maximum likelihood technique.

Now consider posterior density for the model M.

pr(Mi | X) = cpr(M,.)p(x | M,) )

where p(x | M,), p(x | M,),... are Bayes factors ap-
proximated by the scaling constant. Somewhat sim-

plified computing of the factors can be performed
using the expression [12], [17]:

log p(x | M,) = c+%k,. 1og2n—%log‘f,‘+
log p(x|6,,M,)+logp®, | M)+O(N™), (1)

where i,. is information matrix for the data {x}, that
is described by the model having parameters é,.; k. is
dimension of the parameter vector é,.; p(6,|M,) is
a prior distribution for 6.. As far as the observations
are independent as assumed, then, iizNﬁi, where
ﬁi is information matrix that corresponds to a single

observation when the model M, with parameters 6,
is used. Thus, it can be written:

log‘ i,‘ =k, log N + log‘ﬁ,‘.

It should be noted here that with growing N the
second member in the RHS will be approximately
constant for each model. In a case when k; accepts

the same value for each model the only log‘ﬁl.‘ will

be varying. An influence of the member log p(éi | M)
that is linked to prior distribution is negligible, espe-
cially when the diffusion distribution is used. After
introducing the notation of Z =log p(x |6, M), and
eliminating the member log p(x | éi,M), the criterion
(1) is transformed into the following simplified form:

log p(x | M,) ~ ¢ +%k[ log2m +

~ 1 1 n
I, —=k; log N ——log|B,
1 2 1 Og 2 Og‘ 1

or
log p.(M, | x) ~ logpr(Ml.)Jr%kl. log2m +
] 1 .
l —Ekl. logN—Elog‘Bi‘Jrc,

Where ¢ is a normalizing constant that provides for
holding the equality: Zi p,(M, | x) =1. Now consid-
er examples of application of the Bayesian approach
to financial risk estimation using appropriate statis-
tical data.

Example 1. The model of randomly incoming
payments. Let {x(k)} is stochastic process of incom-
ing payments, where k denotes discrete moments of
time. Thus the total sum of payments for the first
moment of time can be represented as exp(x(1)),
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and for arbitrary moment k the stored capital will
amount to exp(x(l)+x(2)+...+x(k)). For the
sake of convenience denote the sum under expo-

nent as follows: y(k) = Zizlx(i). It is necessary to

determine the types of distributions for y(k), and
F(k) =exp(y(k)). One of the simplest models that
could be hired to formally describe the financial
process is low order autoregression, say AR(1):

x(k) =a, +ax(k-1)+¢e(k), )
where ¢(k) is stochastic process including random
disturbances, measurement errors as well as model
structure inadequacies. Usually the process is con-
sidered as a normal one due to growing number of
measurements and multiple ingredients of the noise.
Rewrite equation (2) in a more convenient for fur-
ther analysis form:

x(k) —p = a(x(k 1) - p) + oz(k), (3)
where p is sample mean for the data {x(k)}; a, c are
model parameters; {z(k)} ~ Norm(0,1) is a standard
normal distribution sequence. Now find expressions
for the model parameter estimates using maximum
likelihood technique.

The conditional likelihood function for the se-
quence of payments {x(k)} is as follows:

f(x ‘ “962951) =
. (27102)_% X
= 11 (x@)-p-aGei-D-w) ][+ @
i=—N+2 xexp —

26’

Using the function the following expressions
for model (3) parameter estimates can be written as
follows:

> (x)=f)(xG =D - i)
Z(j'rzwz(x(i - 1) - “’1)2

.1 < ~ xX(0)=x(-N+1)).
W=7 [i_ZN‘,HX(l)Jr 2 J,

D

o - ﬁiév[x(")—ﬁ—&(x(i -1 -

Now write approximate expression for the con-
ditional likelihood function (4) using the Tailor ex-
pansion:

f(x|no®,a)

0+, (n—f1) +
+¢,(a— a)y’ +
+o,(n—f)(a—a)+
+ps(n—)(a—a)’ +
+@,(u—[1)’ (a—a)+

|+, (- (@—@) |

N1 1
o« (6’) 2 expi-—

267

where "oc" stands for proportionality; ¢, = (N - 1)6%;
0, =(N-D(1-a)%; ¢, ~(N-1&*/(1-a");
¢y =2(x(-N +1)-x(0)) =0; o5 =9, /(1-4)~0;
¢ = 2N -1 -a); ¢, =(N -1).

To solve the problem of modelling risk in the
problem statement given above the following prior
parameter distribution is hired [13], [14]:

flwe',a)=c (1-a)*(1+a)",

or f(no'a)=c (l-a)*(1+a)'”,

that can be used when a # +1. Now the conditional
posterior distribution for the process parameters can
be written as follows:

2 —_
(M | X,Gz,a) - NOFmEﬁ, ° ({E]Z)2 1)]3

N -1 1

fla|x)=d@,N)[1-@ +@-a)"] > (1-a°) 7,
-l<a<l.

Now, taking into consideration the expres-
sions for parameter u, 2, @ distributions given data,
{x(k)}, return to equation (3):

x(i) —p=a(x(i-1)—p) +oz(i) =
o(z(D+az(i-D)+...+a* 'z(1)) + a*(x(0)— p).

The results achieved provide the possibility for
writing expression for the process y(k) in the form:

y(k) | M, 627 a, x =
uk +(x(0) —pw)M(a, k) + o(V(a, k))% Z,
where, M(a,k) =a(l-a*) /(1 -a);

1 {k_2a(1—ak)+ az(l—az")j.
(1-a) l-a 1-a’

Va, k)=

To perform computational experiment the data
regarding incoming payments for a selected insur-
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ance company was gathered within five year period.
As a result the following parameter estimates were
found:

d =-0.2587; i=0.2165; §° = 0.0873.

The prior probability for the model was select-
ed equal to 0.5, what is quite logical in conditions
of absence of extra information regarding the esti-
mate. The posterior probability for the model let to
the value of, p (M) =0.59. Thus the probabilistic
approach demonstrated its advantage: the param-
eters of forecasting posterior distribution in con-
ditions of parametric and statistical uncertainties
correspond to actual ones. This way we demon-
strated how parametric uncertainty could be taken
into account.

It is clear that achieved posterior probability
for the model generally is not high enough what
could be explained by the use of simplified initial
model AR(1) and approximate computing of the
conditional likelihood function. Also, it is necessary
to perform additional study of influence of prior
distribution on the final result. The additional deeper
study of the possibility for application of probabi-
listic models of the type considered requires appli-
cation of several alternative techniques to model
building with subsequent comparison of the results
achieved for each of them.

Example 2. Quality analysis of automatized cli-
ent service (operational risk analysis): the case of
discrete data and discrete parameters. Insurance
company introduced automatized service for clients
that provides for automatic registration of clients in-
suring their cars. The number of clients, users of the
service, reaches several thousand per month. Con-
sider the problem of estimating operational error 0
after servicing » clients.

To simplify the problem statement suppose that
0 can accept the following three values: 0.25 is good
result; 0.50 is acceptable result; 0.75 is bad result
that cannot be accepted. Available statistic shows
that within former two years the company provid-
ed the automatized client service with the following
quality:

— within 60% of time the probability of service
error was at the level of 0 =0.25 (good result);

— within 30% of time the probability of service

error was at the level of 6 =0.50 (acceptable result
result);
— within 10% of time the probability of service

error was at the level of 0 = 0.75 (result that cannot
be accepted).

These results were used as prior probabilities
so that to forecast the level of service in the future.
This distribution is given in the table 1.

Table 1. Prior probabilities for parameter 0

Service quality
good | acceptable | unacceptable
Probability of 0.25 0.50 0.75
service errors (0)
Density for the 0.60 0.30 0.10
errors O(p(0))

After 10000 cases of client services the com-
pany decided to perform the service quality control.
The control showed that out of ten randomly select-
ed service cases two of them contained errors. What
conclusion regarding the service quality should be
made in this case? I.e., in other words, what is actual
posterior distribution for the parameter, 0?

In this case the data has discrete form and first
it is necessary to determine (say, on the bases of
previous experience) type of distribution for data.
On the basis of former experience we can suppose
that it has binomial distribution with parameter, 0:

f0,n,r)= (’:] 01-0)""=Cord-0)"",

n !
where, :n—' The number of successful
r) rl(n-r)!

events is equal in this case to » = 2; successful are events
linked to emergence of errors in the client service out
of 10 possible, i.e. n=10. Thus, likelihood function for
data in this case has the following form:

L(0) = [}:] 0"(1-0)"" = C20*(1-6)"7?,

where 6 =[0.25; 0.5; 0.75] is distribution of pos-
sible events linked to the number of service errors.
The nominator of the Bayes rule in this case is as
follows:

h(|r,n) o L(r|06,n)g(6).
Now compute necessary likelihood values, L(6):
—if 6=10.25, then

|
L) = — " (0.25)*(1-0.25)° = 0.30300;
rli(n-r)!
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—if 8=0.50, then

!
L(0.50)2(1 -0.50)* = 0.04405;
rli(n-r)!

L(0) =

— if 6 = 0.75, then

|
T (0.75)%(1 - 0.75)° = 0.00039.
rli(n-r)!

L(®) =

The prior and posterior densities for 4 are given
in table 2.

Table 2. Posterior probabilities

0 Prior probabilities | Likelihood | 4 = posterior
for 6 L(6) density for 0
0.25 0.60 0.30300 0.955
0.50 0.30 0.04405 0.034
0.75 0.10 0.00039 0010
Total sum: 0.999

Table 2 shows that the most probable value of
0, estimated on the basis of analysis of service qual-
ity in the case of automated servicing is the value:
0 = 0.25. It means that quality of service is on the
“good” level (posterior probability for 6 is 0.955).
Before making final conclusion regarding quality of
client service using automatized servicing system it
is necessary to analyse larger number of cases than,
10; say 500 or 1000.

Conclusions

Thus there exists a wide sector of financial and
other type of risks that require analytical studies with
application of mathematical, statistical and probabi-
listic models of various structures and complexity.
Some methods of quantitative analysis were deter-
mined that can be used for solving the problem of
thorough understanding of the origin and estimating
the level of possible financial loss. For estimating the
level and probability of loss the probabilistic type of
models can be successfully hired thanks to the fact
they provide the possibility for taking into consider-
ation parametric and statistical uncertainties of the
processes under study. Here we considered a spe-
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case Markov chains will represent unknown model
parameter estimates. Such numerical approach to
model constructing provides a possibility for sub-
stantial increase of a number of parameters and to
develop more complex model structures. Applica-
tion of the Monte Carlo method will also provide
the possibility for constructing simulation models
that will explain away many hidden interactions of
the risk factors involved.
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H.B. KysHeuoBa, O.M. Tpocpumuyk, MN.1. Bigtok, O.M. TepeHTbeB, J1.5. JleBeHuyk

VIMOBIPHICHE MOJENOBAHHSA PU3UKIB PI3HOI MPUPOAN

Mpo6nemaTtuka. Ycim BuaaM nOACLKOT AiSNbHOCTI NpUTaMaHHi NeBHi pu3nkuK, 3okpema diHaHcoBi. BignosigHo, icHye npobne-
Ma OL|iHIOBaHHS! i NPOrHO3YBaHHA MOXIMBUMX BTpaT, ANs PO3B’A3aHHs SKOi HEOOXiAHO CTBOPUTY afeKBaTHUIN MaTeMaTUYHUIA onuc Ans
opMmarnbHOro npeacTaBfieHHs 06paHux puaukiB. OUiHIOBaHHS MOXIMBUX BTPAT MOXE I'PYHTyBaTUCh Ha 0BpoBneHHi HasiBHUX AaHWX
Ta eKCMepTHUX OLHOK, LLO XapaKTepusyoTb iCTOPIl0 Ta MOTOYHUI CTaH NpPOoLeciB, AKi aHanisyloTbecs. HanexHun iHcTpymeHTapin ans
MOZESOBaHHS Ta OLiHIOBaHHS PU3KKIB MOXITMBUX BTpaT 3abe3neyyeTbCst BUKOPUCTaHHSM MMOBIPHICHOIO niaxoay, SKui Bkrtoyae 6aecosi
METOAM, BiOMi Ha CbOroAHi sik MeTogororis 6aecoBoro NnporpamyBaHHS.

Meta pocnigxeHHA. 3pobuTn ornsa Aesiknux MeToAiB 6aecoBoro aHanisy AaHux, siki 3a6e3nevyroTb MOXIUBICTb NOGYA0BM MoAae-
nen BubpaHux pusmkiB. 30Kkpema, BUKOpUCTaTK CTaTUCTUYHI AaHi ANns dhopMarbHOro onucy onepauiiHoro puauky, WO Moxe 3'SBUTUCH
y npouenypax o6pobku iHdopmaLi.

MeTopauka peanizauii. [Jnsa o6pobkm aaHux i nobynosn Moaenen BUKOPUCTOBYETLCSI METOAOMOris 6aecoBOro nporpamyBaHHS.
[ns ouiHioBaHHA onepauinHoro pusnKy TakoX 3acTocoBaHO Teopemy baeca y dpopmynioBaHHI Anst AUCKPETHUX NOAIM Ta AUCKPETHUX
napamertpis.

Pe3ynbTatn pocnigxeHHsi. Ha ocHoBi 3anponoHoBaHoro nigxoay nobyaoBaHo MoAenb onepauiiHoro pusuky, NoB’s3aHoro 3 He-
KOpeKkTHOI 06pobkoto iHbopMmalii. Ans Toro, wob nobyaysaTu i 3acTocyBaTh MOAENb ANs OLHIOBAHHSI pU3KKy, NpoaHanisoBaHo 3agady
OL|iHIOBaHHS pU3UKy, BUOpaHO 3MiHHI Ta OLiHEHO YMOBHI anpiopHi MMoBipHOCTi. ®yHKLIiOHyBaHHS N0byaoBaHUX MoAenel NPOAEMOHCTPO-
BaHO Ha iNCTpaTMBHMX Npuknagax.

BucHoBku. MpakTnyHO BaxknvBa 3aadva MOOENOBAHHS Ta OLHIOBAHHS PU3UKIB Pi3HUX TWNIB, 30kpemMa hiHaHCOBMX, Moxe ByTu
BUpilLeHa MeTogaMu B6aecoBoro nporpamyBaHHs, siKi 4alTb MOXIMBICTb iAEHTUIKYBaTK | BpaxyBaTh HEBU3HAYEHOCTI AaHUX Ta eKc-
nepTHUX ouiHok. Mogenb puauky, nobyaoBaHa 3a JONOMOro 3arpornoHOBaHOIO METOZY, iMCTPYE MOXITMBOCTI 3aCTOCYBaHHs 6aecoBux
MEeTOZiB A4S pO3B’si3aHHA 3a4adi OLiHBaHHSA PU3NKIB.

KnroyoBi cnoBa: ciHaHCcoBI npouecy; iHaHCOBI py3NKK; MeTOA0NOrisi 6aEcoBOro NporpamMmyBaHHs; OLHIOBAHHS PU3UKY.

PexomennoBana Pamoro Haniiiia no penaxitii
HaBuanbHO-HAyKOBOro iHCTUTYTY NMPUKIAAHOIO CUCTEMHOIO aHaji3y 18 nucronama 2020
KIII im. Iropst CikopcbKoro
IIpuiinsara go myOGikarii
14 motoro 2022 poky
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FINITE APPROXIMATION OF ZERO-SUM GAMES PLAYED
IN STAIRCASE-FUNCTION CONTINUOUS SPACES

Background. There is a known method of approximating continuous zero-sum games, wherein an approximate solution
is considered acceptable if it changes minimally by changing the sampling step minimally. However, the method cannot
be applied straightforwardly to a zero-sum game played with staircase-function strategies. Besides, the independence of
the player’s sampling step selection should be taken into account.

Objective. The objective is to develop a method of finite approximation of zero-sum games played in staircase-function
continuous spaces by taking into account that the players are likely to independently sample their pure strategy sets.
Methods. To achieve the said objective, a zero-sum game, in which the players’ strategies are staircase functions of time,
is formalized. In such a game, the set of the player’s pure strategies is a continuum of staircase functions of time, and
the time is thought of as it is discrete. The conditions of sampling the set of possible values of the player’s pure strategy
are stated so that the game becomes defined on a product of staircase-function finite spaces. In general, the sampling
step is different at each player and the distribution of the sampled points (function-strategy values) is non-uniform.
Results. A method of finite approximation of zero-sum games played in staircase-function continuous spaces is pre-
sented. The method consists in irregularly sampling the player’s pure strategy value set, solving smaller-sized matrix
games, each defined on a subinterval where the pure strategy value is constant, and stacking their solutions if they are
consistent. The stack of the smaller-sized matrix game solutions is an approximate solution to the initial staircase game.
The (weak) consistency of the approximate solution is studied by how much the payoff and optimal situation change as
the sampling density minimally increases by the three ways of the sampling increment: only the first player’s increment,
only the second player’s increment, both the players’ increment. The consistency is decomposed into the payoff, opti-
mal strategy support cardinality, optimal strategy sampling density, and support probability consistency. It is practically
reasonable to consider a relaxed payoff consistency.

Conclusions. The suggested method of finite approximation of staircase zero-sum games consists in the independent
samplings, solving smaller-sized matrix games in a reasonable time span, and stacking their solutions if they are con-
sistent. The finite approximation is regarded appropriate if at least the respective approximate (stacked) solution is
e-payoff consistent.

Keywords: game theory; payoff functional; staircase-function strategy; matrix game; irregular sampling; approximate
solution consistency.

Introduction

Zero-sum (also known as antagonistic) games
are usually used to model processes where two sides
referred to as persons or players interact in struggling
for optimizing the to-be-paid-or-pay events [1], [2].
A possible action of the player called its (pure) stra-
tegy can be intended to bring a particular contribu-
tion into the interaction process in order to receive
the best payoff for this player [3, 4]. The strategy can
be as a simple (point) action whose duration is usual-
ly short, as well as a process consisting of an order of
simple actions [3, 5].

The simplest zero-sum game is a matrix game,
whichever the pure strategy complexity is. Any matrix
game has optimal solutions — one, a finite num-
ber, or continuum, either in pure or mixed strategies
[1, 6, 7]. A more complicated zero-sum game is
the antagonistic game, in which the game payoff
function (kernel) is a surface defined on a finite-di-
mensional compact Euclidean subspace. A simple
example of the subspace is a unit square [1, 6, 7].
In such cases, opposed to matrix games, the opti-
mal solution is not always determinable. Addition-
al complications may arise when the surface has
discontinuities [8, 9]. Moreover, zero-sum games
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defined on open or half-open subspaces (e. g., open
square like in the examples from [6, 7]) may not
have an optimal solution at all [1, 5, 6]. Therefore,
aiming at assuredly obtaining an optimal solution,
rendering a zero-sum game to a matrix one becomes
a crucial task in zero-sum-game modeling. Without
rendering, a zero-sum game may have an intrac-
table optimal solution (if any), when the optimal
strategy support is infinite or continuous (e. g., see
the examples in [6, 7, 10, 11]). A zero-sum game,
in which the player’s strategy is a function (e. g., of
time), is a far more complicated case. In such games,
the payoff kernel must be a functional mapping ev-
ery pair of functions (pure strategies of the players)
into a real value [7, 8, 12, 13]. A game played with
such function-strategies is rendered down to a ma-
trix game only when each of the players possesses a
finite set of one’s function-strategies. Obviously, the
rendering is theoretically impossible if the set of the
player’s strategies is infinite.

The question of rendering an infinite game to a
finite one was studied in [14, 15]. The core consists
in approximating the infinite game so that the ap-
proximated game would not lose the properties of the
initial game. There are two fundamental conditions
in the game approximation core that allow rendering
a zero-sum game with strategies as functions down
to a matrix game. First, a time interval, on which
the pure strategy is defined, should be broken into
a set of subintervals, on which the strategy could
be (maybe, approximately) considered constant.
The second condition requires that the set of possi-
ble values of the player’s function-strategy be finite.

The first fundamental condition is the time
sampling condition. It can be done according to the
rules of a system to be game-modelled, where the
administrator (supervisor, manager, controller, etc.)
does always define (or constrain) the form of the
strategies players will use [8, 10, 16, 17]. Moreover,
any process is interpreted static on a sufficiently
short time span. Henceforward, the time sampling
condition is considered fulfilled (automatically, by
default). Then the function-strategy becomes stair-
case. To keep the terminology simple, the respective
game can be called staircase.

The second fundamental condition is imposed
for the natural reason that the number of factual
actions of the players (in any game) is always finite.
While the players may use strategies of whichever
form they want, the number of their actions has a
natural limit (unless the game is everlasting; but the
everlasting game is an unreal mathematical object)
[6, 7, 10, 17]. Thus, the set of function-strategies

used in a zero-sum game is finite anyway. Therefore,
any non-everlasting zero-sum game is played as if it
is a matrix game. However, the size of this matrix
game depends on how each of the players has decid-
ed on discretizing (i. e., finitely approximating) one’s
set of function-strategy values. It does not seem that
a player is likely to independently discretize the set
identically to the other player’s discretization.

Theoretically, the continuous game approxi-
mation is based on sampling (discretizing) either the
payoff kernel or the sets of players’ pure strategies.
Basically, this is the same. A method of approxi-
mating continuous zero-sum games is known from
[14, 15, 18]. An approximate solution is considered
acceptable if it changes minimally by changing the
sampling step minimally. Obviously, the indepen-
dence of the player’s sampling step selection should
be taken into consideration. Moreover, the method
cannot be applied straightforwardly to a zero-sum
game played with staircase-function strategies.
However, a part of the staircase game considered
on a time subinterval where the players’ strategies
are constant can be directly approximated by the
method taking into account the independence of the
player’s sampling step selection.

Problem statement

Issued from the impossibility of solving ze-
ro-sum games played in staircase-function contin-
uous spaces, the objective is to develop a method of
finite approximation of such games by taking into
account that the players are likely to independently
sample their pure strategy sets. For achieving the
objective, the following six tasks are to be fulfilled:

1. To formalize a zero-sum game, in which the
players’ strategies are functions of time.

2. To formalize a zero-sum game, in which the
players’ strategies are staircase functions. In such a
game, the set of the player’s pure strategies is a con-
tinuum of staircase functions of time, and the time
is thought of as it is discrete.

3. To state conditions of sampling the set of
possible values of the player’s pure strategy so that
the game be defined on a product of staircase-func-
tion finite spaces. By this, the sampling step is to be
different at each player. In addition, the distribu-
tion of the sampled points (function-strategy values)
must not be necessarily uniform.

4. To state conditions of the appropriate finite
approximation. This implies also convergence. The
independence of the player’s sampling step selection
is to be discussed also.
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5. To discuss applicability and significance of the
method for the game theory. In particular, the ques-
tion of how to reconcile the difference of the players’
sampling step selection is to be discussed as well.

6. Make an unbiased conclusion with a clear
prompt of how the research might be extended and
advanced.

A zero-sum game played with strategies as
functions

A zero-sum game, in which the player’s pure
strategy is a function of time, is defined by the fol-
lowing presumptions. Let each of the players use
time-varying strategies defined almost everywhere
on interval [#; t,] by ¢, > ¢, . The first player’s strate-
gy is denoted by x(7) and the second player’s strategy
is denoted by y(7). These functions are bounded, i. e.

Ain < x(1) < a,,. by a,, < G (1)

and
bon S V() < b, bY b

min

<b .- 2)

Besides, the square of the function-strategy is pre-
sumed to be Lebesgue-integrable [19]. The sets of
the players’ pure strategies are

X ={x(t), relt; ],
<t :a,, <x(t)<a,, bya,, < amax} cL,[t; 5] (3)

and
Y:{y(t),te[tl;tz],

< y(t) = bmax by bmin < bmax} < ]LZ [tls tz]s (4)
respectively. Each of sets (3) and (4) is a rectangular
functional space, in which every element is a bounded
function of time by (1) and (2).

The first player’s payoff in situation

{x(@), y(0)}

<t b

min

(&)
is
K (x(1), y(2)).
The payoff is presumed to be an integral functional:
K (x(1), y(1)) = j f(x(@), y(0), t)dp(t)  (6)
[0 1]
with a function

f(x(0), y(0), 1) (7

of x(7) and y(7) explicitly including time z. Therefore,
the continuous zero-sum game

{X, Y}, K(x(0), y(0))) (8)
is defined on product
XchLz[tl;tz]x]Lz[tl;tz] )

of rectangular functional spaces (3) and (4) of
players’ pure strategies. It is worth noting that the
game continuity is defined by the continuity of
spaces (3) and (4), whereas payoff functional (6) still
can have discontinuities.

As it has been argued above, zero-sum game (8),
in which the players’ strategies are functions of time,
in practical reality is played discretely during time
interval [#,, t,]. The time step is the same for each of
the players because it is presumed to be established
either by the rules of the system game-modelled or
by the administrator.

A zero-sum game with staircase-function strategies

Denote by N the number of subintervals at
which the player’s pure strategy is constant, where
N e N\ {I}. Then the player’s pure strategy is a stair-
case function having only N different values (out of,
maybe, a continuum of possible values). Then there
are N — 1 time points at which the staircase-func-
tion strategy changes or can change its value. These

. YN
points are {r(”}_ | » Where
i

1= 1<tV @« <D ™= L.

(10)

AN
Points {r(’)},fo are not necessarily to be equidistant,

but they are the same for each of the players and
they do not change as the game is repeated (a finite
number of repetitions is meant — from the practical
point of view).

The staircase-function strategies are right-con-
tinuous:

1£i>r0nx(r(” +s):x(r"’) (11)
e—0

and
lim y(x”+e)=y(x") (12)

e—>0
for i =1, N — 1, whereas (if the strategy value changes)

lgi>r()rlx(‘c([) - 8) # x(r(i))
e—>0

(13)



22 KPI Science News 2021/ 4
and and
; o _ ) 14
lim y (+ —¢) = (<) D K(ay.By) - £ (s Bys 1)di(1). 23)
a0 [r<Nfl);r(N)l
fori=1, N 1. As an exception, Henceforward, game (8) equivalent to the succession
. W)\ v (V) of N continuous zero-sum games (19) by (20)—(23)
133({3 x(T 8) - x(T ) (15) is called staircase. A pure-strategy situation in stair-
o case game (8) is a succession of N situations
and N
Houws B (24)
lim y (") —¢) = y(«V), (16) ‘
=0 in games (19). In staircase game (8), the set of the
player’s pure strategies is still a continuum of stair-
SO case functions of time, but the time is discrete. This
o ™ time-discretization property, implying constant val-
x(T )= x(T ) (I7) " ues of the players’ strategies on every subinterval,
allows, in addition to the succession of N contin-
and uous zero-sum games (19), decomposing staircase
( ( N_l)) B ( ( N)) (18) game (8) with respect to the (staircase) payoff.
. BEASEA Theorem 1. In a pure-strategy situation (5) of

As both functions x(7) and y(#) are constant
Vte [t“’”; ’C(i)) for i=1, N-1 and
Vte [I(N’l); T(N):I,

then game (8) can be thought of as it is a succession
of N continuous zero-sum games

([ @] [Boins B I} K (012 B,))— (19)
defined on product
[@min’ v ] [ B ]
by
o = X(1) € [} O]
and B, = y(#) € [byins Onax | V1€ [r”‘”; r‘”)
for i=1, N -1 and Vte[t(N");r(N)J (20)
where the factual payoff in situation
{a;, B;} (21)
is
K(a;,B)= S (o, By, )du(?)
Vi=1,N-1 (22)

staircase game (8), represented as a succession of N
games (19), functional (6) is re-written as a subin-
terval-wise sum

N
K (x(1), y(1)) = ZK(O'I" )=

s j oy, By t)du(t) +

i=1 [T(i—l); T(1))

" J' oy By £)du(?) (25)

[T(N—l); 1:(N)]
Proof. Situation (21) is tied to half-subinterval

[r(i’l); r(i)) by i=1, N-1

and to subinterval
(€0 €] by i = N.
Function (7) in this situation is some function of

time #. Denote this function by y(#). For situation
(21) function

vi(0)=0 Ve[, (26)
and for situation
{ons By}
function
Yy =0 Vig[t" D<M (27)
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Therefore,

N
S (x(0, y(0), 1) =D i) (28)

in a pure-strategy situation (5) of staircase game (8),
by using (26) and (27). Consequently,

[ £ (x50 1)antr) =

[’15 ’2]

K (x(1), y(t)) =

N-1

- j v (Hdu(t) + vy (Ddu(t) =

[,[(Nfl); ,[(N):I

-y J‘ f (o, By, £)du(r)+

i=1 [1(171); r(,))

+ j 0y By £)du(t) =

[,[(Nfl); ,[(N):I

:ﬁl((ai, ;)

i=l1

(29)

in a pure-strategy situation (5) of staircase game (8).

It is noteworthy that Theorem 1 can be proved
also by using the property of countable additivity
of the Lebesgue integral. Theorem 1 does not pro-
vide a method of solving the staircase game. Nev-
ertheless, it provides a fundamental decomposition
of the game based on the subinterval-wise summing
in (25). This decomposition allows considering and
solving each game (19) separately, whereupon the
solutions are stitched (stacked) together.

Why the sampling must be different and irregular

There are two main arguments for considering
different sampling steps at each of the players. First,
the players cannot agree on the sampling step. If
even they have identical ranges of function-strategy
values, an agreement is impossible due to the coop-
eration is excluded. Second, if a player has a wid-
er range of one’s function-strategy values then it is
likely to be sampled with a greater number of points.
This, however, does not mean a denser sampling.

The sampling can be non-uniform (irregular).
Indeed, a player may tend to use greater or lesser
values of one’s function-strategy more frequently. In
particular, this may lead to a denser sampling in a
neighbourhood of those values. Thus, the sampling,
in a generalized approach to finite approximation of
zero-sum games played in staircase-function contin-
uous spaces, must be irregular.

Sampling along the pure strategy value axis

In game (19) on subinterval i, the first play-
er has its set [a,,;,; @] Of pure strategies, and the
second player’s pure strategy set is [b,.;,; b,...]- Let set
[0 @] De sampled non-uniformly (irregularly)
with M points, M < N\ {1}:

M

A(M)={a"}" =

m=1

= {amil’l7 {a(m)}Mil > amax} c [amln; amax] (30)

m=2

by

M) _ g

aV =a . and a - (31)
i. e., the endpoints are always included into the sam-
pling. Similarly to this, let set [b,,,; b,...] be sampled
non-uniformly (irregularly) with J points, J € N\ {1}:

B(J)={p")

j=1

YA
= {bmin’ {b(J)}j:z ’ bmax} = [bmin; bmax] (32)
by
b =p  and bV =b_ . (33)

The roughest sampling is by M = 2 and J = 2, when
A(2) = {a(”, a‘z)} ={Gins Qx|

min?® ““max
and

B(2) = {6, 67} = {Bpin» by }-

min® “max

If either of integers M and J is increased by 1, a new

sampling must comply with the previous one. This

is a requirement of the proper sampling increment.
Definition 1. Sampling

w(S+1) =)o) =

s=1
= {Qmina {}"(5)};12 ) Cmax} = [Cmin; Cmax] (34)

by Cin < Cmax and S € N\ {1} is a proper sampling
increment of sampling

()= () =

S-1

B {Cmi"’ {Qm}szz ’ QmaX} c [Cmin; Cmax] (35)
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if

max (;\’(Hl) _ 7\.(3)) < max (C(Hl) _ C(S)):
s=1,§ s=1, §5-1

(36)

i. e. the §'+ 1 points in 1-incremented sampling (34)
are selected denser than S points in sampling (35).
With the sampling by (30)—(33), the succession
of N continuous games (19) by (20), (22), (23) be-
comes a succession of N matrix M xJ games

<{{a<'">}m ST LK J)> (37)
with payoff matrices
K, (M, J)=[k,, (M, J)], | (38)
whose elements are
Ky (M, J) = f(a™, b, t)du(r)
[#70:+7)
for i=1, N -1 (39)
and
Ky (M, J) = f(a™, b9, t)du(t). (40)

[I(Nfl);T(N):I

So, if integers M and J for game (8) by (20) is some-
how selected, the staircase game is represented as a
succession of N matrix M x J games (37).

By sampling (30) and (32) the staircase game
becomes defined on product A(M)x B(J), which
becomes a product of staircase-function finite spac-
es by running through all i =1, N. Thus, game (8)
becomes a finite staircase game. It might be ren-
dered to a matrix game in order to obtain a staircase
solution (herein, adjective “staircase” gives a hint to
the type of the game, rather than to the structure of
its solution). However, there is a much easier way to
solve a finite staircase game.

Theorem 2. If game (8) on product (9) by conditions
(3), (4), (6) is made a staircase game as a succession of
N continuous zero-sum games (19) by (20), (22), (23),
whereupon it is sampled by (30) and (32), then the re-
spective finite staircase game is always solved as a stack
of successive optimal solutions of N matrix games (37) by
(38)-(40).

Proof. A matrix game always has a solution,
either in pure or mixed strategies. Denote by

P (M0 <[ (0.)],

and
Q (M. J)=[a" (M. ])],
the mixed strategies of the first and second players,

respectively, in matrix game (37). The respective sets
of mixed strategies of the first and second players are

P:{P,.(M,J)GRM " (M, J)=0,

Zp(”') M, J) 1} (41)

and
Q={Q, (M,J)eR’ : g (M,J)=>0,

Zq(” (M, J)= } 42)

SO
P(M,J)eP, Q(M,J])cQ,

and

(P.(M,J),Q,(M,J)} (43)

is a situation in this game, i. e. (43) is a situation on
subinterval 7. Let

{7 (M, ]),Q (M, J)}}: B
-{{Lo . 1],

N
o* M J
Lo (. DN
be a set of optimal solutions of N games (37) by (39)
and (40). Then

(44)

. T
oA Q,<%13§QR<M,J>-Kf<M,f>-[of<MJ>J :
M J
- P(rAlf}aj))(eP Q:(M, J szlzk”"f
<™ (M, T)gl” (M, ]) =
— (m) ( )
_P(InglaJXePQ M.IEQZZP M’J ’ (M J)

m=1 j=1

« j' f(a(m), b, t)du(t) _
[t(ffl);,[(l))
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p(m) (/) (M, J)><

.M\

i
m=1 j

f(a(’”), b(j), t)du(t) _

X

—_—

[r“’”; Tm)
=P (M, J)-K,(M,J)-[Q (M, J)]T -

J

m ZZ "
Q(M.IEQPM.IEP

= in
m=

v, (M, J)=

(/) M, J) x

y I f(a(’"),b“),t)du(t):
[T(i—n. r‘“)

M J

"o M./eQPMJ ZZ ”"/
j:
(M

m

xp" (M., J)gq”

)
= min max P(M,J)-

Q;(M,J)e@ P,(M,J)eP

J)=
K, (M,J)-[Q (M, J)]

vVi=1, N-1 (45)

and

in Py(M,J)-Ky(M,J)[Qy(MJ)] =

max m
Py(M,J)eP Qy(M.J)e@

M. J
:P(MJePQNMJ ZZ Nm/
=l j=
)y (M. J) =
M
— (m) ()
T p, (n/\}al)%eP Q,»(I}}JEQZZPN (M, J)ay’ (M, J)x

% J. f(a(m)’ b(j), t)dp(t) _
[<Nfl). (N}]
-2

m=1 j

x py" (M

p(m> (j)* (M, J) %

.M\

X

—_—

f(a(’"), b(f), t)du(t) _
[T(N*I);T(N)]
=Py (M, J)-Ky (M, J)-[Qy (M, J)]T

M J
T M.IEQPNMJ ZZ

m=1 j=1

(/) M J)

» I f(a(’"), b, t)du(t) _
[TtN—l);qu

=vy (M, J)=

Q MJeQ Py ( Mjepzzk’\’mf M J

m=1 j=1
< (M, 1) (M, J) =
P, (M, J)x

min max
QN(M,J)EQ Py(M,J)eP

<Ky (M. J)-[Qu(M. ])] . (46)

Using Theorem 1 allows concluding that, using a
wide-sense pure-strategy symbolism,

max min K (x(r), y (1)) =

P ePQ MJGQZZPI(M) M J

—1
i=1 m=1 j=1

xq" (M, J) f(a('”’,b‘/),z)du(;) +
[T(ifl).T(i))

M J
(m)
+P(MJePQ~MJ QZZPN (M J)x

m=1 j=1

<q\) (M, J) f(a™, b9, t)du(r) =

[T(N");T‘N’J
N-1 M J
S DY A (M) a (M) x
i=l m=1 j=1

I(f—l); T(l))

% I f(a(m), b(j), l)du(l‘) _
[T(.’Vfl);,[(N)J

(M) K, (M, ) [Q (M, )]+
+Py (M, J)-K, (M J).[Q’]‘v (M’J)]T _

=> v, (M, J)+vy (M, J)=v (M, J)=
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Nt v v, (M, J)=v, (M +1,0) <|v] (M =1,0)=v] (M, J])
— (m)
‘Z Q(Ib“}}eap(%la}’)ipz;zl’f (M, J) for i=1, N (48)
i= m=1 j=
and
D) [ F@ a0 ]S (0 1) (01,)
[T(i—n;rm) for i= ], N (49)
M S and
: DR WA
o, e v, (BHr e v, (M, J)=v, (M + 1,0+ 1)| <]y (M =1,J =1)=v] (M, J])
for i=1, N, (50)

xqP (M, J) f(a™, b, t)du(r) =
[r(Nfl);T(N)]

= min max K (x(1), y (1))

(1) “7

and, therefore, the stack of successive solutions (44)
is an optimal solution in staircase game (8) sampled
by (30) and (32).

It is quite clear that these M xJ matrix games
are solved in parallel, without caring of the succes-
sion. The succession does matter when the solutions
are stacked (stitched) together to form the staircase
solution (the solution to the finite staircase game).
If all N matrix games are solved in pure strategies,
then stacking their solutions is fulfilled trivially. When
there is at least an equilibrium in mixed strategies for
a subinterval, the stacking is fulfilled as well imply-
ing that the resulting pure-mixed-strategy solution of
staircase game (8) is realized successively, subinterval
by subinterval, spending the same amount of time
to implement both pure strategy and mixed strategy
solutions (e. g., see [6, 7, 10, 18, 20, 21]).

Approximate solution consistency

The conditions of the appropriate finite ap-
proximation are stated by using the known method
of obtaining the approximate solution of continuous
antagonistic games on unit multidimensional cube
with uniform sampling [18]. There are five items of
the conditions. The requirement of the smooth sam-
pling of the payoff kernel is inapplicable here [22].

First of all, there is an easy-to-find condition
of the finite approximation appropriateness. It is
about the game optimal value change, which must
not change more by the proper sampling increment.
Inasmuch as an increment is possible from the side
of both the players, then this condition is a set of
3N inequalities:

Conditions (48)—(50) mean that, as the sampling den-
sity minimally increases, either from the side of the
first or second player, the game optimal value change
in an appropriate approximation should not grow.

Definition 2. An approximate solution (44) to
staircase game (8) is called payoff-{M, J}-consistent
if inequalities (48)—(50) hold. The players’ optimal
strategies in such a solution are called payoff-{M, J}-
consistent.

The second condition is the change of the op-
timal strategy support cardinality. Denote the sup-
ports of the optimal strategies of the players by

suppP; (M, J) = {m,};\"" < {m}) | (5D)
by the respective support probabilities
(m )* M .I)
{p"" (M, J)} S (52)
and
supp@; (M. J) = {4, ;" < {7y, (53)
by the respective support probabilities
( ) M .l)
(g (M, J)} § (54)
Then 6N inequalities
U(M+1,J)2U,(M,J) for i=1, N, (55)
U (M,J+1)2U,(M,J) for i=1, N, (56)

U(M+1,J+1)2U,(M,J) for i=1,N, (57)
W, (M +1,J)2W,(M,J) for i=1,N, (58)
W, (M,J+1)=W,(M,J) for i=1, N, (59)

W, (M +1,J +1)2W,(M,J) for i=1, N (60)
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require that, by minimally increasing the sampling
density, either from the side of the first or second
player, the cardinalities of the supports not decrease.

Definition 3. An approximate solution (44) to
staircase game (8) is called weakly support-cardinality-
{M, J}-consistent if inequalities (55)—(60) hold. The play-
ers’ optimal strategies in such a solution are called weakly
support-cardinality-{ M, J}-consistent.

Obviously, requirements (55)—(60) can be sup-
plemented (strengthened) by considering a minimal
decrement of the sampling density. Then another
6N inequalities

U (M,J)2U,(M~-1,J) for i=1, N, (61)

U, (M,J)2U,(M,J-1) for i=1, N, (62)
U (M,J)2U,(M~1,J -1) for i=1, N, (63)

W, (M,J)z2W,(M~-1,J) for i=1, N, (64)

W, (M,J)=W,(M,J-1) for i=1, N, (65)

W, (M,J)=W,(M-1,J-1) for i=1, N (66)
are required.

Definition 4. An approximate solution (44) to stair-
case game (8) is called support-cardinality-{M, J}-con-
sistent if inequalities (55)-(66) hold. The players’ optimal
strategies in such a solution are called support-cardinali-
ty-{ M, J}-consistent.

As the sampling density minimally increases,
the maximal gap between the support indices should
not increase. Let m (M, J) and j (M, J) be the re-
spective support indices corresponding to integers
{M, J} on a subinterval by (20). Then 6N inequalities

. (M, (M +1,0)=m, (M +1,J)]<
Su:l,?}‘%n 1[ o (M, J)=m, (M, J)] fori=1, N, (67)
= Ur?%ﬂ)l[ o (M, T +1)=m, (M, J +1)] <
< max [ (M, J)=m, (M, J)] fori=1 N, (68)
MZ%[mH(MH,J+1)—mM(M+1,J+1)]£
sulrunax [mw M,J)-m,(M,J)] fori=1, N, (69)
o [Jpa (M +1,0) = j, (M +1,J)] <

< e [ (M, J)=j, (M, J)] fori=1, N, (70)
W:Wrg;lixhw[jw+l (M, J+1)-j, (M, J +1)]<

< max L (M, )=, (M, T)] fori=1, N, (71)
max__[j,. (M +1,J +1)=j,(M+1,J+1)]<

w=l, W,(M+1,J+1)-

[ (M. T) =, (M, 7)] fori=1, N (72)

< max
w=l, W;(M, J)-

are required.

Definition 5. An approximate solution (44) to stair-
case game (8) is called weakly sampling-density-{M, J}-
consistent if inequalities (67)—(72) hold. The players’ op-
timal strategies in such a solution are called weakly sam-
pling-density-{ M, J}-consistent.

Similarly to strengthening the weak (by Defi-
nition 3) support cardinality to that by Definition
4, requirements (67)—(72) can be strengthened by
considering a minimal decrement of the sampling
density. Then another 6 N inequalities

L e (M) =m, (M. )] <
%[Ml (M, J)~m,(M,J fori=1, N, (73)
v i e (M T) =m, (M. T)]<
: u=T, Uril(’llt?,xl—l)fl [m’”l (M’ J=1)=m (M. J - 1):|

for i=1, N, (74)
lum(eﬁllixj)l[ml (M, J)=m,(M,J)]<
< uﬁ?ﬁ_l)_l[”’wl (M =1,J =1)=m,(M-1,J -1)]
for i=1, N, (75)
i e (M- T) o (M )]
< max  [j.,(M-1J)-j,(M-1,J)]

w=L, W,(M-1,J)-1

for i=1, N, (76)
w=%[jw+l(M’J)—JW(M,J)]S
< o Lo (M. 1) j, (M, ] -1)]
for i=1, N 77)
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w:l,rul;,l(a}t;(J), |:jW+1 (M’J)_jw (M, J):|S
Swwai)f“[lwn _I’J_l)_jw(M—l,J—l)}
for i=1, N (78)

are required.

Definition 6. An approximate solution (44) to stair-
case game (8) is called sampling-density-{ M, J}-consis-
tent if inequalities (67)-(78) hold. The players’ optimal
strategies in such a solution are called sampling-density-
{M, J}-consistent.

Denote by A,(i; m, M, J) a polyline whose ver-
tices are probabilities

{ (m)* (M J)}

=1’

and denote by A,(i; j, M, J) a polyline whose vertices
are probabilities

{ * (M J)}

Then, by minimally increasing the sampling density,
the “neighboring” polylines should not be farther
from each other, i. e. inequalities

rﬁ)lﬁﬂhl (iym, M, J )~ h, (i m, M +1, J)|§

< r[rol;a]>]<|hl (i m, M =1, J) = by (ism, M, J)

for i=1, (79)
r[rol;aﬁ<|h1 (i;m, M, J)—h (i;m, M,J +l)| <
< r[rol;aﬁ(|h1 (i m, M, J =1)=h(ism, M, J )|

for i=1, N, (80)

r[r&aw/q (iym, M, J )~ h, (i; m,M+1,J+1)|s

gmal>]<|hl (i m, M =1, 0 1) = hy (ism, M, J )|

or 1=L Y, (81)
and
M 5 M)~ (5. M 41, )
for 121,_’ )

1[101;ax|h2(i; M, J)=h (i ], M,J+1)|£

<max|h2 i j, M, J =1)=h(i5 j, M, J)

[0; 1]

for i=1, N, (83)

m.ax|h2(i; M, J) = h (i j,M+1,J+1)|£

<max|h2 (i, M = 1,0 =1)=hy(i5 j, M, J)|

for i=1, (84)
along with

| (s m, ML T =By (5m, M1, T )| <

<|m (ism, M =1, J) = h (i m, M, J)

L,[0;1] for i=1, N, (85)

| (65 m, M Ty~ (35, ML T 1) <
< (is m, M, T =1)= b (i;m, M, J )|

in L,[0;1] for i=1, N, (86)

| (65 m, ML) =By (i m, M+1, 0 + 1) <
< (is my M =1, 0 =1) =Ry (ism, M, J )|
L,[0;1] for i=1,N, (87)
and
|7 (55 . M T) =y (15, M+ 1,7 )| <
<ty (55 o M =1, )= by (55 1, M, T )|

L,[0;1] for i=1, N, (88)

||h2(i; Js M, J)=hy (is ], M,J+1)||g
<[y (15 . ML T =1) = by (i3 j, M. T )|

in L,[0;1] for i=L, N, (89)

o (i3 4o M T )=y (i, M+ 1,0 + 1) <

<t (i s M =10 =1)=hy (i j, M, T )|

in L,[0;1] for i=1, N (90)
are required.

Definition 7. An approximate solution (44) to stair-
case game (8) is called probability-{ M, J}-consistent if
inequalities (79)-(90) hold. The players’ optimal strategies
in such a solution are called probability-{ M, J}-consistent.
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The solution consistency by each of Definitions
3—7 implies that both the players’ optimal strategies
are consistent as well. Nevertheless, it is not worth
cancelling the player’s optimal strategy consistency
when for the other player the consistency conditions
do not hold. Thus, a player’s optimal strategy may
be consistent while an optimal strategy of the other
player is not consistent. For instance, if inequali-
ties (55)—(57) hold, but inequalities (58)—(60) do
not hold (at least one of those 3N inequalities is
violated) and thus the second player’s optimal strat-
egy is not weakly support-cardinality-{M, J}-con-
sistent, the first player’s optimal strategy is weakly
support-cardinality-{ M, J}-consistent. If inequalities
(48)—(50), (55)—(60), (67)—(72), (79)—(90) hold for
some i, then matrix game (37), assigned to the sub-
interval between 1" and 1, has a weakly consistent
approximate solution to the corresponding conti-
nuous game (19) by (20), (22), (23). On this basis,
the weak consistency of an approximate solution to
a staircase game (8) is formulated.

Definition 8. The stack of successive solutions (44)
is called a weakly { M, J}-consistent approximate solution
of game (8) on product (9) by conditions (3), (4), (6) if in-
equalities (48)-(50), (55)-(60), (67)~(72), (79)-(90) hold.
The players’ optimal strategies in such a solution are called
weakly {M, J}-consistent.

Once again, if, say, the second player’s opti-
mal strategy is not weakly {M, J}-consistent (at least
one of the respective inequalities in Definition 8
for the second player is violated), it does not mean
that the first player’s optimal strategy is not weakly
{M, J}-consistent also. If, in this example, inequa-
lities (48)—(50), (55)—(57), (67)—(69), (79)—(81),
(85)—(87) do hold, then the first player possesses a
weakly {M, J}-consistent optimal strategy, regardless
of the second player’s weak consistency. Similarly
to strengthening Definitions 3 and 5, the weak con-
sistency can be strengthened by adding the require-
ments with inequalities (61)—(66) and (73)—(78).

Definition 9. The stack of successive solutions (44) is
called an {M, J}-consistent approximate solution of game
(8) on product (9) by conditions (3), (4), (6) if inequalities
(48)-(50) and (55)-(90) hold. The players’ optimal strate-
gies in such a solution are called {M, J}-consistent.

The approximate solution consistency theore-
tically proposes a better approximation than the
weak consistency. The weak consistency notion by
Definition 8 may be thought of as it is decomposed
by Definitions 2, 3, 5, 7. Thus, the consistency
notion by Definition 9 is decomposed into Defini-
tions 2, 4, 6, 7. Even if an approximate solution is
not weakly consistent, it may be, e. g., payoff-con-

sistent. The payoff consistency is checked the easi-
est and fastest. A payoff-consistent solution can be
sufficient to accept it as an appropriate approximate
solution [1, 6, 14, 18, 22]. However, if a one of 3N
inequalities (48)—(50) is violated, even this type of
consistency does not work. Meanwhile, the viola-
tion may be induced by a very small growth of the
payoft change. Therefore, it is useful and practically
reasonable to consider the payoff consistency adding
a relaxation to inequalities (48)—(50).

Definition 10. An approximate solution (44) to
staircase game (8) is called e-payoff-{M, J}-consis-
tent if inequalities

v, (M, J)=v] (M +1,J)[-
—e<|v/ (M =1,J)=v, (M, J)

by some ¢>0 for i=1, N 91)
and
v, (M, J)=v] (M, J +1)-
—e<|v (M, J =1)-v] (M, J)
by some ¢>0 for i=1, N 92)
and
v, (M, J)=v] (M +1,J +1)|
—e<|v (M -1,J =1)-v (M, )
by some €>0 for i=1, N (93)

hold. The players’ optimal strategies in such a solution are

called e-payoff-{ M, J}-consistent.

To ascertain whether the stack of successive
solutions (44) is weakly consistent or not, the seven
bunches of N matrix games (37) should be solved,
where the sampling density is defined by integers

(M-1,J -1}, (M-1,J}, {M,J-1}, {M,J},
(M +1,J}, {M,J+1}, {M+1,J+1}.

It is worth noting once again that the players select
their respective integers M and J independently and,
moreover, the sampling by an integer .S means that
those § — 2 points within an open interval can be
chosen in any way, not necessarily to be uniformly
distributed through the interval. Only the require-
ment of the proper sampling increment (by Defi-
nition 1) is followed. Nevertheless, the consisten-
cy meant by some sampling density integers {M, J}
does not guarantee that both the players will select
such sampling density. Moreover, it is hard to find
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a continuous zero-sum game, for which a consis-
tent approximate solution could be determined at
appropriately small integers M and J. However, it is
quite naturally to expect that, as they are increased
(i. e., the sampling is made denser), the approximate
solutions must converge to the solution of staircase
game (8). Besides, the approximate solutions must
become “more” consistent, which means that more
inequalities of the bunch of inequalities (48)—(50),
(55)—(90) must hold.

A visual exemplification

To visually exemplify how a zero-sum stair-
case game is approximated by using the approximate
solution consistency along with reconciling the dif-
ference of the players’ sampling step selection, con-

sider a case in which 7 € [0.4x; 1.6x], the set of pure
strategies of the first player is

X = {x(t), 1 €[0.4m; 1.6n]: 5£x(t)s9} c
< L, [0.4m; 1.67] (94)

and the set of pure strategies of the second player is
Y = {y(t), te[0.4m;1.6n]:2 < y(r) < 8} c

< L, [0.4x; 1.6x], 95)

where each of the players is allowed to change its
pure strategy value at time points

=

The payoff functional is

K(x(1), y(1)) = sin? (0.25xt + %j x

[0.47; 1.6x]

xsin (0.53yt - %T) e " du(r).

= {0.4n+0.2ni) .

(96)

So, each of the players possesses 6-subinterval
staircase function-strategies defined on interval

[0.47; 1.6n]. Hence, the zero-sum staircase game is
represented as a succession of 6 zero-sum games (19)

({15: 91 12: 81}, K (e, B))) 97)

by
o, =x(1) €[5 9] and B, = y(7r) € [2; 8]

Vte [0.27: +0.2ni; 0.4m + 0.27ti)

for i =1,5 and V7 € [l.4r; 1.67], (98)

where the factual payoff in situation (21) is

K (aia i) = sin’ [0.25%1‘ + %) x

[021‘[+02ni; 0A4n+0.2ni)

xsin(0.53[3l.t—7?nje0‘02“"dp(t) vi=15 (99)
and

K (0, Bg) = sin’ (0.25%: + ﬁj x

[1.47; 1.6m]

x sin [0.53[36t - Ej e " dp (1), (100)

8

Payoff functional (96) on each subinterval of set

{{[0.27+ 02713 0,47+ 0.2mi)}7 , [Ld; L6} (101)
is shown in Fig. 1.
The irregularity (non-uniformity) in the sam-
pling is modelled as follows:

al” =5+ dm -4 and a™ =a™ L5
M -1 M
for m=2, M —1 (102)
by a =5, a™ =9, and
b =2+878 ang o g &
J - J
for j=2,J -1 (103)

by bV =2, b = 8, where &, and &, are values of
two independent random variables distributed nor-
mally with zero mean and unit variance. The values
resulting from (102) and (103) are sorted in ascend-
ing order, whereupon they are checked whether (30)
and (32) are true. When either integer M or J is
increased by 1, samplings (30) and (32) are checked
whether they satisfy the proper sampling increment
by Definition 1, i. e. whether inequality (36) holds
for samplings (35) and (34).
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Fig. 1. The payoff kernels (99), (100) on the 6 subintervals of set (101)

Thus, 6 matrix games (37) with payoff matrices . T
(38) are formed from 6 zero-sum games (97), where Koy (M, J) = sin’| 0.25a"t + )

kimj (M, J) _ [1.41[; 1.61'[]

. i 77t (m)
xsin| 0.536¢ — == |e 2" gy (). 105
= sin’ 0.25a(’"’t+% x 8 w(r) - (105)
[0-2r40:225 0:4740.2) Although the subinterval length in (104) and (105)
X SiTl 0.53b‘j’t—7—n o~0:024"1 du(r) for i =1,5 (104) does.not change, every subl.nterval.has 1t§ “‘owp
matrix game due to time variable 7 is explicitly in-
cluded into the functions under the integral. This
and means that, as time goes by, the players develop

their actions subinterval by subinterval.
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Surely, the solutions of these games (and the
solution of the initial staircase game) badly depend
on the sampling. Subinterval-wise optimal strategies
of the players by the sampling for every M =3, 10
and J = 3,10 are shown in Fig. 2 in a bunch (they
are presented indistinguishable). It is well seen that as
the sampling density changes at such a relatively wide
range of small sampling integers M and J, the player’s
optimal strategy (in every subinterval game, let alone
the stacked optimal strategy on interval [0.4x; 1.6x])
badly varies. The only exception is the first subinter-
val, on which the second player’s optimal strategy
being the pure one does not vary at all. The first player
has only pure optimal strategies on this subinterval as

well. The first player’s payoff v; (M, J) (at the end of
the i-th subinterval) and the payoff cumulative sum
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v (M, J):Zv:(M, J) by n=1,6 (106)

i=1

are also badly scattered (Fig. 3), where, according
to (106), v©"(M, J) is the optimal value in this stair-
case game, i. €.

Vi (M, J)=vO" (M, J). (107)

The only exception is that payoffs vs(M,J)
received on reaching the final time point (at the end
of the sixth subinterval) are almost converged (seen
as dots), unlike optimal values (107) being scattered
the worst (seen as circles).
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Fig. 2. An indistinguishable bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M =3, 10
and J = 3,10 (here and further below the optimal pure strategy is represented by thicker line, pure strategies from the mixed

optimal strategy support are represented by thinner lines)
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Nevertheless, as the sampling density is further
increased, mixed optimal strategies become more
“condensed” (Fig. 4), where game (97) by (98)—(100)
is still solved in pure strategies on the first subinter-
val. The pure optimal strategy of the second player

on [0.4n; 0.67:) is unchangeable (it is unchangeable,
whichever the sampling is). Moreover, the payoffs
“condense” also (Fig. 5): the subinterval payoffs run
into a distinct polyline, and their cumulative sum
runs into a polyline as well, although some scatter-
ing of optimal values (107) is still seen.

It is noteworthy that the players’ optimal strat-
egies are e-payoff-{M, J}-consistent just for

e=0304-|y (M, J) at i=1,6

by every
M =15,20 and J =15, 20.
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This is an evidence of that the solution convergence

] S is not enough.
Fig. 3. An indistinguishable bunch of the first player’s payoffs at
the end of every subinterval (dots) and their cumulative

sum (circles) by M =3,10 and J =3, 10
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Fig. 4. A bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M =15,20 and J =15, 20
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Fig. 5. A bunch of the first player’s payoffs at the end of every

subinterval (dots) and their cumulative sum (circles) by
M =15,20 and J =15, 20

Fig. 6 presenting mixed optimal strategies
by M =25,30 and J =25,30 can be easily com-
pared to Fig. 4. The matter is that, along with the
first player’s pure optimal strategies on subinterval
[0.47; 0.67), the player’s mixed optimal strategies on
subintervals

{{[0.27+ 0,25 .47+ 0.2

2 b

[1.4 1.67]) (108)

do really converge to the solution of the staircase
game. The comparison of more “condensed” payoffs
in Fig. 7 to Fig. 5 allows concluding the same. More-
over, here the players’ optimal strategies are e-payoft-
{M, J}-consistent for

e=0.159.

v (M, J) at i=16

by every
M =25,30 and J =25, 30

additionally supporting the said.
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Fig. 6. A bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M = 25,30 and J =25, 30
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M =25,30 and J =25,30

Further thickening the samplings does not
change the result much. Along with the first player’s

pure optimal strategies on subinterval [0.4m; 0.67),
the scattering of mixed optimal strategies on subin-
tervals (108) by M =31,40 and J =31, 40 (Fig. 8)
is slightly less than that in Fig. 6. The “condensation”
of payoffs in Figures 7 and 9 are nearly the same.

Although the solution convergence is apparent,
the players’ optimal strategies are e-payoff-{M, J}-
consistent for

e=0202-y (M, J) at i=16

by every

M =32,39 and J =32, 39.

This is an evidence of that the solution convergence
reaches its saturation, and further thickening the
samplings will not improve the solution approxima-
tion nor improve the consistency. Therefore, the ap-
proximate solution to the zero-sum staircase game
by (94)—(96) and (97)—(100) can be accepted by the
independent sampling at both players’ with the in-
tegers between 25 and 30 (of course, not necessarily
identical).
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Fig. 8. A bunch of subinterval-wise optimal strategies of the first (left) and second (right) players by M =31, 40

and J =31, 40
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Discussion of the contribution

Clearly, it would be commonly intractable to
straightforwardly solve the sampled staircase game,
without considering each subinterval matrix game
separately. For instance, by sampling the exempli-
fied game, where each of the players uses 6-subin-
terval staircase function-strategies, with, say, M = 25
and J = 30, the resulting 25° x 30° matrix game
(in which, e. g., the second player has 729 million
pure strategies!) cannot be solved in a reasonable
time span. Therefore, solving subinterval matrix
games (which are obviously “smaller”) separately
and then stacking their solutions is a far more effi-
cient way to obtain an approximate solution of the
initial staircase game. The applicability of this method
may be limited to the subinterval matrix game size.
For instance, the computation time has an expo-
nentially-increasing dependence on the size of the
square matrix. Solving matrix games, in which each
of the players has at least a few hundred pure strate-
gies, may be time-consuming in applications requir-
ing fast updates of the solution (when the structure
of the initial staircase game changes itself).

The (weak) consistency of an approximate
solution is a criterion of its acceptability. However,
a (weakly) consistent approximate solution may not

exist at appropriately small (tractable) M and J. So,
the consistency decomposition into parts by Defini-
tions 2—7 and particularly isolating an e-payoff con-
sistency by Definition 10 is justified and practical-
ly applicable. There are still many open questions,
though. First, it is not proved that limits

lim v/ (M,J) Vi=LLN (109

M—>w, J >0

exist and they are equal to the respective optimal values
of the subinterval continuous games. Second, if limits
(109) exist, it is not proved that this is followed by that
any approximate solution (44) is e-payoff-{ M, J}-con-
sistent for any M > M. and J >J. (M. eN\{l},
J. e N\ {I}). The inter-influence among the con-
sistency decomposition parts by Definitions 2—7 is
also uncertain yet.

The question of a possible reconciliation of the
difference of the players’ sampling step selection is
indeed that hard. The players can select their sam-
plings simultaneously but not identically. Even if the
ranges of function-strategy values are identical and
sampling integers M and J are the same (i. e., M =J),
implying the uniform samplings, a player’s sampling
may differ from the other player’s sampling due to
eventual inaccuracies in selecting points, as it has
been modelled by (102) and (103) with using normal
“noise” in the point selection. However, at sufficient-
ly great sampling integers M and J, not necessarily
equal, significant changes in M and J are expected
not to influence the approximate solution much.
Just like in the above-considered example, the play-
er’s optimal strategies converge subinterval-wise and
the resulting staircase strategy appears to be an ac-
ceptable approximate optimal strategy in the initial
staircase game (see Figures 6 and 8). Such a conclu-
sion is made easier by the payoff convergence (see
Figures 5, 7 and 9).

Therefore, the presented method is a signifi-
cant contribution to the antagonistic game theory
and its finite approximation supplement. It allows
approximately solving zero-sum games with stair-
case-function strategies in a far simpler manner
regardless of the fact that the players may sample
their sets of function-strategy values differently
[18, 22]. Once the (weak) consistency is confirmed
(the respective approximate solution should be at
least ¢-payoff consistent by Definition 10), the ap-
proximate pure-mixed-strategy solution (like those
ones of staircase strategies in Figures 6, 8) can be
easily implemented and practiced [5, 7, 10, 11, 15,
18, 20].
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Conclusion

A zero-sum game played in staircase-function
continuous spaces is approximated to a matrix game
by sampling the players’ pure strategy value sets. Each
set is irregularly sampled in its own way so that the re-
sulting samplings may be of different cardinalities and
varying densities. While sampled, the requirement of
the proper sampling increment (by Definition 1) must
be followed — the § + 1 points in a 1-incremented
sampling must be selected denser than S points.

Owing to Theorem 2, the solution of the matrix
game is obtained by stacking the solutions of the
“smaller” matrix games, each defined on a subin-
terval where the pure strategy value is constant. The
stack of the “smaller” matrix game solutions is an
approximate solution to the initial staircase game.
The (weak) consistency of the approximate solu-
tion is studied by how much the payoff and optimal
situation change as the sampling density minimal-
ly increases by the three ways of the sampling in-
crement: only the first player’s increment, only the
second player’s increment, both the players’ incre-
ment. Thus, the consistency, equivalent to the ap-
proximate solution acceptability, is decomposed into
the payoff (Definition 2), optimal strategy support
cardinality (Definitions 3 and 4), optimal strategy
sampling density (Definitions 5 and 6), and support
probability consistency (Definition 7).

The most important parts are the payoff consis-
tency and optimal strategy support cardinality (weak)
consistency. They are checked in the quickest and
easiest way. In addition, it is practically reasonable
to consider a relaxed payoff consistency. The relaxed
payoff consistency by (91)—(93) means that, as the
sampling density minimally increases (in each of the
three ways of the sampling increment), the game
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B. B. PomaHtok

CKIHYEHHA ATMNPOKCUMALIA ITOP 3 HYJIbOBOKO CYMOIO, WO POSIINPYKOTLCA Y HEMEPEPBHMX MPOCTOPAX
CXOOMHKOBUX ®YHKLLIN

MpobnemaTuka. IcHye Bigomuii crocib anpokcumadii HenepepBHWUX irop 3 HyNbOBOK CyMOK, A€ HabnuxeHuin po3B’s30K
BBaXaETbCHA NPUNHATHUM, SKLIO BiH 3MIHIOETLCA MiHIManbHO 3a MiHiMarnbHOI 3MiHM KPOKYy Auckpetu3adii. OgHak uen meTod He MOXHa
npsiMO 3aCTOCyBaTW [0 MPU 3 HYNbOBOK CYMOHD, LLIO PO3irpyeTbCs 3i cTpaTerisMu y hopmi CXoAuHKOBUX (PyHKUiN. Kpim Toro, cnig 6patu
[0 yBaru He3anexHicTb BUOOpPY rpaBLEeM KpoKy AMCKpeTM3aLii.

Meta pocnigpkeHHA. MeTta nonsirae y Tomy, Wo6 po3pobuTu MeTon CKiHYEHHOI anpokcumalii irop 3 HynbOBOK CYMOLO, SiKi
PO3irpyroTbCsl y HENEPEPBHMX NMPOCTOPaX CXOAMHKOBUX (PYHKLiA, Bepyyun Ao yBaru, Lo rpasLi, IMOBIPHO, AUCKPETU3YOTb MHOXWUHU CBOTX
YUCTKX CTpaTerii CaMoCTINHO.

MeTtoauka peanisauii. [na AocArHeHHs 3a3HadYeHOi MeTu popmanidyeTbCs rpa 3 HynbOBOK CyMOW, B SKi cTpaTerii rpaBLuiB
€ CXOOMHKOBMMU (PYHKUiSIMU Yacy. Y Taki rpi MHOXMHA YMCTUX CTpaTerii rpaBus € KOHTMHYYMOM CXOAMHKOBMX (DYHKLiM Yacy, i vac
BBaXaETbCS ANCKPETHUM. YMOBU ANCKPETU3aLIT MHOXMHM MOXITMBMX 3HAYEHb YMCTOI CTpaTerii rpaBus BUKNaAaoTbCs Tak, WO rpa cTae
BM3HAYEHOI Ha JOBYTKY CKIHYEHHMX NPOCTOPIB CXOAMHKOBUX (PYHKLN. 3aranom, Kpok AUCKPETM3aLlii y KOXXHOIO rpaBLsi Pi3HUiA, | po3nogin
BMBIPKOBUX TOYOK (3HaYeHb PyHKLji-cTpaTerii) HeogHOPIAHWUNA.

Pe3ynbratn pgocnigxkeHHA. [lpeacTtaBneHO MeTo4 CKIHYEHHOI anpokcumadii irop 3 HynmbOBOK CyMOW, $Ki po3irpytoTbeCst
y HenepepBHUX MPOCTOPax CXOAMHKOBMX (YHKUiN. MeTog nomnsrae y HeperynspHin guckpetusauii MHOXVMHW 3Ha4yeHb YMCTOi cTparterii
rpaBus, PO3B’A3yBaHHI MaTPUYHUX irOP MEHLLOro pPo3Mipy, KOXHa 3 SiIKMX BM3HaYeHa Ha nigiHTepsani, Ae 3HavyeHHs1 YMCToi cTparterii €
NOCTINHUM, 1 YKNafaHHi iXHiX po3B’A3KiB, SIKLLO BOHW € Y3rofpKeHnMU. Yknag, po3B’si3kiB MaTpUYHUX irop MEHLLOTO PO3Mipy € HabnmxeHum
PO3B’sI3KOM BUXiAHOI CXO0AMHKOBOI rpu. [JocnimxyeTbes (cnabka) y3romkeHicTb HabnukeHoOro po3B’si3Ky TWUM, HaCKiNbKU 3MiHIOETLCS
BUrpall Ta OMNTUManbHa CUTYyalisl, KOMU LWiNbHICTb AUCKPETM3aLii MiHiManbHO 36inblUyeTbCs TpbOMa crnocobamu: nuvwe npupicTt
y NepLioro rpasLs, fnu1LLe NPUPICT Y ApYroro rpasus, NpupicT B 060X rpaBLiB. Y3rooKeHiCTb pO3KNafaeTbCsi Ha Y3ro4XKeHicTb BUrpaLlis,
Y3ro[XeHICTb NOTY)XXHOCTI CNEKTPY ONTUMAarnbHOI CTpaTerii, y3rofKeHiCTb LUiNbHOCTI AUCKPETU3aLlii ONTMManbHOI cTpaTerii Ta y3rogXeHicTb
CnekTpanbHUX iIMOBIPHOCTEN. 3 MPaKTUYHOI TOYKM 30PpYy AOLIMbHO PO3rNsagaTi penakcoBaHy y3rofXeHicTb BUrpaLliB.

BucHoBKK. 3anponoHoBaHW MeToq CKIHYEeHHOI anpoKcuMalii CXOQUHKOBUX irop 3 HyrnbOBOK CYMOKO MOMSrae y He3anexHux
ONCKpPEeTU3aLisx, po3B’a3yBaHHi MaTPUYHMX irOP MEHLLOro Po3Mipy 3a NMPUNHSATHMIA MPOMDKOK Yacy Ta yKMnageHHi IXHiX po3B’si3KiB, SIKLLO
BOHU € Y3rokeHUMU. CKiHYEHHE HaBMNKEHHSI BBAXAETbCS MPUAHATHUM, SIKWO MpUHAMMHI BiANOBIOHWIA HabnuXKeHWN (yknageHui)
PO3B’A30K € Y3ro[pKEeHNUM 3a g-BUrpatlamu.

KntouoBi crnoBa: Teopis irop; (yHKUioHan Burpallis; cTpateris y opMi CXOAMHKOBOI (OYHKLi; MaTpuyHa rpa; HeperynspHa
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DEVOPS — KOHIEIIT I CTPYKTYPHE ITPEJICTABJIEHHA

IIpob6aemaruka. Ha choromHi, mopsin 3 BeJIMUE3HOIO KiJIbKICTIO METO/iB, TEXHOJIOTi Ta 3ac00iB MiIBUILEHHS ¢(DEeKTUB-
HOCTi Gi3Hecy, CTpiMKOro po3BUTKY HaOyBae i 3actocyBaHHs1 KoHlenT DevOps (Development & Operations).
3oKpeMa, 3acTocyBaHHs B 6i3Heci KoHlenTty DevOps mpuBOAWTL MPAKTUKIB 10 MUTAHHS AOLIJILHOCTI 3aCTOCYBaHHSI,
dopmaizaliii LbOro mpoiecy, Ta po3poOKH, SIK TpaBWIO, CBOEI BlacHOI cucteMu DevOps 30pieHTOBaHOI Ha JOCST-
HEHHSI BUBHAYEHUX 3HaYeHb MeTpUK AisibHOCTi Opr.C.

CaMe TOMy aBTOpM 1Ii€l CTAaTTi BBaXKalOTh, 1110 TeéMa HAYKOBOTO Ta MPUKJIATHOTO OOIPYHTYBaHHS Ta CUCTEMaTHU3allil
DevOps-KoHLIenTy MOoTpeOy€e OiIbII I'PYHTOBHOTO BHUCBITJIEHHS HE TUIBKM 3 TOYKM 30py popmasisallii, aje il 3 TOYKHN
30py MPAaKTUYHOTO MpOoAyKyBaHHsI cucteM DevOps mist Oyab SKOro BUAY MPOAyKTOBOI AisibHOCTi Opr.C.

Meta nocaimkennsa. MeToro 11i€i CTaTTi € HOCTIIXEHHs CyTi, KOHUENTy Ta AediHiuii moHarrs DevOps, BU3HaYeHHS
cytHocTell KoHuenty DevOps ta dopmaizanist yHipikoBanoi mozeni DevOps.

MeTtoauka peasizanii. MeTo10J10TisI TTOPIBHSILHOTO aHAJi3y HAyKOBUX Pe3y/IbTaTiB Ta iHXXEHEPHUX MPAKTUK peatiza-
uii DevOps, cuctemaru3saiis KiaciB cytHocteit koHuenty DevOps y ¢opwmi miarpamu Bena, rpagiune momenroBaHHS
yHiikoBaHoi momeni DevOps.

Pe3syabratu mociaimkenns. BcraHoB/IeHO MpakKTUUHY LIHHICTH i pe3ybTaTUBHICTh BIpoBamkeHHs DevOps, BiocyT-
HICTb TEOPETUUHUX OOCTIIKEHb Ta OOIPYHTYBaHHSI METOMIB iHXeHepii cucteM DevOps, oKpiM MpUKIaliB OKpEeMUX
naTepHiB Ta OKpeMUX apXiTeKTypHux pimeHb DevOps mist IT ingycTpii.

B craTTi 06rpyHTOBAaHO i 3alPONOHOBAHO CTPYKTYpHE TpeacTaBieHHs: KoHuenty DevOps y ¢opmi miarpamu BeHa sik
CHUCTEMU CYTHOCTEW MPOAYKYBAHHS, MiATPUMKM, MPOLIECIB YIPABIiHHA MPOAYKYBAHHSM i MIATPUMKM, Ta BiJHOLIEHb
Mixk HUMU. i pe3ynbTaTl 103BOJISIIOTH 0OpaTH TEOPETUYHI i MPUKJIANHI iIHCTpyMeHTH Uil (popMaizalii yHicbikoBaHOT
mozeni DevOps-cucreM.

BucHoBku. YHidikoBaHa monenb DevOps-cuctemMu y BUTJISIII diarpaMy KOMITOHEHTIB i (popmastizoBaHuX crienudika-
il iHTepGeiciB MixK IIMMU KOMITOHEHTaMM Ta yHidikoBaHa moaeab DevOps-cucteMu y BUTJISIIL AiarpaMU TisTbHOCTI
1IMX KOMITOHEHTIB al0Th MOXKJIMBICTb MEPENTU A0 PO3POOKM OOTIPYHTOBaHMX MeToiB iHXeHepii DevOps-cucrem.
Kmiouosi ciosa: DevOps, monens DevOps, CuctemHa inxeHepist DevOps, koHuent DevOps, metpuku DevOps, 1ipo-
necu DevOps, ynpaBiliHHS IIpOrpaMHUM IIPOAYKTOM, KoJjlabopallisi, KOHKypeHTHa IiepeBara.

Beryn

Ha croromHi mopsi i3 BeIMY€3HOI KiJIbKICTIO
METO/IB, TEXHOJIOTII Ta 3acO0iB ITiIBUILEHHS edeK-
TUBHOCTI Oi3HECY CTpPIMKOIO pO3BUTKY HaOyBae€
i koHuent DevOps (Development & Operations).

3actocyBaHHsi kKoHuenTty DevOps i iioro
npakTUYHA peajlizallis HaOyBalOThb Hapasi SICKpaBO
BUPAXEHOTI0 KOPIMOPATUBHOIO XapakTepy, TOOTO
CMPSIMOBAHOTO Ha MEBHUU BUM AiSIBHOCTI Ta KOp-
MOPATUBHY KYJbTYpY Ti€i uu iH1I0i OpraHizauiliHoi
Cucremu (Opr.C) y caMmoMy LIMPOKOMY CEHCi po3y-
MiHHSI TepMiHa «KOpIIOpaTUBHA KYJIbTypa».

30KpemMa, 3acTOoCyBaHHSI B Oi3HeCi KOHIIETITY
DevOps npuBoaUTb MPAKTUKIB 10 MUTAHHS JOLIb-
HOCTI 3acTocyBaHHS, dopmajizallii IbOro Mpolecy
Ta po3pOOKHU, SIK IPABUJIO, CBOEI BJIACHOI CUCTEMU
DevOps, 30pieHTOBaHOI Ha JOCSITHEHHSI BU3Haye-
HUX 3HaUY€Hb MeTpUK AisibHOCTI Opr.C.

'V TakoMy KOHTEKCTi BJlaCHMKa Oi3HeCy i TOIl-Me-
HemxkMeHT Opr.C 1mikaBisgTh HacaMIlepe.l ITOBHA Bap-
TIiCTb BOJIOMIIHHS Takolo cucteMolo DevOps i peaibHi
npuOyTKHY Bia ympoBamkeHHs1 cuctemMu DevOps.

3 iH1WoOro OOKYy, PUHOK TIPOMOHYE HE TaK
yXe i 0arato TeOpeTUYHUX Ta MPUKIIATHUX PO3PO-
0OK, Ha OCHOBi SIKUX MOXHa Oyjio O peajizyBaTu

Pekomennyemo nutyBatu mo crartio Tak: [1.I1. Macnsnko, [.B. CaBuyk, «DevOps — KoHuenr i cTpyKTypHe mpef-
craBneHHst», Haykoei eicmi KIII, No 4, ¢. 39—51, 2021. doi: 10.20535/kpisn.2021.4.261938.

Please cite this article as: P.P. Maslianko, [.V. Savchuk, “DevOps — concept and structural representation”,
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(haxoBuii npoexT cucremu DevOps 111 KOHKPETHOT
Opr.C.

s mpobiema BMHMKIA TOMY, 110 HAayKOBHUX
nyOsikaliii 3a UMM HampsIMOM IIPOCTO Mi3epHa
KiJIbKiCTh, @ Y HasiBHUX MOBa Mg TMepeBaXkKHO Ipo
CTaTUCTUYHI gociimkeHHs BBy DevOps Ha 0i3-
Hec y HijjoMy abo Ha okpemi MeTpuku Opr.C.

Came TOMY aBTOpPM L€l CTaTTi BBaXaloTh,
1[0 TeMa HAyKOBOT'O Ta MPUKJIATHOIO OOIPYHTYBaH-
Hg Ta cucrtemaru3auii DevOps-KOHLENTY ITOoTpe-
Oye Oibll IPYHTOBHOI'O BUCBITJIEHHSI 3 TOYKU 30PY
He TinbKU (popMajizallii, aje i MpakKTUIHOIO IIPO-
OyKyBaHHS cucteM DevOps mis Oyab-sIKOro BUIY
npoaykroBoi nmisimbHocTi Opr.C.

V wmiit craTTi JOCTIIXKYIOThCSI MicClie 1 poJjb
DevOps 17151 Oyib-s1K01 cTafil XKUTTEBOTO LIUKITY MPO-
IYKTiB, TOBapiB Ta MOCJYT, IPOBOIUTLCS AeTallbHA
JIEKOMITO3MIIisl BCiX OCHOBHMX cyTHocTeir DevOps,
BU3HAYAIOTHCSI POJIi Ta BIUIMB KOXHOI 3 HUX.

TakuM YMHOM, MU CIIPOOYEMO PO3KPUTHU BCi
ocobnuBocTi heHoMeHy DevOps He TilbKu 5K 3a-
co0y JU1s1 opraHizauii B3aeMoJii MiXX OpraHizariii-
HuMM oauHuULIEIMU Opr.C, a i K BaXJIMBOIo i aK-
TyaJIbHOTO iHCTPYMEHTY JIJIsl MPOAYKYBaHHSI CUCTEM
DevOps mist cyyacHoi IT-iHaycTpii.

ITocTanoBka 3amaui

MeTot1o 1i€i poOOTH € JOCTIIKEHHS CYTi, KOH-
Henty Ta aedidiuii moHsaTTs DevOps, BU3HAYEHHS
cyTHocTel KoHuenty DevOps Ta (hopmaizaliist yHi-
(hikoBaHoi Mmoaeni DevOps.

Cytb konnenty DevOps

BbauenHs cyti koHuenty DevOps yuacHUKaMu
PUHKY Ta OCOOJMBOCTEI HOro 3acTOoCyBaHHS MoKa-
3aHO Yy OaraTbox myoOsikauisix. Tak, aBTOpM CTaTTi
[1] meTanbHO aHAJI3YIOTh PE3YJbTaTU 3aCTOCYBAHHS
meTonosiorii DevOps aj1s1 cTpaxoBOi KOMITaHil.

Hacamnepen aBropu CTaTrTi BU3HAYalOTh,
mwo «Ceuc DevOps, Kk eucaoeuau pecnoHOeHmi,
po3en20ascs K cnocio inmeepauii poaeti i HAGUHOK
po3pobKu ma onepauiti daudxcue 00uH 00 00HO20, W00
y3200Umu cmumyau KA408UX poael, sAKi 6epymo
yuacms y po3poouyi npoepamtnoco 3abesneuents» [1].

Hani BOHM BKa3ylOTh, 1110 OCHOBHA MOTUBALLisI
BITPOBaKEeHHsI MeTomosorii DevOps B opraHizarii —
116 OTpUMAaHHSI KOHKYPEHTHOI MepeBaru 3a pPaxyHOK
3aCTOCYBaHHSI ¥ aBTOMaTM3allii Oi3Hec-IIpoleciB
B3a€EMOJIil pO3POOHMKIB, CIYXO IIATPUMKU Ta Me-
HemkMmeHTy Opr.C. ABTOpU BUIIISIOTH JBi Tpynu
pe3yJabTaTiB Bia BrpoBamkeHHs1 DevOps: rpyny pe-
3yJIbTATIB, 110 0€3MOCEPEIHBO CTOCYETHCS KOHKPET-

HUX METpUK eheKTUBHOCTI naisiabHOocTi Opr.C y 1i-
JIOMY, Ta IpyMy pe3yabTaTiB, 110 CTOCYEThCS METPUK
OLIIHIOBAaHHS OistIbHOCTI camoi komanau Opr.C.

OkpiMm pesysbTartiB, y cTaTTi aBTopu [1] BKa-
3yI0Tb i Ha MEBHi TPYAHOIL, MOB’sI3aHi 3 BIPOBa-
KeHHsIM DevOps.

Jlo meplioi rpyny pe3ysbTaTiB aBTOPU BiTHO-
CSITh TaKi SIKiCHI METPUKMU:

— cITiJIbHa poOOTa KOMaHJU, BiICYyTHICTh KOH-
(b7iKTIB 1 B3aEMHMIA KOHTPOJIb, 110 A€ MOXKJIUBICTh
MPOBOIUTH YacTe/HETNepepBHE PO3rOPTaHHS HOBUX
BEpCiii MMPOEKTY Ta BIPOBAIKYBATH HOBI MOXJIMBOCTI;

— MOXJIMBICTb MPUIIBUILIYBATH MPOLIECU PO3-
poOKHM Ta poOOTY Ha IMPOEKTOM Y IIiJIOMY;

— TIOKpallleHHsI po0OTH 3 KOpUCTyBauyaMu pe-
3yJIbTaTiB PO3POOKHU Ta OTPUMAaHHS KpPallloro JI0CBi-
Iy BiJ KOPUCTYyBayiB.

Mo npyroi rpynu pesybTaTiB aBTOPU BigHO-
CSIThb MO3UTHMBHMIA BIUIMB HE TiJIbKMU Ha MNPOIYKTU
KOMTIIaHii, a i Ha caMy KOMaHJy:

— YYaCHUKM KOMaHIU MaloTh OUIbIINI piBeHb
aBTOHOMII Ta BiA4yBalOTh CBOIO 3HAYYILICTh;

— poboTa B KOMaHJi MOTHMBYE, JIIOIM BUBYA-
IOTb HOBi TE€XHOJIOTII;

— YYaCHUKM KOMaHIM MEHIIEe 3BUHYBAuyIOTh
OIVH OJHOIO, OCKIUJIbKU IXHSI pOo0OTa € KOMaHIHOIO.

OKpiM 1IbOrO, aBTOPU BU3HAYAIOTh i CKJIAAHO-
i BrpoBaakeHHs: DevOps:

— HEOOXiHICTh BIPOBAXKyBaTU HOBi TEXHO-
JIOTi1 Ta HAaBYaTU TMepPCOHaJll, 30KpeMa iHCTpyMeHTaM
XMapHOTO XOCTUHIY, apXiTEeKTypu MiKpOCEpBICiB,
a TaKOX TMPOBEIEHHSI aBTOMATU30BAHOI'O PO3rop-
TaHHSI Ta MOHITOPUHTY;

— HeoOXinHicTh 3amyyaTu (axiBLiB, 3HAHOMUX
i3 MetonoJoriero DevOps.

VY cratTi [2] aBTOpM CNUPaOThCS i OMUCYIOThH
TpamuuiiiHuii uuka DevOps i 3a3HavyaroTh, IO ITIe-
peBaru MnoJisiraloTh y OibIIii KiJIbKOCTI Oe3nepepB-
HUX pO3ropTaHb, PO3ILIMPEHiIi aBTOMaTHU3allii,
Kpalliii BiAIIOBIZHOCTI BMMOraM 1 3arajilbHUX IIO-
KpalIeHHSIX.

V crarri [3] xomMnanig iHpopMye Ipo Biac-
HUM JOCBil BUKOPUCTAHHSI METOMIOJIOTil Oi3HecoM
i BcepeauHi komnadii. Ile cTaTTs-3BiT 11100 METO-
nonorii DevOps Bim KommaHnii Atlassian sika BHITY-
CKa€ MporpamMHi MPOAYKTU came IJIsi BIIPOBAIXKEH-
Hs1 metonoJiorii DevOps (Jira, Bitbucket Ta iHuii).
HaBeneHi HUMM CTaTUMCTUYHI JaHi 4iTKO BKa3ylOTh
Ha MO3UTUMBHMI BIUIMB 11i€l MeTOA0JIOTiT Ha Oi3HEC
32 paxyHOK:

— YacTilIMX peli3iB HOBMX BepCili MHPOEKTY
Ta MOTO IIBUIKOTO PO3rOPTaHHS;

— OUIbIIOT KiJIBKOCTI MPOEKTIB, 110 3aKiHYY-
IOThCSl YCITIXOM;
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— IWIBUALIOIO HaJalUTyBaHHSI POOOTH TIicCJIs
BUSIBJICHHSI HECTIPABHOCTEA.

Y crarrti BKazaHa i OCHOBHa TapagurMa KOM-
naHii Atlassian CTOCOBHO peajizalii KOHLENTY
DevOps — «kpamie 6arato MajJe€HbBKMX OHOBJICHb,
ajie 4acTo, aHiX BeJMKe Ta CKJIagHe OHOBJICHHS,
aje Jocuth pinko» [3]. Lo mapagurmy KomraHis
peayizye 3a paxXyHOK aBTOMAaTH3allii HACKpPiZHOTO
Oi3HEC-TIPOIIECY «TH 1Ie 3pO0OUB, TH 1I¢ TOCTAaBUB, TU
e 3amyctuB», To0To DevOps — «lie He YUsSICh OK-
pema poboTa, 1Ie podoTa yCix, XTO IpPALIOE B KOM-
nauii» [3].

Y 3Biti T'apBapacbkoro yHiBepCcUTETY 1LOIO
MpakTUK 3acTocyBaHHS MeTomosorii DevOps [4]
aBTOPHM 3a3HA4yaloTh, 10 Hapasi OMHUM i3 KIIIOYO-
BUX ITOKA3HMKIB 151 Oi3HECY € sIKoMora LUBUIIINNI
3aIyCcK MPOAYKTY 3 HOBOIO (PYHKIIIOHATBHICTIO JUISI
KiHIIEBOTO KOpHUCTyBaya, aje 3apa3 Hebarato KOoM-
naHiit pobJsTh 1ie IilicHO 100pe.

ABTOpU HaBOISITH GaraTo iH(orpadiku 3 mpu-
BOJY TOTO, SIK OLIIHIOIOTh BIUITMB MeToaoJiorii DevOps
pi3Hi KOMMaHii, aOCOMIOTHA OUIBIIICTb i3 SIKMX BBa-
>KaloTh, 1110 BILUIUB € 3HAYYILIUM i TTO3UTUBHUM.

ABTOpM BKa3ylThb Ha Te, 110 BIPOBaIKEHHS
METOJIOJIOTil — 1€ HacaMmIepesa IpPOBEIEeHHS 3MiH
y caMmiii KOMIIaHii, ympaBiiHHi, MEHEIXMEHTi 0i3-
HEC-TIPOLIECIB i HAaBiTh KOPMIOPATUBHIN KYJIbTYPi.

KopucHoro € iHdopmalisg Bifg pecroHISHTIB
Mnpo Te 1110, Ha iX IYMKY, CTPUMYE PO3BUTOK BIIPO-
BamkeHHs1 DevOps B KoMnaHii, 30KpeMa:

— HEBIAMNOBIIHI opraHizaliifHi MOMEHTU B KOM-
MaHii;

— BMKOpHUCTaHHS ctapux (legacy) TexXHOJOTII;

— CYIIPOTUB KE€PiBHUILTBA IO 3MiH;

— OOMEXeHICTh HaBUYOK i MPaBUJIbHOIO CIIO-
co0y MUCJIEHHS y POOITHUKIB;

— HEOOXiIHICTh Yy MOKpallleHHi 0e3nmeKu 3 oj-
HOYACHUM ITiIBUILIEHHSIM PiBHSI KOMYHiKalliid.

Hacamkineupb aBTOpM MHiAKPECTIOIOTh, 1O 3a-
crocyBaHHSI DevOps He € TeXHOJOTriYHMM IIPOEK-
toM. Ha ixHio mymky, DevOps HacamIiepes moJisirae
y TIPOBEIEHHiI 3MiH BiZHOCHO TepCOHaay, OpraHi-
3alliliHOT CTPYKTYpH, yIpaBJiHHS MPOAYKTUBHICTIO
i HaBiThb KOPMOPATMBHOI KYJbTYpPU, TOOTO BChOTO
TOro, 10 MOXe (PyHAAMEHTAJIbHO 3MiHUTU OpraHi-
3auito.

V 1opiyuHomMy orisai Big kommaHii Puppet
[5], sika 3aiiMa€TbCs BUIYCKOM MpPOTpaMHOrO 3a-
Oe3neueHHs iHCcTpymMeHTiB DevOps, BcTaHOBJIe-
HO, 110 B KOMIIaHIiSIX, A€ BIIPOBAIKEHI TEXHOJIO-
rii Ta iHcTpymeHTH DevOps, kKoMaHAu poO3pOOKU
! MiATPUMKU MalOTh YiTKO (hopMaslizoBaHi 000B’s13-
KM Ta BUCOKHI PiBEHb aBTOHOMIi 11010 BUKOHAH-
Hs IMX 00OB’SI3KiB, i TOJIOBHE, BOHU MalOTh YiTKO

BU3HAUEHI MapaJurMM B3a€EMO/il Ta KaHaJIU KOMY-
HiKallil MiXk KomaHaamu [5].

ABTODPU OIJISIY BUSIBUJIM, 1110 BUAM TPYAHOILIB
Ha 1wIsgxy BrpoBamkeHHs DevOps 3MiHIOIOThCS Bif
KOMTIIO3MIIi1 TeXHIYHUX 1 KYJbTYpHO-OpraHizarliii-
HUX 10 Maiike TOBHICTIO KyJbTYPHHUX.

ABTOpH OIJISIAY BBAXKAIOTh, 110 KJIIOUYEM 0 MaK-
CUMaJIbHO YCHIilIHOTO piBHS BpoBamkeHHsT DevOps
€ 3aCTOCYBaHHSI €MHOI TEXHOJIOTIUHOI TIaThopMUu
DevOps mist Bcix KomaHa kommanii. Taka mmatgop-
Ma pernlaMeHTYE IIpaBa Ta OOOB’SI3KM BCiX KOMaH]I
1 KOMyHiKaIii Mixk HUMM.

VY crarti [6] npeacTaBieHi pe3yabTaTU CUCTE-
MaTUYHOTO JOCIIKEHHSI, B SIKOMY PO3TJISTHYTO OC-
HoBHi cdepu, Temu Ta uijli NFR (Non-Functional
Requirements, He(yHKIIiOHAaIbHUX BUMOT) Y KOH-
TekcTi DevOps, Ha akux (GoKycyrThesl po3poOHU-
K1 npu npoektyBaHHi DevOps-cucrem. Y cratTi
3a3HAYAETLCS, 10 NPU JOCIIIKEHHI METOIOJIOTil
DevOps Haituacrillie 3yCTpidyaeTbCsl TaKUM mepenik
KJIIOUOBUX CcliB: Performance, Scalability, Safety,
Cross-team integration, Cross-Domain Governance,
Regulatory Compliance Ta 6arato iHIINX.

V crarTti netaqbHO MpoaHali30BaHO Ta HaBe-
J€HO CTAaTUCTUKY MO KOXHIM i3 4aCTUH HpPOLECy
DevOps. HaBeneHo iHdopmaliito mpo Te, 110 Haii-
OijIblIIe LIiKaBUTh TEXHIYHMIA, OpraHi3alliiiHuii Ta 0i3-
HECOBUIA CKJIaJ KOMITaHii.

HaiiBaxuBinni 3aBaaHHs1, 1110 MOXYTb OyTH BU-
piureHi 3a gonoMororo NFR y DevOps, — 1ie 3a0e3-
ne4yuTy 0e3neyHy Ta MPOAYKTUBHY pOOOTY IporpaM-
HOro 3a0e3neuyeHHsT (30Cepe/PKeHHsI Ha TEeXHIuHii
SIKOCTi), CIHPUSITU MIKKOMAHJHIM iHTerpaiii exc-
MepTiB i3 pi3HUX rajyseid (opraHizauiiiHuit okyc),
3’siCyBaTy BiIMOBIAHICTb IIPOrpaMHOT0 3a0e3rnedyeH-
HSI HOpMATUBHUM BUMoOraM ((hOKyc Ha yIpaBiiHHi),
BUKOPUCTOBYBaTU B3a€EMOJIiI0 KJiEHTA 3 MpOrpam-
HUM 3a0e3MeUyeHHIM IS i1ei 11010 MepCrneKTUBHUX
¢yHKIII# (30CcepemKeHICTh Ha KIIIEHTI), CTBOPIOBATHU
Ta 3aXUILATU YacCTKy PUHKY MNpoaykTy (Oi3zHec-(o-
KyC), ONTUMI3yBaTh KOHBEEP JOCTaBKU ((hoKyc
Ha po3po0lli) Ta MOJIETIIyBaTU HAJIArOIKEHHSI TTicst
po3ropTraHHs (30cepeKeHHsT Ha poboTi) [6].

OnHiero 3 Kio4YoBUX ckaanoBux DevOps € Ko-
Jlabopallisi. ABTOpHU CTaTTi [7] Aal0Th Take MpaKTUY-
HEe BM3HauyeHHS Lboro TepmiHa: «Konaboparmis —
e 3JaTHICTb JIoAMHU e(heKTUBHO POOUTU CBilt
BHeCOK y pobory koManau. Ile mepenbavae Ha-
MOJIETJIMBICTb, BHECOK Y 3HAHHS KOMaHIIM, OLIHKY
BHECKY iHIIMX Ta 3AaTHICTh A0 BUPILLIEHHS PO30iXK-
HocTeil. EdbexkTrBHa Kosabopallisi nepeadayae pos-
MO Mpalli MiX yJyacHUKaMmu, SIKi BeAyTb aKTHB-
HUI OUCKYpC, 10 NPUBOAUTHL 10 00 €IHAHHS IXHIX
3ycuiib» [7].
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V cratTi [8] aBTOpU POOJISATH aKLIEHT HA TOMY,
o came B DevOps BBaXXaeTbcs BaKJIMBUM 1 Hali-
yacrime nuroBanuM: Automated Build, Continuous
Deployment, Continuous Integration, Continuous
Delivery, Cloud Computing, Source Code Version
Control, Automated and Continuous Feedback,
Infrastructure as Code.

ABTOpPU POOJISIT BUCHOBOK, 110 HE3BaXkarouu
Ha Te 110 B CTATTdX, J¢ 3ramyiorh DevOps, MoBa
HaiuacTile ine mnpo mnporpamHe 3abe3redyeHHsl,
BCE XX He BCIM BIAETHCS BIAJIO 3aCTOCOBYBATH Me-
topoJiorito DevOps, OCKiJIbKHU 11€ He MPOCTO TeXHO-
JIOTIYHUWM Migxia 10 HalMCaHHS MPOTpaMHOTO KOAY,
a CTBOPEHHSI MEBHOI MOjEJi KYJIbTYpU B3aEMOil
B Oprasisatiii.

ABTOpPM HaroJolIyIOTb Ha TOMY, IO PEe3yib-
TaTu 3actocyBaHHSI DevOps MposiBISIIOTHCS Pi3HU-
MU ¢dopMaMM TMOKpalleHb i MEepCreKTUBAMU JUIS
oprasizaliii, siki po3po0JisitoTh MporpaMHe 3ab6e3-
TeYeHHsI, OCKIbBKM HOT0 BIPOBAIKEHHSI € YNMOCH
TpaHC(OPMYIOUMM JUISI BCI€El KOMMaHii, OCKIJIbKU
3aJTy4aroThCs JIIOAM, IPOLIECH Ta iHCTpyMeHTHU. Kpim
Toro, BrpoBaxkeHHs DevOps nmorpedye pecTpyKTy-
pu3allii KOpIopaTUBHOI KYJIbTYpU, HAOYTTSI HOBUX
HABUYOK, TiCHIlLIOI CHiBIpali Ta Koyiabopailii Ko-
MaH. ABTOPU IiJKPECIIOITh, 1110 1€ HeTPpUBiaabHi
3a7a4vi, OCKiJIbKM BIIpoBaIkeHHs1 DevOps BuMarae
JTOTpUMAaHHS HU3KM BUMOT i AyKe 100pe po3poodiie-
HOTO Ta CTPYKTYpPOBaHOTO TaHy [8].

BaxuimBumu € pe3yiabTaTu, BUKJIAAEHI Y cTaT-
Ti [9], Ae aBTOpU MPOIOHYIOTH TAKCOHOMiIO PiBHiB
JockoHanocTi peanizauii DevOps i posrismaroTb
JIeKiJibka MaTepHiB opraHisailii poOdOTHM KOMaHI
DevOps, nmounHarouy Bij HalHOBIILIKMX, 3aCHOBA-
HUX Ha JIOCKOHaJIii B3aemMoil Mixk KomaHaamu Dev
i Ops, g0 OiNbII apxaiyHUX, 1O HE MAlOTh JOCTAT-
HbOT'O PiBHS KOMYHiKallili Mi>k KOMaHIaMMU.

TakcoHOMisl € pe3yJbTaTOM TI'PYHTOBHOTO J0-
CJIIKeHHSI, B SIKOMY MpoaHajizoBaHo 31 Oararo-
HallilOHAJbHY KOMIIaHilo, 10 CIeLiali3yloThCs
Ha po3poOl1li MporpaMHOro 3ade3meuyeHHs].

3anpornoHoBaHa TAaKCOHOMisl Moxe OyTu 3a-
CTOCOBaHa IJIsT OOTPYHTYBaHHSI 1 peajidaliil KOH-
KpeTHUuX TNpoekTiB DevOps Ta OILliHIOBaHHS TIO-
TOYHOIO TEXHOJIOTiYHOTro piBHS 3pinocti DevOps
KOMIaHil.

IMopsia i3 KOPOTKUM iCTOPUYHUM OTJISIAOM Me-
tonoJorii DevOps, y crarti [10] aBTOpu po0JIsITh Or-
JIsiIT BaXKJIMBUX cki1anoBux DevOps i HaBoasTh aiarpa-
MM, 1110 XapaKTepu3yloTh rpoiec DevOps-po3podKu.
ABTOpPM HaroJiolyloTh Ha Tomy, 10 «DevOps —
116 HOBa ONTUMMaJlbHA TMpaKTUKa, SIKOi CJIi/l JOTpUMY-
BaTUCSI B XKUTTEBOMY LIMKJIi pO3POOKHM MPOrpaMHOIo
3a0e3IeueHHs1, 11100 30UIbIINTU KiJIbKICTh BUITYCKIB,

HaAiAHICTh, IIBUAKICTH OHOBJIEHHS, €(PEeKTUBHICTb
BUKOPUCTAHHS BiITYKiB KJII€HTIB, MiABUILIUTH SIKiCTb
i 6esmeky» [10].

ABTOpPU MiIKPECIIO0Th, 1110 MPOLEC PO3POOKHU
DevOps Oyabp-sIKoi apXiTeKTypu € HETPUBiaJbHOIO
3a7auelo, Ma€ iTepaTUBHUI XapakKTep, i Harojaouy-
0Th, 10 XMapa € KJI4oBOw cyTHicTio DevOps,
NpU3HAYEHOI IS iHTerpallii KoMaHd, 0e3rnepepBHOI
JIOCTaBKM, 3abe3reueHHs] Oe3neku Ta 300py BiAry-
KiB BiJi KopucTyBauiB. HacaMkiHellb aBTOpY Haro-
Jjocuau, 1o komaHaa DevOps mae OyTu JOCTaTHHO
KBaJlihiKOBaHOIO Ta THYYKOIO JIJISI IPOBEACHHS 3MiH
KOPIMOPATUBHOI KYJIbTYPU.

ITpuBepTtae yBary i ctatts [11] i3 Haa3BUYAKHO
LLIMPOKOIO reorpai€ro i CTaATUCTUKOIO Ta BUCHOB-
KaMu mpo Te, K Kpalle 3anpoBaikysatu DevOps,
Yy TOTPiOHO 11 B3araji 3ampoBaIXyBaTU, YA IIPUB-
HOCUTh BrnpoBamkeHHs1 DevOps SIKUICh MO3UTUB-
HUI BILUIMB Ha pe3yJibTaTh AisJIbHOCTI KOMITaHii.

ABTOpU HaBOJASITH MEPENiK KOHKPETHUX TpakK-
TUK i mpuHLuUIiB Agile, Lean i DevOps, ki po3risi-
JAaI0ThCS SIK PO3LIMPEHHS MiAXOAiB Ta iHCTPYMEHTIB
peasizanii B3aemonii koMaHa DevOps.

ABTOpPM BCTAaHOBWJIM, 1110 3aCTOCYBaHHSI TpaK-
TuK i npuHuuniB Agile, Lean i DevOps mae 3mory
3MiHIOBaTU KOPMOPATUBHY KYJILTYPY, BiCTEXKyBaTH
MOTOYHUI CTaH CTaliil XXMTTEBOIO LIMKIIY MPOrpaM-
HOro 3a0e3MnevyeHHsl Ta KepyBaTU CTAaHOM PO3POOKU
3acobamm aBTromarmu3aiii DevOps.

A 3acrocyBanHsa SCRUM, Kanban ta Con-
tinuous Delivery 3abe3rieuye Q0OCTaBKy, peai3allilo
MpPOLIECIB yIpaBIiHHS 3MiHAMU, YIIPaBIiHHS ITOPT-
(henem mocayr (BKJIOUaOUYM KEepyBaHHSI KaTajJoOrom
MOCJIyr), KEpyBaHHSI BUIIYCKOM 1 PO3ropTaHHSIM
Ta KepyBaHHS piBHEM OOCIYyrOByBaHHSI.

ABTOpM HAroJOIIYIOTh i Ha TOMY, IO ITOPSII
i3 BUCOKMM DpiBHEM IIiAroroBku kKomaHau DevOps,
Mae OyTU Takuii ke piBeHb i KepiBHUKa DevOps, sikuit
MOBUHEH MpaloBaTU Ha MOCTiliHil ocHOBI [11].

Cepen myOJikaliii, 110 CTOCYIOThCSI CYTi KOH-
uenty DevOps, € poboTH, Ki OMUCYIOTb METPUKU
OLIIHIOBaHHSI pe3y/abTaTiB 3acTocyBaHHsI DevOps.

30kpema, aBTOpU CTaTTi [6] mpoaHasizyBaau
HasIBHI JocmimKkeHHs B ramydi DevOps mis Toro,
1100 BM3HAYUTU OCHOBHI BHMMOTM 1O Ili€i METO-
J0J10Tii, TOOTO OYyJI0O MPOBEACHO aHali3 Heg@yHK-
uionaavnux eumoe. J1ns 1iboro merogodorito DevOps
pO3MiNMIN Ha CiM JOMEHHMX 00JIacTeil:

— Customer Focus Area (001acTb 30cepemke-
HOCTi KJIIEHTa) — BOHA KOHIEHTPYETHCS HA 1iHHO-
CTAX, SIKi 1OMIOMaraloTh MOKPAIIWTH TOCBiA KJIi€HTa
Ta BiICJiAKOBYBaTU MokpaiieHHs. HaBegeMo nepe-
JIIK OpPIEHTOBHMX Ha KJi€HTa ILIiHHOCTEeW: idei, ski
Haoxo0amv 6i0 KaicHmie 041 NOKpaujeHHs Oi3Hecy;
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nepesipka 3asA6AeHUM BUMO2AM,; OUIHIGAHHA BadC-
AUBOCMI BUKOPUCMAHHA KAIEHMOM, Hacmoma peni-
3i6; npiopume3ayis UUKAIE po3poOKU, OPIEHMOBAHUX
Ha KaieHma.

— Development Focus Area (oGsacTh 30cepe-
JIDKEHOCTI pOo3po0KM) — B OCHOBHOMY TYT MIETh-
Cs TIPO OPiEHTHMPU Ha MiABUIIEHHS €(hEeKTUBHOCTI
npoliecy po3pooku. Ilepesik opieHTOBHMX Ha poO3-
pOOKY WLiHHOCTEN: eusipeHicmov npouecy 00cmasKu,
HenepepeéHa iHmeepayis; HenepepeHa 00CMAgKa,; wiu-
POKUIL 8UOIp IHCMPYMEeHmi6 po3po0KU,; CKAAOHICIb 3a-
60aHb po3pooKU.

— Operation Focus Area (o0yacTb 30cepeke-
HOCTi omepalliil) — TyT iIeTbCcsl PO BUMOTH, SIKi
CTaBJIATLCS 10 IIPOTPAMHOIO 3a0e3IeUeHHs 1 SKi
MaloThb BUKOHYBAaTMCh IIiJl 4yac TPOBEIEHHS OIle-
pawiii ctocoBHOo Hboro. Ilepenik Lux BUMOT: 6i0-
CAI0KOBYBAHHS apmegakmie niod uac eUKOHAHHS;, MO-
HImMopuHe npoyecy 3pocmanHs npodyKmy; nepesipka
npooyKmy nicas 1oeo po3eopmanHsi.

— Governance Focus Area (o6acThb 30cepemKe-
HOCTI yIpaBIiHHS) — B 1iii TUIOLLIMHI PO3IJISIIAIOThCS
IIHHOCTI, $IKi € BaXJIMBUMM JUIST TIPOLIECIB yIIPaBJIiH-
H$l i sIKi MaloTh OyTH noTpuMaHi rpouecom DevOps-
po3pooku. Ilepenik LMX LIHHOCTEH: 3abe3neueHHs
KOHGhIOeHyiliHocmi  0aHUX, BUKOHAHHS HOPMAMUBHUX
8UMO2; 0OMPUMAHHS KOPNOPAMUBHOI apXimeKmypu.

— Technical Quality Focus Area (o06sacth 30-
CepEeIKEeHOCTI 3a0e3MevyeHHs] TeXHIYHOI SKOCTi) —
1151 00JIaCTh IMOBHICTIO KOHLIEHTPYETHCSI Ha BUMOrax
IO TIPOAYKTY, $IKi BiH Ma€ 3al0BOJIbHSITH, HAIlpU-
KJIaJ Taki, SIK Yac BUKOHAHHSI orepalliii abo 3aTpaTu
Ha BUKOPMCTaHHS maM’sITi B 0a3i maHux. HaBegemo
PO3rOpHYTUIA MEpeiK IMUX LHiIHHOCTEN 1 BUMOT: 3pyu-
HICMb GUKOPUCMAHHA, CIMIUKICMb NPOOYKMY,; MONCAU-
gocmi 00 3aAyHeHHs HOBUX pecypcie; NOMYICHICMb,
BUKOPUCMAHHA aKMYaibHUX @pelimeopkia;, 0e3nexa
O0aHUX; MONCAUBICMb POUWIUPEHHS NPOOYKMY,; AKICMb
NnoCMaeneHux mecmie; MONCAUEOCMI 00 NOOANBLUIO20
00C1Y208Y8aHHA NPOOYKMY, PO320PMAHHA NPOOYKMY,
opienmoeane Ha pobomy 3 OaHumu; 6e3neKka eUKOpU-
CMAHHA.

— Organization Focus Area (oGiactb 30cepe-
JUKEHOCTI opraHisailii) — TyT WIeTbCs PO LiHHOCTI
Ta BUMOTHM, SIKi MA€ 3a0BOJIbHATU KOMIIAHig IS
NpOAYKYBaHHSI OpPiEHTOBAHMX Ha Oi3HEC IPOIAYK-
TiB. HaBenemo nepesik: ceoeuacra peaxuyis Ha 3MiHy
PUHKY; MeKy4icmb pecypcie;, Momueauis 04s npooyky-
BAHHs NPOOYKMi6; KOMYHIKAUiA KOMAHO 6 opeaHizayii;
inmeepauis KomMauo 6 opeanizauii; moycausocmi 0ns
nidsuuieHHs npogeciiinoeo pieHs, O0XONACHHS DIZHUX
domeHHUX obaracmell.

— Business Focus Area (o0macTh 30cepemke-
HOCTI Oi3Hecy) — 1l 00JlacTh MOKPUBAE KJIACUYHI

BUMOTIH Oi3HeECy, afxXe MOoro LiKaBUTh He Te, K Oyne
3p00JICHO IIPOAYKT, a Te€, SIKY LIiHHICTb BiH y COOi
Hece. HaBememo mepeltik TaKMX IIHHOCTEM i BUMOT:
cepedHill yac 0o OMpumManHs pe3yavmamy; eapmicmo
npoeaodicenHs; UIHHICMb CMEOPEHOI eKocucmemu,; Ky
YaCMKY PUHKY 3aUMac npooyKkm,; aKmydnbHicmo npo-
OyKmy Ha PUHKY.

TakuM 4MHOM, y Wil cTarTi (PAaKTUYHO OMNU-
caHi KJIaCU METPMK, HEOOXiTHMX I OLiHIOBaHHS
pe3yJbTaTiB BIPOBaIKeHHsT KoHLenty DevOps.

V cratTi [12] aBTOp aHaji3ye METPUKU SIKOCTI
JUISl YCTIIHOTO 3aIyCKy IPOrpaMHOTO TPOAYKTY.
MeTpuky naiTh MOXJIUBICTb BU3HAUUTH, YU Oyre
KOPHUCTb Bil po3poOku npoaykty. Cepea Takux me-
TPUK:

— OKYIIHICTb iHBeCTHLilA — TOOTO uu Oyue
OPUHOCUTH MPOAYKT AOXIA BiJ BKJIAJEHUX iHBECTH-
Liif Ta 3a IKM yac;

— CKiIbKM imeii Oyno 3reHepoBaHO IJISI TOTO,
11100 3aJI0BOJIBHUTU MOTPEOU KOPUCTYBaua;

— MPOrHo30BaHa KoMeplliiiHa LiHHICTh;

— CKUJIbKM Yacy MoTpiOHO, 11100 BUATH HA pU-
HOK;

— SKy YaCTUHY PUHKY OyJe 3aiiMaTu MpOAYKT.

V ny6nikauii [13] 3a3HayaroTh BaXJIMBi Me-
TPUKHU OLIiHIOBAaHHSI TIPOAYKTY, SIKUM BXe MpaIlioe,
HanpuKJiam Taki sK:

— LIOMICSIYHUM perysipHUi TOXif;

— CepemHill moXid 3a OJHOI0 KOPMCTyBaya;

— BapTICTh 3aJIyYeHHSI HOBUX KJII€HTIB;

— BIIHOIUEHHS KUIBKOCTI aKTUBHHMX KJII€HTIB
3a IEHb A0 KiJTbKOCTiI aKTMBHUX KJIIEHTIB 3a MiCSLIb;

— TIOKa3HUK YTPUMaHHS KJIIEHTIB.

BaxxmmBumu € i METpUKM, 1110 OL[IHIOIOTH e(heK-
TUBHICTb poOoTu KomaHau DevOps. Tak, y cTaTTi
[14] aBTOpM BKa3yloThb Ha Te, 110 Hapasi iCHYIOTb
YOTHUPHU HAWMTOMYJSIPHilII KI04YoBi MeTpuku, Four
Key Metrics (FKM), mist BU3HaueHHs e(heKTUB-
HocTi podotu DevOps i HagaroTh (PperdMBOPK ISt
aBTOMaTHU3allii BUMiproBaHHs LUX MeTpuK. I1oTpid-
HO 3a3HAYMUTH, IO Ili METPUKU MiAXONATH TUIbKHU
s IT-mpomykTiB.

1. Deployment Frequency (uyactora po3rop-
TaHb) — 1151 METPUKaA HalpaBjeHa Ha Te, 100 mpsi-
MyBaTU A0 3MEHIICHHS HarpOMaIKeHHsI B MPOEKTI
Ta MPUCKOPIOBATU JOCTaBKY HOBMX (DYHKLii mpo-
JIYKTiB 1O KiHLIEBUX KOPUCTYBayiB.

2. Lead Time for Change (yac BMKOHaHHSI
3MiH) — TIOSICHIOETbCSI SIK KiJIbKICTb 4acy, 3arpa-
YEHOI'0 Ha Iepexil Bif rOTOBOro Ta II€PEeBipeHOro
KONy IO YCIHIllIHO PO3TOPHYTOIO MPOAYKTY Ha PUHKY.
Llst MeTpriKa BBaXKaeThCS BaXKJIMBOIO TOMY, 1110 B pasi
HECITPaBHOCTI y MPOAYKTI Ja€ 3MOTY MiHiMi3yBaTu
yac BUIIPABJEHHS MTpoOJieM.
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3. Time to Restore Service (4yac BiZHOBJICHHS
CepBicy) — 1 METpUKa BaxkKJIWBa TUM, 110 Y BeJIM-
KHX CHCTEMax € HeBiIBOPOTHUM (hakT TOro, 1110 Oy-
IyTh 3’SIBISTUCS TIOMUJIKW, i TOMY IyKe BaskKJIMBO
MiHIMi3yBaTH 4ac BiTHOBJIECHHSI pOOOTU CEpPBiCY.

4. Change Failure Rate (piBeHp 3MiH, sKi
MNpU3BEIN 10 BiIMOB) — 1I¢ BiICOTOK HOBOBBEIEHb
y IporpamHe 3a0e3neuyeHHs, sIKi MPU3BOAUTh 10 MO-
ripiieHHs1 (hyHKIIIOHAJIbHOCTI ab0 HaBiTh BiAMOBU
Ta MOTPeOYIOTh HETaliHOTO BUITPaBJIeHHS (TaK 3BaHi
hot-fix).

Takyum 4yMHOM, aBTOPU L€l CTATTi IPOMOHY-
I0Tb YOTUPM METPUKU MJIs1 OLIHIOBAHHS BJIAaCHE
poboTtu koMaHau DevOps 3 opranizaliii po3pooKu
Ta eKcIulyaTallii MporpaMHUX MPOAYKTiB.

Ha Hamry myMKy, HDOCHiIXKEHHS W aHali3 Ha-
BEACHUX HAyKOBUX i IMPaKTUYHMX PE3yJbTaTiB Oa-
YyeHHs1 cyTi koHuenty DevOps yyacHUKaMu PUHKY
JIa€ 3MOTY 3pOOUTHU IEKiJIbKa BaXKJIMBUX y3arajbHIO-
BaJIbHUX BUCHOBKIB.

1. Hacammnepen 3BepTaeMo yBary Ha MHOXMU-
HY KJIOYOBMX CJIiB, YaCTHHA 3 SIKMX MOKJIajeHa aB-
TOpaMu CTaTeli B OCHOBY OHTOJIOTIYHMX Mojesei
npeaMeTHol obiyacti DevOps. 3a3Haummo, 1o Iie-
peJlik IMX KJIIOYOBUX CJIiB HE € BUUEpHHUM!

KmouoBi ciaoBa: DevOps; DevOps system;
DevOps model; DevOps adoption; DevOps life cycle;
IT product life cycle; DevOps culture; System Design;
System Engineering; System Analysis; komadopatris;
KOMYHIKallisI; HerepepBHA iHTErpallisl; po3ropTaHHs;
aBTOMaTHU3allisl; MOHITOPUHT; T€CTYBaHHSI; BUMipIO-
BaHHSI METPHUK; IIBHAKICTh PO3POOKMU; THYUKICTb;
KOHKYpEHTHa TIIepeBara; cross-team integration;
cross-domain governance.

TyT iMEHHUKM-CYTHOCTi, iIMEHHUKU-METPUKHU,
JIiECTIOBa-TIPOLIECH.

2. Komangu, ToOTO oOpraHizauiiiHi OIWHMII
Opr.C, 1o 3amigHi y Oi3Hec-Tipolecax BUPOOHM-
LTBa, MATPUMKHA Ta MEHEIKMEHTY, IpallloioTh SIK
CKJIaZIOBI criibHOI Mogei aistibHocTi Opr.C Ha Beix
CTaIisIX XKUTTEBOIO LIMKJTY MPOAYKTIB, TOBAPiB i MO-
CJIyr, y TOMY YMCJIi i1 po3poOKM MPOrpaMHOro 3a-
Oe3MnevyeHHs.

3. CoinbHa Mogmenb misutbHOCTI Opr.C Hakia-
JIa€ i CIIbHY BiAINOBigAJbHICTh 32 BUKOHAHHS BCi€l
poboTu.

4. CninpHa Mozneb gisgiabHocTi Opr.C i crinb-
Ha BIAIIOBIZaJbHICTh 3a BUKOHAHHSI BCi€i poOoTu
HaJa€ MOXJIMBICTb CHiJIbHO KOHTPOJIOBAaTH Ta Ke-
pyBatu 6izHec-mpouecamu gisuibHOcTI Opr.C.

5. CninbHa monenb nistibHocTi Opr.C, crijib-
Ha BiIMOBiJaJbHICTh 3a BUKOHAHHSI BCi€i poOOTH,
CMJILHUIA KOHTPOJIb i KepyBaHHSI Oi3Hec-Ipolieca-
MM Ja€ 3MOTy (DOpMyBaTH CITiTbHE Ta Y3TOIKeHe

OGauyeHHs MPOIYKTY, Moro nu3aiiH, KOHKPETHY iMILIe-
MEHTALLilO Ta ClIeHapil BUKOPUCTaHHSI.

6. CrinmpHa Momenb misutbHOCTI Opr.C, CITiTb-
Ha BilIMOBiJaJbHICTh 32 BUKOHAHHS BCi€i poOOTH,
CMiJIHUI KOHTPOJIb i KepyBaHHSI Oi3Hec-Ipolieca-
MU, CIIUIbHE Ta y3romKeHe OaueHHs IPOAYKTY, ioro
IHU3aiiH, KOHKPETHA IMILJIEMEHTaLlisl Ta CleHapii BU-
KOPUCTaHHSI AalOTh 3MOTY 3a0e3MeUYUTH MOXJIMBO-
CTi JIs1 YacTillloro/HernepepBHOro PO3ropTaHHsI HO-
BUX BepcCiii MPOEKTY, MPOBOAUTH aHai3 MOTOYHUX
BEepCiii i BYACHO BHOCUTHU HEOOXiAHI 3MiHMU.

7. Hes3Baxawouu Ha IMpaKTUUYHY LiHHICTb i pe-
3yJIbTaTUBHICTh BHpoBamkeHHs1 DevOps, npuBep-
Ta€ yBary BiJICYTHICTb y MyOJiKallisiX TEOPETUYHUX
JOCTTiIXKEHb Ta OOIPYHTYBaHHSI METO/IB iHXeHepil
cuctem DevOps, oKpiM HNpUKIIANiB OKPEMUX MaTep-
HiB Ta OKpEeMUX apXiTeKTypHUX pilieHb DevOps mist
IT-ingycrpii.

8. bibliicTh  aBTOpIB  MiOKPEC/IIOIOTh, IO
DevOps € no cyti cuctemMoro aBroMaru3saliii 0i3-
Hec-MpolieciB Kojlabopalil KoMmaHa (opraHizaliii-
Hux oauHuup) Opr.C, ajge nNpu LbOMY HE IEMOH-
ctpye DevOps sik cucremy.

9. Ockinbku DevOps € 1o CyTi CUCTEMOIO aB-
ToMaTu3alii 0i3Hec-MpoleciB Kojadopallil KoOMaH[I
(opranizauiitnux oguHuub) Opr.C, To, Ha Hally
IYMKY, MaloTb OyTH ¢opMali3oBaHi, 30Kpema,
i KJacu METPMK JUISl OLIiIHIOBaHHSI Pe3y/bTaTiB aB-
TOoMaTm3allil 0i3HeC-TIpoIeCiB Koaadoparlii.

9.1. Kinac MeTpuK OlIiHIOBaHHSI pe3YJbTaTiB
KoJiabopallii 6i3HeC-IIpoleciB iHXKeHepil NPOAYKTIB,
ToBapiB Ta mociayr [14]:

— yacrtoTa po3ropTaHb (deployment frequency);

— yac BukoHaHHs 3MiH (lead time to change);

— yac Ha BIJIHOBJICHHSI cepBicy (time to restore
service);

— piBeHb 3MiH, SKi
(change failurerate).

9.2. Kinac MeTpuK OlliHIOBaHHSI pe3yJbTaTiB
KoJiabopallii 0i3Hec-IPOoLEeCiB MiATPUMKHU IIPOAYK-
TiB, ToBapiB i mocayr [12, 13]:

— BapTICTb 3aJy4eHHSI HOBUX KIIIEHTIB;

— BigHOWIEHHS KIJIBKOCTI aKTUBHUX KITIEHTIB
3a JIeHb A0 KUJIbKOCTI aKTUBHUX KJIIEHTIB 3a MiCSI1Ib;

— MOKAa3HUK YyTPUMaHHS KJIi€HTIB;

— KUIBKICTh 3Tr€HEPOBAHMX idei I 3aJ0BO-
JICHHSI TTOTped KOpHUCTyBaya.

9.3. Kitac MeTpuK OlLIiHIOBaHHSI pe3yJbTaTiB
KoJjiabopallii 6i3HeC-TIpoLIeCiB YIIpaBlIiHHS iHXeHe-
pi€l0 Ta MiATPMMKOIO MPOAYKTiB, TOBApiB i MOCIYT
Ha BCiX CTafisIX iX XXuTTeBoro uukiy [12, 13]:

— OKYITHICTh iHBECTULIii;

— TIPOTrHO30BaHa KOMeplliiiHa 1iIHHICTb;

— SIKYy YaCTUHY PUHKY Oyje 3aiiMaTy MPOAYKT;

IIPpU3BCIN 10 BiIMOB
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CKUJIbKM MOTPIOHO yacy, 1100 BUUTU Ha pU-
HOK;

— IIOMICSIYHMIA peryJIsipHUIN TOXiH;

— CepeJHill 10Xia 3a OAHOro KOPUCTYBaua;

— BapTiCTh 3aJy4YeHHsI HOBUX KJIIEHTIB.

10. Ha Haw morisia, JOCHIIKEHHSI Ta po3pooKa
METOMIB i Mojeneil iHxeHepii cuctem DevOps mo-
KyTb OyTH KOPUCHUMU i 3aTpeOyBaHUMM IJIsI IMILIE-
MeHTanil cucteM DevOps Ha BcCix cTamisix iX >KUTTE-
BOro Lukiy. B Oynb-sikomy pa3i HasiBHICTb METOiB
i momeneii imxkeHepii cucteM DevOps Moria 6 cucre-
MaTU3yBaTU W YIOPSIKYBaTU SIK MPOLEC PO3POOKH,
TaK i Ipolecu excrutyaratii cucteM DevOps.

DevOps — nedininia Ta cTpykTypHe mpeacTaB-
JIEHHS

st daxoBoi AMCKYyCii ITpoBeAeMO aHaji3 Je-
(iniuiii TepmiHa «DevOps» Ha OCHOBI iCHYKOUMX
MOTJISIIIB Ha 10 METOMOJIOri0, HacamIiepesn y Ha-
YKOBMX CTaTTSIX.

Tak, aBTOpM cTaTTi [1] HAaBOASTH Take BU3HAa-
yeHHs TepMiHa «DevOps»:

«DevOps — 11e Habip MOXJIMBOCTEH iHXeHep-
HUX TPOLECIB, $SKi MiATPUMYIOTbCSI KYJIbTYpHU-
MU Ta TEXHOJOriYHMMU (akTopaMu. MOXIJIMBOCTI
BU3HAYalOTh IIPOLIECH, SIKi OpraHizalisi Ma€e OyTu
CIIPOMOXKHA BUKOHATH, B TOH Yac sIK 3aCO0M peali-
3allil 3a0e3MeuytoTh MJIaBHICTh, THYYKICTh Ta edek-
TUBHICTb pPOOOTI».

Ile Bu3HaAYeHHSI aBTOPM ITIAKPIILUIIOTH IIepe-
JIIKOM €JIEMEHTIB MHOXWH MOXJIMBOCTEM 1 cIo-
co0iB ix peamizauii iHcTpyMeHTamu DevOps s
Opr.C IT-ingyctpii. 3o0kpema, A0 MePeTiKy MOXKIIH-
BOCTEI BiTHOCSITbCSI:

— KosiabopaTvBHA Ta HelepepBHAa po3poOKa;

— HernepepBHa iHTerpallisl Ta TeCTyBaHHSI;

— HeIepepBHUI BUITYCK i pO3TOpPTaHHS IMpo-
AYKTY,

— HeNepepBHUM MOHITOPUHI iHDPaCTPyKTypUu
Ta OINTUMI3allisl;

— TIOCTiiHe BiACJiZKOBYBaHHSI MOBEIiHKM KO-
pUCTyBaua Ta peakliisl Ha Hei;

— BiJHOBJIEHHSI pOOOTHU CEepBiCiB 0€3 3aTPUMOK;

— HelepepBHE BUMIpIOBaHHS ITOKA3HUKIB.

A gK cmocoOM peajizallii [UX MOXJIMBOCTEH
3a3HAYaloTh:

— aBTOMaTHM3allilo 30MpaHHsI MTPOEKTY;

— aBTOMAaTHU3allil0 TeCTYBaHHS;

— aBTOMAaTHU3allil0 PO3rOpTaHHSI;

— aBTOMAaTU3allO0 MOHITOPUHIY;

— aBTOMAaTH3allil0 peakilii Ha HeCIIPaBHOCTI;

— MEHEeIXXKMEHT KOH®irypauiil ajisi KonyBaHHS
Ta iHppacTpyKTypH;

— aBTOMaTM3allilo MPOBEIEHHS BUMipIOBaHb.

PosrnsiHeMo, sk aBTOpM cTarTi [2] JalOTh BU-
3HaueHHs TepMiHa «DevOps»:

«DevOps — 1e miaxin, kvl MoegHyE Tpaau-
LiliHi poJi po3poOHKKIB MPOrpaMHOro 3abe3MneveH-
HS Ta JIoAei, AKi TpaloloTh Hal MOKpalleHHSIM
KOMYHIKaIliil y IPOEKTIi 3a1J1s1 MiABUILIEHHS YaCTOTU
PO3ropTaHHsI MPOEKTY Ta MiATPUMKM SIKOCTi MpPO-
rpaMHOTO 3a0€3MeUYeHHS».

Ile Bu3HaueHHs € Oifblll KOHKPETHUM i TOpKa-
€ThCSI KOHKPETHMX IIOHSTH Iipolecy DevOps-po3-
pooku. Cepen HAOOPIiB iIHCTPYMEHTIB, SIKUMU OIEPYE
DevOps, aBTOpM BUIUISIIOTD:

— HeIepepBHY iHTerpaililo;

— HeIepepBHE PO3ropTaHHSI MPOEKTY;

— HeIMepepBHUN MOHITOPMHI, HacamIiepen
MPOrpaMHOro 3abe3MneuyeHHs;

— KOHTPOJb BepCiii;

— HeIepepBHEe TECTYBaHHSI.

ABTOpU JOKYMEHTY [3] HamararoTbCsl OIUCY-
Batu DevOps MakCHUMalbHO MPOCTO, 1100 JOHECTU
OCHOBHY CYTb LIbOTO MpOLIECY, i, SIK BOHM BBaxa-
10Tb, y DevOps (akTopom ycmixy Ne 1 € KomaHIHa
poborta. B mokymeHTi HarojomyeTbes, mo DevOps
He € poOOTOIO SIKOICh KOHKPETHOI JIIOAUHU — 1€ PO-
0oTa BCiX IIpalliBHUKIB, $IKi MalOTh BiIHOLLEHHS
1o npoekty. Came 3a TiCHOI, peryJsipHOi B3aEMOJIii
(opmyeTbCsl KyJIbTypa Mpali B KOJEKTUBIi, 3’sIBJISI-
€ThCsI KOJIEKTUBHA BiAIIOBIAAIbHICTD i, IK HACJIIOK,
OaxkaHHsI OpaTu aKTUBHY Y4YacTh B yCiX eTamax pe-
ajizawii npoekrty. Lle i mexymapyerbesl y BU3HaAYEHHI
B iXHill iHTepIpeTalii:

«DevOps — 1ue mpouec, y SIKOMYy KOMaHAu
po3pobku Ta pizHux IT-onepauiii mpaioTb pa-
30M. BiH cropsiMoBaHUII Ha MOKpallleHHS KOMYHi-
Kauil Ta Kojlabopallii TaKMM YMHOM, 1100 IIpolecu
PO3pPOOKM, TECTYBaHHSI, BUITYCKY Ta BUKOPUCTAHHS
MPOrpaMHOIO MPOAYKTY MOTJU BigOyBaTUCS 1IBUI-
111€ Ta HaailHile».

V HacTynmHuX mpaisix aBTopu onucyioTb DevOps
3 ONJISIAY Ha Te, K 1€ TMOHSITTS XapaKTepU3ylOTh
PECIOHJIEHTU B OMUTYBAHHSX i LIO 1i PECHOHACHTH
BBaXkalOTh HaOIbII BarOMUMHU YaCTUHAMMU.

V crari [4] aBTOpU LIKaBUJIUCH, 1110 Bi3HAYa-
I0Th JItoaM, Ki npauosBanu 3 DevOps. 3a mipoBene-
HHUM OTUTYBaHHSM, 86 % pECrOHIEHTIB BBAXAIOTh
roJIOBHOIO MOXIUBIicTIO B DevOps Te, 110 3a I10-
TMIOMOTOIO 1€l METOIOJIOTII BiZOYBA€THCS TIPUILIBUI-
LIIEHHS PO3po0KM Ta BUITYCKY mpoekTiB. KommnaHii
BBaxarTh, 110 DevOps Hamae iM KOHKYpPEHTHY Tie-
peBary B TaKUX acrekrax, SK:

— IIBMJKICTb BUXOIY HOBOTO MPOEKTY Ta (PYyHK-
Wil 111 KiHIIEBOTO KOPUCTYyBaya;

— MPOAYKTUBHICTh PO3POOKMU;
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— SKIiCTb pO3p00JIIOBAaHUX MPOIYKTIB i CEpBicy
B LIJIOMY;

— 3aJJ0BOJIEHHSI pOoOOTOI0 B KOMaHAax, 110 3a-
MMarThCSI TPOEKTOM;

— IIBUAKICTH BIIPOBAIKEHHST iHHOBALIilA.

I Ha oCcHOBI LILOTO aBTOPU AOXOISITH BUCHOBKY,
1o «DevOps 06’eqHye KOMaHAU pO3pPOOKU Ta orepa-
Wi JUIsT MiABUILEHHS IIBUAKOCTI Ta SIKOCTiI MPOIYK-
Ty, TIpY LIbOMY HOETHYIOUM PO3POOKY, iHTErpalliio,
TECTYBaHHS, BUITYCK, MOHITOPUHT Ta yIPaBIiHHS».

V crarti [5] xommnanis Puppet 3BiTye mpo
DevOps, sIK «Ipo TIOHSTTS, SIKE, MOXJIMBO, III¢ He
J0 KiHLS BU3HAueHe». SIK 3a3HayaloTh aBTOPM, LIS
METOJI0JIOTisI Hapasi € Ay»Ke MOMyJISIPHOIO cepesi KOM-
MaHiid i 3a3BMYail KOMOIHYETbCS 3 BUKOPUCTAHHSM
THYYKMX IIXOMiB OO0 PO3pOOKU, TaKUX SIK, HAIlpU-
kian, Agile. OkpiM 1IbOTO, aBTOPU OAAIOTh, 110 3a-
JIeXKHO Bin cnietmiky 3amadi DevOps Moxke THyYKUM
YUHOM ITiIJIalITOBYBAaTUCh il Oydb-SIKy IpPEeIMETHY
00J1acTh. 3 ypaxyBaHHSIM LIbOTO B CTATTi HABOJSITHCS
TPU BU3HAYEHHs TOro, 1110 Take DevOps, a came:

— «DevOps — 11 KyJIbTypHa MapaayMrma Ta cBo-
€pifHa 00’eIHaHAa MHOXWHA O0OB’SI3KiB, BiMOBIIHO
JI0 LIOTO KOXEH PO3POOHMK TaKOX HECe BiIIIOBi-
JaJbHICTh 3a poOOTY orlepalliii, a KOXeH, XTO Bii-
MHOBiJaJIbHUIA 3a omepallii, — 3a y4acTh y pPO3po0Li»;

— «DevOps — 11e KyJIbTYpHE 3MillleHHS, IO-
KJIMKaHe ITOKpallUTH KOMYHiKallil, Kojabopallito,
iHTerpallili Ta aBTOMaTM3allilo B paMKaX BCi€l opra-
Hi3alii»;

— «DevOps — 1ie 00’eqHaAHHS KOMaHIU, 10 3a-
MMaeTbesl iHMPPACTPYKTYpHUMU PillIEHHSIMU, 3 KO-
MaHI00, 1110 3aliMa€EThCSl PO3POOKOIO MPOrpPaMHOro
3a0e3Mne4YeHHsI, B pe3y/IbTaTi SIKOTO BOHM Pa3oM 3a-
MMalOThCsl YOPABIiHCHKMMM pIlLIEHHSIMA Ta HaBiTb
CTBOPEHHSIM HOBOI iHDPACTPYKTypU».

3a3Buyait, kosu roBopsith npo DevOps, ma-
I0Tb Ha YBa3i TaKy MHOXMHY CYTHOCTEM, SIKY MOXHa
NpeaCcTaBUTH y BUMISAAL AiarpaMu BenHa (auB. [135]).

Ha wnamy npymKy, ayXe Baajde O3HAYCHHS
koHuenty DevOps BigHocHo IT-iHmycTpii, HaBe-
JeHo B poborti [16]: «DevOps — 1e Habip mpak-
TUK, iIHCTPYMEHTIB Ta KYyJbTYpH, sIka aBTOMAaTU3YE
Ta iHTETpPy€E TMpOLIECH MiX KOMaHIaMW PO3pOOKHU
ta KoMaHgamu IT-manyBanus. DevOps creniarti-
3YETHCS HA TOMY, 110 MiABUIIYE e(PEKTUBHICTb, KO-
MYHiKalii, cIiBMpalp Ta aBTOMaTu3allilo poOOTU
IT-xomang» [1]. BaximBo Te, 110 1ie BU3HAYECHHS
MICTUTb OCHOBHI KJIaCU CYTHOCTEM, HEOOXiTHUX IS
po3yMiHHS cyTi KoHuenty DevOps, Ta CyTTeEBO IO-
MOBHIOE TpeAcTaBleHHs KoHuenty DevOps y Bu-
rsiai giarpamu Benna (auB. [15]).

30KkpeMa, 1€ CYTHOCTI iHKeHepil MpOAYKTiB,
TOBapiB i MOCJIYr, CYTHOCTiI Oi3HeC-IpOLECIB ITiI-

TPUMKHU TMPOJYKTIB, TOBAPiB i MOCIYr Ta CYTHOCTI
KoJiabopallii 0i3Hec-IPOLECiB YIIpaBIiHHS iHXEeHEe-
pi€l0 Ta MIATPUMKOIO IIPOAYKTIB, TOBApiB i ITOCIYyT
Ha BCiX CTamisIX iX XXUTTEBOTO LIMKITY.

AHanizyroud Bci 1Ii BM3HA4YeHHS TepMiHa
«DevOps», MOXXHA MOMITUTH, 1O OLIBIIICTh aBTO-
PiB Bii3HAYalOTh IIPUOJIM3HO OJHE i T€ 3K PO3YMiHHSI
cyTHoCTi KoHuenty DevOps i3 aesdkuMu 0coOu-
BOCTSIMU, SIKi, LIBUAIIE 32 Bce, OOYMOBJICHi Ipak-
TUYHUM JIOCBiZIOM aBTOPIB LIMX BU3HAUYEHb.

Ha ocHOBI 11bOro orisimy BUAIMMO HaOip CIIiB,
SKUMWA MOXHAa HAWTOYHIlIE OMUCATU CEMaHTUKY
o3HaueHHs1 KoHuenty DevOps, a came: kyasmypHa
napaduema, Koaabopayis, KOMYHIKQuis, HenepepeHa
IHmezpauis, po3eopmants, A8MOMAMU3aAuis, MOHIMO-
PUH2, Mecmy8aHHsl, GUMIPIOBAHHA MEMPUK, WEUOKICMb
PO3pOOKU, eHYYKICMb, KOHKYPeHMHA nepesasq.

VY3araqbHIOIOUM  pe3yabTaTU LbOTO KOPOT-
KOr0 CHUCTeMHOrO aHajlidy CYTHOCTeM O3HauyeHHS
koHuenty DevOps, MoxXHa 3poOMTHM BHCHOBOK,
110 MOBa e HacaMmepea Ipo MOJEIb CUCTEMU
opraHizalii IIpoLeCiB pO3pOOKM Ta IIATPUMKMU,
MPUHLKIIU SIKOI MOJISITal0Th Y 3aCTOCYBaHHI TTEBHUX
HAyKOBMX 1 MPAKTUYHUX TMIAXOMIB IS 00’ €THAHHS
HasiBHMX pecypciB Ta iHTerpauii poOOTHM KOMaH[
PO3pOOKM I MiATPUMKHU BIIPOBAIKEHHSI.

Konnent DevOps sK cucTemMa iHTErpoBaHMX
MIiKIMCHUILTIHAPHUX PecypciB Kosiadoparii 0i3nec-
MPOIECIB YNPABJIiHHS iHXKeHepi€lo Ta MiATPUMKOIO
MPOAYKTIiB, TOBApiB Ta MOCIYT HA BCiX cTamiax ix
JKATTEBOTO UKy

Cnpaioyuch Ha pe3yJbTaTh CUCTEMHOIO aHa-
JIi3y CyTHOCTEl mpeactaBieHHs KoHuenty DevOps
y BUIJISIII KJAcM4YHOI Aiarpamu BeHHa, mamo aB-
TOpChbKe BM3HaueHHs KoHuenty DevOps sIK cucrte-
MU CYTHOCTEH i BimHOILIEHb MK HUMU. [JIs1 1IbOro
crouartky ¢opMajizyemMo ckJiagoBi giarpamu BeHHa
3 ypaxyBaHHSIM KJlaciB CYTHOCTEU MpeaMeTHOi 00-
nacti DevOps Ta gaMo X 4iTKe BU3HAYEHHSI.

Ha naur morssia, Ha miacTaBi pe3y/ibTaTiB aHa-
ni3y npeameTHoi obnacti DevOps, npeacTaBieHHS
koHuenty DevOps ckiianaeTbesi 3 TpbOX KJIaciB CyT-
HOCTEM:

— MHOXUHU CYTHOCTEM 1HXKeHepil MPOAYKTiIB,
ToBapiB Ta nmocayr — Entities of Product Develop-
ment, Set D;

— MHOXWHU CYTHOCTEH MiATPUMKU MPOIYK-
TiB, ToBapiB Ta nociayr — Entities of Product Sup-
port, Set S;

— MHOXUHM CYyTHOCTEI yIpaBJliHHSI iHXKeHepi-
€10 Ta IMiATPUMKOIO IMPOAYKTIB, TOBApPiB Ta IMOCIYT —
Entities of Support and Engineering Control, Set P.
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Hauti n1aMmo aBTOpCbKe BU3HAYEHHS KJIACiB CyT-
HOCTEl TMpeJACTaBIeHHsI MPEeAMETHOI 00JacTi KOH-
uenty DevOps y Burisai aiarpamu BenHa (puc. 1).
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Puc. 1. IpencraBaeHHst kiaciB cyrHocteil KoHuenty DevOps

y BUIJIsIIL niarpamu BeHHa

1. Entities of Product Development, Set D —
MHOXWHaA CYTHOCTEH iHXKeHepil MPOAYKTiB, TOBa-
piB Ta MOCJYT JUISI BCiX CTaiil 1X XKMTTEBOIO LIMKITY
BU3HAUYAETHCS SIK MHOXUHA D, d € D, ycix HasiBHUX
Ha pUHKY MaTepiaJbHUX i HEMaTepiaJIbHUX CYyTHOC-
Tei, 1110 MOXYTb OyTH MpPsSIMO Ta/abo orocepenKo-
BaHO 3alisiHI IJs1 iHXXEeHepil BM3HAYEHOIro Kiacy,
abo o0’ekTa KJlacy MpOIYyKTiB, TOBapiB Ta ITOCIYT
Ha KOHKPETHIil cTafii X XKUTTEBOrO LIMKITY.

2. Entities of Product Support, Set S — MHo-
J)KMHA CYTHOCTEW IATPUMKM TPOMYKTiB, TOBapiB
Ta MOCIYr IS BCiX CTamii iX >KUTTEBOTO LIMKIY
BU3HAUAETHCS SIK MHOXMHA S, § € §, yCiX HasIBHUX
Ha pMHKY MaTepiajJbHUX i HEMaTepiaJbHUX CYyTHOC-
Tei, 110 MOXYTb OyTM mpsiMO Ta/abo orocepen-
KOBAHO 3afdisHi IS MIATPUMKU KUTTEIiISNIBHOCTI
BU3HAUEHOIO KJacy, abo 00’eKTa Kjacy MpOAYKTiB,
TOBapiB Ta MOCJYT Ha KOHKPETHIil cTadii 1X >KUTTE-
BOTO LIMKITY.

3. Entities of Support and Engineering Control,
Set P — MHoXMHa CyTHOCTEN yIpaBJIiHHS iHXEeHe-
pi€lo Ta IMiATPUMKOIO MPOIYKTIB, TOBAPiB Ta MOCTYT
JUTSI BCiX CTadiil iX XUTTEBOTO LUKy BU3HAYAETh-
csl SIK MHOXUHa P, p e P, ycix HasiBHMX Ha pUH-
Ky MarepiaibHUX 1 HeMaTepiaibHUX CYTHOCTEM,
110 MOXYTh OYTH TIpsIMO Ta/abo oIocepeaKOBaHO
3aJIisTHi JJ1s1 TOCSITHEHHSI METH YIPaBJIiHHS iHXKeHe-
pi€l0 Ta MiATPUMKOIO KMTTEISIIBHOCTI MPOMYKTIB,
TOBapiB Ta MOCIYT BUZHAUEHOTo KJacy, abo 00’ekTa

KJ1acy MPOAYKTiB, TOBapiB Ta MOCAYr Ha KOHKPETHIl
cTamii X XUTTEBOTO LMUKIY.

Hanpuknan. Development processes — mnpo-
1leCH, B XOJi IKMX BigOyBalOThCsSl PO3poOOKa, TECTy-
BaHHsI, pO3rOpPTaHHs MPOEKTY. BkitouaroTs B cede:
KOMyBaHHSI, 30MpaHHS TIPOEKTY; HeTlepepBHE Tec-
TyBaHHSI, PO3rOpTaHHsI, MOHITOPMHI, iHTerpaliio
Ko#y; 30ip apTedakTiB; KOHTPOJIb BEPCiii.

Hanpuxnan. Support processes — y 11eil TepMiH
BKJIQJIAETHCS MOHSATTS TIPO T€, 10 MPOEKT MaE OYyTU
MOCTIMHO Mif Harjasa0M, HENEPepBHO PO3ropTaTh-
cs1, BUITYCKATHCS, TECTYBaTUCS, MA€ 3MiliCHIOBATUCS
pPEeryJIIpHUI KOHTPOJIb 3a SIKICTIO Ta BiAIOBIIHICTIO
nocTtaBjieHUM BuMoram. OKpiM 11bOro, 30Mpa€eTh-
Csl 3BOPOTHIll 3B’S30K BiJl KOPUCTYBauiB MPOIYKTY,
i popMye€eThCS BiIMOBiIHA peakllisi Ha HbOIO.

Hanpuknan. IT Operations — 1e HaiGinbiI
mmpoke MoHATTS B DevOps. BoHo Bkioyae Sk 1mo-
CTiliHi KOpPIIOPaTUBHI 3yCTPiui MiX Pi3HUMU JJAHKAMU
CIiBPOOITHMKIB, TaK i BiAMOBIAAJIbHICTb 3a BCi iHIII
BUJIM KOMYHiKalliii Ha TipoekTi. KpiM 1iboro, ornepa-
il MalOTh BUKOHYBATUCh i3 3aIy4eHHSIM POOITHUKIB
i3 pI3HMUMHW BMIHHSIMM: HaNpUKIad, Y PO3ropTaH-
Hi NPOEKTY MalwTh OpaTu ydyacTb SIK PO3POOHUKH,
TaK i IpaliBHUKM, SIKi 3alAMalOTbCS TECTYBAHHSIM,
Ta JIOAU, SIKi HANpsSIMy CHiBOPaLIOIOTh i3 Oi3HECOM.

Ha pgiarpami Benna Ha puc. 1 nmepeTuHu MHO-
xuH 1-2, 1-3 ta 2-3 xmaciB cyrHocteir D, S ta P
YTBOPIOIOTH IHTETPOBaHI MIKIUCUMITTIHAPHI pecypcu
(cyTHOCTI), BUIIIJIEHI 32 O3HAKOIO HAsIBHOCTI (DYyHKILi-
OHAJIbHUX BiIHOIIEHb MiX pecypcaMu (CyTHOCTSIMM)
pisHux TUMIB, 30kpeMa Set D, Set S, Set P.

Integrated Interdisciplinary  Entities 1-2
(IIE 1-2) — me HasgBHI CYTHOCTI pO3poOKM Ta Mifd-
TPUMKM, 110 AAlOTh MOXJIMBICTH 30UIbIIYBAaTU abo
3MEHIIYBaTH MOTYXHOCTi MPOEKTY 3a MOTPeOU.

Integrated Interdisciplinary  Entities 2-3
(ITE2-3) — 1e HasBHi CYTHOCTI, 1110 JalOTh MOXJIU-
BICTb ONTHMMIi3yBaTU HEOOXiTHUI PiBEHDb MiATPUMKU
MIpPOAYKTIB, TOBApiB Ta IIOCJIYTI Ha BCiX CTamisIX iX
JKUTTEBOTO LIMKJTY, MOCTIMHO BUITYCKAaTX HOBI Bepcii
MPOEKTY, HEMEPEPBHO MOro TeCTyBaTU Ta MPOBOM-
TU MOHITOPMHT.

Integrated Interdisciplinary  Entities 1-3
(IIE 1-3) — HagBHI CYTHOCTi, IO JalOTh MOXJIM-
BiCTb ONTUMI3YBaTH MPOLIECU TPOAYKYBAHHSI MpPO-
JYKTiB, TOBApiB Ta TMOCAYr Ha BCiX CTamisIX iX >XKUT-
TEBOTO LIMKIY.

Osnavenns 1. TyT, i Hagani y wiit cTarTi, iHTeTpo-
BaHi MiXAUCUMUIUTIHAPHI pecypcu (cytHocTi) 1TE1-2,
IIE 2-3 Tta IIE 1-3 — me mignMHOXWHM, 110 (dOp-
MYIOTbCSI Ha OCHOBi HasIBHOCTi BJIaCTUBOCTEH iHTe-
Tpalrii/iHTeporrepadbeTbHOCTI MixX eJTeMeHTaMH MHO-
xuH D, S Ta P. A iHTerpaliis/iHTepornepabeabHiCTh
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eJIeMeHTIiB MHOXUH D, S Ta P noJjsrae y 31aTHOCTI
peayizyBaTu KojaOopallii Iap CyTHOCTEM MHOXUH
DiS, SiP, DiP.

Toni o151 TPbOX MHOXUH — cKJ1agoBux DevOps:
(hopmasizoBaHuX pecypciB (CyTHOCTE) iHXeHepil —
D; cyTHOCTEeM iHKeHepil i MIATPUMKU KUTTEMiSIIb-
HOCTI IIPOAYKTiB, TOBAPiB Ta MOCIYT JJISI BCiX CcTamiit
iX XUTTEBOTO LUKIY — ; CyTHOCTEH ympaBlaiHHS
iHXXEHepi€lo Ta MiATPUMKOIO IIPOAYKTIB, TOBapiB
Ta TMOCJYT I BCiX CTaiil iX XXMTTEBOTO LUKy —
P, dpopmanizyemo o3HaueHHs1 DevOps Ha OCHOBI
oHoOBJIeHOI miarpamu BenHa (puc. 1) Ta HagBHOCTI
BJIACTMBOCTEN iHTerpallii/iHTepornepabebHOCTI MixX
eJeMeHTaMM1 LIMX MHOXMWH.

Os3navennsa 2. Konment DevOps moxe Oytu
¢dopmaiizoBaHUll K MHOXWHA TPiOK €JIEeMEHTIB
MIKIMCUMIITIHAPHUX PECYPCiB (CYyTHOCTEN) i3 TPHOX
MHOXMWH pecypciB (CYyTHOCTEI): CYTHOCTEN iHXKeHe-
pii MpoayKTiB, TOBapiB Ta MOCHYT IJIs1 BCiX CTaaiit
IX XKMTTEBOro LUKIY — D, CyTHOCTEH MiATPUMKU
MOpPOAYKTIB, TOBApiB Ta MOCYr IJIs BCiX cTamiil iX
JKUTTEBOTO LIMKIY — S Ta CYTHOCTEH ympaBiaiHHS
IHXKEHEpIE0 Ta IATPUMKOIO IIPOMYKTIB, TOBapiB
Ta TMOCJYT ISl BCiX CTafiil iX XXMTTEBOTO LUKIY —
P Takux, 110 MalOTh CIiJIbHY BJIACTHUBICTh/O3HAKY,
sgKa 3abe3mnedye iHTerpalio/iHTeporepadeTbHiCTh
Mix enemeHTaMu d € D, s € S, p € P i BCTaHOBIIIOE
BinmosixHocTi Konadopatii Cy,, i Cy,y MiX €IEMEH-
TaMM IIUX MHOXKVH.

TobTo

DevOps = {d,s,p,d|Vd e D,Vs € S,
Vpe P,(d,s,p,d )eCyytv
uld, p,s,d |vd € D,Vp e P,
Vs eS,(d,p,s,d) e Cyy,l, @)

abo

DevOps = C,,

= {koprex(D, S, P, D,G,,,) v
wkoprex(D, P, S, D,G,,,)},

a Cdpsd =

()

ne: Gy, i G — TPadixu/miarpaMu/MaTpyIl BiAOBiTHO-

creii komabopaii Cy,; i Cyp
TakuM crocoboM MH OOIPYHTOBYEMO CTPYKTYPHE
npencrasineHHs DevOps oHoBieHOT giarpamu BernHa 3a no-
IIOMOT'0K0 HAsIBHOCT1 BJIACTHUBOCTI/O3HAKM BiJIIOBIJIHOCTI,
oo 3a0e3medye IHTErparlilo/iHTeporepadeTbHICTh  Mik
enementamu d € D, s € S, p € P iBcranosnoe Bianosiz-
nocti konabopauii C,,, 1 C,,y MixK eTeMeHTaMI MHOXKHH
pecypciB D, S'i P onosieHoi aiarpamu Benna (puc. 1).
Taka gekoMmmo3ulisl KjaciB cyrHocteir D, S

i P Ta y3arajbHeHe CUCTEMHE IIpeCTaBIeHHs KoJja-

Oopallii eJleMeHTIiB MHOXMWH LMX CYTHOCTEH Mpen-
craBieHHs1 KoHuenty DevOps (1, 2) mae 3mory
CUCTEMAaTU3yBaTH iCHYIOUiI O3HauYeHHs Ta (opMmalli-
3yBaTH JediHiliro kKoHuenty «DevOps» sIK Koj1abo-
pallito CyTHOCTEl iHXeHepil, CYTHOCTe! MiATPUMKU
Ta CYTHOCTEM YIIpaBJIiHHS IHXEHEPI€IO Ta MiATPpUM-
KOO MPOAYKTIB, TOBapiB Ta MOCIYr Ha BCIX CTadisX
1X XUTTEBOTO LIMKITY.

Taka 1eKOMMOo3ullisl i cucTeMaTu3allisl Ja€ HaM
ruMOlIIe ySIBJIEHHS TOro, 110 Take KoHuenT DevOps,
sIKi 3aBIaHHS BiH BUPILIYE i, B TOH e 4ac, IoKa-
3y€, HACKiJIbKU IIIMPOKOIO € 00J1acTh 3HaHb, 1110 3a-
CTOCOBYETBHCS JUISI OpraHizallii BUpOOHUIITBA TPO-
JYKTiB, TOBApiB Ta IMOCIYT MPOTSITOM IX KUTTEBOTO
LIUKJTY.

Ile nae HaM MOXJIMBICTb y3araJbHUTH MOHSTTS
«koHuent DevOps» Ta chopMyioBaTU O3HAYEHHS
«DevOps-cucremar.

Osnauvennsa 3. Konnent DevOps — mixkaucum-
TUliHapHa METOJ0JIOTISI YIpaBJIiHHS Kojabopalli€to
CYTHOCTE iHXKeHepil Ta IATPUMKHU KUTTEisIIb-
HOCTI IIPOJYKTiB, TOBApiB Ta MOCJIYT Ha BCiX CTadisxX
iX XXHUTTEBOTO LIMKITY.

Buxonsiuu 3 ychoro BUKJIaIEHOTO BUIE, MOX-
Ha (opmanizyBatu MoHATTS DevOps sIK cucteMu
Ta MEPEUTU 10 MOLUMPEHHS LIbOTO MOHSTTS HE TUIb-
KM Ha pO3poOKYy SIK IpPOIeC, a i Ha aKTUBHUI 0i3-
Hec-TIpolieC Ha KOXHIii 3i cTaliil XXUTTEBOTO LIMKITY
MPOJYKTiB, TOBAPiB Ta MOCIYT.

O3navennsa 4. DevOps-cucrtema, abo cucreMa
DevOps, — 11le MHOXWHA CYTHOCTEI 1 BiIHOIICHb
MiXX HUMHU, HEeOOXiIHa 1 JOCTaTHS I 3a0e3IedyeH-
Hs1 KoJjlabopallii cyTHOCTel iHKeHepil Ta miaTpuM-
KM XUTTEISITIBHOCTI TIPOAYKTIB, TOBapiB Ta MOCYT
Ha BCIX CTadisX iX >KUTTEBOrO LIMKIY 3a 3aJaHUX
YMOB i 0OMEXEHb.

Toni Ha migcTaBi pe3yJbTaTiB TaAKOIO CHUCTEM-
HOTO aHaJji3dy MOxHa (opMmajli3yBaTU CTPYKTYpHE
Ta IMHaMiyHe TIpeACTaBJeHHs yHi(iKoBaHOI MoeTi
cuctemu DevOps.

3okpeMa, CTPYKTYpHe TpencTaBieHHs yHidiko-
BaHOI Mojeni DevOps-cucremMu y BUATTISIIOL JiarpaMu
koMnoHeHTiB y HoTalii UML nokazaHo Ha puc. 2.

OnuilemMo KoXeH 3 iHTepdeiiciB yHiikoBaHOI
mogaeni DevOps-cucteMu y BUTIISIAI TiarpaMu KOM-
TMIOHEHTIB:

Dec-to-Dev — inTepdeiic, SIKMil CIyrye s
TOTO, 1100 mepeaaTtu iHgopMallilo TIpo 1Tl 0i3Hecy,
OaxkaHWii TPOAYKT, BAMOTHY JIO0 HOTO Ta MOCTaBJEHI
3aja4i po3poOHUKAM.

Dec-to-Ops — inTepdeiic nepegaBaHHs iHdOp-
Malii npo i 6i3Hecy, Gi3Hec-BUMOTH, OakaHWit
OTpUMAaHMIA pe3yJbTaT, BaXJMBI cdepu Oi3Hecy
Ta TOCTaBJICHI 3aa4yi KOMaH/Ii Oreparliii.
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DevOps Cucrema

O Dev-to-Dec-metrics <<component>>
)
Dev Component
Ops-to-Dev C1
=) MHOXMHa CyTHOCTEH
Dev-to-D
T O Product Development
4R
O .
<<component>> Dec-to-Dev
- o
Decision support
sub-system
C 31— e
MHOXWHa cyTHoCTeln O Dev-to-Ops
Support and Engineering
Control <<component>>
Dec-to-Ops Ops Component
C 1

Ops-to-Dec Bentionth . MHOXUHa CYTHOCTE
oy ev-to-Ops-metrics
O Product Support
(o)
Bxio cuctemu  Buxig cucTemm
I}
Puc. 2. YuidikoBana moznenb DevOps-cuctemu. [liarpama komnoneHtis y Horauii UML
Dev-to-Dec — intepdeiic mepegaBaHHS iH- Ops-to-Dec-metrics — iHtepdeiic nepegaBaHHs

(hopmariii Big KoMaHIM PO3POOHUKIB IO CUCTEMU
yOpaBJIiHHS, a came: MPorpec, OTpUMaHi pe3ysbTa-
TH, 3aTpeOyBaHi pecypcH TOIIIO.

Dev-to-Ops — inTepdeiic nepegaBaHHs iHpOP-
Mallil Bi, KOMaHAW PO3POOHUKIB 10 KOMaHAM OIe-
paiiii, a came: oTpuMaHi apTedakTu, MPOrpaMHUIA
KOJ JIJis BaJligallii, JOKYMeHTallisl, 3BOPOTHiil 3B’sI-
30K TOIIIO.

Ops-to-Dev — iHTepdeiic mepegaBaHHSI 3BO-
POTHOTO 3B’SI3KYy Ta HOBUX 3a1ay Bill KOMaHAU OIle-
paliii 1o KoMaHAU PO3POOHUKIB.

Ops-to-Dec — inTepdeiic nepegaBaHHs iHPOP-
Mallil mpo mporpec Ha MPOEKTi, 3aTpedyBaHi pecyp-
CHM, YTOUHEHHS Oi3HEeC-BUMOT CUCTEMi YIIpaBJIiHHSI.

Dev-to-Dec-metrics — intepdeiic nepegaBaHHs
iHdopMmallii mTpo BOPOBaIKEHHS MPOAYKTIB, iX IO-
TY>XXHiCTb, 30BHIIIHIi BUIJISA MIPOAYKTIB, BilMOBIiI-
HICTh NPOAYKTY pealisiM PUHKY.

iHdopmallii Tpo BOPOBaIKEHHS MPOAYKTiB, BiIcO-
TOK MOKPUTTS Oi3HEC-BUMOT, BiICOTOK TOKPUTTS
BUMOT 11010 (PYHKIIIOHATBHOCTI MPOAYKTY, OCHOB-
Hi nmoka3Huku epekTuBHOCTI (Key Performance In-
dicators, KPI) mpoaykry.

A 1IMHaMiYyHE TpPeacTaBiCHHS YHi(hiKOBaHOL
Moaedai DevOps-cucteMu y BUMISIAI AiarpamMu [i-
subHOCcTi B HoTauii UML wmae Burisim, nokasa-
HuUil Ha puc. 3. Jliarpama misIbHOCTI (hopMati3ye
Kosabopallito KOMITIOHEHTIB YHi(ikoBaHOi Momaemi
DevOps-cucremu.

VHidikoBaHa monenb DevOps-cucteMu y BU-
JISIAL diarpaMy KOMIIOHEHTIB i (hopMalli3oBaHUX
cneuudikauiii iHTep@eiciB Mixk TMMU KOMITOHEH-
TaMu Ta yHidikoBaHa Moaeab DevOps-cucremu
Yy BUIJISIAI AiarpaMy AisUIbHOCTI IIMX KOMIIOHEHTIB
JIal0Th MOXJIMBICTh IEPEHATH 10 PO3POOKMU OOIPYH-
TOBaHMX MeTOAiB iHxeHepii DevOps-cucrtem.



50

KPI Science News

2021 /4

«components

MHoXWHa cyTHocTew Support and Engineering Control

«components

MHoxuHa cyTHocTed Product Development

«componenty

MHoMmHa cyTHocTel Product Support

-- > BuaineHua pecypcis

Dec-to-Ops

;

MnaHyeaHHs ’(:

Pecypcu ans pofioTi

4\

B 3afay

Dec-to-Dev

a

Ops-to-Dev

OTpHUmanHsa
3BOPOTHOMD 3B'A3KY

iHTerpauia Ta

posropTanHa

HenepepeHa
MOHITOPUHI

HenepepeHuii ‘

*:‘\Lii

Dev-to-Dec

OTpumaHa

Dev-to-Ops

Mepenaya sumor Ta
pecypcia

Bumoru Ta pecypci

¥TOUHEHHA BUMOT T3
oBcTasuH

Mosisa HoBOrC Sagepuienks
i = HUTTEBONO LMKy
BisHec-keAcy

MpOBYKTY

Dev-to-Dec-metrics

iHhopmauis npa
npoaykT
S
MNepenava

iHepopmayit npo
npoaykT Ta BiaHec
npoueck

Dev-to-Ops-matrics

OTpumana
iHchopmaLlis npo
NpeAYKT Ta
GiaHec-npoLieci

Mepefaqa
iHcpopmauii npo

o @

Ops-to-Dec

CyuinkHI NiHIT nosHavaloTs
nogaHaHHA MiM npouecamun i
BisyaniayloTb iHTepdercn Mix HUMK

nponykT Ta Giskec |1
npouecu

MYHKTUPHI NiHiT nosHavalTe
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pecypciB BiGNOBIAHMMK NpoLecaMu

Puc. 3. YHidikoBana moznenb DevOps-cuctemu. [diarpama mistibHOCTi y HoTawii UML

BucHoBku

1. ¥V pesynbTaTi aHallizy HAyKOBOI JIiTepaTypu
Ta KpaliuxX iHXEHEepHUX IPaKTUK BCTAHOBJIECHO,
1110 He3BaxKalouM Ha MpPaKTUYHY LiHHICTb i pe3ysib-
TaTUBHICTb BIpoBamKeHHs DevOps, y HassBHUX ITy-
OJiKallisIX BiACYTHI TEOPETUYHI JOCIIIXXEHHS Ta 00-
IPYHTYBaHHSI METOIB iHxkeHepili cuctem DevOps,
OKpIM IPHUKJIAIiB OKPEeMHUX IaTEPHIB Ta OKPEMUX
apxiTekTypHux pimieHb DevOps mist IT-iHgycTpii.

BinbLIicTh aBTOPiB MiAKPeCI00Th, 1110 DevOps
€ M0 CYTi CUCTEMOIO aBTOMAaTU3allil 0i3HeC-IIPoLIECiB
Kojabopauii KomaHJ (OpraHi3aliiiHUX OJWHUIIb)
Opr.C, ane nipu LboMy He po3risigaoTb DevOps sk
CHUCTEMY.
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P.P. Maslianko, 1.V. Savchuk

DEVOPS — CONCEPT AND STRUCTURAL REPRESENTATION

Problems. Today, along with a huge number of methods, technologies and means of improving business efficiency, the concept of
DevOps (Development & Operations) is also gaining rapid development.

In particular, the application of the DevOps concept in business leads practitioners to the question of the feasibility of application,
formalization of this process, and usually the development of their own DevOps system focused on achieving the specified values of the
metrics of the organizational structure.

Research goal and objectives. The purpose of this article is to study the essence, concept and definition of the DevOps concept,
define the entities of the DevOps concept and formalize the unified DevOps model.

Methods of research. Methodology of comparative analysis of scientific results and engineering practices of DevOps implementation,
systematization of entity classes of the DevOps concept in the form of a Venn diagram, graphic modeling of a unified DevOps model.

Research results. The practical value and effectiveness of DevOps implementation, the lack of theoretical research and justification
of DevOps systems engineering methods, apart from examples of individual patterns and individual architectural solutions of DevOps for
the IT industry, have been established.

The article substantiates and proposes a structural representation of the DevOps concept in the form of a Venn diagram as a system
of entities of production, support, management of production and support processes, and relationships between them. These results make
it possible to choose theoretical and applied tools for the formalization of a unified model of DevOps systems.

Conclusions. The unified model of the DevOps system in the form of a diagram of components and formalized specifications of
the interfaces between these components and the unified model of the DevOps system in the form of a diagram of the activities of these
components make it possible to proceed to the development of well-founded engineering methods of DevOps systems.

Keywords: DevOps, DevOps model, DevOps system engineering, DevOps concept, DevOps metrics, DevOps processes, software
product management, collaboration, competitive advantage.
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HNEPEAYMOBU BUKOPUCTAHHSA CUCTEMHO-MOP®OJIOITYHOTO IIAXOAY TA TEOPII
OPAKTAJIIB ITP1 CTBOPEHHI JIEHIAT JJIS1 OB’€KTIB CKJIATHOI ®OPMMU

IIpob6aemaruka. Ha MeTanopizajbHUX BepcTarax, y MeXaHOCKJIaAalbHOMY BUPOOHULITBI i MOOYTI IIMPOKO BUKOPUCTO-
BYIOTb JielllaTa Pi3HUX KOHCTPYKIIiil, SIKi MepeBakHO MaloTb MOCTIMHY CTPYKTYpy ¥ OOMH KiHeMaTUYHWM JaHLIIOT
Bil IBUTYHA (YU PYYHOTO MPUBOAY) AO 3aTUCKHUX €JIEMEHTIB — Iy0oK. IX mepeBakHa GiIbIIiCTh MPUCTOCOBAHA IS
3aTUCKY LUWIHAPWYHUX MPEeIMETIB (AeTajieil) i MpeaMeTiB i3 IIocKomapajielbHUMU cTopoHaMu. BomHouac y mexa-
HOCKJIadaJbHOMY BHMPOOHMITBI, a TAKOX MiJ Yac PeMOHTHMX POOIT 4acTO BUHMKAE HEOOXiAHICTh 3aTUCKY MpPEIMETIB
chepUIHMX, KIMHOIOAIOHNX, KOHIYHUX, HEMPABUWIbHOL (hOpMU.

MeTta gociimKeHHsA. 3aIIpOIIOHYBaTH MOPMOJIOTIYHY MHOXKMHY YHiBEpCaJbHUX JIELIAT 3 allbTePHATUBAMU HOBUX O3HAK
CTaHy, BUAY BUKOHAHHS i PyXOMOCTI 3aTUCKHUX €JIEMEHTIB, a TaKOX CKJIacTA MOP(OJIOriuHi (popMyan Jeiar.
Metoauka peanizauii. Po3po0itoeTbcst MopdosoriyHa MoJiesb JeliaT, sska BpaXxOBY€E IOCSITHEHHST Teopil (pakTaiis i
JIa€ 3MOTY CIIPOTHO3YBAaTH HOBi TEXHIYHI pillleHHS yHiBepCaJbHUX JICIIAT Ha PiBHI BUHAXOIIB.

PesyabTaTu nociimkenns. 3anpornoHoBaHi MOpdosoriuyHi opMyIu yHiBepcalbHUX JielaT 3 MOP(OJIOriyHOI MHOXM-
HU, SKa MICTUTb aJbTepHATMBU HOBMX O3HAK CTaHy, BUJY BUKOHAHHS i PyXOMOCTi 3aTUCKHUX €JIEMEHTIB, a TaKoX
TepeayMOBH BUKOPUCTAHHS Teopii (ppakTajiB It MOACTIOBAHHS IIPOLIECY 3aTUCKY AeTajell CKIagHOI (hOpMMU.
BucHoBku. BrkoprcToByouM 3anpornoHOBaHUI MiXia, MOXHA CIIPOTHO3YBAaTH HOBI TEXHIUHi PillIeHHS YHiBEpCaIbHUX

JIelIaT Ha PiBHI BUHAXOIB [JISI BUTOTOBJICHHS, JOC/I/DKEHHSI Ta TOAAJIbIIOI KOMepIliami3altii.
Kmiouosi cioBa: nemata, MopdoI0TiYHUMN Minxia, Teopist hpakTaiiB, MOIETIOBAHHS TIPOLIECY 3aTUCKY.

Beryn

Ha wmetanopizanbHUX BepcTartax, y MeXaHO-
CKJIaJaJIbLHOMY BUPOOHMUTBI i MOOYTi IIMPOKO BU-
KOPUCTOBYIOTb JielllaTa Pi3HUX KOHCTPYKLIM, SsIKi
IepeBaxKHO MAalOTh IIOCTIHY CTPYKTYpy # OOUH
KiHEMaTUYHUI JAHLIOT Bill IBUIYHA (YU PYYHOTO
MPUBOJLY) 10 3aTUCKHUX €JIEeMEHTIB — ryook [1]—[3].
HasgBHicTb OIHOrO KiHEMAaTUYHOIO JIAHIIOra 3HU-
xxye KKJI i moTrpeOye mOmaTKOBMX BUTpAT €HEPTii
(3a MexaHi30BaHOTO MPUBOAY) UM MYCKYJIbHOI PO-
60TH TIpalliBHUKA (3a pydyHOro mpusomay). OyHKIIi-
OHAaJIbHI MOXKJIMBOCTI JIelIaT OOMEXeHi TUM, 110 iX
nepeBaxkHa OUIBIIICTh MPUCTOCOBAHA JUISI 3aTUCKY
HWJTIHAPUYHUX MpPEeAMETIB (IeTajeid) i NnpeaMeTiB
i3 mockomnapaljieibLHUMU cTopoHamu. Kpim Toro,
Yy MeXaHOCKJIaAaJlbHOMY BUPOOHUIITBI, a TAKOX MiJl
yac PEMOHTHHUX POOIT TMocTae mnpobdsiemMa 3aTUCKY

npeaMeTiB chepuIHUX, KIIMHOMOAIOHUX, KOHIYHUX,
HeMnpaBUJIbHOI (hOPMU.

AKTyaJlbHUM CTa€ pO3pPOOJIECHHSI HOBUX YHi-
BepcaJbHUX JIellaT i3 TepeMiHHOK CTPYKTYpOIO,
sJKa Ma€ OBa U Oinblle KiHEeMaTUYHMX JIAHLIOTIB
Ta 1a€ MOXJIMBICTh CYTTEBO PO3ILIMPUTH iXHi DYHK-
LiOHAJbHI MOXJIMBOCTI (amamTaiis A0 00’ekTa
Oyab-sikoi (opMM Ta IIMPOKOMIANa30HHICTh) [4].
lle cnpusgTiMe 3MEHIIEHHIO KiJbKOCTI OCHAallleH-
HS Ta TEXHOJIOTIYHMX OIlepalliii, CKOPOUEHHIO 4Yacy
Ha MiAroTOBKY BUPOOHMIITBA Ta IOJETIICHHIO Mpalii
JIIoJiel i yac BUPOOHUUMX TMPOLECIB i PEMOHTHUX
po0iT. Hanm cTBOpeHHSIM Takux JellaT IpalioloTh
(haxiBli, omHaK OKpecjieHa HayKOBO-TeXHiuHa 3aja-
Yya HUHI MOBHICTIO HE PO3B’si3aHa Ta MOTpeOye Io-
JaJIbLIIMX JOCTIIKEeHb, 1110 BU3HAYA€E X aKTyaJIbHiCTh.

Anani3 mnonepenHix gociimkeHb [4]—[7] mae
MOXKJIMBICTh 3pOOUTHU TaKi BUCHOBKH:

Pekomenayemo muryBatu mwo crattio Tak: FO.M. Kysneunos, I'. Cinminb, O.B. Camoitnenko, “IlepemymoBu BUKO-
PUCTaHHSI CUCTEMHO-MOPMOJIOTiYHOro Mmiaxomy Ta Teopil (pakTayliB Mpu CTBOPEHHI Jienwiat uisi 00’ €KTiB CKIaIHOI
dbopmu”, Hayroei éicmi KITI, No 4, c. 52—57, 2021. doi: 10.20535/kpisn.2021.4.261849.

pp. 52—57, 2021. doi: 10.20535/kpisn.2021.4.261849.
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1. Yxe BUKOPMCTOBYIOTb JielllaTa 3 ABOMa KiHe-
MAaTUYHUMM JIQHILIOTaMU, 30KpeMa 3 IudepeHiliaib-
HYMM I'BUHTOBUMU NepeaayamMu. B 11X KOHCTPYKIIisIX
Oeplivii KiHeMaTUYHUI JIQHLIIOr IIPU3HAYCHUI JUISK
BMOipKM 3a30py MiXK 3arOTOBKOIO Ta TyOKaMU 3a JI0IO-
MOTOIO0 PYYHOTO UM MEXaHi30BaHOTO MpuBoAdy. pyruit
KiHEMaTUYHUIA JIAHLIIOT, 16 BUKOPUCTOBYIOTh TifpaB-
JIIYHI ¥ eJIeKTpOoMeXaHiuHI IepeTBOPIOBavi, MpU3HAa-
YEHUI JUISI OCTaTOYHOTO 3aTUCKY JeTajeil. Ayie aoci
HEeMa€ TEOPETUYHUX OCHOB CTBOPEHHS CIIFOCAPHMX
i MallIMHHUX JIELIAT TaKOTO TUITY.

2. BKIIIim. Irops CikopchbKoro, 3 BAKOPUCTaHHS
CUCTEMHO-MOP(OJIOTIYHOIO IAXOAY Ta CydacHUX
METO[IIB TOILIYKY HOBMX TEXHIYHMX pillleHb BMKO-
HYBQJIMCh JTOCHIKEHHS, METOIO SIKUX € CTBOPEHHS
JIelaT i3 3aJjaHMMM YK IIOKpallleHUMU (PYHKIIIO-
HabHUMU MoxJmBocTsIMU [3]—[7]. Lli pocnimkeHHs
NPUCBSIYEHI CUJIOBUMM 1 KOPCTKiCHUM XapaKTepHC-
TUKaM MallMHHUX JIeIAT, a TaKOX BUKOPUCTAHHIO
TUIMHHMX 1 CUTTKUX CEPEIOBUILL Y 3aTUCKHUX EJIEMEH-
tax. BogHouac 111e HeMae €IMHOIO METOAO0JOTIYHOIO
MiJAXOMy 10 MPOEKTYBAHHSI YHiBEpCAJIbHUX JIEIlaT.

3. BizoMo HebGarato KOHCTPYKIIili jiemaT yHi-
BepCaJIbHOTO Tpu3HauYeHHs [8], B sIKMX 0e3 3MiHU
3aTUCKHUX T'YOOK MOXJIMBO 3aTHCKAaTW 3aroTOBKMU
pizHOi ¢opmu, xoua y CIIIA paBHO 3araTeHTOBa-
Ho Jiemiara [9] i3 pyyHUM TNPUBOAOM i TBUHTOBOIO
rnepenavero 3a MPUHLMIOM, 1110 BUKOPUCTOBYETHCS
B MaTeMaTUYHill Teopil ¢ppakTaiB.

4. Po3po06ieHHs Ta MPOEKTYBaHHS YHiBepcab-
HOro OCHAIEHHSI BUMAaraloTh HOBMX METOMOJIOTIU-
Hux migxomiB [10], [11], mporpecMBHUX METOMdIB
CTPYKTYPHO-CXEMHOI'O CHUHTE3y 3a MOIIYKY HOBMX
pillleHb i CTBOPEHHSI I BUKOPUCTAHHSI e(DEKTUBHUX
MaTeMaTUYHUX Mojejiell i aJropuTMiB 3a JIOMOMO-

ITepauis 0 ITepanis 1

Itepauis 2

roxo KOMIT'IoTepiB. Hampsm mnormmbnaeHux mocii-
JIDKeHb MOX€ OYTU MOB’SI3aHUI HE TIJIbKU 3 METOI0-
JIOTi€I0 HAYKOBO-TEXHIYHOI TBOPYOCTI, a i 3 TEOPIi€IO
(bpakraniB — reomeTpuuHUX Qiryp, 110 CKIAAAIOTHCS
3 YaCTWH, KOXHa 3 SIKMX, HE3aJeXHO Bil PO3Mipy,
BUIISIAAE SIK Bcs dirypa [8].

Tepmin “dpakran” 3anpoBaguB y 1975 p. dpaH-
1y3bkuii MmareMatuk beHya Mannensopot [13], [14].
TTonbcbkuii MaTemaTuk BaipiaB CepItiHCBEKMIA 11Ie pa-
Hillle 3alporNoOHyBaB pPi3HI I'€OMETPUYHi CTPYKTYpH,
[15] mo cyTi dpakTanbHi, sIKi MOXHA YCHIIIIHO BUKO-
PUCTOBYBaTH B TEXHilli, HAIIPUKJIAl, IPU CTBOPEHHI
anTeH [16].

Posrsinemo nesiki cTpykTypu CepIiHChKOTO,
11O IMiAXOMSTh IS MOACIIOBAHHS Ta CTBOPEHHS YHi-
BepcaJbHUX JielaT TUIy “(pakTajibHi jeiara”.

Ha puc. 1 mokazaHo Tak 3BaHUM TPUKYTHUK
CepIiHCbKOro, OTPUMaHMI YHACTiIOK YOTUPHOX 11~
KJIiB 1TOOYI0BU. bepyTh piBHOCTOPOHHIN TPUKYTHMK,
SIKUIA € OCHOBOIO Jis1 moOyaoBu (pakTana (itepa-
mist 0); el TPUKYTHUK pO30MBaIOTh HAa YOTUPHU PiB-
HOCTOPOHHIX TPMKYTHUKM, a B OTpUMaHiii irypi Bu-
JaS0Th LIEHTpabHY YacTuHY (iTepauis 1); BKazaHy
OTIepALlil0 TTOBTOPIOIOTH TSI KOXHOTO 3 OTPUMAaHUX
MEHILMX TPUKYTHUKIB (iTepauii 2—4).

Ha puc. 2 nmokazaHo kBagpat CepHiHCHKOTO,
SIKMIA OyIyeThCsl TaKMM YMHOM. bepeTbcsi KBaapat
(itepauist 0), KOXHa CTOpOHA KBaiapaTa IiTUThCS
Ha TpM PiBHi YaCTMHM, a BeChb KBaJpaT BiAMOBiI-
HO Ha JeB’SITh OJHAKOBMX KBaapaTukiB. LleHTpasib-
HUIl KBaapatr BupizaeTbes (itepauis 1). KoxHuit
3 BOCbMM KBaJIpaTiB, 1110 3JIMIIUJIKUCS TEX AiISThCS
Ha JIeB’SITh KBaJpaTiB, LIECHTPaJbHUI 3 IKUX BUpi3a-
etbes (itepawist 2). IIpouemypa MOBTOPIOETLCS ISt
TUX KBaApaTiB, 110 3IMIIAINUCS i T. 1.

AL LSO

ITepanis 3 Itepauis 4

Puc. 1. TpukytHuk CepriiHCbKOTO

ITepanisa 0 Itepamnis 1

ITepauis 2

ITepauis 3 Itepauis 4

Puc. 2. KBagpar CeprniHCbKOTo
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ITocTanoBka 3amaui

MeTtoto pobGOTHM €: 3anpornoHyBaTh Mopdo-
JIOTIYHY MHOXWHY YHiBepCaJbHUX JielaT 3 ypaxy-
BaHHSIM JOCSITHEHb y Teopil (pakTajiiB i anbrep-
HaTMBaMM HOBMX O3HaK CTaHy, BUIY BUKOHAHHS
Ta PyXOMOCTi 3aTMCKHUX €JIEMEHTIB; CIIPOrHO3YBaTH
TEeXHIYHi pillleHHsI YHiBepcaJlbHUX JellaT Ha pPiBHi
BUHAXO/iB JIJI1 BUTOTOBJIEHHSI, JOCiI>KEHHSI Ta T10-
JaJIbIIOI KOMepliai3alil.

Pe3yabTaTu nociimKkeHb

15T TIoIIIyKy Ta TIPOTHO3YBaHHS HOBUX PIlllcHb
Jielatr po3po0JieHo MOPOJIOTiYHY MOJIEb — TaOJIK-
II0, 110 MOXE PO3IIMPIOBATUCS 3 TTOSIBOI0 HOBUX
imeit (tabn. 1).

st 30epexkeHHsT KOH(DiAeHLiHHOCTI 110 MOp-

2021 /4

2.1
L 22 [, 41
L2l 2315 42 e gy

Moy =233 % salkle2 72,

I e I
L3 26 s 45 o 7
16l 27 [ 46

2.8

Ile nae 3arajbHy KiIbKIiCTb BapiaHTIB pillIeHHS:
Ny =6x8x5x6x5%x3x3=64800.
11 3MeHILIEHHS TT0JIs1 MOLIYKY Ta 3pyYHOro Io-

Kazy MoJie]li 3arpoIOHOBAHO YCiUeHy MaTPULIIO 3 CYT-
TEBUM 3MEHILIEHHSIM BapiaHTiB MOXKJIMBUX PillICHb;

(hosoriuHy Moaenb MOXHa IMogaTU SIK MopdoJio- 21 4.1
riYHy MHOXWHY — MOBHY MOP(OJIOTiYHY MaTPULIIO 2'2 31 4.2 51
[13, 14] My = My x Mgy x Mgy x My, e M 5 — 1.1 ' 43 7.1
Matpuis npusoy 3atucky (I13) (osHaka 1); M, — My = Bk 2.3x|3.2 A4 5.2|x6.1 7|
Mmatpuis nepersopioBaya (I1T) (o3Haka 2); M, — 2.4 3.3 ' 53 '
Matpuilsl 3aTuckHuX enemeHTiB (3E) 3 o3Hakamu 25 4.5
crany (3), BukoHaHHs (4), Bumy pyxomocTi (5); 4.6
M ,; — MaTpuL 00 €KTY 3aTUCKY 3 O3HAKaMU KiJlb-
kocTi (6) Ta popmu (7):
Tabauys 1. MopdoJoriuna Mozesb Jelar
. 3aruckui enementu (3E) 00’ekr 3atucky (03)
1. ITpusin 2. IlepeTBo- 5B
sarucky (I13) | prosau (IIT) 3. Cran 4. Bukonanus - OHIL 6. Kimpkicts | 7. ®@opma
pyxoMocTi
. . |3.1. Teepmorini | 4.1. OnHOMiCcHE .
1.1. Pyunuii | 2.1. I'BuHTOBMIA | 7. . . 5.1. MMoctynoBwmii | 6.1. Ogun | 7.1. [NpaBuiabHa
LIJTbHI TJIOCKI |  CMMeTpUYHE
1.2. Eﬂf:KTp(j— 22 BakimbHui 3.2. TBepﬂOTl.J.ll 4.2. OnHowMmicHe |5.2. HOCTyH(iBO— 6.2. Kixbka 7.2, Cxnamua
MeXaHIuYHUA MPU3MATUYHI | HECMMETPHUYHE 00epTOBMIA B OIMH PSIT
1.3. Tizpas- . 3.3, Taepnorizi 4.3. baratomicHe | 5.3. HOCTyH?BO— 6.3. KmbKa 7 3. Kom6i-
. o 2.3. CrnipanbHuii . CUMETpUYHE 00epTOBUIi- B JIeKiJibKa
JHYHMI CKJIAJICHi . . HOBaHa
B OMH DS 00epToBUit pSaiB
. 5.4. TlocTynoBo- - -
1.4. TTHeBMa- 2.4. TlnyH- . 4.4. Baratomicue 00epTOBUIi-
. . 3.4. InuuHi CUMETPUYHE .
TUIHUT SKePHHUIA ) . 00epTOBMIA
B KiJIbKa PSIIiB
0araTokpaTHO
15, Exexroo- 4.5. baratoMicHe - -
-2 BJICKTD 2.5. Knunoswuii | 3.5. Pinunni | HecumerpuuHe | 5.5. OGepToBuit
MarHiTHUMA
B OIUH PSIIT
1.6. Tinpo- 4.6. BaraTtomicHe - - -
(TTHEeBMO-) 2.6. 3ybuacTwii 3.6. Curki HECUMETPUYHE
MeXaHIIYHUI B KiJIbKa PSIIiB
— 2.7. MpyxHuit — — - - -
_ 2.8. Kombi- — - -
HOBaHUI - B
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Toni 3arajibHa KiJbKiCTh BapiaHTIiB pillIEHHS
Oyae Takolo:

Ny =2x5x3x6x3x1x2 =1080.

Hnst pyunoro I13, skuii 3acTOCOBYETHCS TIepe-
BAXHO B CJIIOCApHUX JellaTtax (ajipTepHaTua 1.1),
i enexrpoMmexaHiuHoro I13, sgKuii BUKOPUCTOBY-
€TbCS B MalIMHHUX Jiewarax (ajbrepHatuBa 1.2),
3 pO3MOBCIOIXKeHUM TBUHTOBUM IIT (anbprepHaTu-
Ba 2.1) 3anuiueMo KopTexi MopdoIoriYHOi MHOXU-
HU K MopdosoriyHi hopMyaun (CroJlydeHHSsT ajib-
TEpHATUB KOXHO1 03HaKkM) mjsg O3 mpoctoi hopMu
(anbrepHaruBa 7.1) X, — X; i ckiiagHoi hopMu TUILy
“lIapHipHWI TaJiellb KePMOBOI TSTU aBTOMOOiIs”
(aspTepHatmBa 7.2) X, i X, (puc. 3):

Xi=(1)—-Q21)—@3.1-41-51) -
(6.1) — (7.1) — mmo3. “a”
Xo=(1.1)—2.1)— (3.1 —-42-5.1) —
(6.1) — (7.1) — mo3. “6”
X;=(1.1)—Q21)—3B3.2—-41-51) —
(6.1) — (7.1) — mo3. “B”
X,=(1.)—Q21)—32-42-51) —
(6.1) — (7.1) — mo3. “r”

=1

&/

Xs=(1.1) - (21)-33—-41-51) —
(6.1) — (7.1) — mo3. “n”

Xs=(1.1)—(2.1) — (3.3 —-42-5.1) —
(6.1) — (7.1) — mos. “e”

X=(11)—-21)-33-41-53) -
(6.1) — (7.1) — mo3. “x”

Xy =(1.1) — (2.1) — (3.3 —4.2 — 5.3) —
(6.1) — (7.1) — mo3s. “3”

Xo=(1.1) - (21)—-33-41-52) -
(6.1) — (7.2) — mo3. “i”

Xo=(1.1)—(2.1) — (3.3 —-4.1-5.3) —
(6.1) — (7.2) — mo3. “x”

KupHuMm 1iprchTOM MO3HAYEHO AJIbTEPHATUBH,
sIKi BiIPI3HSIOTBCS Bil BapiaHTa Xj.

Edexrusnicts po3podienoi Mopdosoriaaoi Moneni
(muB. Tabn. 1) mMOTBEPIKCHO THUM, IO B IPOCTOpPI MHO-
KMHU pileHb 3HaxoxuTbest W mareHt CIIIA Ne 1059545
(puc. 4) [12], axuii onucyeTbest MOPHOIOTiYHOIO (HOpPMY-
qoro: 1.1-2.1-3.3-4.1-5.4-6.1-7.2, a no3. 1, 2, 3, 4 Bixa-
OBiJat0Th MOBOPOTHNM 3E 3 oCcsiMM 1TOBOPOTY HA KYTH O.,,
0,, Oy, Oy, Y IO3. 5 PO3TALIOBAHUM TBUHT 6 AJIS IOCTYTANb-
Horo nepeminieHHs 3E.

# l

Puc. 3. BapianTu 3aTncky 06’ekTiB poctoi (a—3) i ckiagHoi (i, k) popMu
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Puc. 4. Cxema dpaxranbhux jemar 3a nmateHtom CLIA No 1059545 i3 pydHUM MpPUBOJOM 3aTUCKY i TBUHTOBMM TIEPETBOPIOBAYEM

BucHoBku

Vrepie 3anpornoHOBaHO MOP(MOJIOTIYHY MHO-
JKMHY KOHCTPYKIIiM yHiBepcaJbHUX JIellaT 3 ypaxy-
BaHHSIM JIOCSATHEHb y Teopii (bpakTaliB W anabTep-
HaTMBaMM HOBHUX O3HaK CTaHy, BMJYy BUKOHaHHS
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Yu. M. Kuznetsov, G. Xingmin, O. V. Samoilenko

PREREQUISITES FOR USING THE SYSTEM-MORPHOLOGICAL APPROACH AND FRACTAL THEORY IN THE CREATION
OF VICES FOR COMPLEX SHAPE OBJECTS

Background. On metal-cutting machines, in mechanical assembly production and everyday life, vices of various designs are widely
used, which, as a rule, have a constant structure and one kinematic chain from the engine (or manual drive) to the clamping elements —
jaws. The vast majority of them are adapted for clamping cylindrical objects (parts) and objects with plane-parallel sides. At the same time,
in mechanical assembly production, as well as during repair work, it often becomes necessary to clamp spherical, wedge-shaped, conical,
and irregularly shaped objects.

Objective. The purpose of the paper is to propose a morphological set of universal vices taking into account the achievements in
the theory of fractals and alternatives to new features of the state, type of execution and mobility of clamping elements, and to come up
with morphological formulae of vices.

Methods. A morphological model of the vices is being developed, which takes into account the achievements of the fractal theory
and makes it possible to predict new technical solutions for universal vices at the level of inventions.

Results. The morphological formulae of universal vices from the morphological set which contains alternatives of new signs of a
condition, a type of execution and mobility of clamping elements, and also prerequisites for using the fractal theory for clamping process
modelling of complex shape details are offered.

Conclusions. Using the proposed approach, it is possible to predict new technical solutions of universal vices at the level of inven-
tions for the manufacture, research and subsequent commercialization.

Keywords: vices, morphological approach, fractal theory, clamping process modelling.

PexomennoBana Pamoro Haniiiia no penaxitii
HaBuanbHO-HAayKOBOIO iHCTUTYTY MAaTepiajlo3HABCTBA Ta 3BapIOBAHHS 8 xoBTHs 2021 poky
KIII im. Iropst CikopcbKoro
IIpuiinsara go myOGikarii
14 motoro 2022 poky
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BUKOPUCTAHHSA CAMO®JIIOCIBHUX CILTABIB K JIZKEPEJIA JIETYBAJIbHUX
EJEMEHTIB II1J1 YAC OTPUMAHHA ITOPOHIKOBUX BUPOBIB KOHCTPYKIIMHOI'O
INPU3HAYEHHSA 3 HU3BKOJETOBAHOTO 3AJII3A

IIpoonematuka. OnHi€I0 3 MPOOJIEM BUTOTOBJICHHS MOPOLIKOBUX KOHCTPYKIIMHMX MaTepialiB Ha OCHOBI 3ajii3a, Jie-
TOBaHUX MAaJIOIO KiJIBKICTIO JieTyBajbHUX eeMeHTiB (0,5—5,0 Mac.%), € oTpyMaHHS TOMOTEHHOTO CIUIaBy B KiHIIEBO-
My Marepiaji. PiBHOMipHiCTb po3moiay JieryBaJbHMX €J€MEHTIB CYyTTEBO BM3HAUYA€ KiHIICBIi BJIACTMBOCTI Marepiaiy.
BukopucTtaHHs cyMillli MOPOIIKiIB CKJIAIHUKIB JUISI OTpPUMaHHSI TaKMUX CIUIABIB 3a3BMYail He pO3B’sI3ye MPOOJEMU OT-
pUMaHHSI TOMOT€HHUX CTUIaBiB. TOX MEPCIeKTUBHUM € BUKOPUCTAHHS TOPOIIKIB CIJIaBiB, SIKi BMIIIYIOTh JeTyBaJIbHi
€JIEMEHTH, SIK JKepesia JIETyBaJIbHUX €JIEMEHTIB.
Merta nocJipkeHns. BuBuntr 3aKoHOMipHOCTI (hopMyBaHHSI CTPYKTYPHU Ta BJIACTUBOCTEU MaTepiajliB Ha OCHOBI CILjia-
BiB 3aJi3a, OTPUMAaHUX i3 BUKOpUCTAaHHAM camodiociBHMX ciiaBiB (CPC) sk kepena JeryBalbHUX €JIEMEHTIB.
MeTtoauka peadqizanii. 3aCTOCOBAaHO METOJIMKHU 3MIillTyBaHHSI—PO3METIOBAHHS Y TJIAHETAPHUX MJIMHAX, BUBYEHHS TIPO-
1eciB 3MouyBaHHs posmuiaBaMu COC 3aiiza Ta B3aEMOIIT Mixk HUMU METOIOM JIexKadoi KparuTi, pacTpoBOi MiKpOCKO-
mil Ui BUBYEHHSI CTPYKTYpU MaTepiasliB i pO3MOIily €JIeMEHTIB Y HUX, BUMIPIOBAaHHS MEXaHiYHUX BJIACTUBOCTEH
(TBEepHOCTi).
PesyabraTtu mochuimkenns. BcraHoBIeHO 3acaiy BU3HAYEHHSI ONTUMAIbHUX YMOB OTPMMAHHSI MartepiajiB: yac po3-
MeJIIOBaHHSI—3MIlLllyBaHHSI (4 XB), TUCK IMpeCyBaHHs BUXigHMUX 3arotoBaHok (600 MIIa), TemmepaTypa CIiKaHHS
(1200 °C), uac crixanHs (rroHan 80 xB). Ix 3acTocyBaHHS CIIpusie OTPUMAHHIO BUPOGIB 3 IPAKTUYHO CTOBiICOTKOBOIO
LIJIBHICTIO MaTepially Ta BUCOKUM CTYIIEHeM TOMOTE€HHOCTI.
BucnoBgn. Buxopucranua COC sk mkepena JeTyBaJbHUX €JIEMEHTIB, a TAKOX METOJiB TOTYBaHHSI BUXIIHOI CyMi-
11 3MilllyBaHHSIM—PO3MEIIOBAaHHIM y IUIAHETAPHOMY MJIMHI CIIPUSI€E€ OTPMMAHHIO MaTepiajliB i3 BUCOKUM CTYyIIEHEM
TOMOTeHHOCTI BHACIIIOK iHTeHCUQiKallii MpoleciB roMoreHisamii Ta CIiKaHHS Ta, K HACTIIOK, i IMiABUILEHHIO iX
MEeXaHIUHMX XapaKTePUCTUK.
Kmowosi ciioBa: 3a71i30; JieryBajibHi eJIeMEHTH; PO3MEJIIOBaHHS; PECYBaHHSI; CIiKaHHS; CTPYKTypa MaTepialy; TBepPAiCTh.
Beryn YTBOPEHHSI TOMOIE€HHHUX CIUIaBiB IIPAaKTUYHO He-
MOXJIMBE B pas3i OTpMMAaHHS BUXiAHOI IIUXTU IS

OnHieto 3 Mpo6JieM BUTOTOBJICHHSI KOHCTPYKLIil-
HUX MaTepiajliB Ha OCHOBI 3aJ1i3a, JIESrOBAHOTO MaJjiolo
KIJIBKICTIO JleryBabHUX eeMeHTiB (0,5—5,0 Mac.%),
€ OTPUMaHHSI TOMOTEHHOrO CIUIaBy Y KiHLIEBOMY
maTepiani. PiBHOMIpHICTh PO3MOALTY JIeTyBaJbHUX
€JIEMEHTIB iCTOTHO BM3Haya€ KiHLEBi BJIACTUBOCTI
MaTepialy, OCOOJMBO XapaKTePUCTUKU MIiIlHOCTI.
AJie 3a BUKOPMCTaHHS SIK BUXiZHWX MaTepialiB Mo-
POLLKIB CKJIaJHUKIB MaTepiany B KiJIbKOCTSIX, MEH-
mux 3a 5 Mac. % (ocobavBO MeHIii 3a 1 mac. %),

MpecyBaHHs 3arOTOBAHOK BUPOOY MEXaHIiUHUM 3Mi-
LIIyBaHHSIM. Y 1LIbOMY BUITIQJIKy BaXXKO 3a0e3IMeUUTU
PIBHOMipHMIA KOHTaKT MiX CKJIaJHWKaMU CILJIaBy,
110 BUMAara€e 3Ha4YHOIO 30UIbIIEHHS 4Yacy CITIKaHHS
IJ1s1 3a0e3IeueHHs] TOMOTeHi3allil CIIjIaBy.

o mpobiemy MoOXHa 4YaCTKOBO pO3B’sI3a-
TH, 3aCTOCOBYBaBIIW [UISI BUTOTOBJICHHSI BUPOOIB
MOpPOLIKKA ToTOBUX cruiaBiB. Ili mopoluku MoxHa
OTpUMAaTH PO3MWIKBAHHIM PO3ILJIABiB, CYMiCHUM
BIIHOBJIEHHSIM OKCHIiB MeTajiB, Iu(y3iiiHUM HacH-
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YEHHSIM, HAaCUYEHHSIM i3 TOYKOBUX jkepen [1]—[3].
OnHak BUKOPUCTAHHS BKa3aHUX METOMIB [JIs1 OTPU-
MaHHsI MOPOIIIKiB CIJIaBiB, 0COOJIMBO MaJiojieroBa-
HUX, HE 3aBXIW TapaHTye OakKaHUU pe3ybTaT i €
€KOHOMIYHO HE BUTITHUMU.

Jlesskolo Miporo mpo0OeMy CTBOPEHHST Oillb-
1I0i TJIOLII KOHTAKTy MiX CKJIaJHUKAMU CIIJIaBy
3a MaJIol KiJIbKOCTI JIeTyBaJIbHOI CKJIQIOBOI YaCTUHU
MOHa PO3B’43aTH, 3aCTOCOBYBABIIY XiMiYHE 3Millly-
BaHHSA [6], [7]. Y 1IbOMY BUITaaKy JIeTyBaJIbHY 100aB-
Ky IIiJ 4yac 3MillyBaHHI BUXiTHUX MOPOIIKiIB BBOISIThH
y BUMISIAI po3uuHy ii coni. Ilig yac 3MilryBaHHS
3 OIHOYACHWUM BUIIAPOBYBAHHSIM PO3UYMHHMKA Cilb
PIBHOMIPHO OCAIXYETHhCSI Ha IIOBEPXHI YAaCTUHOK
OCHOBHOTO Marepiajly crjiaBy (y HallloMy BUIIal-
Ky 3aJli3a) Ta BiIHOBIIIOEThCS (po3KiamaeTbes ). Tum
caMMM 3HA4yHO 30iJbLIYETbCS ILIOIIA KOHTAKTY
MiX CKJIaJOBUMM CILIaBy i YTBOPIOIOThCSI aKTUBHi
JoKepesaa HacMUYeHHSI OCHOBHOIO Matepiaiy Jie-
rYBaJIbHUMU €JIEeMEHTaMM, SIK 1i€ BigOyBa€TbCs
i 32 OTpMMaHHS CIUIaBiB HACUYEHHSM i3 TOYKO-
Bux jxepena [1], [3]. OmHak BUKOpMCTaHHS L€l
TEXHOJIOTII TeX He 3aBXIU e(PEeKTUBHE uepe3 Je-
(PILUTHICTD PO3UMHHUX COJIE MEBHUX €JIEMEHTIB,
1X HEBIAMOBIAHICTH BUMOTaM BiIHOBJIIOBAHOCTI 4u
pPO3KJIafaHHs Ta BUCOKY BapTiCTh, 110 3HAYHO 3HU-
KY€ €KOHOMIUHY €(EeKTUBHICTb METOY.

OaHuM i3 BapiaHTiB OTpMMaHHSI KOHCTPYK-
LiHUX MartepiajliB 3i CIUIaBiB Ha OCHOBi 3aii3a,
110 BMIlIYIOTh JIeTyBajJibHI €JIeMEHTU B KiJIbKOCTI,
MeHIIiil 3a 1-5 Mac. %, € BUKOPUCTaHHSI MOPO-
IIIKiB CIJIABiB, SIKi BMIIIYIOTh HEOOXiIHI JIETyBalb-
Hi enemeHTU. Tak, MEpPCreKTUBHUMU € TMOPOIIKU
C®DC [1], [8]. Ix merko oTpuMaTi po3MUIIOBAHHIM
po3iuiaBiB. BoHM MOXYTh OyTM Ha OCHOBIi HiKeJlo,
3ajiza Ta KobanbTy [1], [2] Ta BMilllyBaTU BYTJClb,
cwiIiLii, 6op, XpoM, MOJIOAEH, Migb TOIIO. 3a He-
00XiTHOCTI 10 iX CKJIaay TaKoX MOXHa BBOJIWUTHU
iHmri exemeHtu. OcobnuBicTio COC € ix BimHOC-
HO HHU3bKa TemIlepaTypa IUIaBJACHHS (3aJIeXXKHO Bif
ckaany — 920—1180 °C). Tomy 3a cmikaHHSI KOH-
CTPYKLIIHUX TOPOILIKOBUX MaTepialliB Ha OCHOBI
3ajiza 3a temneparypu 1200—1250 °C BoHu 11a-
BUTUMYTbCSI I YTBOPIOBAaTUMYTH DPiIKy ¢a3sy, sKa
3a 3MouyBaHHs po3miaBoM CDOC 3amiza po3TikaTu-
METbCSl TTOBEPXHEIO YACTUHOK i MPOHUKATUME MixX
HUMHU, 1110 3HAYHO 30iJIbIIIyBaTUME KOHTAKTHY T1O-
BEPXHIO MiXK HUMM U TaK iHTeHCU(iKyBaTUMe IMpo-
LIECU CIUIAaBOYTBOPEHHS. Y LIbOMY pa3i CJIiJ 4yeKaTu
YTBOPEHHSI (3a iHIIMX PiBHUX YMOB) OiJIblll TOMO-
TeHHMX CIUIaBiB i MiABUILEGHHS XapaKTePUCTUK iX
MiLIHOCTi.

ITocTanoBka 3amaui

MeToro pobOTH € OTpUMATH MaTepiajJu Ha OC-
HoBi 3aiiza, seropaHoro CMC Ha OCHOBI HiKeIO
mapku AH9 [2] siKk mkepesa JieryBaJIbHUX €JIeMeH-
TiB; JOCIAATH BIUIMB YMOB 3MIIIIyBaHHS BUXiTHUX
MOPOILKIB HAa CTPYKTYpY Ta JesiKi BJaCTMBOCTI Ma-
TepiaiB.

Pe3yabraTi Ta ix 00roBopeHHs

OpHiero 3 6axkaHUX BUMOT JI0 CILIaBiB, sIKi BU-
KOPHUCTOBYIOTb SIK JIKEPEJIO JIETyBabHUX €JIEMEHTIB,
€ YTBOPEHHSI pifgKoi (a3 Iia yac CIiKaHHS BUPOOiB
3a IX y4yacTio. ¥ LbOMY pa3i 3HAYHO MPUCKOPIOIOTh-
cs1 audy3iitHi mpolecH, 1110 JiexKaTb B OCHOBI TOMO-
reHizallii (CrJIaBOyTBOPEHHS) KiHIIEBOTO MaTepiay.
AJie i mpouecH Bil0yBaTUMYTbCS TUIbKW y BUMAA-
Ky 3MOUYYBaHHSI JIeryBaJbHOI 100aBKM TBEpAOl (da3u
(v Hamomy BMITaIKy KapOOHIJBbHOIO 3ajiza) po3-
mwiaBoM. ToMy B poOOTi HOCHIIXEHO 3MOUYYyBaHiCThb
posminaBom CDOC 3amiza. 3M0O4YyBaHHSI BUBYAJIOCh
MeToIoM Jiexxkadol kpari [9], [10]. HocnimkyBaBcs
BIUIMB Ha KpaWMOBUM KyT 3MOYYBAaHHS TeMIIEpaTypu
(1100 °C; 1150 °C, 1200 °C i 1250 °C) i yacy 3mouy-
BanHs (1, 2, 3,4, 5¢).

Pesynbratu mociimkeHb HaBeleHO Ha puc. 1.
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Puc. 1. 3anexHictb KyTa 3MouyBaHHs po3muiaBoM COC moBepxHi
3aj1i3a Bia yacy 3MOuyBaHHs 3a pizHux Temrmepatyp (°C):
1 — 1100 °C; 2 — 1150 °C; 3 — 1200 °C; 4 — 1250 °C

Sk BunHo 3 puc. 1, posminap COC npakTUUHO
y BCiX JOCIIKEHUX YMOBaX 3MOYYE 3a1i30 (KyT 3MO-
yyBaHHs MeHIIMHI 3a 90°). Y HallloMy BUIIaaKy BiH
3HaYHO MeHIIUi 32 90° i 3MiHIOETbCS 3aJIeXKHO Bill
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ymoB Bin 18 mo 0°. Kyt 3Mo4yBaHHSI 3MEHIIYEThCS
3i 30iIbLIEHHSIM TeMIepaTypyd Ta 4yacy 3MOYYyBaH-
Hs. 3a temnepatyp 1200 °C i 6inblie BigOyBaeThCs
MOBHE 3MOYYBaHHS BXe 3a 1—2 ¢, TOOTO IpaKTUU-
HO MUTTEBO. OTpUMaHi pe3yJbTaTh Y3TOIKYIOThCS
3 gaHuMu poodotu [11], y sKiil JOCHiIKEHO IIpoLecu
3mouyBaHHs posruiaBamu COC 3amiza. [lokazaHo,
1110 HASIBHICTb Y 3aJ1i31 iHILMX JIETYBAIbHUX €JIEMEH-
TiB, 0CO0JMBO KapOimOyTBOPIOIOYMX, AEIIO 30i/Ib-
1Iye KyT 3MOYyBaHHS, aje 3a IMEeBHUX YMOB, SKi
3aCTOCOBYIOTh Yy MPAKTHULIi MOPOIIKOBOI MeTalyprii
MNpy OTPUMaHHI MOPOLIKOBUX KOHCTPYKLIMHUX Ma-
TepiajliB Ha OCHOBI 3aJli3a, BiH MparHe 10 HyJs.

Tox i3 momisiay BiAMOBIAHOCTI BUMOTaM 3MO-
yyBaHHS BuKopucTaHHsd COC gk mkepena Jery-
BaJIbHUX €JIEMEHTIB € MepPCIEeKTUBHUM.

[HIIMM nUTaHHSM, sIKe HEOOXiZHO PO3B’sI3yBa-
TU TIiJl YaC OTPUMAaHHSI KOHCTPYKUIAHUX MaTepiasliB
Ha OCHOBI 3aJj1i3a, JIeTOBAHOTO MaJIOI0 KiJIbKICTIO Jie-
TYBaJIbHUX €JIEMEHTIB, € BU3HAYEHHSI YMOB CIiKaHHS
CIPECOBAHMX 3arOTOBAHOK. Y HAllIOMY BUMAIKy CTa-
BUTbHCS 3a/laya He TUIbKUM OTpUMAaTU BUPOOU 3 Mak-
CUMaJIbHOIO IIIBHICTIO, Bil SIKOI CYTTEBO 3aJieXXaTb
iXHi MexaHiuHi BrmacTtuBocCTi [12], a ¥ 3abe3neun-
TU PiBHOMIpHMIA PO3MO/LI JIETYBaIbHUX €JIEMEHTIB
y KiHLEBOMY BUpPOOi, KU TakoX Ma€e 3HAYHUIA

20y xS0.0

BILIMB Ha 1X eKCIulyaTaliiiHi BaactuBocTi. st BuU-
3HAYEHHS LIMX YMOB HEOOXiIHO 3HATU TeMIIepaTypy
Ta Yyac CITiKaHHS 3arOTOBAaHOK, CIIPECOBAHMX i3 Cy-
Millli BUXiIHMX HOPOIIKiB. AHami3 mxkepen [6], [7],
[13] maB 3MOTy BU3HAYUTU TeMIlepaTypy Ta Jac CITi-
KaHHSI MOPOILIKOBMX MaTepialiB Ha OCHOBi 3ajli3a
IJISI OTPUMAaHHSI BUPOOIB i3 3aJaHUMU BJIaCTUBOCTSI-
MM (LIIJTBHICTIO). AJie y HAIlIOMY BUITaAKy HeoOXis-
HO TOpsi i3 MaKCUMAaJIbHOIO 1IUJIbHICTIO OTPUMATH
i piBHOMIpHMIA pPO3MOAiLN JIEryBaJIbHUX €JIEMEHTIB
y Matepiaji 3 BUKOpUCTAaHHSM iX sIK mkeperaa CDC.
Tomy BaxJIMBO 3’CyBaTH MOPSI i3 4acOM CITiKaH-
HS yac roMoreHi3anii MaTepiany. OcTaHHIl MOXHa
OLIIHUTU 3a pe3yJbTaTaMUd BHU3HAUYECHHS KiHETUKU
B3aeMogii 3aniza 3 posmiaBamu CDC. 3amig 1bo-
ro npouecu B3aemogii posmiasy COC i3 KoMmak-
THUM 3aJ1i30M TOCITIIKEHO 3 BUKOPHUCTAHHSIM 3pa3-
KiB i3 yncToro (apMKo) 3ajlia, Ha TTOBEPXHIO STKMX
poaMimyBanu 3pas3ok i3 COC. HarpiBaim 3pa3ku
3a TeMmIiepaTyp, BUIINX 3a TeMIIepaTypy TUIaBICHHS
ocranHboro, 1100 Ta 1200 °C. nst mocimiakeHHS
BILIMBY TeMIIepaTypu Ta yacy Ha CTYMiHb B3aEMOJIii
Mix posrmnaBoM C®OC i 3a7i30M BUBYEHO MiKpO-
CTPYKTYpPY 30HM B3a€EMO/IIl Ta PO3IIOILT i BMICT eJie-
MEHTIB y ii Mexkax. Pe3ynbrati HaBeneHo Ha puc. 2—4.

Fod
o 1 §F=

Wh=16.{mm

ZL00KY

xS0

e e e e e e e

0L DY x L1 1lmm

Puc. 2. Crpykrypa 30ouu B3aemonii COC i3 3amizom 3a temneparypu 1200 °C 3a pi3HOTro 4acy i30TepMidYHOi BUTPUMKHU (XB):
1 — 3amizo; 2 — 30Ha B3aemopmii; 3 — camodumiociBHuil cruias; a — 10; 6 — 20; ¢ — 30; ¢ — 40
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Puc. 4. Posnonin enementiB Ha Mexi 3ainizo — CDOC micas ix
B3aeMmopii 3a temriepatypu 1100 °C i gacy i3oTepmiuHOi

BuTpuMKH 10 XB

Ak BumHO 3 pucyHKiB, po3miaB COC i 3ami-

30 B3a€EMOJIiOTb, i B MeXaX KOHTaKTy MiX HUMU
YTBOPIOIOTHCSI HOBi (pa30Bi CKJIaJHUKU-TIPOLIAPKHU,
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LIMPUHA SKUX 3MIHIOETHCS 3aJIEXKHO Bill TemIepa-
TypH Ta 4acy i30TepMiYHOI BUTPUMKU. Y MexXax Ie-
PEeXiTHOI 30HM 3MIiHIOETHCS BMICT €JIEMEHTIB, a I10-
o3y nepexigaux 30H y COC cyTTeBO 3MiHIOETLCS
BMICT XpoMY Ta Hiketo. BogHouac y 3aii3i ix yMicT,
a TaKoX YMICT KPEMHil0 Ta Midi, 30LIbLIYETHCS.
OcTaHHE CBiTYMTD PO Te, 1110 EJICMEHTH, 1110 BXOASITh
1o ckiany COC, nupyHIyIOTh Y 3aj1i30. 30UTBIICHHS
yacy Ta TemIiepaTypu B3aEMOJil CIIpUSIE YTBOPEHHIO
LIMPIIMX MPOMIKHUX MPOILLIAPKIB HAa MeXi 3a/1i30 —
COC i3 00Ky 3aii3a, 10 Y3ro[KYETLCSI 3 HASBHUMU
VSIBJACHHSIMU TPO Te, 10 PO3YMHHICTh BMCOKOJIEIO-
BaHMX CIUIaBiB, MO SKMX MoxxHa 3apaxyBatu CDC,
OuTbIa, HIXK Y HU3bKOJIETOBAaHUX CITJIABIB.

Hageneni Ha puc. 3—4 MiKpOCTPYKTYpHU CBill-
yaThb MpPO YTBOPEHHS IIMPOKOI 30HM B3AEMO/III,
110 TMOB’SI3aHO 3i 3JATHICTIO MaTepiajiB B3aEMO/Ii-
STH MiX CO0O0l0, SIKa B CBOIO Yepry 3aJle>KUThb Bil
XiMiYHOI aKTMBHOCTI KOMIOHEHTIB, i Ky KiJbKic-
HO MOXHa OLIiHUTU 3a BUIbHOIO €HEPri€lo XiMiuHOI
peakiii. A SIKIII0 pearyiodi pe4oBMHU HepeOyBarOTh
He B YMCTOMY BUIJISIAL, @ B PO3UMHEHOMY CTaHi, TO
iX 3MaTHICTh B3aEMOIISITY UM XiMiUHA CITOPiIHEHICTh
JIOaTKOBO BM3HAUYAETHCSI 1X KOHLIEHTPALI€I0 B pPO3-
yyHi. Tak, po3UMHHICT, METaJliB i CILJIAaBiB y CILia-
BaxX 3MEHILYETHCS 3i 30LIbLIEHHSIM CTYIEHS JleroBa-
HOCTI OCTaHHiX.

OaHuM i3 HalBaxXaUBilIMX (haKTOPiB, 11O BU-
3HAYalOTh MPOLEC B3aEMO/Iii MiX CrlaBaMu Ha OC-
HOBI 3ajli3a 3 Pi3HUM yMICTOM JIETYIOUMX €JIeMEH-
TiB, € audysis. Ak Bimomo, mudysiiiHi mpouecu
BiIOYBalOTbCS TUM IIBU[IIIE, YAM CHUJIbHIIIE MTPHU-
pona ejeMeHTa, 10 IU(YHAYE, BiAPi3HSIETHCS Bif
NpUpoaAu po3urMHHMKA. Lle MOXHaA MOSICHUTU TUM,
10 CIIOTBOPEHHSI CUJIOBUX IIOJIB Yy KpHUCTajli IIO-
0JIM3y aToMa PO3YMHEHOro eJeMeHTa TUM CWJIbHi-
1e, YuM Oifblue Mpupoaa eJIeMEeHTa BiIpi3HSIETLCS
Bill Mpupoau po3unmHHUKA. BinOyBaeTbcsi BUPiBHIO-
BaHHS KOHIIEHTpaIlii Mixk Oinbin seroBannmM CPOC
1 3a/1i30M, y SIKOMY B ITOYaTKOBOMY CTaHi HEMa€ Jie-
TryBaJIbHUX €JIEMEHTIB.

Sk 3a3HadeHo BHUIIe, TiA 9ac B3aemomii COC
Ha OCHOBI 3aJli3a 3 3aJ1i30M i MOTro crjlaBaMu 3MiHIO-
€TbCSI MIKPOCTPYKTYypa 3 YTBOPEHHSIM MEPEXiJHOro
wrapy. CamoriociBHMIA CIUIaB Ha OCHOBI 3aJTi3a Ma€e

Tabauysa 1. XapakTepyCTUKKA BUXITHUX TTOPOIIKIB

€BTEKTUYHY CTPYKTYpY [14], sika cKiiagaeThcs nepe-
BaxKHO 3 ayCTEHITYy, JIEFTOBAHOIO HiKeJIeM, XPOMOM,
BYIJIEIIEM, KPEMHI€EM, i Kapbobopunis tuny MeB,,
AKi MoxHa inentudikysaru gk (Fe,Ni,Cr,Si),(B,C).

ITig yac B3aeMomii €eBTEeKTUYHI CTPYKTYpPHU pO3-
YUHSIIOThCSI 3 YTBOPEHHSIM CBITJIOL (hepuTHOL ha3u,
1110 € TBEPAMM PO3UYMHOM 3aJli3a i JIETYIOUMX eJIeMEH-
TiB i3 COC, — 1e y3romKyeThes 3 yaBIeHHIMuT 1.1,
KopHinosa, sikvii BU3HAUUB CIPUSITIMBY 30HY PO3-
YUHHOCTI y Mexax 15 % (tooto mpubdauzHo 0,38 E)
BiIXWJIEHDb Bim aTOMHOTro Iiamerpa o-3ajiiza. OTxe,
y (depuTi pO3UMHSIIOTHCS KPEeMHili, HiKeJb, XpOM,
110 MiATBEPIKYETHCS XiMIYHUM aHaJi30M Mepexim-
HOTO LIapy Ta pe3yJbTaTaMu MeTajlorpadiuyHux 1o-
CITIIKEHb MiKPOCTPYKTYP.

Jlerytoui eneMeHTH, PO3UMHSIIOUUCH Y (hepuUTi,
3MiHIOIOTh MOIro BJIACTUBOCTI: IiABUILYIOTH KOPO-
3iif{HY CTilKiCTb, TBEPIICTh, MEXY MIITHOCTI Ta TEKY-
YOCTi, TOOTO Oomip IUIaCTUYHIN gedopmMaliii, a TAKOXK
OIlip B’SI3KOMY pyiHYBaHHIO.

Buxonsuu 3 pe3yabTaTiB AOCTIIKEHHST MPOLIe-
ciB 3MouyBaHHS Ta B3aemomii po3miaBy COC i3 3a-
JIi30M Ta HOro crjaBaMyd MOXHa 3pOOUTH BUCHO-
BoK, mo COC MoxXHa 3aCTOCOBYBATH SIK IIKEPENIO
JIETYBaJIbHUX €JIEMEHTIB MPpU OTPUMAHHI MOPOIIKO-
BUX BMpPOOIB Ha OCHOBI 3aiiza. BomHouac pesyiib-
TaTu JOCIHIIKEHb MOKAa3yl0Th, 1110 ONTUMAaJbHI TEeX-
HOJIOTiYHI peXXruMu (TeMrepaTypa Ta 4ac CITiKaHHSI)
noBUHHiI OyTu B Mexxax 1200—1250 °C 3a i3oTepMiu-
Ho1 BUTpUMKHU MoHaz 40 xB. Y 11boMy pa3si BinOyBa-
€ThCs TIOBHe 3MouyBaHHS po3miaBom CDOC 3ariza
Ta cyrreBa Tudy3is JeryBabHUX ejdeMeHTiB i3 CDC
y 3a71i30. Yac BUTpUMKH MOXE 3MiHIOBAaTUCH 3aJI€XK-
HO BiJl BUIly Ta BMICTY JIETYBaJbHUX €JIEMEHTIB.

SIk moxaszaHo B pob6orax [15], [16], omHUM
i3 TMEepCIEeKTUBHUX MaTepiaiB JJisI OTPUMMaHHS T10-
POILIKOBMX MaTepialiB Ha OCHOBI 3aJj1i3a JJis1 BUpOOiB
creuiaJlbHOro MPU3HAYEHHS € CIJIaB 3aJli3a JieroBa-
HOTO HikejeM, MOJiOJeHOM, TOMY BUBYAJIUCh YMO-
BU OTpUMaHHS MOPOIUKOBMX MaTepiadiB i3 3aii3a,
JIETOBAHOTO HiKeJeM, XpOMOM, BYIJICLIEeM, MiIl0.
AKX BUXigHI MaTepiaayd BUKOPUCTOBYBAIN ITOPOIIKHA
KapOOHLUIBHOTO 3aJli3a, a K JKEPEao JIeTyBaJbHUX
eaeMeHTiB — nopomok COC. IxHi xapakrepucTUku
HaBeJIeHO B TaOJ. 1.

XimiuHuii ckian, Mac.% Cepenniii posuip
ITopomrox YaCTUHOK, MKM
Fe Si B Cr Cu P C Ni -
COC <5 2,2 2,9 8 <6 0,6 0,85 | 74,75 <50
3asizo 99,9 0,05 — — — — 0,05 — <15
Cmnas Fe + 5 % COC 95 0,11 | 0,145 0,4 0,3 0,03 | 0,042 | 3,723 -




MATEPIANNO3HABCTBO TA MALWWMHOBYYBAHHA 63

AK BUAHO 3 TaOaML, PO3MiIp YACTUHOK IIO-
poiiky COC 3HaYHO MEPEBUIIYE PO3MIP MOPOIIKY
3ajiza. OCTaHHE € HEJOJIKOM TaKuX Marepiais,
OCKIJIbKH i1 Yac 3MillyBaHHS MJIOLA KOHTAKTY MixX
HUMM MaJjia, TOX IIPOLIeCH FOMOIeHi3allil Marepiaay
Mi yac chikaHHS YIOBUILHIOIOThCS. 3 ypaXyBaHHSIM
IIbOTO BMBYABCS BILUIMB PO3Mipy YaCTMHOK BUXiTHUX
MOPOLIKIB Ha MPOLECH OTPMMaHHS MaTepiaiB i, SIK
HACJIJOK, MOro KiHIIeBi BJIACTUBOCTI. 30UTBIIEHHS
KOHTAKTHOI MOBEPXHi MiX YaCTMHKAMU MPOBOAWIN
B Tpoleci 3MilllyBaHHSI BUXiIHOI IIMXTU 3 OJHO-
YaCHUM 11 MOAPIOHEHHSM Y TIJIAaHETAPHOMY MUJIMHI.
3a nux oOCTaBMH mepemdavaiu, 110 MOApPiOHIOBA-
TCh Oyme Hacammepen nopoinok CDOC, akuit Mae
BUCOKY TBEPJIICTb i MEBHY KPUXKiCTh, 110 BilMOBI-
Jla€ BUMOTraM ToApiOHeHHs MaTepialliB y TiaHeTap-
HOMY MJIMHI. BUBYaBCS BILIMB yacy po3MelOBaHHS
Ha XapaKTepUCTUKU MOPOILIKOBUX CyMillleil i BUpO-
0iB i3 Hux. Yac posmemoBanHHsa ckiagas 0,5, 1, 2,
3 ta 4 xB. HocaimkeHo MOP(OJIOTiI0 OTPUMYBAHUX
nopouikiB. BcranosieHo (puc. 5), 110 3i 30iIblIEH-
HSIM 4Yacy pO3MeJIIOBaHHSI PO3Mip YaCTMHOK IMOPO-
LIKY 3aJli3a MPaKTUYHO HE 3MiHIOETHCS, a YACTUHOK
COC — 3MeHIIyeThCA i 3a yacy 4 XB CTa€ TIpak-
TUYHO CYMIpHUM i3 YaCTMHKaMM TOPOLIKY 3aJli3a
(puc. 5, 6). B orpumyBaHUX cyMilllax, OCOOJMBO
3a po3MeJTioBaHHS MPOTATroM 1 xB € yacTuHku CPC
i3 po3Mipom 10 50 MKM.

JocaimKeHo IMpouec VYIIUIBHEHHSI ITOPOIIKO-
BUX CyMilleld, OTpUMaHUX 3a Pi3HOro yacy 3Milny-
BaHHsSI—po3MeJiloBaHHs. [IpecyBaHHSI TpPOBENEHO
B LMJIIHApUYHUX Tpechopmax giamerpom 10 mMm

Wh=16.0mm

10.00kY  x500

3a TuckKy mnpecyBanHs 400, 500, 600 i 700 MIla.
BcranoBieHo, 110 3a BCiX THUCKIB IIpecyBaH-
HSl TIOPOLUKM BUXIIHUX CYMillleidi MalOThb HU3bKY
(GopMyBaHICTh, $SIKa 3MEHIIYETHCS [IJIs CyMillei
30 30UIbILIEHHSI Yacy pO3MEeIIOBaHHS—3MilllyBaH-
HsI, 0coOJMBO 3a yacy 3 Ta 4 xB. Takuit xapakrep
YIIIJIbHEHHST Y3TOJIXKYEThCS 3 CYYaCHUMM YSIBJIEH-
HSIMUA TIPO MPOLECU YIIUIbHEHHS ITOPOLIKOBUX
matepianiB. Bizomo, 1110 (opmMyBaHICTb MOPOILKiB
3a iHIIMX PiBHUX YMOB 3aJIEXKUTb BiJl SKOCTi KOH-
TakTiB MiX YaCTHUHKaAMM MOPOIIKIiB, MiAMOPSIaKO-
BaHil IUIOLII KOHTAKTiB, MpoLieCaM CXOILIIOBAHHS,
3BapioBaHHs Ta iH. [11]. HalimoBHilie wi npouecu
MOMITHI Mil Yyac yUliIbHEHHS IUIACTUYHUX Marepi-
ajliB. 3a HasIBHOCTI TBEpAMX i KPUXKUX MaTepiaiiB
Iiollla KOHTaKTy MiX YacTMUHKaMu TMOTipuyBaTH-
METbhCS (3MEHIIYyBaTUMEThCS), 00 B LIbOMY pa3i He-
Ma€ TJIaCTUYHOI JedopMallii Ta BiIOYyBa€ETHCS JIUIIE
TOUKOBMIA KOHTAKT. ¥ HalIOMY BUMAAKY 3HMXKEHHS
(opMYyBaHOCTI MPECOBOK i3 MOPOILIKOBUX CYMIllICH,
OTPUMAaHMX 3a Yacy po3MeTioBaHHS 3—4 XB, MOXHa
MOSICHUTU 301JIbILIEHHSIM TTUTOMOI MOBEPXHi MOPO-
mwkiB COC yepe3 3MEHIIEHHS iX PO3Mipy 3 IiIBU-
LIEHHSIM 4Yacy po3MesiioBaHHs. (puc. 6). 30L1bleH-
HS TIUTOMOI TToBepxHi mopoikiB CPC 3amobirae
YTBOPEHHIO SIKICHOTO KOHTAaKTy MiX 4YaCTMHKaMU
HOPOLIKY 3ajli3a Ta, SIK HaCJiIoK, 3MEHIIyE (hop-
MYyBaHicTb. TOX I/ TIpecyBaHHS MOPOIIKOBUX CY-
mimreit 3amizo—CPC mrsg minBuileHHST iX GopMy-
BaHOCTI HEOOXiAHO BUKOPUCTOBYBATU 3B’SI3KM, SIKi
HiABUIIYIOTh MILIHICTh KOHTAKTiB Mi3K YaCTUHKAMMU.

20.00kY  x500

Puc. 5. Mopdoutorist yactuHOK mopouikoux cyMitieid Fe—C®C micis po3mentoBaHHSI—3MilllyBaHHSI TIPOTSITOM Pi3HOTO 4acy;
a—..XB, 0—4xsB
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HasiBHi 3B’43KM 3 TOIJISIAY iX TEXHOJIOTIYHOCTI
Ta MOXJIMBOTO BHECEHHS JOMIIIIOK Y MaTepiajl mpoa-
Haji30BaHO B crartax [6], [7]. Hamu sik 3B’s13Ky BU-
KOPUCTAaHO 2-BiICOTKOBHUIA PO3YMH MOJIiBiHIJIOBOTO
CIIUPTY Y BOJi, SIKUI YBOAWIM B CyMilll BUXiTHUX I1O-
POLLKIB y KiJibKOCTi 1 06.%. BuBYeHHSI ITpoLiecy mpe-
CYBaHHSI TaKMX CyMillieii (puc. 6) 1mokasajo, 110 BOH!
MaloTh 3a10BiJIbHY (opmyBaHicTh. IIlinbHicTh mpe-
COBOK 3aJIeXXUTb BiJl TUCKY IPECYBaHHS Ta Yacy
PO3MeEJIIOBAaHHSI—3MilllyBaHHSI BMXiIHUMX MaTepiaiB.
OTpuMaHi pe3ylbTaTH y3TOMKYIOThCS 3 CyYaCHUMU
VSIBJIEHHSIMU TIPO BIUIMB TUCKY, CKJIaay Ta BIacTU-
BOCTEl BUXIJIHMX MOPOLIKOBUX CyMillieil. Onrumaiib-
HUM THUCKOM TIpecyBaHHs ciIin BBaxkat 600 MITa.

Cnig 3ayBaxkuTH, IO LIUIBHICTH HPECOBOK,
OTPUMAaHMX 3a ONTUMAJIBbHOIO TUCKY, NEIIO 3MEH-
LLIYETHCS 31 30iIbLIEHHSIM Yacy PO3MEIIOBaHHS (pUC.
6, 7). OctaHHE MOXHA MOSICHUTU THUM, IO B LIbOMY
pa3i BimOyBa€eTbCs HarapTyBaHHSI MaTepially Ta BOJI-
HOYAC 3MEHILEHHS CTYIIEHS IJIAaCTUYHOI aedopma-
Iii, sIKa MepeBakKHO JIEKUTb B OCHOBI YIIUIbHEH-
HS1 IOCJIiIXKYyBaHOTO Matepiaiy. I[HIIOW MPUYUHONO
3MEHILIEHHS CTYNEeHS YIIIJIbHEHHS MOXe OyTu 0J10-
KyBaHHSI TJIaCTUYHOI JaedopMallii B 30Hi KOHTaKTy
MiX YacTUHKaMu 3ajli3a JTUCIEePCHUMU YacTUHKa-
mu TBepmoro CDC, KilbKicTh SKUX 30iTBIIYETHCS
31 30UIBIIEHHSIM Yacy pO3MEIOBaHHS.
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Yac posMenioBaHHA, XB.

Puc. 6. 3aexHicTh BiTHOCHOI LIUTBHOCTI Bill Yacy po3MeITIOBaHHSI:
[— micnst mpecyBaHHsT; 2 — Micisl CIIiKaHHS

BuBuanach TakoxX CTpyKTypa Ta HAesKi Bia-
CTUBOCTI MarepiajliB, OTPUMaHUX 3 BUXiIHUX
LIMXT, OJEpPXKaHUX 3a PiI3HUX YMOB. 3pa3Ku Iipe-
CyBaJM 32 BCTAHOBJIEHUM Yy POOOTI ONTUMAaJIbHUM
TUCKOM, a TOTiM CHiKaJu B Iedi 3a TemIlepaTtypu
1250 °C i3 ButpuMKow 80 XB 3a/Isl MiABUILICHHS
LIJIBHOCTI Ta (hOpMyBaHHSI 3aJaHUX BJIACTUBOCTEIA.
UlIBunkicts HarpiBaHHsi craHoBuna 5 °C/xB. Taki
YMOBH, SIK OyJ0 3a3Haue€HO BHILE, HaWMOBHille
CMPUSIOTh OTPUMAHHIO 1IUILHUX BUPOOIB i MPOXOI-

JKEHHIO TIPOLIECiB CIIJIABOYTBOPEHHS Ta TOMOIreHi3a-
Iii MaTepiajiB Ha OCHOBI 3ajli3a 3 BUKOPUCTAaHHSIM
C®DC gk gxepena JeryBaJIbHUX €JIEMEHTIB. 3pa3Ku,
CHeYeHi 3a TaKMX YMOB, MaIOTh LIUIbHICTb, SIKa 3Mi-
HIOETBCS 3aJIeXKHO Bifl 4acy po3MeTIOBaHHSI—3Millly-
BaHHS BUXiIHUX MOPOIIKiB y Mexax 5—10 %. Crno-
cTepirajach eKCTpeMajbHa 3aJeXXHiCTh IIiJTbHOCTI
MaTepiany micis ChikaHHS Bifl yacy po3MestoBaHHS
BUXiTHOI IIMXTH (puc. 6, 2).

XapakTep L€l 3a7eKHOCTI MOXHA MOSCHUTHU
TakKMM 4YMHOM. BiZHOCHO HM3bKa WIiJIBHICTb MaTe-
piajly, BUTOTOBJIEHOTO 3 IIMXTH, OTPUMAHOI 3Millly-
BaHHSM—pO3MeJoBaHHIM TpoTsaroM 0,5 xB, Moxe
OyTH 3yMOBJICHA THM, IO B TaKiil IMMXTi € YaCTUH-
Kk COC BiTHOCHO BEJIMKOTO PO3Mipy (IuB. puc. 5),
1y BUITQJKY IX IUIABJICHHS Yyepe3 JOCKOHAy 3MOYY-
BaHICTb, SIK TOKa3aHO B po0OoTi [13], yTBOpIOIOTHCS
3aKpUTI MOPHU, 1O CIPUYMHIOIOTH YIOBUILHEHHS
Ipolecy cIiKaHHS. 3i 30UIbLIeHHS 4Yacy po3Me-
JIIOBaHHSI CTYMiHb MOApiOHeHHS 4YacTUHOK CPC
301IBIIYETHCS, a BipOTiAHICTh YTBOPEHHS 3aKPUTHUX
MOp 3MEHIIYEThCS, 1110 W CIpUSIE YTBOPEHHIO Ma-
Tepialy 3 MPaKTUYHO CTOBiICOTKOBOIO IIUIbHICTIO,
OTPUMAHOTO 3 IIMXTU PO3METIOBAHHSIM MPOTITOM
2—3 xB. 3MEHIIEHHS 1IIJIbHOCTI MaTepialiB 3 LLIMX-
TH, OTPUMAHOI PO3METIOBAHHIM—3MilllyBaHHSIM
3a yacy nmoHaj 3 XB, MOXe OyTH 3yMOBJIEHA JI€SIKUM
OKMCHEHHSIM YaCTMHOK MOPOLIKiB 3aiiza. Y Lbo-
My BUITaIKy 3a CITiKaHHSI BiIOYyBa€TbCSI B3a€EMOJIis
KpeMHilo i Oopy, 110 BXomsaTh no ckiagxy COC,
i3 YTBOPEHHSIM HEPO3YMHHOIO OOPOCUIIKATHOIO
LUIaKy [2], SKuii po3MillyeTbCSI HA MEXKi YaCTUHOK
3ajliza i B TakMii crmocid OJIOKye IpOLIECHM Maco-
MepeHeCceHHsI, sIKi JeXaTb B OCHOBIi crikaHHs [7].
VYHacaigoK 1boro LIUIbHICTh MaTepialy, CIIEUeHOro
3a IHIIMX PIBHUX YMOB, 3MEHIIYETHCSI.

Buxinaneni MipKyBaHHSI y3rOJKYIOTbCS 3 pe-
3yJIbTaTaM¥ BUBUYEHHSI MiKPOCTPYKTYPU OTPUMaHMX
matepiamiB (puc. 7).

JocnimKeHHsT CTPYKTYpU MaTepiajiB ITicis
CITiKaHHSI TOKa3ajo, 1110 MaTepiaJ Ma€ B OCHOBHO-
MY TI0JIi 30py MPAKTUYHO CTOBiIICOTKOBY ILUUJIbHICTb.
IMopsn i3 umM 3ycTpivaloTbes (a3oBi BKIIIOYECHHS
(mopu, CD®C) (puc. 7, a), NPUUNHOIO SIKUX, SK
OyJ10 3a3HA4Y€HO BUIIE, € HASBHICTb B ILIMXTI Yac-
TMHOK C®C BiIHOCHO BEJIUKOTro po3Mmipy. 3i 30iJ1b-
LLIEHHSIM Yacy 3MilllyBaHHS—PO3MEJIIOBAaHHS PO3Mip
yacTHHOK C®OC 3MeHIIYETHCS, TOX 3MEHIITYETHCS
i BMIiCT J01aTKOBUX (Pa30BUX BKIJIIOYEHb, KiJIbKICTb
SKUX Y CTPYKTYpi Marepianqy TaKoX 3MEHLIYETbCS
(puc. 7, 6, 6), a 3a 4acy pO3MeJIIOBaHHSA 3 XB iX
MNpakTUYHO Hemae (puc. 7, e). Marepianu 3 Takowo
CTPYKTYPOIO MalOTh MaKCUMAJIbHY LIUIBHICTD MiCJIsI
CITiKaHHSI.
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Puc. 7. MikpocTpyKTypa Crie4eHOro MaTtepiaay 3 BUKOPUCTAHHSIM IIWXTU, OTPUMAHOI 3MilllyBaHHSIM—PO3METIOBAHHIM TOPOIIKiB
3aytiza Ta COC mpotsirom pizHoro yacy (xB): a — 0,5, 6 — 1; 6 —2; e —3;0— 4

V cTpykTypi MmaTepiajiB, OTpUMMaHMUX i3 ILIMX-
TH 3MilllyBaHHSIM—PO3MEJIIOBaHHSM TPOTSITOM 4 XB
TeX 3’SIBISIEThCST (DA30BUI CKJIAAHUK HA MEXi 3epeH
3ajiza (puc. 8, d). BiH Moxe OyTH ineHTU(]iKOBaHUI
SIK OOPOCHMJIIKATHUI TUTAK, KWl BUHWKAE 3a TIPH-
YWH, BUKJIageHnX Buile. HasiBHICTH 1ioro Ha Mexi
(a3zoBUX CKIAOOBUX TaKOX MOXE CIPUYMHSITH
BITOBiJIbHEHHSI CILJIAaBOYTBOPEHHSI (TOMOTeHi3allii).

BuBueHHST CTpYKTYypu OTpUMMaHUX MartepiaiiB
CBimuuTh, 1110 3a cnikanHs CPC B3aeMoie i3 3ai-
30M, 1[0 Y3TOKYETHCS 3 BUILEHABSICHUMU OTpUMa-
HUMM B POOOTi pe3yabTaTaMu. BigOyBaeThcs it nepe-

WID=158mm

20.00kV x393

a)

BaxkHa audy3is ckmagaukie COC y 3amizo (puc. 8).
3a JOCHiaKyBaHUX YMOB CITiKaHHSI PO3IMOMAiI eJe-
MEHTIB y KiHIIEBOMY MatepiaJi Jello HepiBHOMipHUI
i 3AJIEXKUTh BiJl TPAHYJIOMETPUYHOIO CKJIaay BUXiAHOI
LIMXTH, SIKUI 3a1eXUTh (IUB. pUC. 8) Bil BUXiTHUX
maTepianiB i yMOB 3MilllyBaHHSI—PO3METIOBAHHSI.
HagBHicTh JieryBaJlbHUX €JIEMEHTIB B OTPUMaHOMY
maTepiani miaATBepAXKYEThCS pe3ybTaTaMu SIKiCHOTO
aHaJIi3y po3Mojiay eJleMeHTiB (puc. 9), aKuii 10BO-
JIIUTh HASIBHICTb Y HbOMY 3aJaHUX €JIEMEHTIB i piB-
HOMIpHICTb iX PO3MOIiay Y CILUIABI.
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8) 2)

Puc. 8. Po3noain enemeHTiB y cTpyktypi Marepiany Fe—C®DC, oTpuMaHOro 3 BUKOPUCTAHHSAM IUIMXTH,
OZIep>KaHO1 3a Pi3HOro 4yacy 3MilllyBaHHSI—PO3MeJI0OBaHHSI.
a) Yac 3mimysanus 0,5 xB; 1 — Fe — 69,63; Ni — 26,73; Cr — 2,3; Si — 1,34; 2 — Fe — 97,73;
Ni — 1,76; Cr — 0,32; Si — 0,19; 3 — Fe — 76,57; Ni — 17,48; Cr — 1,18; Si — 0,19.
0) Yac 3mimryBanas — 1 xB. 4 — Fe — 75.61; Ni — 21.36; Cr — 2,3; Si — 1.11;
5— Fe —98.47; Ni — 0.95; Cr — 0.34; Si — 0.24; 6 — Fe — 95,51; Ni — 3,62; Cr — 0,44; Si — 0,44
6) Yac smimyBanus — 3,0 xB. 1/ — Fe — 91,91; Ni — 6,02; Cr — 1,41; Si — 0,67,
12 — Fe — 95,74; Ni — 3,01; Cr — 0,70; Si — 0,55; 13 — Fe — 96,93; Ni — 1,40; Cr — 1,47; Si — 0,20
2) Yac 3mimyBanHs — 4,0 xB. 9 — Fe — 89,89; Ni — 9,10; Cr — 0,54; Si — 0,47;
10 — Fe — 96,45; Ni — 3,02; Cr — 0,11; Si — 0,42.

st 3’sicyBaHHSI BIUIMBY CTYIIEHSI JIeTyBaHHSI ~MaHHS. 3aJIeXKHICTb TBEPAOCTI Bil yMOB OTPUMAaHHSI

Ha BJIACTMBOCTI Marepiajly BUB3Hauajach TBEPAICTb BHUXIiIHOI IIMXTU HaBeaeHa Ha puc. 10.
3pasKiB Mic/s CMiKaHHS 3aJ€XHO BiJl yMOB 1X OTpU-

Puc. 9. Posnonin enementiB y matepiani Fe—C®C: [ — Fe; 2— Ni; 3—Cr; 4—Si; 5—Cu; 6—-C; 7— B
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Uac po3Meny, XB,

Puc. 10. 3anexHicTe TBepAOCTi MaTepiaay Bim 4yacy po3Melio-
BaHHsS—3MilllyBaHHS BuxigHoi cymimi AH9—Fe min
yac Moro oTpMMaHHs

Ax BugHO 3 puc. 10, Ha TBepmicTh Marepianay
BIUIMBAIOTh YMOBU OTPUMAHHSI BUXITHOI IIUXTU 3Mi-
LIyBaHHSIM—po3MeJitoBaHHSIM. OTpUMaHi 3HaYeHHS
TBEPAOCTI OUIbLII, HiXX Y YMCTOTO 3ajli3a, 110 CBijl-
YUTh TPO MPOXOMKEHHS MPOLIECIB JIeryBaHHsS il
yac crikaHHs. [1pu uboMy Mae Miclie eKcTpeMalib-
Ha 3aJIeXXHICTh TBEPAOCTI KiHLEBUX MaTepiajiB Bil
yacy NMpUTOTYBaHHS IIMXTU. 30UTbIIEHHS Yacy Bil
0,5 mo 3 xB crnpusi€ MiABUILEHHIO TBEPAOCTi, i Ha-
Jajai BOHA JelI0 3MeHIIyeTbes. Takuil xapakrep
3aJIeXKHOCTI MOXHa TOSCHUTU, BMXOASYM 3 TOTO,
1110 TBEPIICTh 3aJIEXKUTh BiJ XiMiuHOTO Ta (Da30BOTO
CKJaay, CTPYKTypM Matepiajy, Moro roMoreHHoOCTi
Ta iH. [12]. AKI1I0 IPUITYCTUTH, 11O XiMIYHUIA CKIa
MaTepiany 3pas3KiB, OTpUMAaHMX i3 Ppi3HOI IIMXTH,
OJIHAKOBUIA, TO 3aJleXHICTb TBEPAOCTI BiI uvacy
MNPUTOTYBaHHSI BUXiAHOI IIMXTU CHIil MOB’SI3yBaTU
3i CTyIeHeM JieTyBaHHSI Ta TOMOTE€HHICTIO OTpuUMa-
HUX MaTtepiajiB, 5Ki, SIK OyJ0 BCTAaHOBJIEHO BHIILIE,
30IBIIYIOTECS 31 30UIBIIEHHSIM Yacy pO3METIo-
BaHHSI—3MIlllyBaHHsI MiJ 4ac OTPMMaHHS BUXiIHOI
wmxTu. Jesgke 3MeHIIeHHST TBEPOOCTi 31 30iIbILIeH-
HSIM 4Yacy OTPUMMAaHHS BUXiIHOI IIMXTH, OUIbIIOMY
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3a 3 XB, CJil MOB’A3yBaTU 3 IOSIBOIO y CTPYKTYpi
maTepiasy Ha mMexax 3epeH OOpOCUJIIKAaTHOTrO Iiljia-
Ky 3a BUIIEBKa3aHUX Ipu4uH. BiH 3 omHOro OoOKy
€ TBEPAUM, ajie JyKe KPUXKUM MaTepiajioM, a 3 iH-
1IOTO — MOTIPIIYE MILIHICTh 3B’S13Ky MiX (pa30BUMU
CKJIaJHUKAMM Ta CTYMiHb B3aEMOJil MiXX HUMU. Yci
Li IIpoLecu MPU3BOASITh A0 3MEHILIEHHS TBEPAOCTI.

BucHoBku

BuBueHo rmpouecu CIIaBOYTBOPEHHSI Mil vac
OTPUMaHHS MOPOLIKOBOTO Marepiaay Ha OCHOBI 3a-
Jli3a 3 yMIiCTOM JIeryBaJbHUX €JIEMEHTIB HiKeJllo, Xpo-
My, MiJli, CWJIiLlit0, BYIJIELl0, OOpYy Ta iHIIKX Y MexXKax
0,5—5 mac.% i3 BUKOPHMCTAHHSIM SIK JKepesia Jiery-
BasibHUX eyieMeHTiB CDC, gKi € BUCOKOJIETOBAHUMU
CIUlaBaMy Ta BMIillLylOTb yci 1 eneMeHTH. IToka3za-
HO, 1110 TTePCIIEKTUBHUM METOIOM OTPUMAHHS TaKUX
MartepiajliB € roTyBaHHSI BUXiTHOI ILIMXTU 3 BUXiTHUX
nopoikiB 3amiza Ta COC, ii mpecyBaHHS Ta CITiKaH-
H$1 32 HasIBHOCTI pinkoi da3u. JlocaimkeHo npolecu
3MouyBaHHs po3iiaBamu CPC 3amiza Ta B3aEMO-
Hii MiXXK HAUMU. BCTaHOBJEHO ONTHUMAaJIbHI PEXUMU
crnikaHHs: Temneparypa mmoHazn 1200 °C 3a yacy i3o-
TePMiUyHOI BUTPUMKU Oifibll HixXK 80 XB, sIKi MOBUHHI
3a0e3revyBaTu MPaKTUYHO CTOBIICOTKOBY LIiIbHICTb
marepiaiy Ta iOro roMOreHHICTb.

BcranosiieHo, 110 Mmix yac crnikaHHS BijgOyBa-
€TbCS JIETYBaHHS 3ajli3a ejJeMeHTaMU, sIKi BXOJSTh
no ckmamy COC, 3aBOgKM YHIMOJSIpHIiK mudys3ii.
TTokazaHo, 110 Ha TOMOTEHHICTh KiHIIEBOIO Mare-
piajly BILTMBAE SIKiCTb 3MilllyBaHHSI—PO3MEIOBaHHSI.
3MEHIIIEHHS pO3Mipy YaCTMHOK ITOPOLLKIiB BUXITHUX
MartepiaiB CIpUsi€ OTPUMMAHHIO OiIbLIOrO CTYMHS
JIeryBaHHsI, TOMOT€HHOCTI Marepiaay Ta MiIBUILEH-
HIO OT0 MeXaHIYHUX XapaKTEPUCTUK.

YV nopanbiioMy 0axaHO BCTAaHOBUTU OITU-
MaJIbHi PEeXMMIB CIiKaHHSI JJIsi OTPUMaHHS OilblI
TOMOT€HHUX CIJIaBiB.
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D.O. Remizov, A.M. Stepanchuk, T.O. Soloviova, P.l. Loboda, S.V. Zavadiuk

THE USE OF SELF-FLUXING ALLOYS AS A SOURCE OF ALLOYING ELEMENTS IN PRODUCING POWDER PRODUCTS
OF CONSTRUCTION PURPOSE FROM LOW-ALLOYED IRON

Background. One of the problems in the production of powder structural materials based on iron alloyed with a small amount of
alloying elements (0.5 - 5.0 wt.%) is obtaining a homogeneous alloy in the final material. The distribution uniformity of the alloying elements
largely determines the final properties of the material. The use of a mixture of powders constituting the alloy to obtain such alloys, in many
cases, does not solve the problem of obtaining homogeneous alloys. Promising in this respect is the use of alloy powders containing
alloying elements as sources of alloying elements.

Objective. The purpose of the paper is to study the formation regularities of the material’s structure and properties based on iron
alloys obtained using self-fluxing alloys (SFA) as a source of alloying elements.

Methods. To solve the problem posed in the work, the methods of mixing-grinding in planetary mills, the study of the processes of
wetting with SFA iron melts and the interaction between them by the method of a lying drop, scanning microscopy for studying the structure
of materials and the distribution of elements in them, measuring mechanical properties (hardness) were used.

Results. The principles of determining the optimal conditions for obtaining materials - grinding-mixing time (4 min.), compacting
pressure of the original workpieces (600 MPa), sintering temperature (1200 °C), sintering time (more than 80 min.) were established.
Their use contributes to the production of products with almost one hundred percent material density and a high degree of homogeneity.

Conclusions. As a result of the work carried out, it was found that the use of SFA as alloying elements sources and the preparation
of the initial mixture by grinding-mixing methods in a planetary mill promotes the production of materials with a high degree of homogeneity
due to the intensification of homogenization and sintering processes and, as a consequence, an increase in their mechanical characteristics.

Keywords: iron, alloying elements, grinding, pressing, sintering, material structure, hardness.
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TEPMOJIVHAMIYHUM AHAJI3 TEPMIYHOI OITPICHIOBAJIbHOI YCTAHOBKH
3 IUKJIIOM 3BOJIOZKEHHA-OCYHIEHHA ITOBITPA

IIpo6aemaruka. ChOronHi OINpiCHEHHSI MOPCHKOI BOAM 3abe3reuye BUAOOYTOK CBITOBOI MPiCHOI BOAMU Y KiJILKOCTI
24,5 maH. M3 Ha n00y. OZHUM i3 TIEPCIEKTUBHUX CIIOCOOIB OMPICHEHHS € TepMidyHA TEXHOJIOTISI 3BOJIOXKEHHSI—OCY-
1IeHHs1 noBiTps. Hes3Baxkaiouum Ha CyTTEBI mepeBard i€l TeXHOJIOril, KJIIOUOBUMMM IpoOJIeMaMU 1i BUKOPUCTAHHS €
BUCOKi €HEepreTU4yHi MoTpeou.

MeTta npociaimkenns. BuzHauuTy onTUMaibHi TEPMOAMHAMIUHI MapaMeTpu poOOYMX Tif (ITOBITPs i BOAM) B KOHCTPYK-
TUBHUX €JIEeMEHTaX OMPiCHIOBAIbHOI YCTAHOBKU 3 LIMKJIOM 3BOJIOXKEHHSI—OCYILIEHHS MOBITPs 17151 OTPMMAaHHSI MaKCH-
MaJIbHOI MPOAYKTUBHOCTI 3a MiHiMaJIbHOTO MiABEACHHS TEIUIOTH.

Metoauka peanizamii. MaremMaTryHe MOMEIIOBAHHSI LIMKJIY 3BOJIOXEHHSI—OCYIIEHHS ITOBITPS 3a Pi3HUX PEXUMHUX
napameTpiB Ha OCHOBi CTBOPEHOI TEPMOAMHAMIYHOI MOJEJi 3 MACOBMMM Ta €HEPreTMYHMMM OaJlaHCAMU KOXHOTO
€JIEMEHTY OINpPiCHIOBAJIbHOI YCTAHOBKH.

PesyabTaTu aociaimkenns. BcraHoBieHo, 110 eHepreTuuHa eeKTuBHICTh (gain out put ratio, GOR) yctaHOBKU 30iJ1b-
LIYETHCS 3i 30UIBLIEHHSIM TEMIIEpaTypy COJIOHOI BOIM Ha BMXOMi 3 ocyliryBaua. MakcuMaibHi 3HaueHHsT GOR Ta koe-
¢iuieHTa BimHOBIEHHST Boau (recovery ratio, RR) crmocrepiraioTbest 32 MaKCMMAaJIBHOTO Tepernaay TeMrepaTyp (Makcu-
MaJIbHOTO HarpiBaHHSI) COJIOHOI BOIM B ocyiiryBaui. [TokazaHo, 1110 3i 30iIbIIEHHSIM TEMIIEPaTypu COJIOHOT BOJIM Ha BXO[i
1o 3BosioxkyBaya GOR ta RR Takox 306inbiuytorbest. 3’sicoBaHo, 1o GOR He 3ai1exuTh Bil TeMrepaTrypyu Ta BOJOTOCTi
TOBITPSI HA BXO[Ii 1O 3BOJIOXKYBaya.

BucnoBkn. MakcumanbHi 3HaueHHs1 GOR ta RR 1 1ukiy 3 n1onaTKoBUM MilirpiBaHHSIM BOJAW CTaHOBISTH 3,75
ta 6% BignoBimHO. /s OTpUMaHHS TaKWX 3HAYeHb TeMIIepaTypa COJIOHOI BOAM Ha BXOMi B YCTAaHOBKY (OCyILIyBay)
mae nopiBHioBatu 10 °C, a TemmepaTypa COJOHOI BOAM Ha BXxoji 10 3BosioxxyBadya — 70 °C 3a Oyab-sIKUX TeMIlepaTyp
Ta BOJIOTOCTi TMOBITpsi. 3aCTOCYBaHHSI BiHOBJIIOBAJIbLHOI €HEPril JJIsl TiAirpiBaHHSI COJIOHOI BOAM Y HArpiBHUKY J1acThb
3Mory 3HayHo migsuinuTu GOR.

KmiouoBi cioBa: eHepreTiyHa e(PeKTUBHICTb, 3BOJIOKEHHSI-OCYILIEHHSI TTOBITps, MaTeMaTUYHa MOJEJIb, TePMiuyHE OIl-
pIiCHEHHSI, TEpPMOAMHAMIUHUI aHaIi3.

Beryn

[TonuT Ha YKUCTy MUTHY BOAY 3pPOCTa€E SK
B YKpaiHi, TaK i B yCbOMY CBiTi 4epe3 30iIbLICHHS
YHCEJbHOCTI HaceJeHHsI, ypbaHi3allito, iHIycTpialli-
3allil0, CUTbCHKOIOCIIOAAPCHKY MiSUTbHICTD i COLlialIb-
HO-€KOHOMiYHMI1 PO3BUTOK.

CrnoxXuBaHHSI TIPiCHOI BOAM 3pOCJIO B 1IiCTh pa-
3iB Mixk 1900 i 1995 pokamu, 1110 OUTBLI HiXX YIBiYi TTO-
PIBHSIHO 3i 3pOCTaHHSIM HaceJieHHs1. HuHi i3 G1mM3bKo
6,8 MJIpI. HACeJIeHHs CBiTY IPUOJIM3HO OJHA TPEeTHHA

MPOXUBAE y KpaiHaX, 110 MalOTh IPOOJIEeMHU 3 TIpic-
Hoto Bogoto [1]. ¥V 2050 poui s uudppa Moxke 3po-
ctv 10 5,7 mupa. [2]. Huni 3,5 MH. Toaeit opiyHo
TUHYTb Y pe3yJbTaTi HeHAJIEXKHOIo BOAOMOCTaYaHHS
Ta KaHaji3allil, 110 MOCWJIIOE POJIb BOIU SIK BaXKJIN-
BOro rjao0aiabHOro pecypcey [3]. 3 orsiay Ha 1e Mo-
Tpebda B IIPICHINM BOMAiI CTOITh Ha OJHOMY 3 II€PIIMX
MiCllb Y MiXKHApOIHOMY MOPSIAKY JEHHOMY KPUTUY-
HUX TIpo0JieM (TTOpsia, 3i 3MiHOIO KIiMaTy).
[IpnGnM3HO MOJIOBMHA €BPOIEHCHKUX KpaiH
YK€ 3apa3 CTUKAEThCS 3 HECTayelo BOMM, 1110 BUMarae
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KOMIJIEKCHUX YIPaBAiHCbKUX 3YCWJIb, 1100 30a-
JIAHCYBaTU TONMUT i mpono3uiito. Benuki tepuropii
y CnonydeHux IllTatax BUKOPUCTOBYIOThH OiJjbliie
BOJIM, HiXX MOXHa IMOMOBHUTU TPUPOJHUM IILISI-
xoM. B IHnii € paiioHu, sIKi CTUKAOTbCS 3 MOCTIil-
HUM AediluToM BOAM, i BeJIMKa KUJIbKICTh CiJI Ma€
npobseMu i3 3acoseHHIM Boau. B I3paini 3a0ip
BOJIM TAKOX MEPEBUIILYE TEOPETUYHY KiJIbKIiCTh, HE-
3BaXKalouM Ha 0arato BMHaWIEHUX TEXHOJOTiil 30e-
pexenHs Bogu. Curyallis Takox cepiio3Ha B Kurai,
ae v 550 i3 600 HaibibIIMX MICT KpaiHU HE BH-
cTavya€e BOAU. 3POCTAIOUMIA TMOIMMUT HAa BOAY MOTEH-
LIiAHO MOXe MPU3BECTU 10 3HMKEHHS JOCTYMHOCTI
JUUISI TTOOYTOBOTO, CiJIbCHKOTOCMOIaPChKOTO Ta MPo-
MUCJIOBOTO BUKOpUCTaHHS. KpiM TOro, KmMTamncbKi
piUKM HACTUIBKM 3a0pydHEHI BaXXKHMMU MeTaJlaMMu,
110 1X He MOHA BMKOPWCTOBYBATU JUISI 3POIIEHHS.
Lle HeMKUHYyYe MPU3BOAUTH IO BTPAT BUPOOHUIITBA,
SIK TTPOMUCJIOBOTO, TaK i CiJIbCbKOTOCMOAAPCHhKOTO.
€rumner TakoX 3MYILIEHUN iIMIOPTYBaTU OuIbliie Bil
MOJIOBUHU MPOIOBOJILCTBA, OCKIJIbKM Y HBOTO HE BU-
CTaya€e BOAM [UISI BUPOIILYBAHHS BCEPEAMHi KpaiHU.
VYkpaiHa Bxe 3a JIeKiibKa IeCSITKiB POKiB MOXe 3iTK-
HyTHCS 3 IediluToM IKicHOI MuTHOI Boau [4]. Mexa-
Hi3M, 110 IPU3BOAUTH OO0 Ae(illUTy BOOU Y KpaiHax,
110 PO3BMBAIOTBCS, YaCTO AyXXe CKIamIHMM, IilOTh
B3a€EMOIOB’SI3aHi YMHHUKH, TaKi SIK CTPIMKUIA TpU-
picT HaceyieHHsI, Opak iH(PacCTpPyKTypu Ta oOMexXe-
HIiCTbh MPUPOAHUX BOIHUX pecypciB [1].

Jpyrowo BaxKJIMBOI Cy4acCHOIO IIPOOJIEMOIO €
BUSIBJICHHSI Ta BUAAJICHHSI HOBUX XiMIYHMX 3a0pyn-
HIOBaYiB, TaKuX $SIK TigApodiJibHi OpraHiyHi crojy-
KU, MOOIYHI MPOAYKTH JAe3iH(eK1lil, (hapMalleBTUUHi
CHOJIYKH, a TaKOX OaraTo pi3HUX iOHIB, IO IOXO-
JISITh 3 €JEKTPOHHMX BUPOOIB, SIKi YaCTO MOTpAILIs-
I0Th Ha 3BaJIMILIA, 3a0PYIHIOIOUM TAKUM YMHOM 3EM-
JIIO 1 BOmY.

V pesynbTaTi Takoi CUTYallil MOBTOPHE BUKOPU-
CTaHHSI Ta OMPICHEHHST BOAY CTAJIM KJIIOUOBUMU YMH-
HUKaMU JJIS TATPUMKM CTajJ0ro po3BUTKY. Jlokazom
1IbOTO € CTaOlLIbHE 3POCTAHHSI BCTAHOBJIEHOI MOTYX-
HOCTi ONpICHIOBAJIbHUX YCTAHOBOK y BCHOMY CBIiTi.
3abe3neueHHsl CTajJoro po3BUTKY CBITOBOIO BOAOIO-
CTauaHHS BMMAara€ ChbOTOIHI pO3pOOJIEHHS Ta BIPO-
BaDKEHHST TIEPEIOBUX Ta €KOJIOTIYHO TPUHHSITHUX
MpPOILIECiB, SIKi O Jaayd 3MOry 30€perTd BOoy Ta 3MEH-
WMTH ii cnoxuBaHHs. OIDHUM i3 TaKMX IIPOLIECIB €
OIPICHEHHsI BOJAW 3a JOMOMOTIOI 3BOJIOXKEHHSI-OCY-
weHHst noBitps (humidification dehumidification,
HDH).

s ornpicHEHHS BOAU BUKOPHUCTOBYIOTH TEpP-
MiuHi abo mMeMOpaHHi TexHoJorii [5]. MemOpaHHi
TEXHOJIOTii HUHI JOMiHYIOTb Ha PUHKY OINpPICHEHHSI.
JIeB’sSTHOCTO BiICOTKIB KOHTPAaKTiB Ha OyIiBHUII-

TBO OINPICHIOBAJIbHUX YCTAHOBOK, YKJIaJACHUX i3
2010 poky, BUKOPUCTOBYIOTb MeMOpaHu. MeMO-
paHHI TeXHOJIOTIi HaOy/IM TaKOIo ITOIIMPEHHS Yepe3
CBOI He3allepeuyHi IlepeBarv: MOXKJIMBICTb OpraHi-
3alii 0e3lepepBHOTO OMNpPICHEHHS; BUCOKa IIBUJI-
KiCTb OIpiCHEHHSI; BUCOKi IOKAa3HUKM BiIHOBJIEH-
HS1 BOAM, BUIAJEHHS COJIe, HU3bKE CITOKMBAHHS
eHeprii; MiHiMaJbHi BUMOTH J10 TIONEPEIHBOTO O -
IIEHHS BOAMW, TPUBAJIMI CTPOK eKCIUTyartarii [6].
Pa3zom i3 1ium, mMemOpaHaM TpuTamMaHHi i CYTTEBI
HEeIOJiKM, 30KpeMa: NeCTULIMAN, FepOoiluau Ta XJI0p
MOJIEKYJISIPHO MEHIIIi 32 BOAY i MOXYTb MPOXOAUTHU
yepe3 MeMOpaHy; HMOBIpHE BUAAJECHHS MTPUPOIHUX
MiHepaJliB i3 BOJAM; 3HAYHi BUTpaTU BOJU, SIKA TMPO-
XOJIUTh Yepe3 CUCTEMY; TOTIpIIeHHS SIKOCTi BOIU
3 yacoM eKCIUlyaTallil; moTtpeda B e€Heprii BUCOKOI
SIKOCTi (eJIEKTpUYHA €HepTisi, BUCOKOTeMIIepaTypHe
TEIUIO), 1110 HE Ja€ 3MOTM HamnpsiMy KOMOiHyBaTH
MeMOpaHU i3 COHSIYHOI abo iHIIOK aJlbTepPHATUB-
Holo eHeprieto [7].

TepMiuHi mpouecH 3aCTOCOBYIOTH JIJIsI BEJIMKO-
MaclITaOHUX MPOEKTIB, 30CEPEIKEHNX HAa ban3bKo-
My Cxoni [8]. Tepmiuni TexHosorii nependayarTh
MigirpiBaHHS COJIOHOI BOAM i 30MpaHHSI KOHIEH-
COBaHOI Mapy (AUCTWIATY) Ul OTPUMAHHSA YUCTOI
Boau. HaiiOinbin molnMpeHi TepMiyHi OaraTocTy-
MEeHEeBI YCTAaHOBKM MUTTEBOrO CKUIMAHHS Ta 3 pe-
reHepallielo OTpMMAaHOi Mapu B HACTYIHUX CTyIle-
Hsx. HesBaxkaloum Ha BeJUKY KUIbKICTb mepeBar
TEPMIUHOTO OMPICHEHHS, 1li TEXHOJIOTil OCTaHHIM
YacoM PiIKO BUKOPHUCTOBYIOTH Yepe3 BUKMIU 3a-
OpyIHIOBAJIbHUX PEYOBUH B aTMocdepy Ta 3HAYHE
CMOXUBaHHSI eHeprii. OgHaK TepMiuHEe OMpPiCHEH-
H$I 11Ie 3aCTOCOBYIOTh Ha YCTaHOBKAaX BEJIMKOI IPO-
OyKTUBHOCTI [9]. B ocTaHHi poKM 3Ha4yHi 3ycusuis
HayKOBIIi CIIPSIMyBaJIM Ha AOCJIIKEHHSI TEPMiUHMX
ONpPICHIOBAJIbLHUX YCTAHOBOK i3 3aCTOCYBaHHSIM CO-
HSYHOI €HEprii, 110 Aa€ 3MOTY CYTTEBO ITiIBUIIUATHA
edeKTUBHICTb Tipouecy auctuisuii [10].

Texuosoris HDH € nmopiBHSIHO HOBUM METO-
JIOM TE€PMiYHOTO 3HECOJICHHSI, SIKUi BUKOPUCTOBYE
MOBITPSI SIK HOCIM JJ1s1 ONpPICHEHHSI COJIOHOI BOIM.
ITpouec HDH mnigxoauTth a5 IeLeHTpasli30BaHOTO
HeMaclTabOHOro BMPOOHMIITBA TpicHOI Boau. Taki
cucTeMd € e(peKTUBHMMHU Y BUPOOHMLTBI IIPiCHOI
BOIAM IS HEBEJMKMX I'pOMaj, OCOOJMBO Yy Bidma-
JIGHUX MICILISIX, SIKi He TMiAKJIUYeHi 10 eJeKTPUUHOI
abo BomoposmnomitbHoi Mepexi [11]. HDH-cucre-
MM MaloThb MPOCTY KOHCTPYKILilO, HECKJIaAHi y BU-
TOTOBJICHHI, HE MOTPEOYIOTh CKJIAAHOIO TEXHIYHOTO
00CIYyroBYBaHHS i MOXYTh MpalOBaTH BiJ HU3bKO-
TeMmInepaTypHux adbo BiiHOBHMX mxepes eHepril. [To-
PiBHSIHO 3 MeMOpaHHUMU TexHoJjorisimu, HDH-cuc-
TeMU OUYMIIAIOTh BOY 3 BACOKMUMM KOHILIEHTpALlisIMU
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cosieit ((hakTUUHO OYIb-SIKMMMU); HA BUXOMAI OTPUMY-
eMo 100% nucTUIsST (KOHIAEHCAT); HE MOTiPLIYEThCS
SIKICTh BOJIM i3 YacoM eKcILTyaTauii [§].

l'onoBHuMm Henonikom HDH-cuctem € Bu-
COKi eHepreTuyHi norpedu. 3 TepMOIMHAMIYHOTO
Ta €KOJIOTIYHOTO TMOTJISIAY NOLliIbHillle BUKOPUCTO-
ByBaTU BiampalboBaHE TeIJIo abo0 BiTHOBIIOBaHI
JKepesia €Heprii, HiX eJIeKTpUYHY eHeprito abo
npuponHuil ra3. Xouya TakKi HM3bKO MOTEHILiMHI
JKepesia IOCTYIIHI 3 MiHIMaJIbHUMM €KCILTyaTalli-
WHUMU BUTpaTamMu, Tpeba BU3HAYUTU ONTUMAJIbHY
TerioBy KoHCTpykuito HDH-cucrtemu st orpu-
MaHHSI MaKCMMaJbHOI IIBMIKOCTi BHUPOOHUIITBA
BOIM 3a MiHIMaJIbHOTO IiABEIEHHS TEIJIOTU. Y Bil-
KpUTiil JiTepaTypi Opakye iH(opmallil 11010 3B’513-
Ky TepMOAMHAMIYHOTO aHali3dy 3 ONTHUMAaJbHOIO
iHXeHepHoto KoHcTpykuiero HDH-cuctem. Tak,
y HaykoBux Tnipausgx [12—14] momaHi mMaremMaTwy-
Hi MoJesi LUKy 3BOJIOKEHHSI-OCYILIEHHST TOBITPS
3 HarpiBaHHSIM Boau. JlOCHiIKE€HO BIUIMB IIBUII-
KOCTi IMOTOKY CHpPOI BOAM Ta PO3Mipy 3BOJIOXKYBaya
Ta OCylllyBaya Ha IIBMAKICTh BUPOOHMIITBA MPICHOI
Boau. OHAK TEIJIOBUX XapaKTepUCTHUK, SIKi He 3a-
JiexaTh BiJl IIBUIKOCTI BUPOOHMIITBA BOJAU Ta PO3-
Mipy obJjiagHaHHSI, He OYyJ10 MOAaHo.

ITocTanoBka 3anaui
Hanatn koMIuieKCHUIT TepMOAMHAMIYHII aHAJTi3

LIMKJTY 3BOJIOXKEHHSI-OCYLLIEHHSI TIOBITpsl 3 MiAirpiBaH-
HSIM BOJIM Ta MOJATU ONTUMAaJIbHI YMOBU OTO pOOOTH.

Koncrpykrusni ocodmBocti HDH-cuctem

CxeMy ONpiCHIOBAJIbHOI YCTAHOBKHU, SIKa TIpa-
LII0€ 3@ MPUHLIMIIOM 3BOJIOKEHHSI-OCYILIIEHHS TOBi-
Tpsi, nokazaHo Ha puc. 1. IToBiTps Ta coysioHa Boja
pYXalThcs y PO3IMKHYTHX KOoHTypaX. CojloHa Boda
HAcCOCOM TIOMA€EThCSA OO OCyIlyBaya 3 TeMIIepary-
potot #,,. ani cojoHa BoAa LMPKYJIIOE IO TPYyO-
Kax ocylllyBaya, HarpiBalouuchb 10 TEMIMeEpaTypu 1,
3a paxyHOK BiIBEI€HHS TETUIOTH Bill HACUYEHOTO
TIOBITpsI, STKE OCYIIYETHCS 3a PaXyHOK OXOJIOIKEH-
Hsl Y MIXTpYOHOMY IPOCTOpPI OCyllIyBaya.

HaskosviuHe 1oBiTps 3 TEMIIEPATYPOIO 7, 1 BO-
JIOTIiCTIO d,, BEHTUISITOPOM TTOJAETHCST Y 3BOJIOXKYBaY.
Y 3BOJIOKYBavi TIOBITPST HATPIBAETHCS IO TEMITepaTy-
pU 1,; 3BOJIOXKYETHCS 32 PaxXyHOK O€3MOCEPENHbOrO
KOHTAKTY 3 IiAIrpiTOI0 y HArPiBHUKY 10 TEMIIEpaTypu
t; BCOJIOHOIO Bomoto. [apsiua Boma po30pU3KYEThCS
yepe3 PopcyHKM it e(peKTUBHOTIO TEIIO- i Macoo0-
MiHy. I'pacdik 3MiHU TemrmiepaTyp MOBITPsI Ta COJIOHOI
BOJIM Yy 3BOJIOXKYBaJi MoKa3aHO Ha puc. 2, a.

YactrHa BOAM BUITAPOBYETHCS B MOBITPsl, TOAI
SIK pellTa BUIUISEThCS K COJOHMIA 3aTUIIIOK Y HIDK-
Hill yacTuHi 3BosioxyBaya. Ha Buxomi 3i 3BOJIOXY-
Baya BOJIOTICTh TIOBITPST MOXe TOCSITHYTH 3HAUYCHHS
100 %. ani HachueHe MOBITPSI HAIXOAUThH IO OCY-
IIyBava, Ji¢ BOASHA Tapa KOHACHCYETBCS 3 TIOBITPS
JIJIST BUpOOHMLTBA TIpicHOI Boau. OXOJIOmKeHe MOBi-
TpsI 3 TEMIIEPATYpOIO %, BUAATSIETHCS B HABKOJIMIII-
He cepenoBuiiie. I'padik 3MiHU TemIiepaTyp TMOBITpPS
Ta COJIOHOI BOAM B OCYIIIyBadi ITOKa3aHO Ha puc. 2, 0.
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Puc. 1. OnpicHioBaJibHA YCTAHOBKA, sIKa MPAIIOE 3a TPUHIUIIOM 3BOJIOXKEHHSI-OCYLLIEHHST TTOBITPSI
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Puc 2. [epeman TeMIiepaTyp B YCTaHOBLI: @) 3BOJIOXYBAY; 6) OCYIIyBad.

Po3po6aenHss MaTeMaTHIHOI MoJei

st MojeaoBaHHSI LIMKIY, TOKa3aHOro Ha
puc. 1, Oyau 3po06seHi Taki MPUITYILIEHHS:

— LMKJI Tpallo€e 3a CTalliOHApHUX YMOB;

— BTpaTH TEIIOTU BiJ Oyab-sIKOro obJjiagHaH-
HSI YCTAaHOBKU HE BPaXOBYIOTHCSI;

— TIOTYXXHICTh Hacoca Ta BEHTWJISITOpA € He-
3HAUYHOIO TOPIBHSIHO 3 TEIJIOBOIO E€HEpri€lo, sika
MiIBOAUTHLCS Y HArpPiBHUKY;

— TpicHa BOjAAa BUXOAUTH 3 OCyllyBaya 3 TeM-
nepaTypolo, sika € CepelHbOI MiX TeMIlepaTyporo
TOUYKHM POCH TOBITPSI HAa BXO/i 0 ocyllyBaya i1 TeM-
rnepaTypolo TMOBITPSl Ha BUXO/Ii 3 OCYIIIyBaua;

— BiZHOCHA BOJIOTICTh MOBITPSI, 110 BUXOOUTH
3i 3BOJIOKyBaya Ta ocylryBada, cTaHOBUTE 100 %.

Mopgens, mogaHa B 1iii poOOTi, € TEPMOIM-
HaMIiYHOI0O MOJEJIJII0, 1€ MAacOBi Ta €HEpPreTUYHI
0ajlaHCH 3aCTOCOBYIOTH OO KOXHOI 3i CKJIaJOBUX
LUKy, TOTPUMYIOUMChH MEPIIOro 3aKOHY TEPMOAM-
HaMiku [15]. OnHak [ojisg MaTeMaTUYHOTO aHasidy
LIMKJy Ta PO3paxyHKy MOro MpoayKTMBHOCTI Tpeda
3HaTU AesKi iHun mapamerpu. Lle — Temmeparypa
BOJAM Ha BXOJi A0 OcyllyBaya MOBITPS f,, i TemIie-
paTypa BOIM Ha BXOJi IO 3BOJIOXKYBaua IMOBITPS £,
MiHimManbHa TeMmepaTypa BOAM B LIMKJI Ha BXOAi
B YCTAHOBKY f#,, Moxe kosmBatucsa Mik 10—40 °C
yepe3 Ce30HHi 3MiHM TeMmmepaTtypu. MakcumalibHa
TeMIiepaTypa BOAM B LIMKJI Ha BXO/i A0 3BOJIOXYBa-
ya f,, Mae Mictutucs B AianazoHi 50—70 °C pist He-
JTOIYIIEHHST YTBOPEHHS HakuITy. KIIrouoBi piBHSIHHS
MOJIeJIi MarOTh TaKWi BUTJISIIL

1. EHepreTuyHuii Ta MacoBuii OajaHCU OCy-
111yBaya ToBiTpsI:

GCBhlB + GZnh'Zn = GCBhQB + GHBhSB + G}nh'Jn;
G, = Gy, (dzn —d, )

B

e
2

2. EdeKTHBHICTB OCYIIlyBaya BU3HAYAIOTh 3a Ta-
KO0 (popmyIioro:

1T - I . B - B
hy —hy, .y —h

by, — I B — by,
ideal

ne hy’" — imeaJbHa €HTaJbIIsl BUXIZHOTO MOBITPS
OOYMCITIOETHCS 32 YMOBH MTOBHOTO HACMYEHHSI TIOBITPSI
Ha BMXOZ, 32 4, = f,,; h“! _ ineanbHa eHTaNbIIis
COJIOHOI BOOY Ha BUXOZI 3 OCYLIyBaya, KOJIU b, = f,,.

3. EHepreTuuyHuil Ta MacoBUii OajaHCU 3BOJIO-

>KyBaya TOBITpsI:
G]nhln + GCBhSB = GZnthl + GC3h4B;
Gcs = GCB - Gr[B'

€, = max

; 3)

)
&)

4. E(beKTUBHICTh 3BOJIOXKYBaua BU3HAYAEMO aHA-
JIOTIYHO (hopMyIi :

h,, - h4B

In 3B

> ideal |’
hy, —h

4B

h, —h
€, = max| —o
3B hldeal h
o

(6)

In

ne A igeanbHa eHTANbIIS BUXiTHOTO MOBITPSI
ideal

32 YyMOBU IIOBHOTO HACUYEHHS, 3a by, = by, hy,
imeaslbHa €HTAJIBIIISI COJIOHOTO 3aJWIIKY Ha BUXOMIi
3i 3BOJIOKYyBaya, KOJIH fy, = f,.

5. EHepreTuyHmii 6ajaHC HarpiBHUKa:

QHar = GCB (hBB - hQB)' (7)
MatemMaTUuyHy MoOJIe/b, TOAAHY PiBHSIHHSIMU
(1)—(7), po3B’s13yI0Th 3a JOIOMOIOI iHXXEHEPHOTO
nporpamHoro 3abesrneueHHs: PTC Mathcad, Buko-
PUCTOBYIOUM ISl BU3HAUYEHHSI BJIACTUBOCTEH BOJIO-
roro ToBiTps Ta coyioHoi Boau naker CoolProp [16].
ITicns BupimeHHs1 piBHsIHBb (1)—(7) poO3paxoBYIOTh
TaKi nmapameTpy MPOAYyKTUBHOCTI:
1. KoepiuieHT eHepreTuyHoi epeKTUBHOC-
Ti (gainoutputratio, GOR) — oCHOBHHUI1 TTOKa3HUK
OLIIHIOBaHHSI POOOTU OMPICHIOBAJILHOI YCTaAHOBKM.
Bin mokasye, CKiJIbKM TEIJIOBOI €Heprii CroxKuBa-
€TbCSI B TIpolieci onpicHeHHs. YuceabHO JOPiBHIOE
BiIHOILLIEHHIO BUTpPATU BUPOOJIEHOI TPiCHOI BOJIU,
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MOMHOXEHOI Ha MPUXOBaHY TEIUIOTY BUITApOBYBaH-
H$1, 10 TiJABEAEHO1 Y LIMKJIi TEIJOBOI €HepTrii:

GOR=G_r/0,,.. 8)

2. KoeoilieHT BimHOBIEHHS Boau (recoveryra-
tio, RR) — BimHOIIEHHSI BUTpATU MPiCHOI BOIU, SIKa
OTPUMYETHCS B YCTAHOBIII, 10 BXiAHOI COJIOHOI BOJIM:

RR=G,/G,. )

3. KoediuieHT macoBoi BuTpatu (massflow-
rateratio, MR) — BigHOIIEHHS MacoBOi BUTpaTU
BXiZTHOI COJIOHOI BOJM A0 MacOBOI BUTPATH 30BHIIII-
HbBOTO TIOBITPSI:

MR=G,_/G,,. (10)

Pesynb'ra'm MOJC/IIOBAHHA

Sk 6auynmo Ha puc. 3, 3HayeHHI GOR 30inb-
IIYETbCS 31 30iMBLIEHHSM TeMIIEpaTypu COJIOHOI
BOJIM Ha BUXO[i 3 ocylllyBaya #,,. ToOTO yuM Oijblie
TEeIJIOTU OylIe BiIBEAECHO BiJd HACHMYEHOIO ITOBITPS
B ocylnyBaui (AuB. (hOopMysy ), TUM Oijiblle CKOH-
JIEHCYEThCS MPICHOI BOIM 3 MOBITPS 1 TUM e(peKTUB-
HilIoio Oyzme poboTa ycTaHOBKU. 3HAYEHHST TeMITe-
paTypu 4, 3ajexarb SK Bil Iepernagy TeMreparyp
COJIOHOI BOJIM B OCyllyBaui Af.,, TakK i Bil Temmnepa-

CBY

TYpH COJIOHOI BOAM Ha BXOJi B YCTAHOBKYt,

t, =t, +Af. (11)
Takox puc. 3 mokasye, 110 3a OIHAKOBUX
t,, 3HaueHHd GOR Tum Oinblile, YUM MeHIIA f,,.
Lle 3ymMOBJIeHO TUM, 1110 3MEHIIEHHS f,, TA€ 3MOTY
3MEHIIUTU TeMIEPATypy £, i BOJIOTOBMICT dy, TO-
BiTpsl HA BUXOi 3 ocyllyBaya (OuB. puc. 2 Ta 4).
3 dopmynu (2) BUIUIMBAE, 11O OXOJOMXKEHHS IIO-
BITps IO MEHILOI TeMmIlepaTypu HAa€ 3MOIY CKOH-
JeHCyBaTU Oijblle CBixkoi Boau 3 MoBiTpsi. OmHaK
TEeMIIEpaTypy £, ¥y LbOMY LIUKJIi PETYIi0BaTU HEMAE
3Moru. Ii 3HaYeHHs 3aJeXUThb Bill CE30HHUX 3MiH
i cranoBuTh 10—40 °C. 3 ornsgay Ha 1e s 3a0e3-
neyeHHs: MakcuManbHux 3HayeHb GOR 1a RR He-
00XigHO, 1100 Ieperan TeMmepaTryp COJOHOI BOIM
B OcylllyBaui Af,, OyB sSIKOMOTa OUIbLIKM.
PosrisiHeMo Ha CKiJIbKM MaKCUMaJbHO JOLiIb-
HO 30UIbLUUTU Af,, 1 Y4 MOXJIMBO JOCSITTU PiBHOCTI
TeMIeparyp %, i f,, OO MO30yTUCS HArpiBHUKA
Yy LbOMY LUK, 31 30iIbLIEHHSIM Af,, 30UTbLIYETHCS
KiJIbKiCTh CKOHJIEHCOBAHOI MPiCHO1 BOIM 3 MOBITPS,
110 BiANoBiZHO A0 hopmynu (2) rpusBene 10 30ib-
LIIEHHSI BUTpaTW MOBITPsI B OCylIyBayi (3a MOCTili-
HUX TeMIleparyp b, Ta f,). BiImoBiIHO KiJbKicTb

MOBITPsI, KA MPOXOAUTh 4Yepe3 3BOJIOXKYBay, TEX
3pOCTe, a 3HAYEHHS Koe(illiEHTa MacOBOI BUTpaTU
MR 3meHimyBatuMeTbes (ouB. puc. 5).I11o0 Harpi-
T OLIbLIY KiJIbKICTh MOBITPS y 3BOJIOXYBaui, Tpeda
niaBecTy OilblIe TETJIOTH BiJl COJIOHOI BOAU. 3 PiB-
HSIHHSI TEIUIOBOTO OajlaHCy 3BOJIOXYyBaya 0ayumo,
110 YUM Oijblue TeruIoTU BiABOAMTHCS Bil COJIO-
HOI BOIU, TUM TEMIIEPATYPA COJOHOIO 3AIULIKY 7,
Oyne meHuor. HaromicTe po3nomin TemrepaTyp
y 3BOJIOXKYBaui (puc. 2) Mmokasye, 110 TemIiepary-
pa t,, He MOXe OyTM MEHIIOIO 32 TeMIepaTypy 30-
BHILIIHBOTO TMOBITPS f,,, TOOTO COJIOHWI 3aJTULIOK
HEMOXJIMBO OXOJIOAUTU HMXKYE BiJ TemIleparypu
30BHIIIIHBOI'O MOBITPSI.
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Puc. 3. 3anexnicte GOR Bin TemmnepaTyp coJIOHOI BOAM Ha BXOIi
Ta BUxozi 3 ocyumyBava: 1 — £, = 10 °C; 2 — ¢, = 20 °C;
3 —1,=30°C
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Puc. 4. 3anexHicTb TeMmepaTypu COJIOHOTO 3aJIMIIKY B 3BOJIO-
JKyBadi Bill reperaay TeMIlepaTyp COJIOHOI BOIU B OCY-
mwyBaui: 1 — 2,5 2 — 1,

Sk moka3zaHo Ha puc. 4, 3i 30IbLIEHHSIM pi3-
HULI TeMIIepaTyp COJIOHOI BOAM B OCyLIyBaui Af,,
TeMrepaTrypa COJIOHOTO 3ajIMIIKy B 3BOJIOXKYBaui
3MEHIIYBaTUMEThCSl TOTH, IIOKU HE 3PiBHSIETHCS
3 TEMIIEPaTypow f,. 3a MOJadblIOr0 30LIbLICH-
HS Af, HEMOXJIMBAa KOPEKTHAa POOOTa YCTAHOBKU.
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Ha npakTtuii HeoOxinHo, 100 pi3HULS MiX 7, Ta
Oyna He Oinbiie Hix 5 °C. Ha puc. 3 mokasaHo,
o 3a £, = 10 °C MakCuMaJbHE 3HAYEHHS TeMIle-
paTypy COJIOHOI BOAM HA BUXOIi 3 YCTAHOBKU 1,
cranoButh 50 °C, a 'y pasi 7, =30 °C — 62 °C. Oue-
BUJHO, 110 JOTPITU COJIOHY BOAY 0 MaKCUMAaJIbHO
MoxJinBoi Temnepatypu (70 °C) 6e3 101aTKOBOTO
HarpiBHMKa y IbOMY LIMKJIi HEPEAJTbHO.
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Puc. 5. 3anexnicte MRBix nepenany TeMrepaTyp COJOHOI BOAM
B ocyuyBayi: 1 — #,=10°C; 2 — £,,=20°C; 3 — 1,,=30°C
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Puc. 6. 3anexuictb RR Bin nepenamy temreparyp cosoHOT BOAU
B ocymryBayvi: 1 — #,=10°C; 2 — 1,=20°C; 3 — 1,,=30°C

Ak G6aunmo 3 puc. 5 ta 6, KoedilieHTH Bia-
HOBJIEHHSI BOIM MacOBOI BUTpaTH (paKTUYHO He 3a-
nexatb Bin t,. KoediuieHt MR 3i 30UIbLIEHHSIM
At,, 3MeHuyeTbesd. Lle o3Hayae, 1o yuM Oinblia
TeMIeparypa t,,, TMM OiiblIe MOBITPs Tpebda MogaTu
JI0 ocylllyBaya, 11100 CKOHJEHCYBaTW Oijblle Mpic-
HO1 Boau 3 NoBiTpsi. KoedillieHT BiAHOBIEHHST BOAU
RR 3i 36inbIeHHAM Af,, TexX 30iabLIyeThes. e 03-
Hayae, 110 YMM OilblIa TeMInepaTypa f,, TUM OuIb-
11I€ MPiCHOI BOAM MOXHA OTPUMATU B YCTAHOBIII.

Ak 6aunmo 3 puc. 7, yuM Oinblua TeMmnepary-
pa t,,, TUM edEeKTUBHICTh YCTAHOBKMU BullA. Lle 3y-
MOBJIEHO TUM, 110 3i 30UIbLIEHHSM TeMIlepaTypu
COJIOHOI BOIM Ha BXO[i IO 3BOJIOXKYBaya fy, TEMIIe-

patypa MOBITPsI Ha BUXOMi 3i 3BOJIOXYBauya %, TEX
301IbLIYBAaTUMEThCS (AUB. puc. 2, a). TakuM YMHOM
y 3BOJIOXYBaui 10 TMOBITPS MiJABOAUTUMETHCS OiJib-
11e TerjaoTu i Bojioru (auB. hopmyny (4)). e nae
3MOI'y OTpUMAaTHy OiJibliie MPICHOI BOJAM B OCYyIIyBayi.
Chin 3ayBaXkuTH, 1110 HA MPAKTULI BEPXHE 3HAUYEH-
HSl TeMIiepatypu 4, ciin oomexysatu (50—70 °C),
11100 3amo0iraT¥ yTBOPEHHIO HAKUITY.

— 2 =3 |

Puc. 7. 3anexnicte GOR Bix MR: 1 — £,=50°C; 2 — #,,=60 °C;
3—1,=70°C
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Puc. 8. 3anexnicts RR Bim mepernany Temmneparyp cosioHOI BOIN
B ocymryBaui: 1 — #,,=10°C; 2 — 1,,=20°C; 3 — 1,,=30°C

EdextusHicth ycraHoBkM (GOR) He 3a1€XXUThb
Bill TemIiepaTypu Ta BOJIOTOCTi MOBITPS Ha BXOMIi
JI0 3BOJIOXKYBaya yepe3 Te, 110 MapaMeTpu 30BHillI-
HBOTO TIOBITPSl HE BIUIMBaIOThb Ha KUIbKICTb piau-
HU, sika Oyze IOIIMHEHA IOBITPSIM Y 3BOJIOXKYBayi.
EdexkTuBHICTh ocylllyBaua Ta 3BOJIOXXYBaya Mifl yac
MOJICJTIOBAHHSI He 3MiHIOBasIacsl i ctaHoBmiIA €., = (0.965
i g, =0.73 BinmosinHO.

BucnoBku
EdextuBnicts ycraHoBku (GOR) He 3ane-

JKUTb BiJl TapaMeTpiB MOBITPSl Ha BXO/i /10 3BOJIOXY-
Baua. Ile mae 3Mory 3aMKHYTH MOBITPSIHUIA KOHTYP
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YCTaHOBKHU (IIOBITpS 3 BUXOAY OCYyIIyBaya oJpasy
TOAABaTh OO0 3BOJIOXYBaya, f, = 1,,) 1 YHUKHYTH
MOCTIHHOTrO KOHTPOJIIO 32 3a0pyIHEHHSIM TTOBITPSI.

1106 orpuMaTu MakcuManbHi 3HadyeHHsT GOR
ta RR(aki mis nporo umkiay craHoBiasitb GOR =
3,75 Ta RR = 6%, nuB. puc. 3 ta 6), moTpibHO, 11100
TeMmneparypa f,, Oyia MiHiMaibHOW (10—40 °C),
a mnepenazu TeMIIEpaTtyp B OcyllyBaui Af, i Temmepa-
Typa COJIOHOI BOAM Ha BXO[i O 3BOJIOXYyBaya f;, —
MaKCHUMaJbHO MOXJIMBUMU.

OCHOBHUMHU YMHHUKAMM, SKi JIIMITYIOTb I1O-
panbie 30iabmieHHS GOR ta RR,e 0oOMexeHH:
MaKCUMAaJIbHUX 3HAauYeHb 1, Ta Af,,. Lle 3ymoBioe
HEOOXiIHICTh BUKOPUCTAHHS Yy LMKJ HarpiBHUKa
i3 30BHILLIHIM MiABEACHHSM TEIJIOTH.
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Sereda V.V., Solomakha A.S., Prytula N.O., Zabolotny O.A.

THERMODYNAMIC ANALYSIS OF THERMAL DESALINATION SYSTEM WITH HUMIDIFICATION-DEHUMIDIFICATION CYCLE

Problems. Today desalination of seawaterprovides a worldwide fresh water productionof 24.5 million m*® perday.One of the prom-
ising desalination methods is thermal humidification-dehumidification process. In spite of significant benefits this technology, it has a key
drawback — high thermal energy consumption.

The aim of the study. Determine the optimal thermodynamic parameters of working substances (air and water) in elements of
desalination system with humidification—dehumidification cycleto obtain maximum performance with a minimum energy consumption.

Methodology of implementation. Mathematical modeling of the humidification-dehumidification cycle at different input parameters.
The thermodynamic model was createdusing equations of mass and energy balances of the desalination system.

Research results. System Gain output ratio(GOR) increases with increasing salt watertemperature at the outlet of the dehumidifier.
Maximum valuesof GORand recovery ratio (RR) are observed at the maximum temperature difference (maximum heating) of salt water in
the dehumidifier. It is shown that values of GOR and RR increasewith increasing salt water temperature at the inlet to the humidifier. It is
found that GOR value is independent of the temperature and humidity of the air at the inlet to the humidifier.

Conclusions.The maximum valuesof GOR and RR for the humidification-dehumidification cycle with additional water heating are
3.75 and 6%, respectively. To obtain such results,the temperature of salt water at the inlet tothe system (dehumidifier) should be equal to
10 °C, and the temperature of salt water at the inlet to the humidifier — 70 °C. At the same time, temperature and humidity of the aircan
have any values. The use of renewable energy for heating salt water in the heater will significantly increase system GOR.

Key words: gain output ratio, humidification-dehumidification, mathematical model, thermal desalination, thermodynamic analysis.
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PO3POBJIEHHA TA JOCIIIXKEHHA XOJIOANIBbHOT'O HHUKITY
3 BIATEHTHUM CTPYMUHHUM KOMITPECOPOM

IIpoonematuka. HuHi B mapoekekTopHUX xonomwibHuX MammHax (ITEXM) BUKOpHMCTOBYIOTH MOHOAreHTHi CTpYy-
MUWHHI KOMIIpECOpH, poOOUMM TiJIOM SIKUX € TlepeBakHO Bona. [lorpu HU3bKY edekTuBHicTh, [TEXM MaoTh HU3KY
rnepeBary IMOpPiBHSIHHI 3 XOJOAWJIbHUMU MalllMHAMU, 110 BUKOPUCTOBYIOTh MEXaHiUHi KOMITPECOpPU: HEBEIUKY CODi-
BapTIiCTh, IIPOCTOTY BUTOTOBJIEHHS Ta HamiiiHicTh pobotn. Hemomikom [TEXM € HeMOXJIMBICTb HOCSTHEHHS LIMMU
ycTaHOBKamu Temriepatyp, Huxkuux 3a 0 °C. Lle oOMeXxeHHsI MOXHa I1OA0JIaTH, SIKIIO BUKOPUCTATU OiareHTHUI
(Boma-dpeon) ctpymuHuuii kommnpecop (BACK) i peanizyBaTu HOBUI NMapOKOMMPECIHUI XOJOAUIbHUN UK.
MeTta aocaimkennsi. EkcieprMeHTaIbHO MiATBEPAUTH TPALE3NATHICTh XOJOAMIbHOI MAallIMHU, 110 Mpallo€ 3a Mapo-
KOMIIPECITHUM LIMKJIOM 3 BUKOPUCTaHHSIM OiareHTHOro (Boga—@peoH) CTPyMUHHOTO KoMmIipecopa. BusHauutu edex-
TUBHICTh POOOTH €KCIIEPMMEHTAIbHOI XOJOAWIbHOI MAaIlMHUW i 3HAWUTW ONTHUMAaJbHI T€OMETPUYHI XapaKTepUCTUKU
BACK.

Metoauka peamnizanii. bysio cTBOpeHO eKcrepUMEHTAIbHUI CTeH/T TSI JOCIIXKEHHS XOJOAUIbHOI YCTAHOBKY 3 BUKO-
puctanHsaM BACK. 3a po3po61eH0I0 METOAMKOIO BU3HAYABCsl XOJOMAUIbHUI KOoedillieHT e(heKTUBHOCTI YCTAHOBKHU €.
Pesyiabratn gociimkeHHs. OTpUMaHO €KCIIEPUMEHTAIbHI 3HAUEHHS XOJIOAWJIBLHOrO KoedillieHTa MallMHU & 3a-
JIEKHO Bin 3MmiHM KoedilieHta exekuii ¢ BACK. MakcuMalbHi 3HaYeHHST XOJOIUJIBHOTO KoedilliEHTa yCTaHOBKU
€max = 1,3+ 1,4 Binnosinaiote 3HaueHHsiM KoediuieHTa exexuii g, ~ 0,25, 3a sKuX TakoX IOCSTa€TbCsI MAaKCU-
MasbHU KoediuieHT kopucHoi aii BACK .. = 0,35+0,4

BucnoBkn. ExcriepyMeHTaIbHO IMiATBEPIKEHO Ipale3naTHICTh XOJOAWIbHOI MAlIMHU, 110 IIPAIIOE€ 3a IMapOKOMIIpe-
CiilHMM LIMKJIOM i3 BUKOPUCTAHHSIM OiareHTHOro (Boma—(GpeoH) CTpPYMUHHOIO KOMIIpecopa. 3aajisl pO3IIMPEHHST TeM-
MepaTypHOro AjanasoHy LMKy B OiK MOHMKEHHsI TeMIlepatyp KUMmiHHS y BumapHuky (7., < —20 °C), samianoBaHo
MOJIepHi3yBaTH J1abOPATOPHUI CTEHI 3aCTOCYBAaHHSIM BOOHUX PO3UYMHIB COJIEH SIK XOJIOOOHOCIS.

Kniouosi cioBa: xonoauiabHa MailiMHa; podoYe Tijio; OiareHTHUI CTPYMUHHUIN KOMITPECOD; €XEKTOP; XOJOIWJIbHUI
KoedillieHT; 00’eMHMI KOeilli€HT eXKeKIIii.

Beryn

XonoauibHa MalllMHA — 1Ie TIPUCTPIid, 1110 Tpa-
LIIOE 32 3BOPOTHUM (XOJOIUJIBHUM) TepMOAMHAMIU-
HUM LIMKJIOM i CIIyTY€e JJIsSI OXOJIOMKEHHSI O0’€KTIB
JI0 TeMmIiepaTypM, HUXKUOI 3a TeMIlepaTrypy JOBKIJLISL.
OxoJtoIKeHHSI BiIOYBaEThCS 3aBASIKU TOMY, 1110 €Hep-
rist y popMi TEIUIOTH NEPEHOCUTLCSI POOOYUM TiJIOM
(bpeoHu, Boda, MOBITPsl, Ta3u, BOAHI PO3YMHU CO-
JIel, TBepli Marepiaiu TOLIO) Bild MEHUI A0 OiTbLI
Harpitnx 00’€KTiB. XOJOMWILHUI LIUKJT peajli3yeThCs
3a BUTpPATU 30BHILLIHbOI €HEPTii.

Hwuni naitmommpeHimmMu € Taki TUIIM XOJIO-
JUJBHUX MallWH: KOMIIPECiiiHi, IMmapo-eKeKTOpPHI,
a0COpOLiliHI i TepMOEJIEKTPUYHI (3aI€XKHO Bill 3aCTO-
COBaHOTro PoOOYOro Tija i XOJOAUIBLHOIO LUKIY) [1].

VYcranoska 3 BACK 3a mpuHumiom aii cxoxa
Ha HasgBHI YCTAaHOBKM CTpyMUHHOTO TUITYy — [TEXM.
Y TIEXM pigka ¢aza pobo4yoi peyoBUHU (KOO
HaliuacrTillie € BojJa) MepPeTBOPIOETHCS HA Mapy Y BU-
MapHUKY, TTONIMHAIOUU BiIBEIEHY BiJl OXOJOMXKYyBa-
Horo o0’exkrta Terutory. Hani ust mapa (macuBHUM
MOTiK) BiICMOKTYEThCS Ta CTUCKAETbCS CTPYMUH-
HUM TIapOBUM KOMIPECOPOM (€XEeKTOpOM), ak-
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TUBHUM IIOTOKOM $SIKOTO € Tlapa, 10 TeHEePYETbCS
B MaporeHepaTopi 3aBAsiKW MiJBOAY TEIUIOTU Bif
30BHILIHbOTO JKepesa. [TapoBa cyMilll 3 €XeKTOo-
pa HaaXOAWUTb Yy KOHAEHCATOp, J€ OXOJOMXKYETHCS
1 KoHIOeHCYeThCcsa. KoHmeHcaT 4acTKOBO IIOBEpTa-
€TbCS1 Y BUITAPHUK, YaCTKOBO Yy MaporeHeparop.

IlepeBaramu ITEXM € mpocToTra KOHCTPYKIIil
Ta HaAilAHICTb pOOOTH CTPYMMHHOIO KOMIIpecopa,
a TaKOX HU3bKa MOro 1iHa B MOPIBHSIHHI, HAIpu-
KJaja, i3 MeXaHIYHMUMU KoMIipecopamMu (eHepris
MiaBOAUTBLCS Y (pOpMi pOOOTH) IAPOKOMIIPECOPHUX
XoJloauiabHuX yctaHoBok. Ille onHielo nepesaroo €
BUKOPUCTAaHHS SIK poOOYOro Tijia BOAM, 1110 LIMPO-
KO PO3IOBCIOMXKEHA Ta MA€ HU3bKY 1IiHY B ITOPiB-
HSIHHI 3 (ppeoHaMMU.

HenosikoM ycTaHOBOK LIbOTO TUIY € BeJMKa
BUTpaTa BOJU, SIKY BUKOPUCTOBYIOTH ISl OXOJIO-
JKEHHS Mapy, OCKIJIbKM HEOOXiIHO OXOJIOIXYBaTH
HE TIJIbKM XOJIOAO0AreHT, a 1 podouy napy, Ky M-
BOJSATL O CTPYMMHHOIO Komiipecopa. Jlo Toro
3aCTOCYBaHHSI BOAM SIK XOJIOJOAreHTa JUisl JAOCsT-
HEHHs Temrieparyp, 0au3bkux 1o 0 °C, HeoOXinHO
MiATPUMYBAaTA HaA3BUYAWHO HU3BKUI TUCK y BU-
napHuky (6iu3bko 600 Ila), a 3miliCHUTH OX0JI0-
JUKEHHS 10 TemIieparyp, HuxX4ux 3a 0 °C, HeMOX-
JINBO.

IIIo6u nonmonatu ui Henojdiku, y HTYY “KIII”
O0yJ0 po3pobJeHO MapOKOMIIPECIHHUI XOJ0AUb-
HUM LIMKJ, 1€ 3aCTOCOBaHO OiareHTHUi (Boga—
¢peoH) cTtpymMuHHUI KoMIpecop [2]. Bukopucran-
HSI LIbOTO LIMKIY JIa€ MOXJIMBICTb OTPUMATU HU3KY
nepeBar y nopiBHsiHHi 3 Bigomumu [IEXM, a came:

— OTPUMMAaHHS y BMIIADHUKY TeMIepaTypu,
Hxyoi 3a 0 °C;

— HeOoOOB’SI3KOBICTh MaporeHepaTopa BUCOKUX
rnapameTpiB JUisi poOOTU CTPYMUHHOIO KOMIIpecopa
Ta, BIOMOBiOAHO, JOJATKOBOIO KOHIeHcaTopa po0o-
4yoi Mapu, 110 3HAYHO 3HUXKYE BapTiCTb OTPUMAHHS
X0JI0A1Y;

— HEeNOTpPiOHICTh HAA3BMYATHO HU3bKOTO TUC-
Ky Y BUITAPHUKY, 1110 CYTTEBO 3HUKYE HOro Macora-
0apuTHI MOKAa3HUKMU.

ITocTanoBka 3anaui

ExcnepyMeHTabHO MiATBEpAMTH TIpalie3aar-
HICTb XOJIOAWJBHOI MallWHW, 1O IMpalloe 3a Ta-
POKOMIIPECIMHUM LIMKJIOM i3 BUKOpPUCTAHHSM Oia-
TE€HTHOTIO (Boga—(ppeoH) CTPYMUHHOTO KOMIIPECopa.
BuzHaunTu epeKTUBHICTb POOOTH €KCIIepUMEHTASIb-
HOI XOJIOAMJIbHOI MAalllMHW Ta 3HAUTWU ONTUMAaJIbHI
TeOMETPMYHI XapaKTePUCTUKU CTPYMUHHOTO KOM-
rpecopa.

Onmc 6iareHTHOro CTPYMHHHOTO KOMIIpecopa

T'onoBHoOMO ifeero0 BuHaxody [2] € 3amiHa po-
Oouoro Tila (BOAM) B MAPOEXKEKTOPHOMY ILIMKJIi
Ha HU3bKOKMUIUISIYI OpraHiuyHi poooui Tijia ((hpeoHn),
a TaKOX BUKOPMCTAHHSI BOJAM SIK aKTMBHOTO MOTO-
Ky B CTPYMMHHOMY KOMIIpecopi 151 3a0e3rneueHHs
pobotu mukiay. AK XONOAWILHUI areHT BUOpaHO
(peon R-141b, 110 ONpakTUUHO HE PO3IUMHSIETHCS
y Bomi, a 3a Temmepatypu 20 +30°C mae 6nmu3b-
KW 10 atMoc(hepHOro TUCK HAaCUYEHHS Ta, BilIo-
BiIHO, € Oe3meyHuM ISl 30epiraHHs; 3a BIUIMBOM
Ha 030HOBUI 1IAP HAJIEXKUTh JI0 XOJIOA0ATEHTIB TPy
B (cipuuuHsie cnabke BUCHaXKEHHSI 030HOBOTO 111apy),
a 3a JIi€l0 Ha OpPraHi3M JIIOAUHU € LIKiJUIMBOIO Pevyo-
BUHOIO 4-T0 Kjacy (MaJIoHEOe3MeUHOI0 PEYOBUMHOIO).

OCHOBHUM €JIEMEHTOM 3alpPONOHOBAHOTO XO-
JIOAWJBHOTO LIMKJIY € OiareHTHUi (Boga—dpeoH)
CTPYMUHHUIA KOMMpecop. 3 ypaxyBaHHSIM MOXKJIM-
BOCTel JiabopaTopHOi 0a3u [Jisi pO3paxyHKy Mpu-
WHSTO TaKi BUXiTHI YMOBHU:

— TUCK BOOW HA BXOAi B CTPYMMHHHII KOM-
npecop — p, = 220 klI1a;

— THCK Ha BUXO/i 3i CTPyMUHHOTO KOMITPECO-
pa — p, = 100 kITIa;

— 00’eMHa BUTpaTa BOIU Ha BXOJi B CTPYMUH-
Huit Kommnpecop — V, =2,8-10 m* / c;

— THUCK eXeKToBaHoro cepenonuiia (R-141b) —

D, = 25 lla.

Po3paxyHOK TeOMeTpUYHMX XapaKTepUCTUK
nociigHoro BACK BMKOHaHO 3a METOIMKOIO, OITHCa-
Hoto B [3]. 3a oTpMMaHUMU TEOMETPUYHUMU Xapak-
TEPUCTUKAMU OiareHTHOro (Boma—(dpeoH) CTPYMUH-
HOTO KOMIIpECOpa CTBOPEHO MOro BipTyalbHY MOICTH
y TIporpaMHoMy 3ab6e3rnedeHHi “SolidWorks” [4].

Ha puc. 1 300paxkeHO OTpUMaHy BipTyaJlbHY
monesib BACK, oCHOBHMMM eJleMeHTaMU SIKOTO €:

— IIpuiiMajibHa Kamepa;

— 3BYXXYBaJIbHE COILIO 3 BUXiIHUM JiaMETPOM
d=4,4-10" m;

— LWIIHAPpUYHA KamMepa 3MilllyBaHHS 3aBIO0BXK-
k1 90-107 m i3 BHyTpilHiM niameTpom d = 8-107° m;

— nudysop 3aBmoBxku 70-10° M i3 KyTom
PO3KPUTTS o = 8°.

Moaynb MPUCTPOIO CTAHOBUTH

4o (Lo

=33,

c

ne f,, — TUIolla TIOTIEPEYHOTO Mepepi3y KaMepu 3Mi-
IIyBaHHsI, M2, f. — IUJIOIIA MOMEPeYHOro mepepisy
coruia, M2,
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Puc. 1. biareHTHUiT cTpyMUHHUI KoMmMpecop: [ — npuiiMasibHa Kamepa; 2 — 3BY>KYBaJIbHE COILIO;
3 — UWJIiHApPUYHA KaMepa 3MilllyBaHHs; 4 — audysop

3amist Bisyasizawii IpoleciB y mpuctpoi ¢i-
3uyHy monesib BACK BUTOTOBIEHO 3 IMPO30pPOro
matepiany (mosiikapooHary).

ExcnepumeHTanbHUiA CTEH]

Xonoana
BOJA

&, ne Bioga€e TEIUIo KUIUITYOMY (PpeoHy i Hajai,
OXOJIO[IKEHUIA, TIOCTyNAaE y 30ipHUK /2.

Ha puc. 2 300paxeHO IpuH- _N""' *|
LIUIIOBY CXEMY E€KCIEPUMEHTAIBHOI
YCTAHOBKM ISl JOCIIDKEHHS T1apo- Soooo wlré
KOMIIPECIHHOIO  XOJIOAMILHOTO LU~ o 2

KJIy 3 BHUKOPUCTaHHSAM OiareHTHOro 2
(Boma—(}ppeoH) CTPyMUHHOI'O KOMIIPE-

copa.

IIpuHuMIT POOOTU eKCIIepUMEH-
TaJIbHOI XOJIOAMJIbHOI YCTAaHOBKM Ta-
kuit. HupkynauiliHa momma 2 monmae
BOIY /O BOJOMApOBOTO CTPYMUHHO-
ro komMmpecopa [, IKUii BiICMOKTYE
napy ¢peoHy 3 BumapHuka & Bomo-
(bpeoHoBa cymilll HAIXOAUThH y Cema-
paTrop-oxoyioaxkyBau 3, ne BimOyBa-
€ThCSI PO3AUIEHHS piIKOro ¢peoHy
Ta Boau. IloTiM Boma uepe3 poramerp
4 1 UUPKyISUiiiHy TomIily 2 3HOBY
MOJAETHCS 10 CTPYMUHHOTO KOMIIpE-
copa I, a pinkuii ¢peoH, IO HAKO-
MUYYETHhCSI B HMXKHIMA 4YacTUHI cemna-
paropa 3, moTparuisie yepe3 poTaMeTp
6 nmo gpocenss 9, ne BinOyBaeTbCs
JIPOCEIIOBAaHHS 3 TTIOHKEHHSIM TUCKY
Ta Temneparypu. Ilicist apoceist (ppeoH morparise
JI0 BUIIApHUKA &, NIe BiIOYBA€TbCS MOro KUITIHHS
3 BiIOOPOM TEIUIOTU Bill XOJI0JOHOCISI — IigBEeACHHS
TeruioTy B LMK (Qp). BinBeneHHs TETUIOTU B LIMKJTL
(Oy) BimOyBaeThCsl y cemapaTopi-oxoiomxKyBadi 3.
XoaomoHOCii 3i 30ipHMKa /2 MOJAETbCS MOMIIO
11 no enexTpuuyHoro migirpiBauya /0, 3BiIKM X0JIO-
JIOHOCIi yepe3 poTaMeTp 7 MOCTyHa€e y BUIIApPHUK

15

>
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s 00 0 O

[c oo

Puc. 2. Cxema XoJIonmJIbHOI YCTAHOBKU: [ — OiareHTHUM CTpy-
MUHHMII KOoMIpecop; 2 — TOMIa KOHTYPY aKTHBHOIO
MOTOKY CTPYMHHHOTO KOMIIpecopa; 3 — cemaparop-
OXOJIOIKYBaY; 4, 6, 7— poTaMeTpH; 5 — OXOJIOIKYBaIbHUIA
KOHTYp (BIiIBiI TeTUtoTM 3 HUKIY); & — BUIMApHUK, 9 —
npoceiib; 10 — eJeKTpUYHUI MiirpiBady XoJIOJZOHOCIs;
11 — 1upKynsiiiiHa ToMIia KOHTYPY XOJIOJOHOCIS;
12 — 36ipHUK XojomoHocis; I3 — BoabT™MeTp; [4 —
ammepmetp; 15 — aBrorpancdhopmarop; Ty, 15, Ty, T,,
T; — TOYKM BUMIPIOBaHHS TEeMMEPaTypu; py, Py, Px —
TOYKM BUMIpIOBaHHSI CTATUYHOTO TUCKY
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MeToauka po3paxyHKy OCHOBHMX BeJTMYMH

EdexTnBHICTb 3aITPOITOHOBAHOTIO XOJIOAVIIEHO-
ro LMKIy OIiHIOBajacs 3a JOIOMOIOI0 BU3HAYEHHS
€KCIIEPUMEHTAJILHOTO XOJOAMILHOIO Koe(illieHTa:

ne Oy — TEemaoBe HAaBAaHTAXEHHsI BUMapHuka, BT;
N, — BUTpayeHa MOTYXHICTb y LUK, BT.
TeruioBUii TOTIK y BUIIAPHUKY BM3HA4yaBCs
JIBOMa cCIlocob0aMu (pi3HULS 3HAUY€Hb HE IIepeBU-
mysaia = 5 %):
a) 3a 3MiHOI €HTaJIbIil X0JOJ0HOCIs

QX = GB 'cB (t1; _t];,)7

ne G, — BUTpaTa X0J0J0HOCis (BOAMU) Y BUMTAPHUKY,
Kr/c; ¢, — MUTOMa TEIUIOEMHICTh Boau, JIK/KrK;
1., t" — TeMIiepaTypy XOJOAOHOCIS Ha BXOAi Ta BU-

XOJi 3 BUIIAapHUKA BiAMOBIIHO;
0) 3a BUTpaATOIO XOJIOJareHTa y BUMTAPHUKY

QX :GqJ 'r¢,

e Gd) =V - Py — MaCOBa BUTpaTa XoJIoo0AareHTa, KF/ C;

V, — ob’emHa BUTpaTa piakoi (hasu XOJIOdOAareHTa,
M*/C; p, — TYCTHHA PiAKoi (ha3y XONon0areHTa, Kr/m?,;
Fy, — TEIUIOTa NMApOYTBOPEHHS (hpeoHy, KIX/KT.

[ToTyXHicTb, BUTpaueHy Ha 3AiHCHEHHS LIMKITY,
BU3HAYaIM 32 PiBHSIHHSIM

N Vo(p-p)
o )
N

e VB — BUTpaTa BOAU (AKTUBHUI TMOTIK) y CTPYMUH-
HOMy KoMIipecopi, M3/c; p, i p, — TUCK aKTUBHOTO
TOTOKY Ha BXOJi Ta BUXOAi CTPYMWHHOTO KOMIIpe-
copa BignosigHo, ITa; n, — KK uupkynsauiiHol
MOMIH, 110 3a0e3neyuye nepenan TUCKY (p, — p,).

IToxnbka BU3HAYEHHSI €KCMePUMEHTaIbHOTO XO-
JonubHOTO KoedillieHTa g, He mepeBuiye + 15 %.

B excriepMeHTax UIsl KOXKHOTO PEXXMMY TaKOX

BU3HAYEHO 00’eMHUI KoedilliEHT eXeKllii g, = Vq) / V.,
MacoBuii koeditient exekuii g, = G, /G, , koedii-
€HT Hanopy 4 = (p, — p, )/ (p, — p.) Ta KK]I cpymuH-
HOTO Kommpecopa n =¢,/4/(1- h).

Pe3yabTaTi eKCepMMEHTAIBHOTO AOCiIKEHHS
[NomepenHi TecTyBaHHSI CTPYMHMHHOIO KOM-

npecopa B aBTOHOMHOMY peXUMi (3a BiICyTHOCTI
€XEeKTOBaHOI Mapu) AaJIM 3MOTY BU3HAYUTHU BiCTaHb

Bill comjia 10 Kamepu 3MilnyBaHHs [ (AuB. puc. 1),
Ha SIKili MOXHA JOCSAITH HAWOLIbIIOIO PO3PiIKeH-
Hs1 y IpuiiMalibHiil Kamepi. Pe3ynbratu TecTyBaHHS
HaBeJIeHO Ha puc. 3.

HaiiGinbie po3pimkeHHsT JOCATHYTO Ha BiIcTaHi
BiZI 3pi3y coIUIa 10 Kamepu 3wmimryBaHHs [ ~ 9107 m.
Lleii pe3ynbTar BiAIOBiga€ Aiana3oHy, peKOMEHI0Ba-
HOMY B JliTepaTypi A1 CTPyMUHHUX KoMIipecopiB [3].

BipTtyanbHi gociimkeHHSI MOl CTPyMMH-
HOro KOMIIpecopa B IPOrpaMHOMY CepeJOBMILL
“SolidWorks Simulation” maau MOXJIMBICTb BU3HA-
YUTU PO3MOIIT TUCKY aKTUBHOTO TOTOKY (BOAM)
0 JOBXMHI IIPOTOYHOI YAaCTUHM CTPYMMHHOTO
KoMmImpecopa. Pesynbratu BipTyajabHOTro Ta (hi3uu-
HOTO €KCIIEPUMEHTY 3 pPeajbHUM JOCHiTHUM CTpY-
MUHHUM KOMIIPECOPOM HaBeaeHO Ha puc. 4. [aHi
100 3MiHM TUCKY JaJIM MOXKJIMBICTb BU3HAUUTU
XapakTep IPOTiKaHHS MPOLIECIB i3 XOJOZ0areHTOM
Yy MNPOTOYHiI YacCTUMHiI CTPYMMHHOrO KOMIpecopa
Ta MoOyayBaTU LIUKJI, JOCHIIKeHUy T — silnp — h
KoopauHaTax (IuB. puc. 5).
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Puc. 3. 3anexHicThb abCOTIOTHOTO THCKY CEpEIOBHUILNA B IIPU-
MasbHiil Kamepi OiareHTHOro CTPYMUHHOIO KOMIIpe-
copa Bi BiIcTaHi MiX 3pi3oM coIlIa Ta KaMepolo 3Mi-
mysanns (V, =2,8-107*m° / ¢)
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Puc. 4. Po3nonin Tucky cepenoBuiiia Mo JOBXWHI CTPYMUHHOTO
komrpecopa: [/ — pPO3paxyHOK BipTyaJbHOI Mozei
B mporpaMHomy cepenoBuili “SolidWorks Simulation™;
2 — eKCIePpUMEHT
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Puc. 5. TepMoaMHaMiuHMii LMK XOMOAMILHOT YCTAHOBKY 3 GiareHTHUM CTpyMUHHUM KomnpecopoM y T — s i In p — h xoopaunarax

Ha ocHOBI Bi3yaJlbHUX CIIOCTEPEKEHb 32 PyXOM
BOJ0(GPEOHOBOTO MOTOKY B CTPYMHUHHOMY KOMIIpe-
COpi BCTAHOBJIEHO, 1110 MapoBa ¢asza (ppeoHy Bimpa-
3y Micis 3pi3y corma (Touka B Ha puc. 1) yTBoproe
3i CTpyMeHeM BOAM Oily ApiOHOAMCIIEPCHY TIiHY.
BinbOyBaeTbcs 6e3nocepenHii TeI1000MiH MixX Oyb-
OamkamMy (peoHy Ta CymyTHIM CTpyMEHeM BOIM.
HabnauxeHuit po3paxyHOK IOKaszaB, 110 B YCbOMY
Jliana3oHi eKCrepruMEHTAIbHUX 3HauYeHb 00’€MHUX
koediuienTis exexuii g, =0,0018 + 0,38 BupiBHIO-
BaHHSI TeMIlepaTypyd MiKpoOynbOalllKy 3 TeMImepa-
TYpOIO MOTOKY BOIM BiIOYBAETHCS HA LUISIXY, MEH-
oMy Hix 0,001 M. 3a 6GpakoM LIBUAKICHOT KaMepu
He BIAJIOCS BUSIBUTU MOYATOK 30HU CXJIOIYyBaHHS
(koHaeHcallil) Oynbbaliok napu (peoHy Mpu Iiji-
BUILEHHI TUCKY BOJO(GPEOHOBOIO MOTOKY B AUDY-
30pi CTPYMUHHOI'O KOMIIpecopa.

VpaxoByroun Madi  po3Mmipu
OyapOalllok i Maji 3HayeHHs Ma- 16 1
COBHMX KOCOIIIEHTIB eXeKUil ¢, = 5*’1 .

= 6,1-10°+8,6-10", MmoxHa BBa-
KaTH, 10 THCK (GPEOHY CHHXPOHHO
3MIiHIOETBCS 3 TMCKOM BOISTHOTO TIO- 10 -

Ha puc. 5). Ha puc. 1, moyaTok KoOHAeHcallil 3Ha-
XOIUThCA Ha TIPOMiIXKY MiX Toukamu B Tta C.
Ha npomixky mix toukamu C ta D (auB. puc. 1)
3aKiHUYETbCS KOHAeHcaliss (y Mexax audysopa
CTPYMMHHOTO KoMmrIipecopa). Jlami BigOyBaeTbhcs
CTUCHEHHSI BXe KOHJeHcaTy (ppeoHy J0 3HAYEHHS
TUCKY Ha BUXOAi 3 audy3opa (auB. Touka D Ha puc. 1
Ta Touka S5 Ha puc. 5). Ha Buxomi 3 audysopa
YTBOPIOEThCSI TE€TEPOreHHa CyMilll piiKoro ¢peoHy
i Boau. Y cenapaTopi piikuil peoH BilaiasieThbCs
Bim Boau i uepe3 apoceib (mpouec 5—6 puc. 5)
MOJAETbCA Yy BUIIAPHUK, € KUMUTh (mpouec 6—/
puc. 5).

Ha pwnc. 6 mokazaHo 3aJieXXHiCTh XOJIOAMITHLHO-
ro koediuieHTa eKCNEPUMEHTAIBHOI YCTAHOBKU €,
31 CTPyMUHHUM KOMIIPECOPOM Bil 00’€MHOro Koe-
dinienTa exexuii g,

TOKY, TeMINepaTypa SKOTO TPAKTHY- 08 & ¢ & Og %
HO He 3MiHIo€eThca. OTXe IpoLEecH, ' &
1110 BimOyBalOThCS y 3alIPOIIOHOBAHO- 0.6 >
My LIMKJi, MOXHa ONUCATH Tak. 04 Ve
ITapa ¢peony i3 BUNapHuka mo- ©
JNAETbCS Y CTPYMMHHUU KOMITpECop 0.2
(nuB. Touka B Ha puc. 1 Tta TOuka 0,0 %OQ ' '
1 Ha puc. 5). [IpaKTUYHO MUTTEBO 0 0,05 0,1 0,15 0,2 0,25 03 0,35 04
BiOyBa€eThCs i300apHUIT HArpiB MMapu q.

(bpeoHy 10 Temmepatypu MOTOKY

BoaM (IMB. Touka 2 Ha puc. S). Jlani mapa ¢peo-
HY i30T€pMIYHO CTUCKAETHCS OO0 TUCKY HACUUYCHHS,
i MOYMHAETHCS KOHACH calisl (ppeoHy (AUB. TOUKa 3

Puc. 6. 3anexHicTh XOJOAMIBLHOrO KoedillieHTa eKCrepuMeH-
TaJbHOI YCTAHOBKU &, 31 CTPyMUHHUM KOMIIPECOPOM Bif
00’eMHOro KoedilieHTa exeKlii g,
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OO0roBopeHHs pe3yJIbTaTiB

MakcumasbHi 3HauYeHHSI eKCIepUMEeHTalIbHO-
0 XOJIOAWIBHOTO KOe(illieHTa YCTAaHOBKU €, =
= 1,3+1,4 BianosigalTh 3HaAUYEHHSIM KoedillieHTa
exekuii g, ~ 0,25, 3a AKUX TaKOX IOCATAETHCA
makcumanabHuii KKJI 6GiareHTHOro (Boma—QpeoH)
CTPYMMHHOTO Kommpecopa n,,,, = 0,35+ 0,4. binb-
LIiCTh €KCIIEPUMEHTIB MPOBEACHO B Jiala3oHi TeM-
neparyp: TemIiepatypa KoHaeHcauii f., = 20 °C,
TeMrneparypa KuliHHg 7, = —2 °C. 3acTtocyBaHHS
HIDKYIMX TeMIlepaTyp KWITIHHS y BUIApHUKY OYyIIO
oOMexxeHe OpakoM MOXJIMBOCTI BUKOPUCTATH He-
3aMEpP3HUI XOJIOJOHOCIH, 110 MOIJIO O MNPU3BECTHU
IO PO3MOpPOXKYBaHHSI BUIAapHMUKa. AJie ITi yac Ha-
JIaro/IxKyBaJlbHUX €KCIEPUMEHTIB MiHiMaJbHi TeM-
nmepaTypd KUWITIHHS Yy BUITAPHUKY KOPOTKOYACHO
Jocsiraiv (IO MOMEHTY 3aMep3aHHSI XOJIOAOHOCIs)
ton = —20 °C.
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Ya.Ye. Trokoz, P.O. Barabash, O.B. Golubev, P.P.Kudelya

DEVELOPMENT AND RESEARCH OF REFRIGERATION CYCLE WITH BIAGENT JET COMPRESSOR

Background. Currently, in the cycles of steam-ejector refrigeration machines (SERM) are used monoagent jet compressors, the

working body in which is water. Despite their low efficiency, SERM have a number of advantages over refrigeration machines that use
mechanical compressors: low cost, ease of manufacture and reliability. The use of SERM is largely limited by the inability of these
installations to reach temperatures below 0 °C. This limitation can be overcome by applying a fundamentally new steam compression
cycle using a bioagent (water-freon) jet compressor (BAJC).

Objective. The purpose of the paper is experimentally confirm the operability of a refrigeration machine operating on a steam
compression cycle using a bioagent (water-freon) jet compressor. Determine the efficiency of the experimental refrigeration machine and
find the optimal geometric characteristics of the jet compressor.

Methods. An experimental stand was created to study the refrigeration plant using BAJC. The refrigeration machine efficiency ¢
was determined according to the developed method.

Results. Experimental values of the cooling machine coefficient € were obtained depending on the change in the ejection coefficient
q of BAJC. The maximum machine coefficient values €., =1,3 + 1,4 correspond to those of the ejection coefficient g, = 0,25, which
also achieves the maximum efficiency n,,, =~ 0,35 + 0,45 of the BAJC.

Conclusions. The efficiency of a refrigeration unit operating on a steam compression cycle using a bioagent (water-freon) jet
compressor has been experimentally confirmed. To expand the temperature spectrum of the cycle in the direction of lowering the boiling
points in the evaporator (f,,; < —20 °C), it is planned to modernise the laboratory bench by using aqueous salt solutions as a coolant.

Key words: refrigeration unit, working fluid, biagent jet compressor, ejector, refrigeration coefficient, ejection volume coefficient.
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BIIVIMB TEOMETPUYHUX ITAPAMETPIB KPUBOIIUITHO-IIVIAHETAPHOI'O PEAYKTOPA
HA ITUKIIOTPAMY POBOTU KOHTAKTHUX IIAP

IIpodaematuka. KpuBormmmHo-TutaHeTapHi pemykropu (KITP) MaroTh HM3KY TepeBar: KOMITAaKTHICTb, BUCOKY Ha-
BaHTaXyBaJIbHY 37aTHICTb, BUCOKY JKOPCTKICTb KOHCTPYKIIil Ta iH. BomHouac Hemae perjaMeHTOBaHOI METOMOJIOTIl
iX KiHEeMaTMYHOTO Ta CHUJIOBOTO PO3paxyHKy, 1110 OOMeXye iX po3poOsieHHsI Ta cepiliHe BUpOOHULTBO. CTBOpPEHHS
e(heKTUBHUX METO/IIB PO3PAXYHKY IIUX PEAYKTOPIB 3a/JIsl TOKPAIIeHHS 1X eKCIUTyaTaliiiHUX TTOKa3HUKIB Ha eTarli mpo-
€KTYBaHHSI Ma€ BAXJIMBE MPUKIJIATHE 3HAYEHHSI.

Merta nociaimkenasi. Po3poOutu aHa iTUMHMI METOJ] BU3HAYEHHS KyTa TUCKY Ta 3HAUEHHSI KOHTAKTHOI CUJIM B KOHTaK-
THHUX I1apax “oTBip caTenita — 1iBKa BuximHoi JaHku” KIIP 3anexHo Big KyTa MixK KpUBOILIMIIAMU HOT0 KOJIiHYACTOTO
Bana (V-1momi6Hoi ¢popMm), a TaKOX Bill KiJIbKOCTI CATEJITiB i LIIBOK BMXiTHOI JaHKHU. 3aCTOCOBYIOUM PO3POOIECHUIA
METO/I, TIepeBipUTU MOXIUBOCTI mpoekTyBaHHs KIIP 3 moBinbHMMM 3HaU€HHSIMU 3a3HAYEHUX MapaMeTPiB i JOCTiAUTUA
iX BIUIMB Ha LIMKJIOrpaMy poOOTHM KOHTAaKTHMX Iap i MakKCHUMajbHe 3HAaYe€HHS KOHTAKTHOI CUJIM 3 YpaxyBaHHSIM HeJli-
HiliHOCTI AedopMyBaHHS MaTepialiB.

MeTtoauka peanizauii. Ha nepiiomy etari Ha OCHOBI (popMyJ1 aHATITUYHOT FeOMEeTpii MoKa3aHO MOXJIMBICTh peaizaliii
KIIP i3 1oBiIbHUM 3HAUYEHHSIM KyTa MiXX KPMBOIIWIAMM KOJIHYACTOIO Bajla, a TAKOX MOBUILHOIO KUJTBKICTIO CAaTENiTiB
i wiBok BuxigmHOi jJaHKu. [lpoaHanizoBaHO 3Ha4YeHHSI KYTiB TUCKY B KOHTAKTHMX Mapax “OTBip carejiTa — IliBKa
BUXiTHOI JJAaHKU” Ta MOOYI0BaHO LIMKJIOrpaMy poOOTH BelyuuX KOHTakTHUX nap. Ha apyromy etami 3 BUKOPUCTaHHSIM
MPUHLIMITY MOXJIMBUX TIEpeMillleHb OTpUMMaHO (OpMYJy IIJISi pO3paxyHKY KOHTAKTHOI CWJIM Yy BEIyYMX KOHTAKTHUX
napax K (YHKIIii KyTa MOBOPOTY BXimHOro Baya. Ilim yac oOumcjieHHST KOHTaKTHOI CWJIM BUKOPHCTAHO HEIiHIMHY
MoJeNb AeopMyBaHHSI MaTepiaiy.

PesyabraTn gocaimkenus. Po3pob6iieHO aHaiTUYHUI MeTOA TOOYyIOBM LUKIOrpaMu poboTu koHTakTHUX rap KITP i
pO3paxyHKy KOHTAKTHUX CHJI 3aJIeKHO Bill T€OMETPUYHMX MapaMeTpiB peaykropa. IlokazaHo MOXJIMBICTb peajidaliii
PeIyKTOpIiB i3 HOBUIbHMM 3HAYE€HHSM KyTa MiK KPUBOIIMIAMM KOJIHYACTOrO Baja, a TaKOX MOBIIbHOIO KiJIbKiCTIO
CaTeJsITIiB 1 1IIBOK BUXi[IHOT JJAHKM.

BucHoBkn. OTprMaHO 3HAUEHHSI KOHTAKTHOI CUJIM — (PYHKILiIO KyTa OBOPOTY KOJIIHUACTOIO BaJia, KiJIbKOCTI CATEJIiTiB
i LiBOK BUXiJIHOI JJAHKU. 32 HE3MIiHHOI KiJIbLKOCTi OJHOYACHO aKTMBHUX BEAYYMX KOHTAKTHHUX Iap i, BiAMOBIAHO, piB-
HOMIpHOI Iepenayvi HaBaHTaXKE€HHSI MK HUMU 3aKOH 3MiHM KOHTaKTHOI CHJIM 3a LUKJI MOAIOHMM 10 mapabosiyHOoro.
B iHmIomMy BMMaaKy 3MiHa KOHTaKTHOI CWJIM 33 LIMKJI Ma€ NOCUThb CKJIaAHMI XapakTep. OTpUMaHi pe3yibTaTH MOXYThb
OyTu BUKOpHUCTaHi 3a yroyHeHoro po3paxyHky KKII KIIP i1 yxBajieHHSI KOHCTPYKTOPCBHKMX pilllEeHb Ha €Tari 1oro
MPOEKTYBAHHSI.

KunouoBi ciioBa: KpMBOIIMITHO-TUIAHETAPHUI PElyKTOP; FTEOMETPUUHI IMapaMeTpy peayKTopa; LIMKJIorpaMa; KOHTaKTHa
CUJIA; KYT TUCKY.

Beryn PEIyKTOPiB BUPI3HSIOTHCS MOXKJIMBICTIO peallizyBa-

TU IMPOKUI Aiama3oH MepeaaTHUX YKUCes i MaloTh

MexaHiuyHi peIyKTOpU pi3HUX TUIIB i po3MipiB  Bucokmii KKJI, MeHIIi MacorabapuTHi XxapaKTepH-
IIIMPOKO 3aCTOCOBYIOTh y OaratboX MaiuuHax. Ilma- CTMKM B TMOPIBHSIHHI 3 pAAHMMM mnepemadamu [1].
HEeTapHi penoyKTOpU SK OAMH i3 TUIIIB MexaHiuHMX HalOinbloro moOIIMpeHHs IUIaHETapHi Iepeaadi

Pekomenayemo muryBaTu mio crattio Tak: [.B. SIHueBchkuii, M.B. Hexopoimx, “BriuB reomeTpuuHUX rapaMeTpiB
KPHMBOIIMITHO-TIJIAHETADHOTO PEAyKTOpa Ha IMKJIorpamMy poboTh KoHTakTHUX map”, Haykoei eicmi KIII, No 4,
c. 8391, 2021. doi: 10.20535/kpisn.2021.4.245103.

Please cite this article as: 1.V. Yanchevskyi, M.V. Niekhoroshykh,“Influence of geometric parameters of
crankshaft-planetary reducer on cyclograph of work of contact pairs”, KPI Science News, no. 4, pp. 83—91, 2021.
doi: 10.20535/kpisn.2021.4.245103.
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HaOy/IM Yy BaXXKOHABAHTAXXEHUX 1 BIAMOBiOaJbHMUX
MEXaHIYHMX IIPMBOJAX, Y POOOTOTEXHIlli Ta Mexa-
TPOHHUX CHUCTEMax, Jie BOHU MPAaKTUYHO HE MarOTh
anpTepHaTuBu [2], [3].

KpuBomunHo-IuiaHeTapHi peayKTopu — OIUH
i3 BapiaHTIiB KOHCTPYKTMBHOIO BMKOHAHHS Tlja-
HeTapHUX penyktopiB. B ocHoBy KIIP moknameHo
wiaHetapHuii MexaHism tuny K-H-V [4]—[6] i3 BHY-
TPILIHIM 3aYeTJIEHHSIM 3 MaJIOl0 Pi3HUILICI0 YuCes
3y0iB CcaTeJITIB i COHSTYHOIO KoJjeca. 1 OiabIIoCTi
kKoHcTpykuit KITP BigMiTHUMU OCOOJUBOCTIMU €
KOMITaKTHICTh, BHCOKAa HaBaHTaXyBaJbHa 3/aT-
HicTb yepe3 Opak 30BHIllIHbOIO 3auerlIieHHsI, BHUCO-
Ka >KOPCTKiCTb KOHCTPYKILil, MaJluii MOMEHT iHepLii
BaJliB, HU3bKUI piBeHb 1IyMy Ta Biopauii [3]. o oc-
HoBHUX HenojikiB KITP, ski oOMexXyoTb oOcsru
iX cepiiHOro BUpPOOHUIITBA, CJill BiIHECTHU BiICYT-
HOTO Ta CWJIOBOIO PO3pPaxyHKY, MiIBUILIEHI BUMOTHU
JI0 TOYHOCTi BUTOTOBJICHHSI Ta MOHTaXy, a TaKOX
MOB’s13aHy 3 LIIMM OCTATOYHY 1IiHY TOTOBOTO BHpPOOY.
ToMmy BIOCKOHaJIEHHSI TaKUX PEAYKTOPiB, Opi€H-
TOBaHE Ha 3HMXXEHHS BapTOCTi iX BUPOOHUIITBA,
Ta CTBOPEHHSI €(DEKTUBHUX METOMIB iX PO3PAXYHKY
3a/J1s1 TTOKpalleHHs 1X eKCIUTyaTalliiHUX MOKa3HU-
KiB Ha eTarni MpOEKTYBaHHSI MalOTh BaxkKJIMBE MpU-
KJ1aJHe 3HAUCHHSI.

Knacuune Bukonanns KIIP [1]—[6] nepenba-
Yya€ HasIBHICTb JBOX CaTeJiTiB, SIKi BCTaHOBIIIOIOTH
Ha OMO3UTHO PO3TAalllOBaHi MPOMiXHI IIUIAKU (KpU-
BOILLMIIMA) BXiAHOTO KOJiHYacToro Baja. BomHouac
Take KOHCTPYKTMBHE PIillIEHHSI HE € €IUHO MOXJI-
BuM. [lutanHs onrTuMi3allii TeOMETpUYHUX TTapamMe-
tpiB KIIP i ix BriMBYy Ha eKcruiyartalliliHi XxapakTe-
PUCTUKHU € BiIKPUTUM.

ITocTanoBka 3anaui

Po3pobutn aHamiTHYHUIT MeTOH BU3HAYCHHS
KyTa TUCKY Ta 3HAYeHHS KOHTAKTHOI CUJIM B KOH-
TaKTHUX I1apax “OTBip carejliTa — IIiBKa BMXiJHOI
nanku” KITP 3anexHo Big KyTa MiX KpUBOILLMIIA-
MU #oro KosiHyacToro Baja (3 V-momioHoio op-
MOI0), a TaKOX KiJIbKOCTi caTeJliTiB i LiBOK BUXil-
HO1 JlJaHKHU. 3aCTOCOBYIOUM PO3pPOOJICHUI METO,
MEPEBIPUTU MOXKJIMBOCTI IPOEKTYBAHHS peIyKTOpa
3 JOBUIbHMMM 3HAaYeHHSIMU 3a3Ha4eHUX ITapaMeTpiB
i JOCTIAWTH iX BIJINB Ha LIMKJIOrpaMy pOOOTH KOH-
TaKTHMX ITap i MaKCMMaJjbHe 3Ha4eHHS KOHTaKTHOI
CWIM 3 ypaxXyBaHHSIM HeJliHiiHOCTI aedopmyBaHHs
maTepiais.

Po3spaxynkoBa cxemMa peaykropa

—1_
Tin 2!
=
1 4
°<Q: ﬁ
e
3

Puc. 1. CtpykTtypHa cxema peaykropa: | — BXimHa JlaHKa;
2, 2° — cateniti; 3 — Kopmyc; 4 — BUXiZHA JIaHKa;
e — eKCIIEHTPUCUTET; 7, — pajiyc OTBOpPiB; R — pamniyc;
i, — pamiyc LiBOK

Posrimsaemo KIIP, cTpykTypHY cXeMy SIKOro
rnmokazaHo Ha puc. 1. Beaydolo naHKOIO peayKTo-
pa € yjaHka [, BUTOTOBJIEHA SIK KOJiHYACTUIi Baj
i3 KiJIbKOMa KPUBOILIMIIAMU 3 €KCLIEHTPUCUTETOM e.
Kinpkicts kpuBowmuiiiB K [OpiBHIOE KiJbKOCTI
BCTAHOBJICHMX Ha HUX caTefiTiB (mo3uuii 2 ta 2’).
Kyt Mix KpuBomumnamu — o. 3arajoM 3HauYeHHS K
i o MOXYTb Bigpi3HsTHCS Bim kjnacuuHux (K = 2;
o = 180°). 3ybuacTi BiHUS caTeniTiB i Kopnycy J3
YTBOPIOIOTh LIWIIHAPWUYHI Tiepeaadyi BHYTPILLIHbOTO
3a4eryieHHs. Y Tijli KoxXHoro catenita € N oTBOpiB
i3 paniycoMm 7,,, pIBHOMipHO PO3MOAUIEHUX MO KOy
pagiycoMm R. 3a 10OMOroo MoBepXOHb LIUX OTBOPiB
MIPUBOINTHECS B OOepTaHHS BHMXimHa JaHKa 4 4yepes
LIiBKU PafiiyCoM 7;,, sIKi BXOJISITh B OTBOPU CATEJIITiB.
3a3HauuMMoO, 110 KiJbKiCTb OTBOPIiB N y KOXHOMY
caTesiTi 3a3BUYall MOKJIaAaloTh piBHOWO 3 abo 4.

MeToauka po3B’sa3aHHSA

VYBeneMo B po3MIsiL JEKAPTOBI CUCTEMU KO-
opavHat A, x,y, i A,§m,, MOYaTOK SIKMX 30iraeTbcs
3 LIEHTPOM MEPIIOro caTelita 2. YBaxaemo, 110 CHU-
cTeMa KOOpIMHAT A,X,y, PYXa€TbCs MOCTYyNaJIbHO
BimHOCHO iHepuiaabHOI cuctemu OXY, Bich Z siKoi
€ BicClo obepTaHHS BXiZHOTO (KOJIIHYACTOro) Baja
1 i BuximHOi maHkM 4. IHIIA cucTtemMa KOOpAMHAT
MoB’s13aHa 3 caTeJliTOM, i, BiAMOBIAHO, KYT MiX
ocsiMU Ay, i Am, CTAHOBUTUME @/u, 1€ ¢ — KYT
MOBOPOTY BXiIHOTO BaJla;, ¥ — IMepedaTHE YUCIO
peaykTopa (puc. 2). ¥ moyaTKOBUN MOMEHT uacy
(¢ = 0) oci opauHAT 3a3HAYEHUX BMIIE CUCTEM KO-
OpAMHAT 30iraloThCsl.
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Puc. 2. Cucremu xoopamHat

ITosioxkeHHs1 mepiuoro catenita 2 3a1aMo Tak,
1[0 KOOPMHATA LIEHTPA OJHOTO 3 HOro OTBOPIB Y CUC-
TeMi KoopauHat A,&m, AopiBHIOE (&,5:1) = (0,R).
Toni B cucteMi A,x,;y, KOOpAMHATA 1ILOTO X IIEH-
TPy BU3HAUaIOTh 3a JOMOMOIOI0 MaTpUIli MOBOPOTY
CHCTEeM KoopauHart [8]:

{xm} _ {cos«p/u) —sin@/u)} | F}

Vs sin(@/u) cos(o/u) | |n;

Tak caM0 MOXHA 3HAMTH KOOPOWHATH LIEHTpa
LIOTO OTBOPY B HEPYXOMiii cuctemi koopauHaT OXY:

i) -
_ {e~sin((p)—R~sin(q)/u)}

e-cos(¢)+ R-cos(o/u)

JIe e — EKCLIEHTPUCUTET BXinHOTo Basia (e = OA)).

3 ypaxyBaHHSIM TOTO, 11O TiepeAaTHE 4YHUCJIO
BiJ BXiITHOTO BaJjia IO caTeJiTiB JOPiBHIOE U, KOOP-
JWHATU TOYKU E, (TOYKM AOTMKY LIiBKM BUXiTHOI
JIJAaHKM Ta BiAIOBIIHOTO OTBOPY IEPLIOTO caTesiTa
(puc. 2, 6)) oTpUMaeMO 3 TaKOi CUCTeMU ajreopaiu-
HUX PiBHSIHbB:

out?

(Xe, - X, )2 NI A )2 = 2

(XEl +R- sin(cp/u))2 + (YEl -R- COS((P/H))2 =i
ne 7y, ¥, — Paliycu LiBOK BUXiJHOI JIJAHKU PEAYK-
TOpa Ta OTBOpY carellita (AUB. puc. 2).

3a ponomorolo KoopauHat Touok E, i M Bu-
3HAYMMO KOOpAMHATU Touku E, — TOYKM DOTUKY
LIi€1 XK LIBKM 10 APYrOro caTesliTa B HEPyXOMiii cuc-
TeMi KOOpAMHAT:

X X P ¢
" = M +L- M E, , (1)
YE2 YM YM _ YE]
X _Rsi
* [Y :: } ) { Rcscig(((;p //5))} — KOOpanHaTh ToYku M

(muB. puc. 2, 6); L — niHiliHUI1 onepaTop MOBOPOTY
ME/ = EM Ha kyr o' = ZE,ME| (1uB. puc. 2, 6)
NPOTU TOAMHHUKOBOI CTPIJIKM:

L {cos(a’) —sin(a')}'

sin(a’) cos(a')

3aranom Touka E, He Oyne aiameTpasibHO Mpo-
tunexHoro 10 E; BinHocHO Touku M (-n < o' < 7).

3Hatoun KoopauHatu Touyku E, sk dyHKIIio
KyTa TOBOPOTY BXiIHOTO Baja ¢, Ha LIbOMY eTari
MOXXHA IMapaMeTpU3yBaTH PIiBHSIHHS PyXy OTBOPY
JPYyTOro caTejiTa 3amis BU3HAY€HHsI (DOpPMU MOTo
npodiato. s 1poro HeoOXiAHO MEPENUTH Bill CUC-
TeMu KoopauHat OXY no cucreMu A,&,n,, KOPCTKO
MOB’S13aHOT 3 LIEHTPOM iHILIOro cateiita (puc. 3).
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— Hoseznemo, 1o koopauHati (&, , Mye,) 3a10-
Va B, BOJIBHSIIOTh PiBHSIHHS KOJIa 3 PafliycoM 7, 3 HIEHTPOM
1‘ e y Touui (0,R) y pyXoMiii CHCTEMi KOOPAMHAT A& 1,:
‘ 2 2 _ 2
X \ ‘)’2 \ &k, + (nz}i2 - R)" =150 (4)
o = ™ .
4 _ 52 ‘(p/u ITincraBuBiM B (4) KoopauHatu (3) Ta crpo-
- \ CTUBIIN BUpPa3, OTPUMAEMO
A, 2G) 2

Puc. 3. I[1epexin 1o cructeMy KOOpAMHAT y LIEHTPI IPYTOro caTesiTa

Ileit epexia MOXJIMBUI Yepe3 BUKOPUCTAHHS
CUCTEMU KOOpAMHAT A,X,),, BU3HAYEHHSI KOOPIU-
HaT Touku E, B sIKiil BinOyBaeThbCs 32 3aKOHOM [8]:

sin (o + ) {0}

—€

Xop, X, cos(p+a)

Vo, Y, —sin(p+a) cos(p+a)

Crig 3a3HayMTH, 1O CUCTEMA KOOPAUHAT A,X,),
(muB. puc. 3), 9K i A;x,y,, PyXa€TbCsl MOCTYIMAaIbHO
BiIHOCHO iHepuiagbHOi OXY, ogHaK iX LeHTpU 30i-
raloThCsl 3 LIEHTpaMU Pi3HUX CATEJIITiB.

Otmxe, MalO4Yn KOOPAMHATH (X, , Vg ) MOXHA
3anucaTy mapaMeTpuyHe PiBHSHHS PyXy OTBOPY Ipy-
TOro caTejlita B pyXoMiil cucteMi koopauHat A& n,.
Ili xoopauHaTK 3a JOMOMOTOI KJIACMUYHUX TPUTO-
HOMETPUYHUX CITiBBIZHOIIEHb i MaTPUILIi TIOBOPOTY

g, cos(¢/u)

sin (o/u) |[ x,

cos(o/u)|| »,

Ub! —sin ((p/u)
MOXKHA TTOJIaTH SIK

&, = —€-sin(Cyp +a) +

+C cos(Cyp—0a')+ C,sin(Cyp—o');

N, = R—e-cos(Cyp+a)+

+C,cos(Cyp—a')-C sin(Cyp—a'); (2)

1
ne C, :2—\/2e2r2 +2e* 2 +2r2 12 — et —rifl —rt
e

out in out’in out ?
2 2 2
r.o—r.—e 1
=" — . C=1+—.
2e u

SK1o BUKOpWCTATH PIiBHICTD 7, = F, + €, TO
cucTeMa piBHSIHb (2) CYTTEBO CHPOILYETHCS:

C =0, G=r; C=1+1/u;
Ea, =—e-sin(Cy-@+a)+n, -sin(C-p-0a'); (3)
My, = R—e-cos(Cy-p+a)+r, -cos(Cy-o-a').

rl,=ri+e’ —2e-r, -cos(a+a). (5)

Sk BUOHO 3 piBHSIHHSA (5), 00MABI fiOro yacTu-
HM HE 3aJIeXXaTh Bifl ITapaMeTpa @, 1110 3a10BOJIbHSIE
¢iznuny moaenb. Ilpore He Bci nmapu (o, o) OynyTh
MNPUWHSITHUMMU, OCKIJIbKM OTPUMaHe KOJIO Ma€E OyTu
JOTUIHUM JI0 KOHTYpY IiBKM (HE Ma€ TepeTUHATH
e KOHTYp). OCKUJIbKM 1i KyTUM He € (PYyHKUisIMU
KyTa MOBOPOTY BXiHOTO BaJla @, TO IS L€l 3ama-
4i 1ocuTth, 106 ymoBa (5) BUKOHyBajach 3a ¢ = 0.
PosrnsgaeMo 111 1IBOTO CHCTEMYy KOOpAWHAT Mxy
y LIeHTpi LiBKu (puc. 4).

Puc. 4. KoHTakT MOBEepXHi LIBKK 3 TMEPIIMM OTBOPOM APYTOro
caremita [TapameTpusyeMo piBHSHHSI KOJIa KOHTYpY LIiBKU
3a KyTOM {3 Ta 3HaiizeMo noxinHy B Toulti E, (B = o + n/ 2)-

{x =rpcos(B) _ {dX/dB =—r,sin®) _ dy|  _
y =r, sin(B) dy/dB =r, cos(B) ~ dx pears

__cos(a’'+m/2)

sin (o' + m/2) = tan (o).

AHAJIOTIYHO 3aluIIeMO IOXiTHY UISI OTBOPY
JIPYroro caTesiTa:

dzi = C;(r, cos(Cyp—a') —e - cos(Cyp + ) );
? =
Mo, = C; (-, sin(Cyo — o) + e sin (Cyp +
do 3\ i 3¢ 3¢ (X))-
dnye,|  r, -sin(a’) +e-sin(a)
dEoe, |, 1, -cos(a’) —e-cos(a)’




MATEPIANNO3HABCTBO TA MALWWMHOBYYBAHHA 87

VYMoBa HOTUKY ABOX KiJl — 30DKHICTb KyTOBMX
KoeilieHTIB JOTUYHUX:

dy| _dnyg,
dx B:a’+g dE_zZEZ 0=0

r, -sin(a’) + e - sin (o) ,
= tan (o).

r. -cos(a') —e-cos(a)

BinnoBinHo 10 11boro piBHSHHS 11 apu (o, o')
OTPUMAEMO JBa MOXJIMBUX BapiaHTU PO3B’SI3KY:

a+a' =0 abo a+a' =m,
SIKi BIAIIOBiZAIOTH paaiycaM

rl

out2 =1

=l —6 ro"ut2 in T €
3 ypaxyBaHHSM OYEBUIHOI YMOBH F,
TUMEMO F, , =1, +€ =1, (a+a' =m).

ITonaHi po3paxyHKu AalOThb 3MOTY BU3HAUUTHU
po3TalllyBaHHSI OTBOPiB Ha peluTi caTteliTiB (j = 2, K;
K — KiJbKiCTh caTelliTiB) 3a YMOBHM, 1110 pO3Tally-
BaHHs OTBOpiB Ha nepuomy (j = 1) Bimome. IToso-
JKeHHSI 1LIBOK B iHepliaJbHili CUCTeMi KOOpAWHAT
BU3HAYAETLCS MATPUIIEIO, 110 OIMMCYE TOJOXEHHS

IX LIEHTPiB Y JOBUIbHMIA MOMEHT Yacy:

w2 > fin Ma-

. 2n
cos(o/u) —sin(o/u) . —Rsm((n - I)Wj
sin(o/u) - cos(o/u) Rcos ((n - 1)2_75)

N

b

Je n — HoMmep 1iBKU (1 = 1, N; N — KiJIbKiCTb LIiBOK).
Tak camMo MoJ0XeHHST OTBOPIB Y j-MY CaTeJiTi
MOXHA 3amucaTu siK

sin((p+(j—1)oc)
cos(p+(j-1a)|

Tomi Touky E,, (TOUKY NOTHKY ILIBKHA BHUXiTHOI
JJAHKU 3 KN-M OTBOPOM /j-TO cartejlita) BHM3HAYMMO
CHUCTEMOIO PiBHSIHB:

(Xe, = Xu, ) +(Ye, ~Y,) =17
(Xe, = Xa, )2 #(Ye, ~ T, )2 = T
abo B MaTpuuHiil popmi
[y —M, | = .
"Ejn =B = T

3Hao4YM MOJOXEHHsT ToYkM E,, BH3HAUYMMO
KyT TUCKY B KOHTaKTHIil mapi “n-a 1LiBKa BUXiIHOI
JIJAHKU — BiIMNoBigHWii OTBip j-TO catemita” [9] —
KyT MK BEKTOPOM JIiHIHOI LIBUIKOCTI TOUYKU M,
i BEKTOPOM KOHTAKTHOI CUJIM, MOKJIaAeHOI B TOYIL
E, (puc. 5):

dM,
(MH_EJ'H)' do
cos(r) = -
||M11_Ejn ’ .
de
=COS(E+@(1+lj+0L(j—1)+2—n(n—1)j (6)
2 u N ’

ne E, (o) = [X E, YE,,, JT — KoopauHatu Touku E,

y cucteMi OXY.

Kyt Tucky € BuU3HauyalbHUM ISl OaraThboX
ekcrutyatauiiiHux nokasHukiB KITP. 3okpema, Bin
HBOTO 3aJIeXKaTh 3HAUYEHHSI CUJIM B KOHTaKTHii mapi
(mapi “uiBka — OTBip”) i, BiAMOBIAHO, KOHTAKTHi
MeXaHiuHi HampyxXeHHsl. BUKOpHCTOBYIOUM OTpU-
MaHi B po0OoTi [9] pesyabTaTh, KOHTAKTHi CHJIMU
B LMX Mapax MOXHa BU3HAYUTU 3a IPUHLIUIIOM
MOXJIMBUX TMEPEMillleHb:

K

DY i F,8r,, =0,
n=1

j=1

)

ne T, — KpyTHUII MOMEHT Ha BMUXiIHil JlaHLi pe-
aykrtopa; &r, — HOpMajibHe 3MillleHHs1 Touku E,,
NpuKIanaHHs cuim F, y n-il mapi j-ro cateinira
3a MOXJIMBOTO ITOBOPOTY BHUIXiTHOI JIAHKM Ha KYT
3¢, (AuB. puc. 5).

V Bupasi (7) BpaxoBaHO BCi Belydi KOHTaKTHi
napu. fIKio 3a MOIyJeM KyT TUCKY 7Y, O04MCIIC-
HUI 3a opMysoro (6), OITbIIMIA 3a /2, TO TIapa €
BElIeHO0, i, BiAIMOBIIHO, /ISl HEi KOHTaKTHA cuJja

JIOPiBHIOE HYJIEBi (Fm

oz = 0). st BUBHaUeHHS
¥ jn|=T

pelTH 3HaYeHb KOHTAKTHMX CUJI CJIiJ, BUBECTU 3a-
JIEXKHICTh MiK KOHTAaKTHOIO CUJIOIO Ta 3MiHOIO Mi-
JKOChOBOI BiJCTaHi T€OMETPUYHMX MOBEPXOHb KOH-
TaKTHUX TIap, SIKa 3arajoM Moxe OyTU HeJliHiliHO1O:

-cos(,, )]V =
.cos(e,,, )T ,

me A A" — mesiki KOHCTaHTH, v = | + & — TToKas-
HUK cTerneHs (8 = 0, — peajibHe 3HAYEHHS O MOXKe
OyTU BU3HAUCHE €KCIIEPUMEHTAJIbHO).

F, ~A-(Ar,)" = A-[ Ao |E,,

=4[, ®)
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Puc. 5. KyT THUCKY Ta KOHTaKTHa CHJia B KOHTAKTHUX I1apax

3 tpukyriuka OM,E, (nuB. puc. 5) orpumye-
MO BUpas3 uist KyTa 0,

cos(ejn):"Lcos(yjn).
jn

Toni Bupa3 (8) masi KOHTAKTHOI CUJIM Halyzde
BUTJISITY

F. =A'-RV-COS(y/.n)V. 9)

Jjn

3 ypaxyBaHHAM  CHiBBIIHOINEHHA  &r, =
R-80,,, -cos(y;,) (auB. puc. 5) i piBHsHus (9) Bu-

pa3 (7) MaTume Takuil BULJISIA:

YLMXS(\DBV[X —A-R™ . 8(pnux ’ ZCOS(yjn )HV = 0)

(4.m)

3BiAKU
71314)( cos (Y jn )
F, == M (10)

SIKIII0 IPUITYCTUTH, 1110 KPYTHUIL MOMEHT Ha BH-
XigHiit naHui penykropa nocriiumii (T, =7, -u-n,
ne T,, — KpyTHUII MOMEHT Ha BXiTHOMY Bajy, nm —
KKJI peaykropa), TO 3al1eXHiCTh KOHTAKTHOI CUJIU

"» BUI KyTa TIOBOPOTY BXITHOTO Bajia ¢, SIK BUILIA-
Ba€ 3 (10), Bu3HaUaTUMETHCS (PYHKIIIEIO

)= el Solia)

E) Z Z cos (Yj,, )1+v

Jj=1 n=1

n

a ii MakcMMaJIbHe 3HAYeHHS HE TTepeBUIIYBaTHME
Fy=T,/R (@) < ).

Cnin 3ayBaxutu, 1m0 y ¢popmynax (10) Ta (11)
cyMa 3MiACHIOETBCS JIMIIE JJISL TUX j 1 n, DT IKUAX
BUKOHYETBCsT yMOBa €0s(y,,) > 0, y sKiii KyT TUCKY
Y;, 00UMCITIOETHCA 3a hopmyJIoio (6).

Takox 3a3HaYMMO, 110 JJISI BAKOHAHHS YMOBH
30MpaHHS TaKUX IJIaHETAPHUX PEeayKTOPiB HEOOXi-
HO BpaxoByBaTH ITOBOPOT OTBOPIB APYIOro caTeli-
Ta BiZHOCHO Tmepiuoro. Ileit KyT MoxHa OOYMCIU-

. (. a 2n
TH 32 (HOPMYJIOK0 y; = mm(j -;J_rk ?j (k e N).
BonHouac 1eit KyT He BIUIMBA€ Ha IOIEPEIHI po3-
paxyHKM, OCKiJbKM MOBOPOT YCiX OTBOpIB carejita
€KBIBaJICHTHUII MTOBOPOTY 3y0iB Ha CaTEJIiTi.

Yucnosi pesyabraTu

YucnoBi ekcriepuMeHTH IpoBenaeHo miss KITP
i3 mepegaTHUM umciaoM u = 20, KiIbKiCTb OTBOPiB
y carefiiTiB (LiBOK BUXiJHOI JJaHKU) SIKOTO JIOPiB-
Hioe 3 (N=3).

Ha puc. 6 300paxeHO LMKIIOIpaMu poOOTH
KOHTaKTHMX Map y peayKTopax i3 pi3HUM 3HauyeH-
HSIM KiJIBbKOCTI Moro carefitTiB K i KyTa MiX Kpu-
BOILLIMIIAMM .. 3 BUKOPUCTAHHSIM LMX LMKJIOrpam
HECKJIaAHO OOYMCIUTU “KOe(illiEHT TepeKpUTTS
koHTakTHUX map” [10]. Ha puc. 6, a, 30kpema, Io-
KazaHa IMKIorpama Uil KIIaCUYHOTO BUKOHAHHS pe-
nyktopa 3 K=2 it o = 180°, orpumana B po6ori [9].
SIx BUIHO 3 puC. 6, a, y KOHTaKTi TTOCTIITHO mepedy-
BalOTh TPU Mapu. 3MiHa KyTa o CIIPUYMHIOE 3MiHY
KiJIbKOCTI OJTHOYACHO aKTMBHMX KOHTAaKTHUX Tlap
(puc. 6, 6i 6, 6), a OTKe I HEPIBHOMIPHICTh PO3-
MOJiy HaBaHTaXXeHHsT Mixk HUMHU. Tak, 3a o = 120°
i K=2 (muB. puc. 6, 6) KiJTbKICTb Iap 3a OAWH TTOB-
HUI 00epT KpuBoOlIMMa HaOyBa€ IBOX MOKJIMBUX
3HaueHb: 2 uu 4. BogHouac 3a o = 90° i He3MiHHUX
K Ta N (nuB. puc. 6, 6) KUIbKICTh BeAyYMX KOHTaK-
THUX Map y MEBHUI MOMEHT 4acy MOXe HOpPiBHIO-
Batu 2, 3 uu 4. OcTaHHi JBa BUMAJKU CBiyaTh Mpo
HemoJiKM pemaykTopa 3 a = 360°/K. OmgHak HaBiTh
BUKOHAHHSI YMOBHU a = 360°/ K He € mocrtaTHiM st
BUPIBHIOBAaHHS PO3IIOALTY HABAHTAXXEHHS MiX BeIy-
YUMU KOHTAKTHUMM Tapamu 3a LMK, PO L0 CBil-
YUThH 300paxkeHa Ha puc. 6, ¢ MUKJIOTpamMa — KiJlb-
KiCTb BeIydMX KOHTAaKTHMX Tap 3a o = 120°, K= 3
i N=3 uepryerbcst Mix 3 Ta 6.
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BunpaButu 1eil HemoJlik MOXHa 30UIblIIEH- HaHHS TIaHeTapHoro peaykrtopa (K = 2; o = 180°
HSIM Ha OIMH KiJIbKOCTI L[iBOK BUXinHOI taHku. Tak, (auB. puc. 6, @)) Ta 1Sl IOJBOEHOI KiJIbKOCTI caTte-
3a o= 120°; K=3; N=4 KinbKicTh BeIyunx KOHTaK- JiTiB (K=4; o = 90° (puc. 6, e)). Criin 3ayBaxkuTH,
THUX TIap 3a IWKJT TTOCTiifHA Ta TOpiBHIOE 6 (puc. 6, d). 10 MUTAaHHS peaiidalii peayktopa 3 K =4 y mii
3a N =3 mocriiiHa KiJIbKIiCTh BEAYyYMX KOHTAKTHMUX pPOOOTI HE MOPYIIEHO.
rap CIOCTEPIira€ThCsl JUIIE AJISI KIACUUHOTO BUKO-

nr ! ; fn
6 | I 1
l | 12
| |
T | | 21
! : - 23
| ! 1 ! 1 | 1 L L i i
0 120° 240° P 0 60 1200 180 240 300 o
a 6
fn Jjn
11 117
127
]2 i ] 3 |p— ——
e ) S — ——— 217
22 —
21 23|
32
23— 33|
0 60 1200 180 240 300 @ ] 60 1200 180 240 300 o
8 2
ion fon
11 11 ¢
12 12}
13 - ] 3 p— —
14 21
21 2D p— —
31 — 334 1
32 f— I ——
33 42
34 43
0 o0 120 180 240 300 ¢ 0 60 1200 180 240 300 ¢
0 e

Puc. 6. LlukiorpamMu poboTH BeayYrX KOHTAKTHUX IMap MPU Pi3HUX TEOMETPUYHUX KOHirypailisx pemykropa: a — o = 180°; K=2;
60— a=120° K=2;6—a=90° K=2;e— a=120°% K=3; N=3; 0 — a=120° K=3; N=4;¢e — a=90°, K=4; N=3
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Puc. 7. Xapaxrep 3a/IeXKHOCTI KOHTaKTHOI CUJIM Bill KyTa IOBO-
POTY KOJIIHYACTOrO Bajia

3 a”ayii3y nMoJaHux Ha puc. 6, a Ta 6, e LU-
KJIoTpaM BUILIMBAE, 110 BUManoK (K=2; a = 180°)
€ yacTMHHUM BumagkoM (K =4; a = 90°), a Kijb-
KiCTbh OMHOYACHO aKTMBHMUX KOHTAKTHUX Tap 3aju-
LIAEThCST He3MiHHOMW0: 6 it K=4 ta 3 mia K= 2.
HecknagHo nepenb6aumTy, 110 30iIbLIEHHS Kilb-
KOCTi BeIy4uX KOHTAKTHMX Iap 3a0e3Ieuye BIBiUi
MEHIIE MaKCUMajibHe 3HAU€HHSI KOHTAKTHOI CUJIM.
BignosigHi KpuBi 300paxkeHO Ha puc. 7 KPUBUMU
K=4 1a K=2. Ha puc. 7 moka3zaHo Takox rpadik
nepioguyHoi GyHKiii f,(¢) (12), ne @ — Kyt moso-
pOTY KOJIIHYacTOro Baja. 3MiHa KiJIbKOCTi BEIyYMX
KOHTaKTHMX Tlap MPU3BOAUTH OO0 CKJIAAHIIIOro Xa-
pakTepy 3MiHM aKTMBHMX Y HUX KOHTAKTHUX CUJI
3a LMKJI, sAKi 3ajexarb Bil f,(¢) — Ha puc. 7 KpuBa
K= 3 Binnosigae Bunaaky K= 3; o = 120°.

Ciin 3ayBaXkuTH, 1110 B po3paxyHKax 0yJ10 mpu-
WHATO JiHIAHUU XapaKTep 3aJeXHOCTi KOHTaKTHOI
cwiu Big aecopmyBaHHS Matepiany (6 = 0). OgHak
11 He TIPUMEHIIYE KOPEKTHOCTI pe3yJbTaTiB.

3HayeHHsI KPYTHOIO MOMEHTY Ha BMXiTHOMY
BaJly 3aJIeXKUTh SIK Bif, KPYTHOIO MOMEHTY Ha BXOJi
peayKkTopa Ta Moro mepegaTHOro 4uciaa, Tak i Bif
KKJI penykropa. OcTaHHili TaKoX 3aJeXUTb Bif
TEPTS B KOHTAKTHUX/KiHEMaTUYHUX Tapax penyk-
Topa. ToMy pe3yabTaTM MOXYTh OYyTH BUKOpPMCTa-
Hi mig yac yroyHeHoro po3paxyHky KKJI KIIP

References

1 BU3HAYEHHSI HEPiBHOMIPHOCTI KPYTHOIO MOMEHTY
Ha MOro BUXiIHOMY Baly.

BucHoBku

VY po06oTi nogaHo aHaIITUYHUI METOI IOOYI0BU
LUKJIOTpaMyu poOOTU KOHTAaKTHHUX Iap “OTBip care-
Jita — wiBka BuxigHoi maHku” KITP 3anexHo Bin
loro reoMeTpUYHUX ITapaMeTpiB, 30KpemMa, Bill KyTa
MiXK KPUBOIIMIIAMU KOJIIHYACTOrO Bajia, KiJIbKOCTI
caTeJiTiB i LiBOK BUXiAHOI JIaHKK. BKazaHa LIMKII0-
rpamMa € BU3HAYaJbHOIO TiA Yac SIK OOYMCIEHHS
JIeTajieil peayKTopa Ha MillHICTh, TaK 1 pO3paxXyHKY
eKCILTyaTaliiiHUX MOKa3HMKIB PeAyKTopa 3arajaom.
Crin 3ayBaXuTu, 110 OTPUMMAaHE CITiBBiIHOIIICHHS
JJIsI KOHTAKTHOI CcvIM SIK (PyHKIiI KyTa ITOBOPOTY
KOJIIHYacTOro Bajia TPUITYCKAE HEJiHiliHY II0Be-
JIIHKY MaTepiajliB geTajieil 3a iioro aeopMyBaHHS.
BopHouac BinnmoBigHMIA TTOKa3HUK CTEIIEHS Ma€e OyTHu
BU3HAYEHUI €KCIIEPUMEHTATbHO.

Ha migcraBi oTpuMaHUX CHiBBiZHOIIEHb ITOKA-
3aHO MOXKJIMBICTb pealidaliil peayKTopiB i3 JOBiJb-
HUM 3HAQUYEeHHSIM KyTa MiX KPMBOLIMIIAMU KOJIiH-
yacToro Baja o Ta KiJIbKOCTi cartefiiTiB K i ILiBOK
BuximHoi nanku N. OpHak, SK IIOKa3ajJlu po3pa-
XYHKH, YMOBOIO 3a0€3I1e4eHHSI piBHOMIPHOCTI pO3-
MOJIiJTy HAaBaHTAXXEHHSI MiX KOHTaKTHUMHU MapaMu
Ta 30UIbLIEHHS “KOoedillieHTy nepekpuTTsi” Ma€ OyTu
JNOTpUMaHHsI criBBiqHOWEeHHS o = 360/K. JloctaTHs
yMOBa Ma€ OyTU IlepeBipeHa YMCEeJbHO 4epe3 Io0y-
JIOBY LIMKJIOrpaMU pOOOTU KOHTAKTHUX map. BomHo-
yac 3HaueHHsI N Moxe OyTHM BUKOPUCTaHE $SIK AOITO-
MDKHMIA TTapaMmeTp ISl MOKpalleHHSI YMOB po0OTHU
KOHTaKTHUX Map.

3a He3MiHHOI KiIbKOCTi OJHOYACHO aKTHBHUX
BEAYYMX KOHTAKTHUX Iap i, BIAMOBIAHO, piBHOMIp-
HOI Iepeaadyi HaBaHTaXXEHHST MiXKk HUMU 3aKOH 3Mi-
HU KOHTAKTHOI CWJIM 3a LMKJI MOAIOHMI 1o mapa-
0osiyHOrO. B IHIIOMY BHITaAKy 3MiHA KOHTAaKTHOI
CUJIY 3a LIMKJI MA€ JOCUTh CKJIAIHUI XapakTep.

PesynbTatu MOXyTh OYyTM BUKOPHMCTaHi s
yrouHeHoro po3paxyHKy KK/ KIIP, ansi BusHa-
YEHHSI HEPiBHOMIPHOCTI KPYTHOTO MOMEHTY Ha HOro
BUXiTHOMY BaJly Ta TIiJl yac yXBaJI€eHHSI KOHCTPYK-
TOPCHKUX pillleHb Ha eTamni mpoekTyBaHHs KITP.
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I.V. Yanchevskyi, M.V. Niekhoroshykh

INFLUENCE OF GEOMETRIC PARAMETERS OF CRANKSHAFT-PLANETARY REDUCER ON CYCLOGRAPH OF WORK OF
CONTACT PAIRS

Background. Crank-planetary reducers (CPR) have a number of advantages: compactness, high load capacity, high structural
rigidity, to name a few. At the same time, there is no regulated methodology for their kinematic and force calculation, which limits their
development and mass production. The creation of effective methods for calculating these reducers to improve their performance at the
design stage is of great practical importance.

Objective. The aim of this work is to develop an analytical method for calculating the angle of pressure and the contact force in
contact pairs “satellite hole — pin of output link” of the CPR depending on the angle between the cranks of its crankshaft (V-shaped),
number of satellites and number of pins. Based on the developed method, check the possibility of designing a CPR with arbitrary values
of these parameters and investigate their impact on the cyclogram of contact pairs and the associated maximum value of contact force,
taking into account the nonlinearity of materials’ deformation.

Methods. At the first stage, based on the formulas of analytical geometry, the possibility of theoretical implementation of CPR with
an arbitrary value of the angle between the crankshaft cranks, the number of satellites and the number of pins of the output link is shown.
The values of pressure angles in the contact pairs “satellite hole — pin of output link” are analysed and on the basis of the received results
the cyclogram of work of leading pairs is calculated. In the second stage, using the principle of possible displacements, the formula for
calculating the contact force in the leading contact pairs is written as a function of the input shaft rotation angle. When calculating the
contact force, a nonlinear model of material deformation was used.

Results. An analytical method for constructing a cyclogram of the contact pairs of a CPR and the contact forces calculation was
developed depending on the geometric parameters of the reducer. The possibility of theoretical implementation of reducers with arbitrary
value of the angle between the crankshaft cranks, the number of satellites and the number of output link’s pins is shown

Conclusions. The dependence of the contact force is obtained as a rotation angle function, the number of satellites and the number
of source pins. With a constant number of simultaneously active leading contact pairs and, accordingly, a uniform load transfer between
them, the law of change in the contact force per cycle is similar to parabolic. Otherwise, the change in the contact force per cycle is quite
complex. The obtained results can be used in the refined calculation of the efficiency of the CPR and in making various design decisions
at the design stage.

Keywords: crank-planetary reducer; geometric parameters; cyclogram; contact force; pressure angle.
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PISBHOBUIN TA TEXHIYHI XAPAKTEPUCTUKHN COHAYHUX KOJEKTOPIB

IIpoonematuka. EHepreTMUHUIT pecypc € OOHMM i3 TOJOBHUX CKJIQOHMKIB YCIIIITHOCTI KpaiHW, a MOXJIMBICTh BU-
KOPUCTaHHsI €KOJIOTIYHO YMCTOI Ta JIOCTYITHOI BiHOBJIFOBAHOI €HEPril COHSIYHOTO BUITPOMIHIOBAHHS € BaKJIMBUM
3aBmaHHsIM. HuHI icHye BelmKe pi3HOMAHITTS TeJIiOCUCTEM 3a TeXHIYHMM pILIeHHSIM i cdhepaMy BUKOPUCTAHHS: Tep-
MO- Ta (POTOEEKTPUUHI, COHSIUHI CTaHILii JJIsI TPOMHUCIOBOIO YM MPUBATHOTO BUI00YBAaHHS €JIEKTPOCHEPTIi, rapsiuoro
BOJOTIOCTAYaHHSI, OMAJIeHHS, KOHIMUIIIIOBAHHS TOBITPSI TOWIO. AJie TTUTaHHS 10A0 e(eKTUBHOI iHCONALIT Ta BUOOPY
MaTepiajiB WIS LIMX CUCTeM Binmkpute. ToMy € akTyalbHUM pO3po0JIeHHS mieBUX cOHsTUHUX KojekTopiB (CK) 3 parmi-
OHAJIbHUMU T€OMETPUUYHUMMU Ta TeTI0(MI3UNYHUMU MMapaMeTpaMHu.

Merta mocaimkenns. 3HaiiTu Ta po3pooutu CK 3 MakcuMaabHOIO MPOITYCKHOIO 3HaTHICTIO abcopOepa Ta MiHiMi3oBa-
HUMM TEIUIOBTpaTaMU.

Metoauka peamizamnii. AHaii3 nateHTiB CK 3a ixHbOIO (pOPMOIO Ta TEXHIYHUMU XapaKTePUCTUKAMM, PO3poOKa HOBOI
mozeni CK.

PesyabTaTti nociimKeHHs. 3TiIHO 3 MPOBEIEHUM OIJISIIOM, HOBI PO3POOKM TeiOKOJIEKTOPIB Bil3HAYAIOTLCSI OPUTi-
HaJIbHICTIO Ta HOBU3HOIO TEXHIYHMX pillleHb. SIK MaTepianm abcopbepa BUKOPHUCTOBYIOTh ropoBaHy TpyOy, COTOBMIt
noJjlikapOoHaT, aKTMBOBAHE BYTiJLUISI, TUIYTaHKY TEIUIOMPOBIAHOIO JIPOTY; 3aCTOCOBYIOTh JOAATKOBE TEILJI0AKyMYJIsi-
LifiHe MOKPUTTS 3 PO3UYMHOM TJ1ayOepoBoi cosi. BuHaxoam MoxHa 3acTOCOBYBaTU B CUCTEMax OIAJICHHSI Ta rapsiyoro
BOJIOIIOCTAYaHHSI, TiAIrpiBi MOBITPsI MPUMILIIEHDb i B 00JIalHAHHI, 1110 TTIEPETBOPIOE €JIEKTPOMATrHiTHE BUITPOMiHIOBaHHSI
COHIISI Ha TETUIOBY €HEPTio JIJISI HarpiBaHHS PiIKOTO TEIJIOHOCIS, a TAKOX Ha eJleKTpoeHeprito. [IJ1s1 MoCsrHeHHST MaK-
CUMAaJIbHOI TTOTYXKHOCTI KOJIEKTOpAa BUKOPHUCTOBYIOTh MIPUNMAaJIbHY TTIOBEPXHIO 3 TIOKPUTTSIM i3 BUCOKOIO TIPOITYCKHOIO
3/IaTHICTIO COHSIYHOI €Heprii, a /ISl MiHiMi3allii TeTUIOBTpaT J0JaTKOBO BCTAHOBIIOIOTH TerUIoi3osito. Po3pobieHo
Ta 3aIaTeHTOBAHO IIPUHIIMIIOBO HOBMII 3a reoMeTpudyHo0 opmoio chepuuanuit CK.

Bucnoskn. Po3po6ka HoBux i1 ymockoHaiaeHHs HasgBHMX CK 3a0e3neuye eHeproHe3aaexkHiCTh SIK y IIPUBAaTHOMY CEK-
TOpi, TaK i B MaciuTadbax KpaiHu, a TaKOX Ja€ 3MOry A0aTu mpo noBKiuLIS. Po3pobnenuii cpepuunuit CK omHakoBoO
e(eKTUBHO MOTJIMHAE MPOMEHUCTY €HEPril0 COHLIST MPOTATOM JHS.

KirouoBi ci10Ba: BUKOpUCTAaHHSI COHSIYHOI €HEPrii; COHSIYHUIA KOJIEKTOp; abcopOep COHSTYHOTO KOJIEKTOpa; MPOMyCcKHa
3[aTHICTh abcopbepa.

VYueHi npalioTh Haa MaTepiaioM, (OpMOIO Ta TeX-
HiyHuM nipuzHayeHHIM CK.
OcHoBoto CK € mormvHaJbHUI €JIeMEeHT —

Beryn

CoHSAYHMI KOJIEKTOp — 1 TIPUCTPiit Wit 300-

py eHeprii BunpomiHioBaHHs CoHug. 3 yaciB Opaca
benenukra ge Coccropa, LIBEHIIaAPCHKOTO BUHAXI/I-
HUKa, aBTopa mporotuny CK — remiorepmomerpa
(constunoi meui) 1780 poky — mpunumn aii CK
Maiixke He 3MiHUBCSI. AJie iHTepeC HOCIAHUKIB
0 pO3pOOKM TIpWIady 3 MaKCMMaIbHUM MOTJIMHAH-
HSIM Ta MiHiMaJbHUMMM BTpaTaMM € JOCTATHLO BU-
COKMM — 1I€ TI0Ka3y€ BaroMa CBiTOBa 0a3a MaTeHTIB.

abcopbep, AKUiIl 3’€IHAHUl 3 TEIJIONPOBITHOIO
cucteMmoto. 3a tunoM abcopoepa CK mnominsioTh
Ha TIJIOCKi, BaKyyMHi, KOaKcCiallbHi Ta Tip’siHi.
IMnockuit CK — e meraneBa riacTuHa 3 Io-
MIMHATBHUM MOKPUTTSIM, MONIOHUM 10 “MeaHapy”
yy “apdu”, 1o SKiil HUPKYII0E TeIUIOHOCIH. AGcop-
Oep yKiIamalTh y KOPITYC i3 MPO30pOI0 JULILOBOIO
CTiHKOIO, 4Yepe3 SIKYy MPOHMKAE COHSIYHE BUIIPOMi-

Pekomenayemo muryBatu mo crattio Tak: FO. M. Mauesutuii, 1. M. bymreup, “Pi3HoBuAM Ta TexHIUHI XxapakTepu-
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HIOBaHHSI, a TWIbHY CTiHKY OCHAIIYIOTH YTEILIIO-
BayeM.

Baxkyymuuit CK — 1ie psii napajiejibHUX IMpo-
30pux Tpyduactux mpodiniB. BakyymHa Tpyba Ha-
raaye “tepmoc” (y TpyOy 3 OiIbLIMM JdiaMETpOM
BCTaB/ISIIOTh TPYyOy 3 MEHIIUM [OiaMeTpoOM, MixX
SKMMM BiJKaQuylOThb TOBIiTPs1). 3aBASIKM BaKyyMy
BIIAETHCS OTPUMATU Malike MOBHY TEIJI0i30JIs1ii0.
BayTpiHIO TpyOy BCTEISIOTh BUCOKOCEIEKTUBHUM
MOKPUTTSIM, 11O JA€ MOXJIUBICTb BUPOOJISITU €HEep-
rito 3a MiHYCOBOI TeMIIepaTypUI0BKIIIS.

YV koakcianbHoMy CK y mnpo3opy cKIsHY
KOJIOY BKJIQIalOTh MiAHY TPYOKYy-Tiib3y. Bcepenu-
Hi TPYOKHM € pigudHa, 110 MAa€ HU3bKY TeMIIepaTypy
KMITIHHS, HalpuKJjaa, BoJa IMiJl HU3bKUM THCKOM.
Ilig BrIMBOM COHSIYHUX IIPOMEHIB piguHa (Boaa)
HarpiBa€ThCsl Ta 3aKUIIA€, a TMapa MigiiMaeTbCs
Ta HAOXOAUTh J0 TEIJIOOOMIiHHMKA, B SIKOMY Harpi-
Ba€ TeruioHociit. IToTiM BimOyBaeTbcs KOHIAEHCALliS
OXOJIOMKEHOI IMapyM Ha CTiHKax TEIUIOOOMIHHHUKA.
3a moTpedu IMpolec MOXHa MOBTOPUTH.

ITip’suuit Bakyymuuii CK — 11e OgHOCTiHHA
CKJISTHA Ko0Ji0a, B SIKili TOBIIMHA CTIHOK OiJbIla, HixK
y koakcianbHoro CK. PosraioBaHuii ycepennHi
KOJIOM aOCOpOUiHUI €JeMEHT, SKWIi BUTOTOBJISI-
IOTh i3 MiJli, JOJATKOBO MO BCili TOBXWHI MTOCUIIO-
IOTh TO(POBAHOIO TUIACTUHOIO (32 (pOpMOIO Haramye
nepo), sIka Ma€ BUCOKOPiBHEBE €HEPIroONOIIMHAJb-
He HamuJieHHsI. Taka KOHCTPYKTHMBHA OCOOJIMBICTb
Ja€ 3MOTY OTpUMAaTH BaKyyM Oe3IocepeaHbo B Te-
IJIOBOMY KaHaJli.

ITocTanoBka 3amaui

MerToro JochigkKeHHS € 3HAWTU Ta PO3pOOHU-
™ edextuBHi CK 3 MakcuManbHOIO IPOMYCKHOIO
3AaTHICTIO abcopOepa Ta MiHIMiI30BaHMMHU TEILIO-
BrpataMu. HaBectu cBiToBi po3podku CK 3a ixHbO1O
(bopMoOIO Ta TEXHIYHUMHU XapaKTePUCTUKAMU.

Ananiz koncrpykuii CK

3a ocTaHHiI JecdITh POKiB ITIaTeHTHa 0asa
VYkpaiHu nornoBHWIACS LiKaBUMU TeXHIYHUMU PO3-
pobokamu CK.

Bunaxinnuku B. A. IctpatoB i . M. Payc
3anpornoHyBaim KoHcTpykuiro CK  (puc. 1), 1o
MIiCTUTh TIPO30PUIA KOPITyC HamiBchepuuHoi Gop-
mu I i abcopbep — 4YopHY rodpoBaHy TpyOy 2,
3al0BHEHY PiIMHOIO, (PI3UKO-XiMiUHiI BJIACTUMBOCTI
SIKOI BIJIIOBiJAalOTh Martepiajy TpyOM IIOJO aHTH-
arpecuBHoCTi. ['opoBaHa Tpyba 2 posrailioBaHa
B KOPIIyCi cHipajenoaiOHO, CTUCKYIOUKCH i3 BHYT-
pIlLLIHBOIO MOBepxHeto miBcdepu [1].

Puc. 1. Constunnii konekrop (marent UA 73587 Bix 25.09.2012):
1 — cBiTIOmpoO30pHUii HammiBchepuuHMii Kopmyc;, 2 —
rocdpoBaHa Tpyba; 3 — TeruioHociit; 4, 5 — Topii

CoHsyHi mpoMeHi, norparuisitoun Ha CK|
MNpPOXOJSITh  CBITJOINPO30pUii  HamiBchepuuHU
Kopryc [/, BUKOHaHMI i3 COTOBOTO TMoJsiikapOoHa-
Ty 3 BHUCOKOIO CBITJONPOHUKHICTIO, MOTPAILISIOThH
Ha 3O0BHIIIHIO IIOBEpPXHIO abcopOepa — 4YOpPHOI
ropoBaHOI TPyOHU 2, 4yepe3 CTIHKY SIKOI MPOXOISTh
Jo TeruioHocis 3 (Boau). Boaa nounHae pyx y tpyoi
3 TOpUS 4, HarpiBa€TbCs Ta HAAXOOUTH i3 TOpUSI S
0 croxuBaya. Mojejab MOXHa BUKOPMCTOBYBATHU
B CUCTEMax COHSIYHOTO OMaJIeHHsS Ta rapsiuoro BO-
JIOTIOCTaYaHHS.

IlixaBy xoHcTpykuito CK (puc. 2) 3ampormno-
HYBaJIM BUY€Hi 3 YKpalHCHKOTO JEpXKaBHOIO XiMi-
KO-TEXHOJIOTYHOTIO YHiBEpCUTETY TiJ TOJIOBYBaH-
Ham K. M. Cyxoro. TyT noriuHauyeM COHSYHOI
eHeprii € go0pe 3MOueHe aKTUBOBaHE BYIULIS 2,
1110 J1a€ MOXJIMBICTh €(heKTUBHO BUKOPHUCTOBYBATHU
MNPUPOAHY LMPKYJSLII0 TEIJIOHOCIST 3aBAsKM Karli-
JISpHUM cuiam [2].

a |
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Puc. 2. Constunnii konekrop (marent UA 53855 Bix 25.10.2010):
1 — abcopbep; 2 — akKTUBOBaHE BYTiLIA; 3 — CBITJIOIPO-
30pe OTOPOIKEHHS; 6, 7 — TopLi

ITpyHUMIT KOJEKTOpa POOOTU TaKuii: COHSIU-
Hi MpPOMEHi 4epe3 CBITJIONPO30pe OropoKeHHs 3
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MNOTPAaIUIsIIOTh Ha adbcopOep /, BUTOTOBJIEHUH i3 CO-
TOBOro IOJIiKapOOHAaTy, B SIKOMY aKTMBOBAaHE BY-
rijuis 2 TIOIJIMHAE COHSIYHY EHEpPrilo Ta Mepenae
SK TEIUIOBY €HEprifo A0 TeIUIOHOCisA. 3 Topus 6
TEIJIOHOCI BXOAUTb B abcopOep KosiekTopa /, Ha-
rpiBa€ThCsl Ta BUXOAUTH i3 TOpUS 7.

OpuriHaJbHOIO € ¥ MPOMO3ULIis Bil KoJjer
i3 HauioHasbHOro asialliiHOTO yHiBepcuTeTy. 3a-
npornoHoBanuii CK (puc. 3) MiCTUTh cUCTEMy I1a-
paJieIbHUX CKJSSHUX KoJIO 3 3 4YopHOIO TpyOolo [
BCEpEeIMHi, B SIKili IIPOTIKA€ pigMHa TUMY aHTU(-
pusy. J1o yopHoOi TpyOu [/ Ha BUXO[i CKJISIHOI KOJIOU
3 MiIKJIIOUEeHUU TeriornepeaaBay S — Teri0i301b0-
BaHa Tpyba — Ta IIOMIIa 4, sKa IepeKaudye rapsi-
YUl aHTUDPU3 Y TEIIJIOOOMIHHUK, 10 SIKOTO MOXHA
MiBECTU rapsiue BOJOINOCTaYaHHSI Ta LIEHTPaJbHE
onaneHHs. CoHsuHi Oarapei 6, yCTaHOBJIEHI ITif
HaxwioM J0 NapajejbHO PO3TalllOBAaHUX CKJSTHUX
BaKyyMHMX KOJIO 3, BiI3EPKaATIOIOTh COHSIUHI MPO-
MEHi 3311 HarpiBaHHs Kojio 3. ¥V Toplsix po3ra-
1IOBaHi 3’€AHaHi 3 COHSIYHMMM OarapesiMU 101aT-
KOBi MOBEpPXHi 7, 10 BiJI3€PKaTIOIOTh, 3MiHIOIOUU
HaxuJl 3a ornomoroio ejekrpoMoropiB EM1 i EM2
Ta TPUBOAY YIPaBIiHHS €JIEKTPOMOTOpaMHU, KUK
MICTUTh TaliMep i BUMIipIOBa4 IHTEHCHBHOCTI CO-
HSYHOTO BUIIPOMiHIOBaHHS [3].

Il

Puc. 3. Constunuii KoJeKTOpi3 (hOKyCyBaTbHUMU YIIPABIISIIOUUMU
nm3epkanamu (rareHT UA 99699 Bin 25.06.2015): 1 — Tpy0a;
2 — BakyyM; 3 — CKJIsSIHI K0yi0u; 4 — ToMIIa; 5 — Teruio-
nepenasay; 6 — COHsTYHI Oarapei, 7 — BilI3epKaloBaIbHI
TIOBEPXHi

I'pyna BuHaxinHukiB 3 BosuHCbKOi oOJacTi
CK (puc. 4), akuil cKiiagaeTbcs 3 BaKyyMHOI TpyO-
K1 I i TemaoBoi TpyOKu 2, oOepHEHOI IUIyTaHKOIO

TeIUIONPOBiIHOTO ApoTy 3 3 €HepronoravuHaIbHUM
nokputTsiM. COHSYHI HpPOMEHI MPOXOHSITh Yepe3
CTIHKY CKJISIHOI TpyOKM [ i MOTparuisiioTb Ha eHep-
rOTNOrJMHAAbHE TIOKPUTTS JpOTy 3, TEPETBOPIO-
IOUMCh Ha TEIUIo, SIKE MEPEXOAUTh Oe3MoCcCepeaHbO
JI0 TeIJI0BO1 TpyOKu. BinOuBaHHS CBiTJIa Ha MTOBEPX-
HSIX AUISSHOK TLIYTaHKW TeIUIONpoBiAHOro npoty 3
cTBOpIo€ TerioBuit eexr [4]. CoHsITUHUIA KOJIEKTOD
MO>KHA BUKOPHCTOBYBATH B PHUCTPOSIX, 1110 TIePEPO-
OJISIIOTH €JIEKTPOMArHiTHE BUITPOMIHIOBAHHSI COHLIS
B TEIUIOBY €HEPTilo [IJIsi HAarpiBaHHSI PiIKOro Terio-
HOCisl, @ TAKOX B €JIEKTPUUYHY €HEPTilo.

Puc. 4. Iepepis tpyoku CK (marent UA 117717 Bin 10.07.2017):
1 — BakyymHa TpyOKa; 2 — TeruioBa TpyoOka; 3 — IuryTaHKa
TEIUIONPOBIIHOTO APOTY

VYueni 3 HanioHanbHOro yHiBepcuteTy “JIbBiB-
ChKa IMOJIiTeXHiKa” 3alpoITOHYBaJIU JJ151 00irpiBaHHS
SKUTJOBUX MPUMILLIEHb CUCTEMY TMOBITPSIHOTO OMa-
JneHHs [5] (puc. 5), sIKa MIiCTUTh IUIOCKUI COHSIY-
HUI KoJeKTOop [/, 3’€MHAHUII THYYKOI BCTaBKOIO 2
3 TIOBITPOIPOBOAOM 3, Ha BXO/[i SIKOTO BCTAHOBJIEHO
BEHTWJISITOP J. I3 30BHILIHBOTIO OOKY ITOBITPOIIPOBI
3 yTeIIeHU# 1IapoM TeIIOi30/SILiiHOro Martepiany
4, a 3 BHYTPIllIHbOTO — TEIJIOAKYMYJSILLIAHUM T1O-
KPUTTSIM 6 — MAaTpULIel0 3 ILIapoOM TEeIUIOi30sIili-
Horo martepiany /] i3 HaCUYEHUM PO3YMHOM IJia-
yoepoBoi comi /0 — i 3HU3Y 0OMeEKEeHUI MiABICHOIO
cTenero 7 i3 MOBITPOPO3MOAiIBHUMU OTBOpamMu &
i perymoBaibHUMU 3aciiHkaMu 9. Cucrema IOBi-
TPSIHOTO OIAJIEHHS Mpalloe€ Tak: HarpiTe B MJIOCKO-
MY COHSIYHOMY KOJEKTOpi [ MOBIiTpsI yepe3 THY4YKY
BCTaBKY 2 HAIXOAUTh 3a JOTIOMOTOIO0 BEHTWJISITOpa 5
y ToBiTponposia 3. Jlaji MoBiTps MPOXOIUTh Yepes
TEIJIOAKyMYJIsILiiHE MOKPUTTS 6 i yepe3 MOBITPO-
pO3MOIiIABLHUI OTBIp & HAAXOAWUTh Y MPUMIILICHHS,
sKe o00irpiBaTh. fKio obirpiBaTM He IOTPiOHO,
peryaioBajbHy 3acIiHKy 9 3aKpUBalOTh, a TEIJIO Ha-
KOTIMYYETHCS TETUIOAKYMYJISLIHHUM TOKPUTTIM 6.
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3a TemnepaTypu MNOBIiTps JOBKULIsA Bulle 3a 32 °C
PO3UYMH 1ayoepoBOi COJIi MEePEeTBOPIOETHCS Ha Pi-
IuHy, a 3a Temiiepatypu go 20 °C i Huk4ye BigOyBa-
€Tbcs (pa3oBUI TepexiJ, peUOBMHU 3 BUBLIbHEHHSIM
TerJia, BHACIIOK SKOTO PO3YMH KPUCTaJli3y€EThCS.

§— ,J:-'““—_{;_ R \| S
=S /

e o Y

0

-

! P O ) S N N S A [ N N Y G G N

@ir. 1

Puc. 5. CucteMa noBiTpsTHOTO OMajieHHs (@) Ta MaTPUIIS 3 HACU-
YEeHUM PO3YMHOM Ii1ayoepoBoi comi(6) (matent UA 113039
Bim 10.01.2017): I — TJIOCKWI COHSYHUII KOJEKTOD;
2 — THyYKa BCTaBKa; J — TOBITpOmpoBim, 4 — 1uap
TEIUIOI30JISLIIMHOTO MaTepially 3 30BHIIIHBOTO OOKY;
5 — BEHTWISITOP; 6 — TEIUIOAKyMYJISILiiiHE MOKPUTTSI;
7 — miaBicHa cTenst; § — MOBITPOPO3MOAIbHI OTBOPH;
9 — perymoBanbHi 3aciiHku; /0 — HacUYEHUIl PO3YNH
m1ayoepoBoi comi; // — IIap TeIIoi3oMsLiiiHOro Mate-
piany 3 BHYTPIillTHBOTO OOKY

Bunaxinnuk i3 I'pewiii 3ampononyBaB CK
(puc. 6), IKUil CKIIaJa€ThC 3 TETUIONPOBIIHOI ITac-
TUHU 3, TIPUKPIIUICHOI 10 3aAHbOI YaCTUHU ITOBEPX-
Hi COHSIYHOTO TEIJIOBOro morjuHaya / i BCTaHOB-
JieHol Ha TpyOax 2 3 TEIUIOHOCIEM, IO IIOCTYIIA€
no oynb-sskoro CK, 30iabliylouyn iHAYKLIAHY IO-
BEPXHIO Ta IUIOLLY TETUIOMOKPUTTS [6].

Po3pooHuk i3 Kanagu 3ampornoHyBaB KOH-
CTpyKUito [7], CerMEHT $KOI MOKa3aHO Ha puc. 7.
CoHsIYHI TIpOMEHI, BiZOMBaIOYUCh Bif ITapadoIidyHO1
CTiHKM 2, OTPaIUISIIOTh Ha TpyOy 3 3 TEIUIOHOCIEM.
HageneHy KOHCTpyKIIil0 MOXHa 00JIagHATU J0HaT-
KOBO CHCTEMOIO 00epTaHHSI HaBKOJIO TOPU3OHTAIb-
HOI oci 4 Ta MiICUJIUTU BCTAHOBJIEHHSIM BHYTPILLI-
HbOI TpyoOu 3.

Puc. 6. Constunmii konekrop (mareHT GR 20190100215 Bix
15.12.2020): [ — COHSYHMI TETUIOBUI IIOTJIMHAY;
2 — TpyOu; 3 — TEIUIONPOBiIHA TUIACTHHA.

Puc. 7. CK (marenr WO 2021119795 Bin 24.06.2021): I1;2—
napabojiiuHa cTiHKa; 3— TpyOa 3 TEIUIOHOCIEM; 4—
cucteMa obepTaHHsI HAaBKOJIO TOPU30HTAJIBHOL OCi

Bunaxinnuku 3 KazaxcraHy 3amnpoIioHyBaju-
Take TexHiuHe pimeHHs1 (puc. §). CoHSYHY eHep-
rilo IIOIVIMHAE TeJIIOKOJIEKTOp /, BOHA IPOXOAUTH
yepe3 i30JUiMHUN TPO30pUiA CKJIOMAKeT 2, Ha-
rpiBae B Tpybax 3 Bomy, SKYy BHUOAJSIOTH i3 KO-
JIeKTOopa, a Ha ii Miclie HaaXOAuTh XOJIOJHA BOJa
3 TpyOONpPOBOLY 3 BEHTUJIEM ISl XOJIOAHOI BOAU &,
a 3 cudoHa 7 Oaka-mo3aropa 9 BinOyBaeTbcsl IO-
CTiliHa TepMocuhOHHA LMPKYJISLisS 3a JOIOMOTOI0
HUPKY/IsaUiiiHol Tpyou [0. Hani pimuHa IOTparuisie
B TersioByrioMny [/, AKa CKJIamaeTbcs 3 BUIIAp-
HUKa /2 KOHJEHcaTopa, B SIKOMY TEILUIOOOMiHHUK
BUKOHAHUWI $SIK CITipajb, TOIJMHAIOYM TEIUIO Te-
TUTOHOCISI, OITyCKA€ MOoro TeMrepaTrypy HUXKYe TeM-
nepatypu aTMOC(epHOro MOBITPSI 3a IOIOMOTIOI0
JIPOCEJIbHOIO KjamaHa /4, copusiioud J04aTKOBO-
My TIOIIMHAHHIO Teruia 3 aTMOC(EpPHOIo IOBITPS.
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VY TerioBiit momIli eHepris TEIJIOHOCIS 3 BiHOCHO
HU3bKOIO TEMIIEPaTypoOI0 MEPEXOAUTh 10 TETJIOHO-
cisg TernjaooOMiHHMKA KOHJeHcaTopa 15 siK cripaii
3 BUILOIO TEMIEPaATypolo, 1110 30UIbIIYE iHTEHCUB-
HicTb TerI000MiHy. {15 3MiliCHEHHS TaKOTo LIMKITY
BUKOPHCTOBYIOTh KOMIIpecop /3 3 eJIeKTpOonpu-
BogoM 7. Hami 3a OONOMOTIOIO TEIJIOOOMiHHMKA
KOHZleHcaTtopa /5 TerJjo Bia TEeIjaoBOi MOMMU Tie-
penalTb y 0ak-aKyMyJISITOp TEIJIOOOMiHHMKA CHC-
TeMu onajeHHs /8. YcraHoBKa Ma€ JBa KOHTYpHU
3 aBTOMAaTUYHUMU LUPKYISLIAHUMU noMmamu 19
i 20 s uMpKyJasuii piiMHU MiX rejiokoJieKTopa-
MM Ta BUITADHUKOM, a TaKOX MiX KOHIEHCATOPOM
i bakoM-akymyJsitopoM. Temrmiepatypy BOIM JOBO-
JSITh 10 HEOOXiTHOTO TEXHOJIOTIYHOIO PiBHS Ta MO-
Jal0Th 11 10 CMOXMWBaya ISl rapsiyoro BOJOIOCTA-
yaHHS i onajieHHs [8].

B TIHcTtuTyTi npobGieM MalMHOOYIyBaHHS
iM. A. M. TTinropHoro HamMmu po3pobJIEHO Ta 3anaTeH-
TOBaHO [9] MPUMHLMIIOBO HOBUI 32 T€OMETPUUYHOIO
dopmoro chpepuunuii CK (puc. 9, a). Bin micturb
TeruionpuiiMay /, BUKOHaHUM i3 HaBUTOI cdepuu-
HOIO I'BUHTOBOIO JIIHIEIO €AMHOT MeTajeBOl TPYOKH,
Ha Ky HAaHECEHO CEJIEKTMBHE CBITJIOMOTJMHAJIbHE
nokputtsi. TeruionpuitmMay [ po3MmillleHO Bcepe-
JIMHI BaKyyMOBaHOI CKJsSIHOI cdepu 2, 110 cKia-
JA€ThCsl 3 BOX MiBCcep, repMEeTUUYHO BCTaHOBJIE-
HUX y TpoiIbHIN Mpokaaui 3 3 BAKYyMHOI TYMM.
IligBimHuii i BigBimHMII MaTpyOKU TeIjIoNIpuiiMada

1 TepMeTUYHO YIIUIbHEHI Yy BTYJIKax 4, TaKOX BUKO-
HaHUX i3 BaKyyMHOI T'yMu. YcepeauHi npodiibHOI
npokJyiaaku 3 (puc. 9, 6) BOy10BaHO OMyKJe A3epKa-
JIO 5 K KyJbOBUI TOsIC i3 pajiycoM R, piBHUM pa-
JliyCy BHYTpILLIHbOI cepu TeronpuiiMayda, Ta BU-
COTOI0, PIBHOIO BUCOTI MpodisibHOI Mpokiaaku 3.
3 BHYTPILIHBOI IOPOXHMHU cdepu 2 BigKayaHO
MOBITPS 31 CTyIIEHEM BaKyyMmy, SIKOTO 3a3BUYail 10-
csratoth y npomucioBocti. Cdepa 2 3 po3milileHUM
ycepeauHi TeruionpuiiMadeM I, npoiuibHOWO Mpo-
KJ1aaKo1o 3 Ta BTyJIKamMu 4 BCTAaHOBJIEHA BEPTUKaJb-
HO y IBOTUIEYOBOMY KPOHIITEIHI 6.

Ha Bxig y mnigBimHuii maTpyOOK HaAXOOUTh
(rokazaHO CTPUJIKOI) XOJIOAHWW PiIKUU Terio-
Hociii (Boma), 1O PYXA€TbCS T'BUHTOBOIO JIiHIEIO
TeruionpuiiMaya [/ i BUXOAUTH 4Yepe3 BiABIAHUIA
natpyoox. ITin yac pyxy TerioHOCiil mocTiiiHO Ha-
IPiBAa€ETHCS MPOMEHMCTOI0 COHSIYHOIO €HEPIi€lo,
110 BIUIMBa€E yepe3 Ipo3opy cdepy 2 Ha celek-
TUBHE CBITJOIMOMNIMHAIbHE MOKPUTTS TPyOYacTOro
teruionpuiiMaya /. COHSIYHI MPOMEHi MPOTSITroM
CBITJIOBOTO [IHSI, TIPOHUKAIOUM MiX BUTKAMU Te-
wiornpuiiMadya [, MOTpaIUIsIIOTh Ha Pi3HiI OiISH-
KM BBITHYTOro Ha30BHI cdepuyHoro asepkaia S
i BiAOMBAIOTbCS Y HAMPSIMKY BHYTPILLIHIX 3aTiHe-
HUX JiJITHOK BUTKIB TeruionpuiiMaya /. Bakyym
y TIpo30piit chepi MpaKTUYHO TOBHICTIO BUKIIIOYAE
TeIUIOBTpaTH B TeIIonpuiiMayi /.

19

2 1

g —————

Puc. 8. CK (nmarent KZ 33741 Bin 02.07.2019): I — re;iiokosnekTop; 2 — i30JsILidHNI TIPO30pHUii cKiIonaket; 3 — Tpyou; 4; 5; 6;
7 — cudoH; § — BEHTUJIb ISl XOJIOAHOI Boau; 9 — Gak-mo3arop; /0 — umpKymsuiiiHa Tpyoa; /1 — TeruioBa TIoMIa;
12 — BumnapHuKk; 13 — kommpecop; /4 — apocebHUil KianaH; /5 — TerI000OMiHHUK KOHAeHcatopa; 16; 17 — eNeKTpOIpUBI;
18 — Gak-akyMyJIsITOp TEIJIOOOMIHHUKA CUCTEMU omajieHHsT; 19, 20 — aBTOMaTUYHI LIUPKYJISLIHI TTOMITH
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Buxin rapsuoro A

<« IliBHiu ITiBnenn »

Bxin xonoanoro

TeIIOHOCIS
1

Puc. 9. Koncrpykuist chepuunoro CK (a) ta nmpodinbHa mipo-
knanka (6): R — paniyc; [ — teronpuitmMay; 2 — Ba-
KyyMOBaHa ckiisiHa cdepa; 3 — mpodiibHa TPOKIAIKa;
4 — BTYAKM; 5 — OnyKJe A3epKaso; 6 — IBOIUICUOBUI
KPOHIITEIH

Jani rapsiumnii TEIJIOHOCIM HAAXOAUTD JJIsI CIIO-
JKMBaHHS (0aK-aKyMyJsITOp, OMajieHHsI, rapsiue Bo-
JornocTadyaHHs Touo). BepTukanbHe po3ralllyBaH-
Hs1 BXONly Ta BUXOAY TpybuacToro Ternjomnpuiimaya /
y IBOILJICUOBOMY KPOHILTEHHI 6 Aa€ 3MOry 3HU3UTU
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Yu. M. Matsevytyi, Ya. M. Bushtets

VARIETIES AND TECHNICAL CHARACTERISTICS OF SOLAR COLLECTORS

Background. Energy resource is one of the main components of a successful country. The possibility of using environmentally
clean and affordable renewable energy and creating systems for taking solar radiation is a priority in ensuring the economic energy
independence of the state. At present, there are a variety of solar systems according to the technical solution and their use: thermo- and
photovoltaic, systems with metal absorbers, solar stations for industrial or private electricity generation, for hot water supply, heating, air
conditioning, and other technological needs. But questions about effective insolation and the choice of materials for these systems remain
open. Therefore, the development of efficient solar collectors (SC) with a rational choice of their geometric and thermophysical parameters
is absolutely relevant.

Objective.The purpose if the paper is to explore and develop efficient devices with maximum absorber throughput and minimization
of heat loss.

Methods. Analysis of developments of solar collectors by their shape and technical characteristics.

Results. According to the review, new developments of solar collectors are marked by the originality and novelty of the technical
solution. Corrugated pipe, cellular polycarbonate, activated carbon, a tangle of heat-conducting wire are usedas the absorber material,
and the additional heat-accumulating coating — a solution of Glauber’s salt is applied. The inventions can be used in heating and hot water
supply systems, indoor air heating, and in equipment that converts electromagnetic radiation from the sun into thermal energy for heating
liquid coolants, as well as into electrical energy. For the maximum power of the collector, a receiving surface with a coating of high solar
energy capacity is used and thermal insulation is additionally installed to minimize heat loss. The authors of the article developed and
patented a fundamentally new geometric spherical SC.

Conclusions. The creation of new and improvement of existing SC ensures energy independence both in the private sector and
nationwide, as well as to take care of the environment.The spherical shape allows you to use it effectively during the day.

Keywords:solar energy utilization; solar collector; solar collector absorber; throughput of the absorber.
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CONTROLLING THE THICKNESS OF THE PLASTIC LAYER APPLIED USING 3D PRINTING
BY ELECTROMAGNETIC ACOUSTIC METHOD

Background: Currently, the EMA method is not used to control the thickness of the layer of plastic applied to a metal
platform using 3D printing, which significantly limits the scope of its use. However, EMA flaw detectors are widely used
to control the quality of the metal platform itself. The solution of the problem of radiation research will allow carrying
out complex control of the thickness of the layer of plastic applied by 3D printing, which will increase the efficiency of
ultrasonic flaw detection in the reliability and speed of work.

Objective: This article considers the possibility of determining the thickness of the layer applied by 3D printing using
electromagnetic-acoustic (EMA) method.

Methods: The analysis of the relationship between the thicknesses of the layer of plastic applied by 3D printing on the
acoustic pressure created in it during the control using EMA transducers. The influence of the thickness of the plastic
layer applied to the metal platform by means of 3D printing on the acoustic parameters of the EMA transducer was
investigated with the help of mathematical modeling. Experimentally obtained dependences showing the influence of
the thickness of the layer applied by 3D printing on the generated acoustic pressure.

Results. The effect of the thickness of the plastic layer applied to a metal platform using 3D printing on the acoustic
parameters of the EMA transducer is studied using mathematical modelling.

Dependences showing the effect of the thickness of the plastic layer applied to the metal platform using 3D printing on
the created acoustic pressure are obtained experimentally. The maximum acoustic pressure is created when there is no
thickness of the plastic layer applied to the metal platform using 3D printing. The pressure drops sharply, as the layer
thickness increases.

Conclusions: Good convergence of the outcome of theoretical and experimental studies is demonstrated, with the ap-
proximation error of experimentally obtained data generally not exceeding 5%.

The study is based on a widely proven approach to analyzing the process of acoustic wave formation by an EMA
transducer. The reliability of the results obtained is confirmed by the correct use of the mathematical tools and good
convergence of the outcome of theoretical and experimental studies.

Keywords: EMA, converter, 3d, Printing, layer, plastic, thickness, acoustic pressure, non-destructive testing.

Introduction

Among the studies related to the development
of non-destructive testing equipment, the search for
non-contact methods for excitation and recording
ultrasound in solids is the most important one [1].
Progress in this area has been achieved through the
use of the electromagnetic acoustic (EMA) method
of excitation and reception of ultrasonic vibrations.

Nowadays, the EMA method is not used to
control the thickness of the plastic layer applied to
a metal platform using 3D printing, which signifi-

cantly limits the scope of its application. Neverthe-
less, EMA flaw detectors are widely used to control
the metal platform’s quality. The problem of con-
trolling the thickness of the plastic layer applied by
3D printing using EMA transducer can be addressed
only in joint study of radiation, magnetic field [2, 3]
and probe pulses formation [4]. The solution of the
radiation study’s problem is to allow for compre-
hensive control of the thickness of the plastic layer
applied using 3D printing, which will increase the
efficiency of ultrasonic flaw detection in terms of
reliability and speed of work.

c. 99—105, 2021. doi: 10.20535/kpisn.2021.4.252713.

Pexkomenayemo muryBatu mwo crattio tak: [.C.Tumuuk, O.O.[TogonsH, M.C. [py3eB, «KoHTposb TOBIIMHYU 111apy
IJIACTUKY HAaHECEHOTOo 3a ornomMoroto 3J1 ApyKy eJleKTpOMarHiTHO-aKyCTUUHUM MeTonoM», Haykoei eicmi KITI, No 4,

pp. 99—105, 2021. doi: 10.20535/kpisn.2021.4.252713.

Please cite this article as: Grigoriy S. Tymchik, Oleksandr O. Podolian, Maksym S. Druziev, “Controlling the Thickness
of the Plastic Layer Applied Using 3D Printing by Electromagnetic Acoustic Method”, KPI Science News, no. 4,

© AsTop(1).
CTaTTA NOWMPOETLCA Ha yMmoBax AileHsii CC BY 4.0



100

KPI Science News

2021 /4

Problem statement

The problem is to analyze the relationship
between the thickness of the plastic layer ap-
plied using 3D printing and the acoustic pressure
created therein during controlling with the use of
EMA transducers.

Analysis of the dependence of acoustic wave pa-
rameters on the thickness of the plastic layer
applied to a metal platform using 3D printing

Based on the studies of a number of authors
[5,6,11], in our case, a wire with simple harmonic
current is mounted on the surface of a layer of plastic
applied using 3D printing on a metal platform [5,11]:

I=1,-cos(w-1)=1,-cos2-n- f-1)

Where [, — is current amplitude value, ® —
is angular frequency, f — is frequency of current in
the wire.

As a rule, external magnetic fields are used to
improve the quality of EMA transduction. There is
an explanation in the ferromagnetism theory, accord-
ing to which eddy currents that occur due to domain
displacement have the greatest impact on the attenu-
ation of ultrasonic waves in the object. The external
magnetic field reduces ultrasound attenuation by or-

dering the domain structure. Consequently, the total
magnetic field can be expressed as follows[6,11,12]:

By =B +B

Thus, we can put down the equation of acous-
tic pressure’s distribution on the surface [6,11]:

1,
I,-h-B
w7

Where B_ — is induction of the external constant
magnetic field, # — is thickness of the plastic layer
applied using 3D printing, — is distance from the wire
projection along the surface of the object under test,
wy=4-n-107Gn / m — is magnetic constant, p —
is magnetic permeability of the controlled material.

Above equation demonstrates that there is an
inverse relationship between the thickness of the
plastic layer applied using 3D printing # and acous-
tic pressure. That is when increasing /4 the acoustic
pressure will decrease.

As a result of modelling, the relationship
between the thickness of the layer applied using 3D
printing and the acoustic pressure was established,
which is shown in the following diagram, Fig.1:

P=—Hy 1 «(I+cos(4-n-f-1)-

ecos(2-m-f-1)
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Fig.1. Diagram of the acoustic pressure dependence on the thickness of the plastic layer applied to a metal platform using 3D
printing when generating a signal with a single emitter.
AtB_ =0.3TI,1, =2A, f; = 0.5 MHz
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Fig.1 shows a diagram demonstrating the de-
pendences of acoustic wave formation by a single
emitter. There is a sharp decrease in acoustic pres-
sure, with an increase in the value of the layer thick-
ness A.

Analysis of the acoustic vibrations’ formation by
a common-mode emitter system.

The process of forming acoustic vibrations in
the body of the object under test was studied in de-
tail by a number of authors [7, 8, 9, 10, 11, 12].
Based on which, to study the process of forming
common-mode wires/emitters of acoustic vibrations
by the grid, the effect of the thickness of the layer
applied to a metal platform using 3D printing is
modelled, with its uniform thickness over the entire

surface of the metal base it is applied on, on the
total acoustic pressure created (Fig.2).

Fig.2 shows a diagram demonstrating the for-
mation of an acoustic wave by the grid consisting
of emitter wires. Similarly with the diagram shown
in Fig.1, there is a sharp decrease in acoustic pres-
sure, with an increase in the value of the layer
thickness 4.

A study of the effect of the formation of com-
mon-mode wires/emitters of acoustic vibrations by
the grid was also carried out. The effect of an un-
even distribution of the thickness of a layer of plastic
applied to a metal platform using 3D printing on the
total acoustic pressure created was modelled

If the layer is applied unevenly using 3D print-
ing, the form of the pressure distribution changes
dramatically (fig. 3,4)

0,00E+00 2,00E-02 4,00E-02 6,00E-02 8,00E-02
5,00E+03 y, m
THTETEY
2R
: . )
53 3,50E+04 - o -
" A A T S S M A B
i o Yyt : TR
& -5,50E+04 —H— i, T |: H—
. I T T T
4 (I ! § i i
%-7,50&04 te b :: Ly "t . H—[ === h=05
: IR R
nl .l ™ A e h=
= L I : | 1 T 1! i 1 mm
@ -1 15E+05 il 1) bl | Ll bs ! i ) h=1,5
= i n :l o noonmh -t
=) i " o 1] T |: " ]
o -1.35E+05 L 1 § t $ | 1] Iy = == =20
< [T - L TR
I I T i
: .
1,55E+05 ' \ "' 7 y f : |‘|_
-1,75E+05

Fig.2. Diagram of the dependence of the total acoustic pressure on the thickness of the plastic layer applied to a metal platform
using 3D printing when generating a signal by a family of emitters.
AtB_ =0.3TI1,1, =2A, f; = 0.5 MHz
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Fig. 3. The EMA method is used to control the thickness of the layer of plastic applied to a metal platform using 3D printing.
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Fig. 4. Dependence of total acoustic pressure at different thickness of plastic layer applied to a metal platform using 3D printing.
AtB_ =0.3Tl,1, =2A, f, = 0.5 MHz
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Experimental studies

To confirm the theoretical studies, a number of
experiments have been conducted. Universal flaw de-
tector UD4-T and an EMA transducer E411-5-K12
were used during the experiment. The dependence
of the acoustic pressure and thickness of the layer
applied to the metal platform was analyzed using 3D
printing, by applying layers and further measuring
the acoustic signal in the area of its application.

As an imitation layer, there were sheets of paper
used (with density 80 g/m?, thickness 104 microns,
or 0.0104 mm), which possesses approximate dielec-
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tric and magnetic characteristics with plastic used in
3D printing.

The layer’s thickness was regulated by the num-
ber of layers of paper, not exceeding 1.3 mm. With
further increase in thickness, the received signal is
disrupted. Two standard 59 and 29 mm thick bars
were used as a metal base.

The outcome of the experimental studies is
demonstrated in the diagrams of Fig.5 and Fig.6:

The discrepancy between theoretical and prac-
tical data does not exceed 5%, which shows good
convergence of the outcome of theoretical and ex-
perimental studies.

Chart of theoretical studies of the dependence of acoustic
pressure on the thickness of the layer of plastic

Chart of experimental studies of the dependence of acoustic
('3 pressure on the thickness of the layer of plastic
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Fig. 5.Diagram of experimental studies of the acoustic pressure’s dependence on the thickness of the plastic layer applied
to a metal platform using 3D printing, with the 59 mm thick metal base it is applied on.



104

KPI Science News

2021 /4

SIGNAL LEVEL
dB
_ﬁ__.

505dB+ @
50dB —1—
485d8 -+
48 dB ——
47,5dB |-
47dB ——
46,5dB -
46 dB —— 3
45,5 dB
45 dB ——
44.5dB1
44dB —1—
435dB-
43dB —— o
425dB -
42dB ——
41.5dB -
41dB ——
40.5dB -
40dB ——
39,6dB +
39dB o
38.5dB -
3sdB ——
37,5dB 4
37 dB ——
36,5dB -
3dB ——
355dB +
35dB

0.6

42.8

Chart of theoretical studies of the dependence of acoustic
pressure on the thickness of the layer of plastic
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Fig. 6.Diagram of experimental studies of the acoustic pressure’s dependence on the thickness of the plastic layer applied
to a metal platform using 3D printing, with the 29 mm thick metal base it is applied on.

Summary

The effect of the thickness of the plastic layer
applied to a metal platform using 3D printing on
the acoustic parameters of the EMA transducer is
studied using mathematical modelling.

Dependences showing the effect of the thick-
ness of the plastic layer applied to the metal platform
using 3D printing on the created acoustic pressure
are obtained experimentally. The maximum acoustic
pressure is created when there is no thickness of the
plastic layer applied to the metal platform using 3D

printing. The pressure drops sharply, as the layer
thickness increases.

Good convergence of the outcome of theoret-
ical and experimental studies is demonstrated, with
the approximation error of experimentally obtained
data generally not exceeding 5%.

The study is based on a widely proven ap-
proach to analyzing the process of acoustic wave
formation by an EMA transducer. The reliability of
the results obtained is confirmed by the correct use
of the mathematical tools and good convergence of
the outcome of theoretical and experimental studies.
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Ipuropin C. Tumumk, Onekcangp O. MogonsaH, Makcum C. Opy3es

KOHTPOJI1b TOBLWMHW WAPY MNACTUKY HAHECEHOIO 3A OMOMOIOIO 34 APYKY ENEKTPOMAIHITHO-AKYCTUYHUM
METOOOM

Mpobnematuka: B naHuii yac B EMA mMeToa He 3acTOCOBYETLCS ANt KOHTPOSO TOBLLUMHU APy MracTUKy HAHECEHOro Ha MeTa-
nesy nnatcopmy 3a gonomoroto 3 ApyKy, Lo iCTOTHO 06Mexye obnacTi Koro BUKOPUCTaHHS. Pa3om 3 TVM, LIMPOKO BUKOPUCTOBYOTb-
ca EMA pedektockonu, AN KOHTPOMKO SIKOCTi caMoi MeTanesol nnatdopmu. PileHHs nocTaBneHoi 3agadi AOCHiIAXEHHS BUNPOMIHIO-
BaHHS [O3BOMUTL NMPOBOAUTU KOMMIMEKCHUA KOHTPOSb TOBLUMHM LIapy MNacTUKy HaHeceHoro 3a gornomoroto 3[ Apyky, WO nigsuwmTH
eeKTUBHICTb YNbTpa3ByKoBOi AedeKTOCKoNii Mo AOCTOBIPHOCTI i LUBUAKOCTI NPOBEAEHHS POBIT.

MeTa gocnimxeHHs: Y AaHin cTaTTi po3rnsgacTbCa MOXIUBICTb BU3HAYEHHST TOBLUMHM LLAPY HaHeCeHOoro 3a gonomoroto 30 Apyky
BUKOPUCTOBYIOUM eNleKTpoMarHiTHo-akycTuiHui (EMA) metoa.

MeTtoauka peanisauii : [MpoBegeHo aHania 3anexHOCTi MK TOBLUMHOIO Luapy MAacTUKy HaHeceHoro 3a gonomorow 30 Apyky
Ha aKyCTUYHMM TUCKOM CTBOPIOBaHMI B HBOMY Nif, 4ac KOHTPOIO 3 BUkopucTaHHAM EMA nepeTtBoptoBadiB. 3a 4ONOMOro MateMaTuyHOro
MOAEnNtoBaHHA AOCHIAXEHO BNNUB TOBLUMHM LLApy NAacTUKy HAHECEHOTo Ha MeTanesy nnatgopmy 3a gonomoroto 3[] ApyKy Ha akyCTUYHI
napametpn EMA nepetBopioBaya. EkcnepumeHTanbHO OTpMMaHi 3anexHOCTi, WO MoKasylTb BMMUB TOBLUMHWU LIAPYy HaHECEHOro
3a gonomoroto 3[] ApyKy Ha CTBOPIOBAHUIN aKyCTUYHUIA TUCK.

Pe3ynbtrat gocnigxeHHs. 3a 4ONOMOro MateMaTnyHOro MogerntoBaHHs AOCHIAXEHO BMMB TOBLLMHI LWapy NacTUKy HAHECEHOoro
Ha meTaneBy nnatdgopmy 3a gonomoroto 3 ApyKy Ha akycTuyHi napametpu EMA nepeTtBoptoBava.

EkcneprMeHTanbHO OTpUMaHi 3anexHOCTI, Lo NOoKa3yloTb BNAMB TOBLUMHI LWapy MAacTUKy HAHECEHOro Ha meTanesy nnatdopmy
3a gornomoroto 3[ OpyKy Ha CTBOPIOBAHUN aKyCTUYHMI TUCK. MaKCMarnbHUn akyCTUYHUI TUCK CTBOPIOETHCS MPWU BIACYTHOCTI TOBLUMHI
Luapy nrnacTuKy HaHECEHOTO Ha MeTarneBy nnatcopmy 3a gonomoroto 30 Apyky. 3i 36inbLUEHHSM TOBLUMHU LIAPY TUCK Pi3Ko Nagae.

BucHoBku: NokasaHa xopolla 306iKHICTb pesyrnbTaTiB TEOPETUYHMX | eKCNepUMEHTanNbHUX AOChiAXKeHb, noxubka anpokcumadii
eKcrnepuMeHTanbHO OTPUMaHNX AaHUX B OCHOBHOMY He nepesuLlye 5%.

B ocHoBy pocnimxeHb MOKnafeHuin Wnpoko anpoboBaHuin niaxia o aHanidy npouecy opMyBaHHS akycTuuHol xBuni EMA
nepeTBoptoBayeM. BiporigHicTb oTprMaHux pesynerartiB NigTBEPAXKYETLCH KOPEKTHUM BUKOPUCTAHHAM MaTeMaTU4HOro anapara i rapHot
36KHICTIO pe3ynbTaTiB TEOPETUYHYX | EKCNIEPUMEHTaNbHUX OOCHIIXKEHb.

Moganblui AoCAiAXEHHST NNaHyeTbCA MPOBOAUTU B HAMPSMKY AOCHIOXEHHS BMMMBY aKyCTUYHMX NapamMeTpiB enkTpoMarHiTHO-
aKyCTU4YHOro NepeTBopioBaYa Ha SIKiCTb LUapy NNacTUKy HaHeCEHOro Ha MeTanesy nnatdopMy 3a gonomoroto 31 aApyky.

KntouoBi cnosa: EMA, nepetsoptoBad, 34, Apyr, Wwap, NnacTuk, TOBLUUHA, aKkyCTUYHWUIA TUCK, HEPYWHIBHUI KOHTPOSb.

PexomennoBana Pamoro Hanpiiinia no pemaxiii
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KIII im. Iropst CikopcbKoro
IIpuitnsara go myOGikarii
14 mortoro 2022 poky
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