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Time series in forecasting the volumes of air
transportation in Kazakhstan

J. Jumabayeva, S. Burgumbayeva, and A. Iskakova

L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
Jamilya_ast@mail.ru

Abstract In this paper, methods of mathematical statistics, namely,
methods of regression and variance analysis construct and verify the
quality of additive and multiplicative models of the time series predicting
the volumes of air transportation in Kazakhstan. The methods of
forecasting and planning the volume of passenger transportation are
analyzed from the point of view of justifying the choice of the most
expedient of them.

Keywords: forecasting, time series, additive model, multiplicative
model, AirAstana

Introduction

The growth of air transportation around the world is one of the reliable indicators
of economic growth. Improving the state of the world economy leads to an
increase in the activity of the population of all countries and, ultimately, an
increase in passenger flows. Air transport has always played and plays an
important role in the economic and social development of all countries. Therefore,
the availability of a developed ground infrastructure for civil aviation is a
necessary condition for economic growth. And for the constant readiness of the
infrastructure, it is important to determine the dependence of the future value
on the past value within the process itself, and on the basis of this dependence
make a forecast of its future value, formed as a result of their alignment and
alignment.

The key task of the analytical department of the modern airline is the
preliminary assessment and further qualitative forecast of the volume of own
transportation and transportation of competitors. The pre-planned number
of flights allows you to rationally distribute the company’s resources without
affecting the interests of the passenger at the same time. Such a policy leads to
the exclusion of unprofitable "idle"flights and to an increase in the company’s
rating due to full compliance with the needs of customers.

Forecasting the volume of traffic is an integral part of the decision-making
process; this is a systematic check of the company’s resources, which allows
to more fully use its advantages and to identify potential threats in a timely
manner. The company must constantly monitor the dynamics of traffic volume
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and alternative opportunities for the development of the air transportation
market situation in order to best allocate available resources and choose the
most appropriate areas of its activities.

The task of forecasting the volumes of passenger traffic is the basis for
solving many problems of optimizing the air transportation system by the criteria
directly related to the profitability index (revenues, costs, profits), since the
optimality of plans obtained in solving these tasks depends primarily on the
accuracy of forecasts.

The aim of the work is the development of decision-making models for
air transport management, which, based on the analysis of the passenger’s
passenger statistics, will make forecasts on the size of passenger traffic, revenue
and profitability. Thus, these models will enable the airline management to
make decisions on the number of flights carried out, transport requests, ticket
prices, etc. Time series models are mathematical prediction models that seek to
determine the dependence of a future value on a past value within the process
itself, and on the basis of this dependence make a forecast of its future value.

The main task in the construction of economic time series is the identification
and statistical evaluation of the main trend of development of the studied process
and deviations from it. The most common methods for analyzing time series are
spectral, regression and correlation analysis, moving average and autoregressive
models.

In this paper, methods of mathematical statistics, namely, methods of
regression and variance analysis, construct and verify the quality of additive
and multiplicative models of the time series predicting the volumes of air
transportation in Kazakhstan.

There are data on the passengers of the company "AirAstana"for 2016-2017
(table 1) [1]-[2].

Table 1.
months 1 2 3 4 5 6 7 8
Number of passengers\405 351 422 402 462 578 669 730
months ‘9 10 11 12 13 14 15 16
Number of passengers\460 500 480 470 441 373 445 426
months ‘9 10 11 12 13 14 15 16

Number of passengers‘451 531 646 680 530 510 460 490

It is necessary, with the use of these statistics, to construct additive and
multiplicative time-series models.
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The additive model

We proceed to construct an additive model that has the form [3]-[6]
Y=T+S5S+FE. (1)

Here, each level of the time series represents the sum of the trend (T), seasonal
(S), and random (FE) components.

1. We align the initial levels of the series using the moving average method.
For these purposes:

1.1. Define the moving averages. The values found so aligned now do not contain
the seasonal component.

1.2. Define the average of two successive moving averages - the centered moving
averages, and then bring these values into line with the actual time points. The
period of the seasonal period will be determined in 6 months, averaging will be
performed for four months.

2. Using the difference between the actual levels of the series and the centered
moving averages, we determine the estimates of the seasonal component and then
apply these estimates in calculating the values of the seasonal component S. To
this end, we calculate the average for each season of the seasonal component
assessment S; (Table 2). It is assumed that in models with a seasonal component,
seasonal effects for the period are generally intertwined. This is expressed in the
fact that in the additive model the sum of the values of the seasonal component
over all periods is zero.

Table 2. Seasonal component data

Indicators 1 2 3 4 5 6

1 - - -14,67 |-78,67 |-81,83 |27,83
2 102,5 [160,5 [-91,5 |-13,5 |26 18,5
3 1,833 |-61,330,5 -52,67 |-78,83 |-13

4 88 120,5 |-22,67 |- - -
Total for the period 192,33(219,67|-128,33|-144,83|-134,67|33,33

The average estimate
of the seasonal component|64,11 73,22 |-32,08 |-48,28 |-44,89 [11,11
Adjusted seasonal
component S; 60,25 169,36 |-35,95 |-52,14 |-48,76 |7,25

As a result, in this model we get:
64,111+473,222-32,083-48,278-44,889+11,111=23,194 The correction factor was:
k = 23,194/6 = 3,866. Determine the corrected values for the seasonal
component S; and also input the data into the table.

3. Further exclude the impact of seasonal component by subtracting its value
of each level of the original time series. Let us find the quantities T+5S =Y — E.
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These values are determined at each point in time and include a trend and a
random component.

4. We calculate the component T' of this model, for which it is necessary to
perform analytical alignment of the series (T'+ E) using the linear trend. We
obtain the following results of analytical equalization:

T = 442,55 + 4, 303t. (2)

5. We find the values of the levels of the series obtained from the additive
model. To do this, we add to the levels T the values of the seasonal component for
the respective quarters. The average error of approximation was A = 13,799% .
Because less 20%, and thus the model is considered matched with good accuracy.
Coefficient of determination R? = 0,69. Consequently, it can be said that the
additive model accounts for 69% of the total variation in the levels of the time
series. Fig = 6,05, which indicates the statistical significance of the equation.

6. Now let’s make a prediction from the obtained model. The predicted
value Y; of the time series level in the additive model is the sum of the trend
and seasonal components. Let’s use the trend equation to determine the trend
component: T' = 442,55 + 4, 303t.

The forecast for the first period is:

Tos = 442,55+44, 30325 = 550, 117. The value of the seasonal component for the
same period is: S1 = 60, 245. Thus, Ya5 = To5+.57 = 550, 117460, 245 = 610, 362.
This value will allow "AirAstana'"Airlines to plan the number of passengers
using their services for January 2018. Now forecast for the second period: Thg =
442,55 + 4,303 * 26 = 554,419. The value of the seasonal component for the
same period is: S5 = 69, 36. Thus, Yo = Thg + 52 = 550,117+ 69,36 = 619,477.
This value will allow AirAstana Airlines to plan the number of passengers using
their services as of February 2018.

The multiplicative model

We now proceed to construct a multiplicative model, which has the form [3]-[6]
Y=TxSxFE (3)

According to this model, each level of the time series is represented as a product
of trend (T'), seasonal (5), and random (E) components.

1. Using the moving average method, we perform alignment of the initial
levels of the series for what:
1.1. Define the moving averages. From the calculated aligned values, the seasonal
component is now excluded.
1.2. In accordance with the actual time points, we give these values. For this
purpose, we determine the average of two successive moving averages, the so-
called centered moving averages.

2. Estimates of the seasonal component are defined as the quotient of dividing
the actual levels of the series by the centered moving averages. When calculating
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the seasonal component S, these estimates are used. For this purpose, we
determine the average for each season of seasonal component assessment .S;
(Table 3). Seasonal effects over the period necessarily mutually extinguished.
This is expressed in the fact that in the multiplicative model the sum of the
values of the seasonal component over all quarters is equal to the number of
periods in the cycle. In our case, the number of periods of one cycle is 6.

Table 3. Seasonal component data

Indicators 1 12 3 |4 |5 |6
1 - | |- 10,88(0,9 (1,06
2 1,2 [1,29/0,82|0,94|0,99(1,04
3 0,99/0,85(1,01{0,92(0,89|0,99
4 1,171,22|10,95- |- |-
Total for the period |3,36(3,36(|2,79(2,74|2,79|3,08

Average seasonal
component estimate 1,12‘1,12‘0,93‘0,91‘0,93‘1,031
Adjusted seasonal
component S; 1,11\1,11\0,92‘0,91\0,92\1,02

For our model, we have: 1,12 + 1,119 + 0,929 + 0,913 + 0,93 + 1,028 =
6,038. Correction factor: k = 6/6,038 = 0,994.

Now calculate the adjusted values for the seasonal component S; and add
the data to the table.

3. Each level of the original series is divided into the corresponding values
of the seasonal component. As a result, we get the values T« E = Y/S, which
contain only a trend and a random component.

4. We calculate the component T' of our model. To do this, we use the linear
trend to perform an analytical alignment of the series (T'+ F ). The results of
analytical equalization take the form:

T = 448,172 + 3,916t (4)

Substituting in this equation the values ¢t = 1,...,24 | we find the levels T for
each moment of time.

5. Multiplying the values T by the corresponding values of the seasonal
component, we find the levels of the series. Coefficient of determination R? =
0,71 . Thus, we can say that the multiplicative model explains 71% of the total
variation in the levels of the time series. Fy = 5, 76 which indicates the statistical
significance of the equation.

6. Let’s make a prediction on the constructed multiplicative model. The
predicted value F} of the time series level in the multiplicative model is calculated
as the product of the trend and seasonal components.

To determine the trend component, let’s use the trend equation (4).
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Forecast for 1 period:

Tos = 448,172 + 3,916 * 25 = 546,073. The value of the seasonal component
for the corresponding period is: S; = 1,113. Thus, Fbs = To5 * S; = 546,073 *
1,113 = 607,905. This value will allow AirAstana Airlines to plan the number
of passengers using their services for January 2018.

Forecast for the 2nd period: Thg = 448,172+ 3,916 %26 = 549, 989. The value
of the seasonal component for the corresponding period is: Sy = 1,112. Thus,
Fog = Tog % So = 549,989 x 1,112 = 611,419. This value will allow AirAstana
Airlines to plan the number of passengers using their services for February 2018.

Conclusion

In the article, mathematical methods and algorithms for predicting time series
have been developed and adapted taking into account the specifics of the tasks
being solved in the interests of the airline "AirAstanaand the creation of a
system for forecasting the volumes of air transportation in Kazakhstan on their
basis. Based on the forecast information obtained, the airline management will be
able to increase the validity, objectivity and effectiveness of decision-making in
business processes related to contracting and planning in forecasting the volume
of air transportation in Kazakhstan, and also to use the company’s resources
most efficiently while not affecting the interests of passengers.
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Abstract One of the main current trends in the socio-economic
development of society is the informatization of all areas of human
activity. The tool for implementing this comprehensive process is
information systems (IS) — systems for collecting, storing, processing,
converting, transmitting and updating information. The article is
devoted to the description of conceptual model of Information System.
The model has to describe which entities can be represented at the
IS, set the rules and relations (links) between entities. In particular
it assumes the entity classification, abstraction, generalization. The
purpose of Information Systems is to provide the end-user with
necessary information. Depending on specific application area, the
information systems may vary greatly in their functions, architecture and
implementation. There is, however, one property, which is common to all
IS. Any information system is intended for the collection, organization,
storage and processing the information. The work is devoted to the
problems of description and creation of information models of the IS
intensively developing class — digital libraries (DL).

Keywords: information system, digital library, model, metadata, data,
information, knowledge

Introduction

The article is devoted to the description of conceptual model of Information
System (IS). The model has to describe which entities can be represented at the

* This research is supported by RFBR Grant of the Russian Federation (grant No.
18-07-01457) and Grant funding for scientific and scientific and technical research
for 2018-2020 MES RK (Ne AP 05133546).
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IS, set the rules and relations (links) between entities. In particular it assumes
the entity classification, abstraction, generalization. The purpose of Information
Systems is to provide the end-user with necessary information.

It is obvious that automated or computerized information processing is
possible only in case when it can be described with some algorithm, i.e. in terms
of formal data model and some system that perceives it. As noted by A. A.
Lyapunov, “the information is always relative, it depends on what kind of IS it
is perceived® [1].

IS for the purpose of research support operate with publications, electronic
documents, electronic collections, ontological descriptions, etc. The resources
may be inaccessible due to problems with their search and identification.
Semantic relations between information resources increase their value and
provide additional opportunities for information retrieval and identification. The
data integrated into the semantic space is a set of knowledge about a subject area
as a semantic structure. This is the basis for structure investigations of scientific
knowledge. One of the main tasks of integration is to set the links between certain
scientific facts (for example, "what does the term cybernetics mean* or "who is
the author of this article“ and information system entities (persons, facts, data,
documents, publications, key terms, etc.) [2].

Depending on specific application area, the information systems may vary
greatly in their functions, architecture and implementation. There is, however,
one property, which is common to all IS. Any information system is intended
for the collection, organization, storage and processing the information. That is
why, any IS, including digital libraries, is based on data storage and data access
environment [3].

The environment has to provide the level of storage reliability and access
efficiency, corresponding to the area of IS application.

Thus, IS are intended for:

— organization of information storage (organization of repositories, support of
data storing systems);

— information management (addition, modernization, changing the data);

— data access management (monitoring of fulfilment of the data access rules
and regulations), data identification;

— search for information;

— information retrieval and provision to the user (computer application) in the
required format;

— visulization (provision) of the information according to the wuser’s
requirements.

Digital Library Reference Models (DLRM) are of great interest. Let us note
that the Russian term "electronic library"does not quite accurately reflect the
content of the definition, it might be more precise to call this class of IS as
"digital library" (English equivalent).

The conceptual reference models of the digital library (for example, DLRM [4]
or OAIS RM [5]) are based on world experience and include concepts such as
content, functionality, user, policy, quality and architecture, which leads to a
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general understanding of the essence of digital libraries [6]. The main aim of
the development of the DL model is to describe the fundamental concepts,
essential objects and relationships, the standard functional and structural blocks
and processes that make up the universe of DL. The reference model is
designed to develop narrower models with a specific architecture for subsequent
implementation in the form of a software system.

Definition of IS

In the case of IS definition, there is no unanimity of views. In daily use,
information systems are usually referred to as various software and hardware
complexes allowing to work with data, structured with a particular formal model.

At the same time, there is still some confusion as to the concepts of
"information system"(IS) and "IS architecture"; it is not at all harmless and
in practice it often prevents us from clear understanding what the subject of
development is in a particular project: IS, or only its AC (automation complex) or
an automated system (AS) entirely. As an example, let us consider two different
definitions from GOST’s:

Information system: A complex consisting of processes, technical and software
tools, devices and personnel, capable to meet the required demands [7].

Information system: A system designed for the collection, transmission,
processing, storage and delivery of information to consumers and it includes
such main components as software, information support, technical facilities and
maintenance personnel [8].

It is worth recalling that in the 1950s and 1960s the information sciences
in the USSR occupied a prominent place, although their development was
hampered by the specifics of the social structure of society. The turn in the
subsequent years to work with data and the blurring of the term "informatics"led
to the fact that much of the accumulated information was rendered, if not lost,
then unclaimed, and the culture of working with information was lost. Today,
for most users, the consumption of information services is more important, than
its providing technologies.

But the most serious problem is the crisis in the sphere of information
representation. The destructive moment is the absence of common generally
accepted definitions in the field of information technology when it comes to
"information"processing. First of all, since the time of Kolmogorov and Claude
Shannon, at the engineering level, there occurred a confusion of concepts, the
unification of representations about information and data or signals that encode
this information, and in fact the "information"was understood as data sets.

Until recently, when IS were relatively simple, the lack of a clear distinction
between "data"and "information"was not of practical significance. But with
the advent of complex IS, where functions are distributed between a person
and a machine, and with the development of disciplines such as decision
support and knowledge management, more precise definitions of basic concepts
"data "information"and "knowledge"are needed.
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Today, there are two definitions of IS (technological and engineering):

Information system is a set of technologies aimed at supporting the life
cycle of "information". It includes three main components of the process:
data processing and management, information management and knowledge
management [9].

Information system is a software and hardware complex, including
computational and communication equipment, software and linguistic support,
information resources, as well as serving (system) personnel.

Part of the real world, which is modeled by IS, is called its subject
domain. Since the domain model, supported by the information system, is
materialized in the form of properly organized information objects, it is called
the information model (see Figure 1). Information objects are characterized by
metadata describing the real object, and may be supplied with annotations.
Information objects may have information content.

e M

Information system ( Metadata object )

( Real object D:% Information object HAnnotation object)

\

\C Content object )
J

Figure 1. Information Model of IS

The above definition covers all IS classes, in particular factographic systems,
which are based on database technologies and operate on structured data, and
document systems that operate on documents in natural languages.

Information resource

An information resource is a concept that includes any essence of IS or DL. In the
information space, all entities (documents, publications, persons, events, facts,
programs and any other entities of the real or virtual world) exist only in the
form of some information objects. An information resource is an abstract concept
expressed by instances of one of its specializations. In particular, instances of the
information resource concept are instances of an information object of any type.

So, basically, functionally, any IS presents functionally a system of managing
information resources with its inherent functions (methods), relationships and
links [2].
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The implementation of an information resource (information object) is a unit
of information, presenting a uniquely named set of data (see Figure 2) structured
in the form of its inherent named attributes and methods that characterize
its properties and relationships with other resources. Thus, each information
resource must:

— have an identifier;

— be organized in accordance with the description of the resource (resources
can be complex and structured, and in terms of their organization, they can
be grouped into sets of resources that are treated as a single entity);

— be regulated by functions that manage its life cycle, characterized by a set
of inherent attributes and methods describing its properties and connections
with other resources;

— be expressed through an information object.

[ Identifier ]

=

identified By
Information \
resource

erpressed By

Information object

Figure 2. Determination of the Resource in IS

Each information resource is stored in some repository as a globally and
uniquely named set of structured data (information about the resource, its
properties, attributes, links) and, possibly, information content, for example,
one or more presentation formats of the cataloged resource. These structured
data describing the resource, and therefore called metadata, are used to get an
idea of its properties, content, structure, search organization, ways of using, and
S0 on.

Let us give the definitions.

In the IS, each information resource corresponds to the information object
that is a traditional secondary information object containing a description of
the primary resource, that is, an information object is an object that stores
information about IS objects (physical objects, resources, information objects)
(see Figure 3).

Each information object in the IS consists of the following objects:
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( N

% identified By

Information object
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Metadata { Content }
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Figure 3. Information Object Model in IS

metadata is an object providing information about the resource;
annotations is an object annotating the resource or its part. Examples of
such annotations include notes, structured comments and links. Annotation
objects help to interpret the resource, contain detailed explanations, or
information on how to use the resource.

information content is an object that can be absent and can be used
independently as a primary information object: for example, an image, a
full text, etc. (primary resource) [2].

The information object is the most common concept in the system,
representing an arbitrary unit of information in the IS. Information objects
can also be complex objects and can be grouped into collections of information
objects, which, in turn, are also information objects. Collections inherit all
aspects of modeling information objects and the means of their maintenance,
for example, they can be annotated.

Information objects describe all the classes of essences of the scientific
information space, such as publication, person, key term or concept, dictionary
entry, fact, function, organization, user, etc., and the links between them [10],[11].

Definition of the document

A document is a complete information object, presented in digital form, supplied
with structured metadata, having some standard set of attributes and functions
and allowing unambiguous identification.

Accordingly, the definition of the Digital Library (DL) can be given as
follows: A set of structured cataloged collections of disparate electronic (digital)
documents, equipped with navigation and search tools.

DL is able not only to provide a multilateral search in the catalog, but also to
provide the user with a directly found resource (publication, document, photo,
fact description, etc.), as well as additional information resourse, for example,
authors, bibliography, organization, etc. And a great interest in the systems
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of this class is explained by the actual needs of society and the availability of
developing opportunities to meet them. In this regard, it is possible to formulate
the main goals facing digital libraries:

— providing access to information;
— preservation of scientific and cultural heritage;
— increase the effectiveness of scientific research and training.

In most cases, the DL is a website where various texts (literary, scientific
and technical, including publications, computer programs, digital maps, etc.)
and media files are accumulated. The difference between DL and the magazine
website is that the DL is not divided into numbers (issues) and is updated as new
materials appear. The difference between DL and the site of free publications
is that DL is usually selected by the project administrator according to certain
rules and does not always provide a communicative environment around the
published texts.

In existing developments of digital libraries, as a rule, the search and
access to information are provided only through visual graphical user interfaces.
This is good for a human user, but very bad for a user-system. To provide
search functions outside graphical interfaces, special network services and query
languages are required. Ideally, all information systems should support a single
search profile and a single query language.

A digital library can be called a system of network services that provide
access to digital content, united by a single system for managing this access
[11]. In addition, some organizations that take responsibility not only for the
implementation of the functions of managing digital content, but also for
providing access to it for all interested parties. This definition of the digital
library fully corresponds to the definition of the traditional library as an
organization in the system, for example, of the Ministry of Culture [12].

Let us single out three concepts for distinguishing what is usually understood
by the term "digital library"(see Figure 2):

— Digital Library (DL) is a specific DL with its users, policy, content and
responsible organization, which can be virtual.

— DL system (DLS) is a software system (for example: DSpace [13]), which is
based on a certain (possibly distributed) architecture and provides all the
functionality required by a particular digital library. Users interact with the
digital library through the appropriate digital library system interfaces.

— DL Management System (DLMS) is a generalized system software (for
example: DLMS ICT SB RAS [2]), that provides the appropriate software
infrastructure (I) for administering a digital library system, including a set
of functionality that is considered fundamental for digital libraries and (II)
allowing to integrate additional software offering specialized or enhanced
functionality for creating and managing DL.

In DL each resource is defined as follows (see Figure 2):
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— has an identifier;

organized in accordance with the format of the resource, the format is
described here by structural metadata that are an ontology (the resource
can be complex and structured, since it, in turn, can consist of less resources
and have links to other resources);

described by structured metadata and annotations;

can be characterized by quality parameters;

— can be regulated by policies, the policy of managing its life cycle;
expressed through an information object;

— can be described or supplemented by an information object.

L Resource Identifier

identified By Quality
Parameters
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/ requlated By

erpressed By

Manifestation
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Representation
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—————— | Information Object
manage

T
/ expressed By isa
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Figure 4. The content domain of DL

From an organizational point of view, resources can be grouped into
collections of resources that are treated as a single entity.
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Information model of DL

Based on the goals of DL and the analysis of existing IS aimed at supporting
scientific research, the following functional requirements for the model of a
scientific digital library can be formulated as follows [14]:

— Reliable long-term and non-stop storage of information.

— The relevance, completeness, reliability of origin of documents.

— Historicity of information.

— Geo-referencing of information.

— Availability of a large number of dictionaries-classifiers (directories), to
ensure the identification and classification of resources.

— Support for heterogeneous and poorly structured information resources.

— Support of interrelationships of information resources. Identification of
information resources.

— Providing information to the user in the form chosen by the user.

— Availability of intelligent services to service user requests.

— Presence of program interfaces for support of analytical work of the user
with the help of software applications.

— Support for interoperability requirements at both program and semantic
levels.

— Support of work with external sources (for example, catalogs of libraries
and magazines, digital depositories of information resources, etc.). The most
important conclusion from the foregoing is that the information model of
the DL should be multilevel and consist of at least the following components
[10]:

— data store — repository,

— a metadata server,

— application server (dispatcher),

— dictionaries — directories.

The repository is an independent system of long-term, reliable storage and
access to heterogeneous digital objects, which is intended to provide electronic
(digital) versions of documents (books, scientific articles, reprints, letters, images
and other materials presented electronically), and providing a clearly specified
method of management (data schema, model of operations), which includes,
to some extend, the ways of accessing, sampling and manipulating information
resources.

A collection is a collection of information objects (information resources),
united by common properties (for example, belonging to the same class of
objects, the same structure, the general thematic focus, etc.).

The metadata server must ensure the work with metadata — the cataloging
of all information resources in accordance with generally accepted international
standards. The application server must provide the basic services of DL. It
provides the services necessary to generate information resources using and not
using interactive user interfaces. Services allow you to use the metadata of other
information systems in dialog mode and batch modes. Their functionality should
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provide search and retrieval of metadata from other systems, converting received
metadata into schemes and structures of the local system.

Directories — managed dictionaries (key signs, key terms) is a special kind of
metadata reflecting the most essential properties of an information object and
having the most importance from the DL’s point of view. Specificity of words is
determined by the terminology of the specific subject area, to which the DL is
devoted. It is necessary to consider different types of key terms (key terms in the
standard understanding, key terms describing the person, key terms describing
the organization, key terms describing the time periods, key terms describing
geographical concepts). This is a set of databases (normative dictionaries)
containing information about authors and other persons (authoritative records),
geographical points, cities, publishers relevant to a particular topic or section of
DL (for example, to a scientific school), thematic classifiers, thesauri, rubricators,
descriptions of the subject area and classifiers of documents.

The basis of the content of information security is information objects that
represent the main types of entities:

— subjects: actor, person, organization, application, etc.;

— objects: publication, journal, document, fact, scientific result, event, project,
photography, etc.;

— relationships: concept, key term, event, time, place, etc.

As arule, the DL storage systems provide storing documents that are objects
of works — the main type of information content objects (content), as well as
some other objects related to them:

— descriptions of organizations, departments of organizations and publishers,
where objects were created or published;

description of people (in the scheme it is the person’s essence), working in
these organizations (departments) — authors of objects-works;

a description of projects within which objects are created;

scientific journals (periodicals) and conferences that publish them. A special
type of object is an object collection can be applied to any aggregate
(grouping, aggregation) of information objects. Information objects here can
be of any type, i.e. collections can be both sets of subjects, and objects,
for example, a set of organizations, journals, etc. The criteria for such
collections can be determined, for example, by the generality of the location,
the generality of the authors, the chronology, the theme, the origin or the
membership, etc. Collections can contain any number of objects and the
criteria for selecting these objects may change with time.

Metadata

The key moment in working with documents (information objects) is the use
of metadata. Metadata is structured information that describes, explains and
locates an information resource [15]. Metadata is needed to solve the following
tasks:
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— provision of information about documents, to get an idea of their properties,
content, structure, ways of using, etc.;

— systematization of information about documents and system catalog
maintenance;

— selection from a document set of a certain subset by formal characteristics
and document comparison on formal grounds;

— intrasystem technological tasks related to supporting the document
preparation, placing documents in the information environment, etc.;

— external technological tasks, first of all, related to data exchange with
external information systems.

L Metadata J

dividedInto

Descriptive Structural System

Figure 5. Basic Types of Metadata

Metadata reflects the most significant properties of the object, which have
the greatest significance from the point of view of information system. Metadata
is divided into three types: descriptive, structural and system (see Figure 5).

Descriptive metadata are metadata that describe the content and properties
of an information resource, for example, bibliographic data the main task of
which is an unambiguous representation of a digital object for the outside world
and in various applications.

Structured metadata are metadata that characterize the overall structure of
the information resource and its components, volume and other properties of the
information resource.

System or administrative metadata serve to provide a system for managing
information resources and administering information resources, for example, the
date of creation or modification of the resource, the owner’s identifier, and so
on.

The composition of attribute names, the restrictions imposed on their values,
the set of rules that determine the structuring of attributes, their semantics
are specified by a metadata schema. The rules for metadata streucturing in a
certain sense are similar to the rules suggested by the ontology for constructing
relationships between concepts. The rules that define the representation of
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metadata in the information system, as well as the rules for their interpretation,
form a metadata format.

A metadata schema is a set of metadata elements, each of which has a
certain name and semantics, takes values with the set semantics or values
from a managed dictionary, called an encoding scheme. In accordance with the
recommendations of Dublin Core (DCMTI) [16], the information object must have
a basic set of attributes. The set of attributes of the object is expanded depending
on its class.

The encoding scheme is the recording system or the rules for analyzing the
values of the elements of the metadata. The value defined by the encoding
scheme is a code (symbol) selected from a controlled dictionary (for example,
a classification system index or a value from a set of subject headings) or a
string of a specific structure (for example, "2000-01- 01 "as the standard date
designation).

Controlled Vocabulary is a list of predefined codes, terms, words, phrases
or notations designed to indicate subject headings or the composition of valid
metadata element attribute values. All codes (terms) in the dictionary must have
a unique definition.

A particular kind of metadata is metadata that unambiguously characterize
(identify) documents that are necessary for the systematization of documents
and for effective search, called authoritative.

Authoritative control (authority controls) is the provision of access to
documents through a special class of metadata elements (proper nouns,
subject headings, classification indices, activities, geographical names, names of
document creators, etc.). The values of the elements of these metadata (which
are keywords) are selected according to the encoding schemes from the managed
dictionary.

There are problems in using authoritative data: first, authoritative
monitoring must ensure the use of repeated geographical names and the names
of document creators that are written identically, but denote different places
or different people, and secondly, names can vary in time and space: for
example, Germanized or Anglicized names and denominations are not authentic
(authentic), so to study history you must also know the real names.

A particular class of metadata is the metadata describing the relationships
and links between information resources — documents.

A link is a relationship between an instance of a certain entity and
what it has been coordinated with. According to Aristotle, "there is what
it 1is,"only "in connection with another, or in some other relation to
another."The number of types of relationships in the information system
is determined by specific goals. In the real world, their number tends to
infinity. From the point of view of the information needs of users, we will be
interested only in relationships between documents, for example, "Publication
- Publication "Publication - Person "Publication - Vocabulary "Publication -
Keyword "Persona - Vocabulary"and so on. Links exist between all classes of
documents.
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Figure 6. Types of Links

Depending on the conditions of use, the relationships between documents
are subdivided into the following types: thesaurus relationships, semantic
relationships and associative relationships (see Figure 6):

— thesaurus links: the relationships used in the description of information-
subject thesauri are hierarchical relationships and the relationship of
association. The basic hierarchical relationship is the subsumption
relationship (parent-child, wider-narrower, higher-lower, part-entire). The
main purpose of establishing associative relationships between documents
is to indicate additional links [17]. Thesaurus relationships are specific for
the relationship between key terms. They are much less frequently used when
assigning relationships between publications and dictionary entries.

— Semantic links: named relationships between documents, for example,
"Person is the author of Publication"; "The Publication is dedicated to
Person"; "The Publication is devoted to the Fact described in the Dictionary
article."

— Association links: relationships between two documents that are close in
content, for example, keywords in the description of Publications, Persons,
Dictionary articles.

In the information system, there are two possible ways of realizing the links
(relationships) between the documents: hard and soft. Hard links are realized
using DBMS by means of references to primary keys of record. Unfortunately,
this type of communication is not protected against integrity violation (in case
of incorrect modification or deletion of the record). Soft links are implemented
through the matching procedure. This way of establishing links is protected
from any violations of the integrity of the database and is quite convenient
for users, since visual mnemonic definitions are used to indicate the need for
communication.
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Conclusion

As a result of the analysis of user needs, existing models and technological
solutions, the main (basic) entities used in the model, as well as their classes
and subclasses, types of metadata and relationships are specified and discussed
in detail. The advantages of this model are the support of multilingual thesaurus
and the ability of using different classification schemas.
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Abstract In this paper, we use spatial analysis and data mining
methods for constructing a comfort index of urban districts. For this
purpose, we use several indicators which determine the strength of the
impact of various factors on districts of an urban space. We combine all
these indicators into a single table and apply special procedures for data
mining. Then we transfer the obtained results to the GIS and form spatial
comfort index for each urban district of a given city. The result of this
process is a heat map. The red color indicates the most attractive and
comfort districts, the yellow — average districts, and the white color - the
least attractive ones. The proposed approach is invariant to the purpose
of application and provides exploring the city from different points of
view making decisions in different areas of urban development.

Keywords: Data mining, spatial analysis, big data, comfort index

Introduction

As it shown in the work [1], now is the exciting time to be an urban scientist
because “an increasing amount of aspects of human life can be traced back
through diverse digital footprints and, when aggregated, can reveal emerging
patterns”. Big data available today can be defined as a side effect or consequence
of economic transactions which reflect livelihoods in cities. For example, data
important for our research is revealed by parsing the site krisha.kz that is
recognized as Kazakhstan’s leading real estate vertical [2]. Similarly, many urban
researchers can access the data of their interest from various open sources. First,
unlike a statistical review or an economic report, specifically created for decision
making, these sources were not originally intended for this end, their nature
is accidental [1]. Second, these sources are available for free download or for
crawlers. Finally, they have permeated almost all economic operations, so we
can talk about their ubiquity.

Open sources representing information for urban understanding become
especially valuable when they incorporate the spatial coordinates where the
event occurs. Actually the problem of urban development is intimately linked
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to the spatial organization of cities. Therefore, spatial models lead to a more
realistic analysis, yielding more reliable regression estimates. In this paper, we
use spatial analysis and data mining methods for constructing a comfort index
of urban districts. We use several indicators which determine the strength of the
impact of various factors on a given point of an urban space and transfer these
indicators to the GIS. Therefore, we form spatial comfort index for each district
of a given city. In the following, Section 2 describes the context of our study;
Section 3 describes the experimental work; Section 4 draws the main conclusions
of the study.

Background

One of the valuable parameters that determines real estate price is the standard
of living or comfort. The higher it is, the higher the real estate price. The
standard of living is determined by high availability of urban services, by good
economic and ecology factors and by opportunities to quick access to social
facilities, i.e. schools, hospitals, parks, shops, walking areas and sports centers,
cafes and so on. All these factors can be combined in what is known as the
hedonic pricing model. The model is used to estimate quantitative values for
ecosystem or environmental services that directly impact market prices for real
estates [3,4]. However, the opposite argument can also be made: the standard
of living in a certain city district can be determined by comparing real estate
prices in this district and other ones. In other words, we can try to use the open
data from real estate market to estimate the index of living standard.

Authors of work [5] divide the real estate data on three traditional categories:
1) financial, 2) transactional and 3) physical. Financial data refers to information
on real estate-related stocks. Transactional data refers to information on
real estate purchases, mortgages, leases, expenses etc. Physical data refers
to information about the actual real estate structure or characteristics and
locational data. And, according to these authors, with the development of geo-
information systems (GIS), new kinds of data could be efficiently utilized in
the real estate industry. These are extra-locational spatial data which represent
information on spatial phenomena outside of the physical boundaries of a
property. Examples of extra-locational data include neighbourhood information,
traffic sheds and street flow patterns, analyses of proximity to amenities and
disamenities, viewsheds, accessibility metrics, etc. [5] In other words, extra-
locational spatial data describes how properties relate with each other. Spatial
modeling for real estate market is a very promising field of research since it
allows to more precisely determine district’s overall grades.

One of the very relevant work in this field is the “Walk Score” project [6]. The
project is aimed “to promote walkable neighborhoods” and to include walkability
as a typical characteristic of a house. They use a special index named as Walk
Score (WS) that includes several marks of walkability such as accessibility and
street network characteristics to offer an overall measure of the walkability of
a district, as defined by its latitude and longitude coordinates. They provide a
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heatmap of WS for some cities. The data are available on the project’s website
and via API. Another work focused on the problem of spatial modelling of
active accessibility is [7]. As the authors of the work say, “the measurement
of active accessibility is not straightforward and it can represent significantly
different features of the built environment”. They present a review of published
research and argue that almost all of analyzed methods have conceptual and
computational limitations. In conclusion they present some guidelines that might
improve the value and clarity of active accessibility research, theory, and practice.

Spatial prediction models for real estate market analysis are proposed in
the work [8]. The authors confirm that “the inclusion of the spatial aspect
of the analysis may result in improvement in the quality of models”. They
compare the quality of prediction for several models: a classical linear model
estimated with OLS, linear OLS model including geographical coordinates,
Spatial Expansion model, spatial lag and spatial error models, and geographically
weighted regression. For their opinion, best fit to the data among the presented
models has proved a geographically weighted regression.

Nevertheless, as noted in the work [1], “although very promising, the scientific
use of data of this nature for urban purposes is still at a very early stage”. First
applications do not come from traditional urban and engineering practices but
from computer science researchers. And our study is not an exception. We are
not urban experts but we hope that our work will provide them with a more
informed basis for achieving the optimal development of cities.

For example, as it shown in work [9], one of the significant shortcomings of
modern real estate portals is that they apply non-spatial methods to analyze and
visualize rental price data. To quote the authors of this work, “portal operators
neglect real estate agents’ mantra that exactly three things are important in real
estates: location, location and location”. Although real estate portals represent
the spatial reference of their listed apartments, in many cases geo-information
data is just used to “pin” map the listings.

In this paper, as we mentioned earlier, we collect and analyze data from
the Kazakhstani real estate portal krisha.kz. Here, people who want to buy real
estate can meet with those who want to sell their property. In addition, on this
site one can find the full range of household services, contact the specialists
in housing law and insurance, find a good furniture store and learn about the
latest news of the real estate market. The site has been functioning since April
30, 2006, but its history began almost 10 years earlier, from the first issue of
the newspaper "Krisha" (Roof). According to attendance the krisha.kz site ranks
first in the category "Real Estate"in Kazakhstan. On average, 1,400,000 unique
visitors visit the site per month, and they which view over 60,000,000 pages.

The number of visitors and registered users of the site is growing daily. And
if earlier the majority of visitors came to the site from Almaty and Astana,
recently there has been a real boom of announcements from the other regions
of Kazakhstan. Thus, to date, krisha.kz is one of the most effective portals for
advertising and private ads related to real estate.
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Figure 1. The home page of the krisha.kz site

Experimental work

31

In this Section, we follow the classical “path from data to understanding”
described in [3] (see Figure 2). The 7 stages of this path are:

N otk W=

acquiring;
parsing;
filtering;
mining;
representing;
refining;
interacting.

Acquiring and parsing

At first we obtain the structure of HTML page, which contains the necessary
raw data (see Figure 3). A Python script was written for parsing HTML-pages
and acquiring data about each of the ads presented on these pages (one page
contains 20 ads).

The following data was extracted for each ad:

date — a date when an ad was submitted;

city — a city where a property is located;

address — an address of a property;

lat, lon — geographical latitude and longitude of a property;
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Figure 2. The path from data to understanding

i :before
v<div class="col-sm-6 col-xs-12 a-description"=
v<dl class="a-parameters'>
<dt data-name="flat.building">fom</dt>

- dd>kupnuyHbiii, 2005 r.n.</dd> == $0
<dt data—name="map.complex">Xunoit KoMnnekc
</dt>

» <dd>..</dd>
<dt data—name="flat.floor">3rax</dt>
<dd>8 n3 9</dd>
<dt data-name="1ive.square">lnowanb</dt>
» <dd>..</dd>
<dt data—name="flat.renovation">CocTosauune
</dt>
<dd>xopouwee</dd>
<dt data—-name="flat.toilet">CaHysen</dt>
<dd>2 c/y n 6onee</dd>
<dt data-name="flat.balcony">bankon</dt>
<dd>6ankoH</dd>
<dt data-name="flat.door">[lsepb</dt>
<dd>6poHupoBanHas</dd>
<dt data—name="flat.phone">Tenepon</dt>
<dd>oTpenbHbii</dd>
<dt data—-name="inet.type">WHTepHeT</dt>
<dd>onTuka</dd>
<dt data—name="1live. furniture"=Mebenb</dt>
<dd>nonHocTbio MebnuposaHa</dd>
<dt data-name="flat.flooring">Mon</dt>
<dd>namuHat</dd>
<dt data-name="ceiling">MoTonku</dt>
<dd>2.8 m</dd>
<dt data-name="flat.security">be3onacHocTb

Figure 3. HTML DOM of an advertisement
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— price — a property’s price;
— room_count — a number of rooms;
— area_total — a total area;

floor — a floor;

other secondary fields.

The data was saved in a csv files. Then with the help of R system this data
was loaded in a dataframe.

Filtering and mining

Data filtering consists in removing ads which are mistakenly recorded as from
Ust-Kamenogorsk. For this purpose we check a longitude and latitude of all
selected ads. In addition we remove all duplicate records. The code and first 6
records of our dataset are represented in Figure 4. Data mining procedures allow
us to reveal patterns in the sale-purchase process. For example, we identify the
relation between number of ad views and characteristics of a property. So we
can determine that a 2 room apartment in the Strelka district and with a good
overhaul was the most interesting.

data <- filter(original_ data,
49.868578 <= lat & lat <= 50.0378l6,
82.403912 <= lon & lon <= 82.863279,
price > 0)

data <- data['!duplicated(data$id),]

head(data)
id date city address lat lon price room_count

20068131 03.12.2017 Yere- Camaesa 4q001g0 8262717 4500000 1
KameHoropck 156/2

27321578 03.12.2017 YoTe-  MWxasniGa g 06534 8250470 7200000 2
KameHoropck 17

21558528 03.12.2017 YoTe-  MaskoBokOTO g 06754 8258084 6600000 3
KameHoropck 18

26601786 03.12.2017 Yere- OpyxBel 40 00038 82.66024 27000000 4
KameHoropck  Hapopos 2/2

27445157 03.12.2017 YeTe-  powosa544 50.02068 82.50054 5000000 1
KameHoropck

24887249 03.12.2017 YoTe-  KOGMUMECKAR 46 06570 §2.50845 5600000 2

KameHoropck 13

Figure 4. A filtering code and results of filtering
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Representing and refining

We provide some charts and plots for representing data. The chart in Figure 5
shows how often the site users add real estate ads. A pie chart in Figure 6 displays
the number of ads served by the day of the week. This pie chart clearly shows that
users are most active in submitting ads on weekends. The histogram in Figure 7
shows that the most sold apartments are two- and three room apartments. The
boxplot in Figure 8 shows the relationship between the price of an apartment
and the number of rooms.
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Figure 5. A plot “ads number by days”

Interacting

Using the graphical tools of R system we can create a huge amount of diagrams
and graphs, including interactive ones. Below, Figure 9 presents an interactive
map of the city with the indicated properties on the market.

Spatial analysis

The heatmap tool is at the core of our analytics. We create a heatmap using
the data about real estate purchases. The red color indicates the most attractive
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Figure 8. A boxplot “price by room numbers”

Figure 9. An interactive map of real estate objects



Applying spatial analysis methods in addressing city understanding issues 37

and comfort districts, the yellow — average districts, and the white color - the
least attractive ones. The received map clearly shows three area of demand for
apartments in the city of Ust-Kamenogorsk. This shows in favor of polycentric
development of the city, which is a fairly good sign. Polycentric development of
the urban environment prevents the emergence of economically backward, and
as a consequence, socially and economically depressed areas.

ska
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: Q) :
o=/ | Map data £2017 Google
Figure 10. A heatmap of demand for apartments
Conclusion

The conducted review analysis showed that there is a large amount of open
data from which it is possible to extract information and properly use them
for city understanding. Possible methods of analysis were examined to obtain
a model. For data manipulation, visualization, processing and further training,
the language R.
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Abstract The proposed system for predicting the indicators that
characterize the results of university activities is developed on the basis
of J. Forrester’s system dynamics system. Based on the results of the
analysis of cause-effect relationships, a set of mathematical models was
developed to monitor the quality of training in a higher education
institution. An algorithm for constructing a model is given on the
example of one of the simulated variables. The model is a system of non-
linear differential equations, from the solution of which the simulated
characteristics of the educational process are determined. The proposed
approach is focused on solving complex problems of managing the
educational process in universities. The structure of the proposed model
repeats the structure of cause-effect relationships in the system, and also
provides the person responsible for managing quality control, the ability
to quickly and adequately assess the performance of the system.

Keywords: system dynamic model, university development,
monitoring, mathematical model

Introduction

It is generally believed that university’s core activities are providing high-quality
education and conducting researches. Appropriate management strategies are
able to ensure the effective performance of higher education institutions. Since
university appears to be a complex social system, it is argued that there are
considerable challenges in its managing. The system seems to be non-linear and,
thereby, it becomes difficult to predict the implications of applied managerial
policies in the future. The system thinking approach could serve as a method to
support decision-making processes in higher education [1].

There is a variety of studies devoted to university’s decision-making processes
and policies. However, dynamic model-based approach to university management
seems to be paid less attention, especially, in a real life where policy-makers
normally use linear statistical tools and models [12]. The interest in System
Dynamics modelling in higher education has been constantly growing; however,
there is no unified and accurate model for the university system.

The existing monitoring systems do not allow covering the whole range of
university activities, as well as external and internal factors that are influencing
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on the activity. Despite the fact that indicators and performance criteria designed
to monitor the universities activities play a significant role in assessing the
performance of educational institutions, they are regularly reviewed and adapted
to the changing conditions of the external environment. Therefore, an urgent task
today is the development of an analytical tool for monitoring and forecasting
the dynamics of indicators, taking into account the interaction of indicators and
factors (internal and external). It should be noted that strategic management
of the university performance is a complex task and requires consideration of
internal (including inverse) interrelationships between the various characteristics
of the institution. To solve this problem, it is proposed to design an analytical
monitoring tool based on the use of system dynamics methods.

% =y +y” (1)

where y* /y~ - is the positive/negative rate of the variable y, which includes
all the factors that cause to increase/decrease the y variable. Positive and
negative rates determine the existing instantaneous incoming and outgoing flows
between the levels of the system and reflect their interaction, and the levels
measure the state of the system, which is achieved as a result of the addition of
factors influencing. As decision procedures here are decisions of decision-makers
on changes in the values of factors that affect the dynamics of indicators. The
rate is a product of functions that depend on the combinations of the main
variables (2):

v = g (1, vz, un) = R, Fay o B = fE(R) - (B fE(F) (2)

where F; = ¢;(yi1, Yi2, .-, Yim ) - influencing factors, m = m(j) <n, k = k(j) <n
(number of simulated variables), i = 1,n. Thus, there are fewer factors than the
main variables, and each factor does not depend on all the system levels, but
only on some part of them. This allows simplifying the task of modelling.

Then a system of non linear differential equations is compiled, from which
the values of the simulated variables y;(t),7 = 1,n are determined for a given
time interval.

Thus, to solve the task, it is necessary to carry out the following studies:

— determine the set of the most significant factors Fj;(t),i = 1,v that
influencing the simulated variables y;(t),i = 1, n;

— construct a graph of cause-effect relationships G, reflecting the relationship
between variables y;(t),7 = 1,n and factors Fy(t),i = 1, v;

— write the equations of system dynamics, the solution of which allows us to
determine the values of variables y;(t),i = 1,n at different time intervals.

Based on the analysis of the cause-effect relationships existing between the
predicted indicators, an oriented graph is developed. Fig. 1 shows an example of a
subgraph that characterizes cause-effect relationships that affect the magnitude
of the system variable y;(t),i = 1,n. The predicted characteristics are the
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vertices of the graph, and the outgoing and incoming arcs characterize the
functional connections between them.

When forming the graph of cause-effect relationships, great difficulties arise
with the definition of relevant links that are taken into account in the future
of the mathematical model synthesis for system functioning process monitoring.
According to the principle of universal interconnection of objects, phenomena
and processes of the surrounding world, between the simulated variables there is
a huge number of different relationships, both direct and inverse, which can not
be fully accounted for. In connection with this circumstance, only those cause-
effect relationships are selected which, in the opinion of experts, significantly
affect the magnitude of the simulated variables [4]-[2].
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Figure 1. Subgraph of cause-effect relations

Indicators can be: absolute and relative.
Absolute - an indicator in the form of an absolute value, reflecting the time
or cost characteristics of processes.
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Relative - economic indicators, defined as the ratio of the absolute indicator
to the baseline value or as a ratio of two disparate indicators.

Taking into account all functional dependencies from other system levels,
the final equation for the variable y;(t),4 = 1,n takes the form depending on the
value:

For absolute value:

B — )t — ) = s O () - 5 (F) - f (F))
—ilt) - (7 (R - fi (Fa) - o £ (F) 3)
For relative value:
e R
— i) (s UF () 5 (Fa) e £ () - (@
D (F) F (B (F)) )

Development of a system dynamics model for university
indicators

The evaluating system for the university activity is constantly changing, but at
the same time, they are mainly focused on accreditation indicators. Developed
on the basis of the apparatus of system dynamics, the system will allow the
decision-maker (DM) to build a mathematical model of the system’s behavior
for selected indicators and determine the university characteristics change at
different time intervals.

For effective work of university promotion and its inclusion in academic
ratings, management must have at its disposal analytical tools for forecasting
the dynamics of the university basic performance indicators. The constructed
mathematical model on the basis of system dynamics will allow to carry out
researches of a similar kind.

The developed tool allows experts to construct a graph of cause-effect
relationships used in constructing a mathematical model and, according to the
graph, construct and solve a system of differential equations according to the
algorithm described above. The following is an example of constructing a system
of differential equations for the group indicators that characterize the publication
activity of the faculty members [4]-[7], [9]-[5]-
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Graph and formation of differential equations system

Indicators are used mainly as a basis for making specific decisions and reporting
to ministries and other external stakeholders. In the process of developing a
new university strategy and preparing for accreditation, the university’s top
management acknowledged the need to use indicator (KPI) to improve the
effectiveness of the institution, in which case the indicators should be directly
related to strategic objectives. A set of indicators is used to evaluate and make
decisions. On the example of several basic indicators, a graph and a system of
equations will be constructed.
The table shows the main indicators for creating the system of equations.

O = 022 ) 1 () 17 () -
OB e ) (X (7)) )
% = X1 ()(PTy - (fF (X0) f (Xa) fo (X5) f15(X7))—
—PTe - (f11(X1) f12(X5) f13(X6))) (6)
O = S GO (X £ (X0 (X))~
_%('fﬂ)(Xl)fi)(Xz)fi(X4)f23(X5)f23(X6)) (7)
3

where, X7 - average annual volume of scientific research, X, - the amount
of publication, X3 - % of publications indexed in international databases, 4
- number of projects, X5 - number of doctoral students, Xg - % of teaching
staff with academic degrees, X7 - mid-annual volume of financing per unit of
personnel, Oy, O, - average annual volume of financial assets at the beginning
and end of the settlement period, Sy, S, - the amount of financial resources for
the development of scientific grants at the beginning and end of the calculation
period, Py, P, - number of scientific and pedagogical personnel at the beginning
and end of the calculation period, PT;,, PT, - the total amount of publication
at the beginning and end of the billing period, PT1,, PTI, - the number of
publications indexed in international databases at the beginning and end of the
billing period.

Conclution

As a result of the work: - a complex of mathematical models is constructed
that allow to obtain in the wide range of time intervals the predicted values
of the main indicators characterizing the results of the university’s activity, to
determine the general approach to the construction of this set of models; - for
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forecasting the university performance indicators, the procedure for constructing
a system of nonlinear differential equations based on the use of mathematical
apparatus of cause-effect complexes theory and system dynamics of Forrester
was proposed and justified.
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Abstract The article is devoted to the modeling of aerodynamics of
wind turbine blade in 3D space. To solve the problem numerically, we use
the finite volume method and the nonstationary Navier-Stokes equation.
The resulted results of numerical modeling, indicating a monotonous
increase in the drag force and lifting force from the speed of the oncoming
flow, and their empirical relationships were obtained. On the basis
of numerical simulation and the experiment, universal dependences of
aerodynamic characteristics on the velocity of the incoming flow at a
constant angular velocity were obtained. Also shown are the flow patterns
of two rotating cylinders in the air flow, which can explain the behavior
of the aerodynamic characteristics.

Keywords: numerical modeling, Navier-Stokes, rotating cylinders,
velocity, 3D space

Introduction

Calculating methods of wind turbines of various types of apparatus have long
and actively developed with impressive results. With the help of numerical
modeling, it became possible to solve the related problem of dynamics and
aerodynamics of a wind turbine with a horizontal axis of rotation. The essence of
this method is solutions of the nonstationary Navier-Stokes equations in mobile
curvilinear coordinates realized on the basis of an implicit scheme. In [1]-[6],
wind turbine models have been developed and predicted the performance of
the wind turbine and the estimation of the model’s capabilities, as well as
its aerodynamic characteristics. To solve the problem numerically, we use the
finite volume method and the nonstationary Navier-Stokes equation. The partial
derivatives are approximated with the second order of accuracy, the derivatives
with respect to time - according to the implicit Euler scheme of the second order.
The model belongs to the family of two parametric models of turbulence, contains
transport equations for the kinetic energy of turbulence and its dissipation.
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The model of turbulence

The Boussinesq hypothesis states that the turbulent stress tensor is related to
the velocity gradients by the dependence (1)

— — 9 —
Tturb = Mturb (VV + VVT) - § (/)k + ,uturbvv> U. (1)

To find the turbulent viscosity fiz.b, we use the k — ¢ Launder-Spalding model
(2)
]452
Hturb = pCM? : (2)

Where k is the kinetic energy of turbulent pulsations; ¢ is the rate of dissipation
of turbulent kinetic energy.

Boundary conditions. Boundary conditions on the wall.

The condition of sticking and do not leak (3), (4)

_>
V=0. (3)
3/4 3/2
ok _o o _ClR” @
on 7 k-y,

where k& = 0.4187 is the Karman constant; index P refers to the center of the
wall cell of the difference grid.
Boundary conditions at the input (5).

U=Up; V=0. (5)

The turbulent flow parameters are determined by specifying the intensity of
the turbulent pulsations I and the hydraulic diameter Dj,q (6)

3 9 3/4 k3/2
kzg(l‘/znlet) 3 €:OM 7, 62007Dhyd123% (6)

The boundary conditions at the exit boundary (7)

dp

or
The first stage of modeling the flow around a cylinder is the construction of a
computational grid in the GAMBIT program. In this case, the flow around the
blade is considered to be a flow of air.

A uniform grid was used with a thickening to the surface of the cylinder,
and the cylinder was shifted to the left boundary of the design area, so as not
to arise in the region of the return flow and there was a good resolution for the
resulting vortex zones:

1. the coefficient of condensation of the finite-difference grid in the radial
direction (the ratio of the dimensions of two neighboring cells) is 0.85;

0. (7)
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2. The size of the first cell in the radial direction relative to the radius of the
cylinder is 0.01;

3. The number of cells in the entire integration area is 200,000.

It is known that when a cylinder flows, like any other body, with a potential
(irrotational) flow, the resultant of all forces acting on the streamline body is
zero [7]-[8].

When a real fluid flows around a rotating cylinder with a real fluid, the
presence of friction forces and positive pressure gradients to the right of the
maximum flow restriction points (the ends of the vertical diameter of the
cylinder) lead to the detachment of the boundary layer from the surface of
the cylinder, the formation of vortices that generate a pressure decrease in the
rear region, the pressure distribution becomes asymmetrical and leads to the
appearance of a force of drag and a lifting force due to the effect of Magnus.

The flow pattern (the position of the separation point of the boundary layer,
the distribution of pressures, the intensity of the formation of the vortices behind
the cylinder) depend essentially on the velocity (the Reynolds number) of the
flow. At very low Reynolds numbers (Re < 1), the flow is fairly close to ideal
and, conversely, the greater the Reynolds number, the more intense the vortexing
behind the body, the closer the point of separation of the boundary layer to the
maximum flow restriction section.

The purpose of this paper is a mathematical simulation of the cylinder
rotation system in a turbulent air flow.

The area surrounding the windmill corresponds to the dimensions of the
T-1-M wind tunnel.

For modeling, a 3D axisymmetric geometric grid flow model for the cylinder
in the GAMBIT package was constructed.

One circulation zone is located at the bottom of the cylinder, because It moves
clockwise, and the second at the top of the second cylinder, because that moves
counter-clockwise. We can say that they have a symmetrical character with
respect to the axis of symmetry passing through the centers of the cylinders. And
also it can be assumed that between the two circulation zones, an irrotational
zone will appear.

Figure 1 shows the flow pattern of a two-bladed wind turbine obtained in the
program Ansys Fluent.

Figure 1. The picture of the flow past the air speed
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Figures 2 and 3 show the dependence of the drag force and lifting force on the
speed of the oncoming stream with a turbulence intensity of 10% and a constant
angular velocity of 1000 rpm.

The data of the numerical experiment (Fig. 2) are approximated by a power
law: F, = 0.1116 - V1-5289, As the speed of the oncoming flow increases, the drag
force increases.

FxN

[}

®  numerical simulation

U,m/s
0 5 10 15

Figure 2. Dependence of the drag force on the air flow velocity at an angular velocity
of 1000 rpm.

The data of the numerical experiment shown in Figure 3 are approximated
by the polynomial dependence: F, = —0.2257V?2 + 4.9479V — 3.7068. It can be
seen from the graph that the lifting force increases with increasing speed of the
oncoming stream, but having reached its maximum value at 10 m / s, it begins
to decrease.

ol o numerical simulation

Figure 3. Dependence of the lifting force on the air flow velocity at an angular velocity
of 1000 rpm.
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Based on theoretical and experimental data, a comparative analysis was
carried out.

Figure 4 shows the dependence of the drag coefficient on the Reynolds number
at a constant angular velocity of 1000 rpm. It can be seen that the data of the
numerical experiment are approximated by a power law: C, = 160.81 - Re =471,
The drag coefficient decreases with an increase in the Reynolds number.
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Figure 4. Dependence of the drag coefficient on the Reynolds number at an angular
velocity of 1000 rpm.

Figure 5 shows the dependence of the lift coefficient on the Reynolds number
at a constant angular velocity of 1000 rpm. The data of the numerical experiment
are approximated by the power law: C,, = 3e 4+ 0.6Re~ 202, The lift coefficient,
with an increase in the Reynolds number, decreases, but with a further increase
in Re, it can be assumed that the lift coefficient will reach its minimum value
and will not decrease further.
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Figure 5. Dependence of the lift coefficient on the Reynolds number at an angular
velocity of 1000 rpm.
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It is established that when two rotating cylinders flow around the air streams,
an area of increased pressure occurs at the point of contact of the pressure
fields of each cylinder, and a rarefaction zone forms behind the cylinders. On
the basis of numerical simulation and the experiment, universal dependences of
aerodynamic characteristics on the velocity of the incoming flow at a constant
angular velocity were obtained. Also shown are the flow patterns of two rotating
cylinders in the air flow, which can explain the behavior of the aerodynamic
characteristics.

The work was carried out at the expense of grant No. AP05131520 -
Development and creation of a sample of a wind power plant for alternative
power supply using an electrical generator of domestic production.
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In a bounded domain 2 C R?, we consider the initial-boundary value problem
for the non-stationary flow of a viscous incompressible fluid. The problem reduces
to solving a system of nonlinear Navier-Stokes equations [1]

0
ait}—l—(v-V)v:uAv—Vp—Ff, (1)
dive =0, (2)
vt:O:vo(x), US:0 (3)

where v (z) is a velocity field, p (z) is pressure, f (z) is a field of mass force,
i > 0 is a coefficient of viscosity, divev = 0 is the continuity equation for an
incompressible fluid, for which the velocity field is described by a solenoidal
(divergent-free) vector field.

The Navier-Stokes equations are a system of partial differential equations
describing the motion of a viscous incompressible fluid.

An analytic solution of the system (1)-(3) is conjugate to insurmountable
difficulties. Up to now, the solution of these equations has been found only in
certain special cases. Known results refer to the simplest cases of motion. In
other cases, different numerical methods for solving the Navier-Stokes equations
are used.

In this paper, the method of fictitious domains is used to solve the system
(1)-(3). For simplicity, we assume that vy (z) = 0. An auxiliary problem with
a parameter ¢, corresponding to the method of fictitious domains, reduces to
solving a system of differential equations in D = D; U {2 with boundary S; [2]:

8 £
;t + (v° - V) o = div (u*Vv®) = Vp© + f, (4)
dive® =0, (5)
| =0, v°-7| =0, pf| =0 6
v t=0 n v T S1 P S1 ’ ( )




52 CITech-2018, Ust-Kamenogorsk, Kazakhstan, 2018 September 25-28

e J pin £,
H _{"inDl,

g

(10" = p* - o)l =0, ]

=0 (7)

n, T are the normal and tangent vector to the boundary S;. f is continued
in D; with the preservation of the norm in Lo (£2).

We introduce the set M (D) of infinitely differentiable vector-valued functions
v (z) solenoidal in D with tangential components vanishing on S:

M (D)={v(z) e C* (D), divv=0, v(z) -7(x)=0, z €S}

where 7 is the tangent vector to the boundary S. The spaces obtained by the
closure of M (D) in the norms Lq (D) and W3 (D) are denoted by V (D) and
V1 (D), respectively, and their conjugate spaces by V* (D) and Vi* (D), and
V(D) and V* (D) are identified.

Let us introduce the following definition.

Definition. A generalized solution of problem (4)-(7) is a function v° of the
class Ly (0,T; V1 (D)) N Lo (0, T Lo (D)) satisfying the integral identity

T T T
—/ (vs,ét)Ddt—/ ((vE-V)Q),vE)Ddt+/ / (v - B) F - n ds di+
0 0 0 S1

K r T o . B T
+g/0 /Slk(x)(v-@)dsdt—l—/o (Vv ,V@)Ddt_/o (f,®),dt  (8)

for any ® € C* (0,T; V1 (D)), (T) =0, (u,v), = [pu-vdx, where k(z) is a
non-negative function.

Let w1, wa, ..., wx is an arbitrary basis in V4 (D), and v is an approximate
solution of the problem (4)-(7):

N
vy = Z AN, (1) Wi (9)

m=1

QNm (t) is found from the system of ordinary differential equations with
respect to angy, (1):

d
gt (8 (0 si)p + (0 V) ki) + 2 [ K@) (o) ds
1
+(NEVU?V7wj)D = (fij)Da .7 = 1727~~'7N (10)
with initial conditions
0] =0, anm (t)) =0 m=12..N. (11)
= t=

The solvability of (10)-(11) in a small time is known from the general theory
of ordinary differential equations [3]. Global solvability follows from a priori
estimates of the solution

S (¢ < 12
max o5 () p) < C < 0 (12)
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which is obtained from multiplication of (10) by apn., (t) and summing over
m=1,2,...,N.
Multiply (10) by anm (t):

&80 (1)) p v (8) + (0 - 9) ) p o (6)

2 [ @) Wi om) s (1) + (1T )y e (1) =
S1

= (f,wm)p anm ().
Sum the resulting equation over m from 1 to N, taking (9) into account and
applying the Holder inequality:

1d 2 2
52 v Ollvpy + (05 - V)i, v3) p + 1 llviallz, o) +
2 dt (D)

p p
il + £ [ @) 0k @ ds < Ul 1ol - (19)
1

Further, for the second term of the inequality (13), we apply the estimate

/D (W (£) - V) vy (1), oy (1)) de

/S (v& ()? v5 (t)dS| <

< | Ik 0> ds < Co | Vi 7, ) IV (s
1

Hence we obtain the inequality

1d
2dt

M e e 2
(£ = 1o Oll gy - Co) - 195 Ol 70,y <

<1F Ollye oy 105 Ollvs () - (14)
Let % — vy (t)||L2(D1) Co > 0. Then we obtain

2 2
[oi (OIIZ, ) + 1 lloivallL, @) +
(D) (£2)

T
2 05 Ol < [ 17 Ol o .
If € is chosen such that
u T
2= Co [ 1 @yt 20 (15)

then the following estimate yields from (14):

T

T
2 1 2
s % Ol + [ IV O e+ [ 196 01, ar+
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/ /S dsdt<C’/T||f(t)2

where the constant C' does not depend on €.

ydt < C < oo (16)

Let Dl/4 kv N ( ) is the narrowing of the inverse Fourier transform on (0, 7))
by T from T1/4=kpS,, 0% is the Fourier transform of the function ©% by ¢, which
is obtained by extending v5; with zero outside of (0, 7).

Lemma. The estimate

C<x

pL/A—k,
H t NLorvm) =

holds for any k > 0, C' does not depend on €.
By the definition of the generalized derivative [3], we obtain the following
equation for 9% (¢) from (10):
2 (8 (1), wj)p + (05 (1) - V) Oy () ,wj) p + (VO () Vewj)p +
1 ~g _ r3 ~
2 [ k@) @ 0 ) ds = (Foy) = v ()0 67

where d7 is a Dirac measure concentrated at t = T'.

Note that
(0 (1) - V) Ox (), wj) p S IVON Ol 1,0y 197 Ol oy Wil py <
< C 135 Ollvi ) 193 llvs ) - (17)
Hence,
(0§ (1) - V) 0y, wj) p = (un (0F) ,wj)p - (18)

Let un (0%) = un (t)

)-
, Uy (t) is the Fourier transform of uy (t), 0% (¢) is the
Fourier transform of o5 ().

Then by (17) we have
2mit (O (1), wi)p + (an (1), wj) p + (170N (7)) ,w5) p +
M ~e £ e —27iT
2 [ ) @ ds = (Fs) ) = 05 @wp e (19)
€ Js, D
However, 0% (t) € [w1,wa, ...,wy], therefore it follows from (19) that

2mir 0% (D)) + (V3R (7), V& (1) =
= (Fin ), =2 [ k@it (i (s -

= (0§ (1), 0% (1)) p e ™™ = (a (1), O} (7)) - (20)
Taking the imaginary part of (20) and estimating the right-hand side from
above, we obtain:

e 168 (Dl 20y < i (7) 5 oy + [ 7], 185 Ollvs o) +

V(D)
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Flox (Dl o) 10% (Dl 2y ) - (21)
By the properties (17), (18):

s} T
| i Ol dr < [ Olly it < 0 <

— 00

la% (Dllv; oy < C-

Moreover, it follows from (16) that [[v% (T)]] < C < oo. Given these
estimates, rewrite the inequality (21) in the form

0% Do) < O 1ok Ollvieoy + [ O 158 vy +
1

+C1 105 (T)llvp) -

Let o be an arbitrary constant and 2o > 1. Then

~e 2 nNE

T || (T > ||oy (T

/ ”'M”megq/ 125 Dllvi o)
L+ 7] L+ r]

—0 —o00

w ||F )] -

Ve (D) 9% (T)llv; > |65 (Mlly-(p)
C. L d C —————drT. 22
+ 2[00 1+‘7_|0' T+ 3/ 1+|T‘U T ( )

— 00

Note that ﬁ € Ly (R;) and 0% (1) € La(R;, V1 (D)) by (16). Hence,

using the Holder inequality, it can be easily shown that

/Oo ”77?\] (T)Hvl(D

> )dT§C<oo.
N U

Using the Cauchy inequality, the boundedness of the second integral in the
right-hand side of (22) can be shown:

I 17, ) 1% Pl
o L+ |7[”

The boundedness of the last integral in (22) follows from the inequality

< o5 (7))l < |05 (1)
/ N'gmeg/ o5 Dllvio) ;o o
N oo LT

dr < C < o0.

Hence, using the lemma of compactness, we have the relations
vy (t) = v° (t) xweakly in Lo, (0,7; V (D)),

vy (t) = v° (t) weakly in Ly (0,T; V1 (D)),
vy (t) = v° (t) strongly in L (0,T; V (D))
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as N — oo. Now, after passing to the limit in (10) and integrating by parts, we
see that v° (¢) is a generalized solution of the problem (4)-(7).

The following convergence theorem holds.

Theorem. Let f(t) € Ly (0,T; Vi* (D)), and ¢ satisfies the condition (15).
Then there exists at least one generalized solution of problem (4)-(7), and the
estimate (16) holds for the solution. Moreover, the solution of the problem (4)-(7)
converges to the solution of the problem (1)-(3).

Proof. Since the existence of the solution has already been proved, it remains
to prove the convergence of the solution. Note that the obtained a priori estimates
(16) and the estimate of the lemma above are uniform in e. Therefore, it is
possible to select subsequences {v®i} from the sequence {v°} for which the
following relations hold as ¢; — 0:

v = v xweakly in Lo, (0,7 V (D)),

v¥t — v weakly in Lo (0,T; V4 (D)),
v¥" — v strongly in Ly (0,T; V (D)) .

Now we put @ = 0 in D; in the integral identity (8), and passing to the limit,
we obtain

- / (0, 81) g dt — / (v V) ®,0) g — 1 (V0, V) ] dr = / (f. @) g dt

for all & € O (o,T; Vi (Q)).
It remains to show that v[g = 0. Let us show that |[v°[|; o 7. 1,(p,)) — 0 as
e — 0. To this end, we use the inequality

HUEHLQ(O,T;LQ(S‘)) <C (HUEHLQ(O,T;Lz(Dl)) + HUE\|L2(01T; L2(D1))> —0

as € — 0. The theorem is proved.

Next, a difference scheme of the second order of approximation is constructed
for the problem (4)-(7). For a numerical solution of this difference problem, a
special iterative method is constructed that determines approximate solutions
on the boundary S with uniform accuracy for a limited number of arithmetic
operations.

To develop a new numerical implementation algorithm, the idea of the
fictitious unknowns method with a two-step iterative process [4] and a method
for solving the Poisson difference equation in a square with the right-hand side
different from zero only at nodes that are a distance of the order of the grid
distance from a given piecewise smooth curve are used [5].

References

1. Temirbekov, N.M.: Priblizhennye metody reshenija uravnenij vjazkoj zhidkosti v
oblastjah so slozhnoj geometriej. Almaty (2000)



Iterative method for solving non-linear Navier-Stokes equations... 57

. Smagulov, Sh.S., Danaev, N.T., Temirbekov, N.M.: Modelirovanie kraevyh uslovij
dlja davlenija i polnogo napora v zadachah gidrodinamiki s pomoshh’ju metoda
fiktivnyh oblastej. Doklady Akademii Nauk Rossii 374, 333-335 (2000)

. Tihonov, A.N., Vasil’eva, A.B., Sveshnikov, A.G.: Differencial’nye uravnenija.
FIZMATLIT (2005)

. Kaporin, IL.E., Nikolaev, E.S.: Metod fiktivnyh neizvestnyh dlja reshenija raznostnyh
jellipticheskih kraevyh zadach v nereguljarnyh oblastjah. Differenc. uravnenija 16,
1211-1225 (1980)

. Volkov, E.A.: O metodah reshenija raznostnyh uravnenij dlja kusochno-odnorodnoj
sredy i s pravoj chast’ju, zadannoj vdol’ krivoj. Doklady Akademii Nauk SSSR. 283,
274-277 (1985)



Using the CUDA technology to accelerate
calculations in problems of chemical kinetics

B. Urmashev!, M. Sarsembayev', A. Temirbekov!, and M. Frenklach?

1 al-Farabi Kazakh National University, 71,
al-Farabi ave., 050040 Almaty, Republic of Kazakhstan
2 Berkeley University, Berkeley, California, USA,
Baidaulet.Urmashev@kaznu.kz, Sarsembayev.Magzhan@gmail.com, Almas.
Temirbekov@kaznu.kz,Mfrenklach@gmail.com

Abstract In this article, the problem of chemical kinetics, calculation
of changes in the concentration of substances in the reaction by time
and creation of a massive kinetic solver for solving the problem using
modern parallelization technologies are considered. A mathematical
model of the change in the concentration of substances in a system
with one-dimensional approximation and the possibility of accelerating
the calculations with the use of CUDA technology is described. The
performed calculation on NVIDIA GPUs showed that with an increase
in the number of reactions, the computational time decreases significantly
in comparison with the calculation time on CPUs.

Keywords: combustion, combustion mechanisms, parallel
computation, graphic processors, CUDA, Runge-Kutta method.

Introduction

Burning has been used by humanity for many years and is one of the oldest
technologies. Currently, the combustion process provides about 90% of all energy.

In the past, the study of combustion was mainly aimed at studying the
mechanics of a continuous medium, including heat release due to chemical
reactions. This heat release was often described by thermodynamics, which
involves infinitely fast chemical reactions. In certain extent, this approach turned
out to be productive for describing stationary combustion processes, but it is
not enough to understand transients such as ignition and damping, as well as
to explain the formation of harmful emissions. Moreover, the problem of the
formation of harmful emissions in the combustion of fossil fuels will be one of
the most important task in the future [1].

The physical description of the combustion process is very difficult in
connection with the diversity of phenomena derived from the time of ignition
until the combustion process. Despite recent achievements, the need to study
the burning process continues to be a very pressing problem. The process of
fuel combustion is the main process in which the heat of fuel is converted into
mechanical work [2], [3], [5], [6]-
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Using numerical simulation methods, focused on the use of supercomputers,
greatly expands the possibilities of mathematical modeling, allowing to include
in the model factors not taken into account earlier. Detailed analysis of the
dynamics of combustion of fuels assumes a rigorous account of all physical
processes, including the processes of convective heat transfer between fresh gas
and combustion products and structural elements of the shell [4], [7].

CUDA technology, that is, the use of GPUs for parallelizing data in
calculations, widely used in various fields in recent years, including video
and image processing, computational biology and chemistry, fluid dynamics
modeling, restoration of images obtained by computed tomography, seismic
analysis, ray tracing and much more. Using this technology of parallelization
in solving the equation of chemical kinetics makes it possible to reduce the time
and computational costs.

During the implementation of a massively parallel-computational kinetic
solver for modeling the kinetics of chemically reacting systems in zero-
dimensional approximations, the software "Chemical Calculator"was developed.
Using this software, the calculation time was reduced to 17.5 times.

CUDA parallel computing platform

CUDA (Compute Unified Device Architecture) is a parallel computing
architecture from NVIDIA that can significantly increase computational
performance by using GPUs [8]. A feature of the equipment supporting CUDA
technology is the ability to provide a large-order throughput (in comparison
with clusters) when working with memory [9]. This technology appeared in
graphics accelerators of NVIDIA since the eighth series, and parallel computing
architecture is implemented in them, which provides a specialized programming
interface for non-graphic computing.

CUDA-enabled logical processors can be viewed as a set of multi-
core processors. The main computational blocks of such video chips are
multiprocessors, which consist of eight cores, several thousand 32-bit registers,
16 KB of shared memory, texture and constant caches.

Before the official launch of CUDA technology, experiments were conducted
on the use of desktop graphics cards to implement streaming computing. It
was possible to achieve triple increase in productivity in experiments with the
help of graphic hardware and software interfaces and data representation as
texture arrays. It should also be noted that one of the key advantages of CUDA
technology is the absence of the need to develop programs, follow the graphical
"metaphors data types and principles of computation, which are characteristic
only for vertex and pixel processing when building a frame.

The implementation of computations with the combination of CUDA and
OpenMP and the parallelism of the central processors at the level of the
programming language and the hardware-software interface creates another level
of performance growth.
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The literature concerning not only CUDA, but also previous hardware
implementations of parallel computations of chemical tasks on graphics cards
demonstrate an acceleration ranging from 2 to 15 [10],[11],[12].

Mathematical statement of the problem

Let us consider the problem of chemical kinetics to calculate the change in the
concentration of substances during the reaction. The law of the rate of chemical
reaction by the example of a reaction written in a general form is as follows:

Ar+ Ao+ Ag+ . = Ay + As + Ag + -+ (1)

where Aq, As, A, ... are the various components involved in the reaction, k is
the rate constant. The reaction rate can be written as follows:

dc
—1 = —kCyr st (2)
dt

where Cy,C5,Cs,... and al,a2,a3,... are the concentrations and orders of the

reaction with respect to the components Ay, Ay, As, ..., respectively. Here:

de Nr N N Nc l/j—j B Nc l/i_j B N Nc V:'j B Nc Vi_j
— =2 Wik TG +h [T 671wl =k [T 657 +h [T 657D ()
i=1 j=1 j=1 j=1 j=1

where Nr is the number of the reaction, Nc is the number of components.

Since, the change in the concentration of substances in such a system over
time depends directly on the rate of the reaction, we need to determine the rates
of direct and reverse reactions

K K
ZVkiXk <) vpixe  (@=1,--,1) (4)
k=1 k=1

The stoichiometric coefﬁments vk are integers and xy, is the chemical symbol of
the k-th substance, uk are the stoichiometric coefficients of the reagents, Vk are
the stoichiometric coefﬁments of the products. Usually, three or four substances
participate in elementary reactions.

The rate of formation wy, of the k-th substance is calculated by the following
formula:

I
we = vi (k=1 K) (5)
=1

where vy; = l/];,i — V,;i
The rate of change in the course of the reaction of the -th reaction is
determined by the formula
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K K
gi = kps [T [X8)7 = ko T[]0 (6)
k=1 k=1
ki
Kci = 7 7
s (7)

The rate of direct reactions is determined by the Arrhenius formula

R
Ky = AiT'B’exp(R,T) (8)

where R is the universal gas constant; A; is a pre-exponential factor that does
not depend on temperature, but is determined only by the type of reaction; 5; is
temperature exponent, F; is the activation energy of the i-th reaction which can
be characterized as a certain threshold energy; roughly speaking, if the energy
of the colliding particles is smaller than FE;, then the reaction does not occur
in the collision, if the energy exceeds E; the reaction will occur. The activation
energy does not depend on temperature Fig.1
The graphical dependence of ky;(T') is as follows:

h

velocity constant

0 temperature

Figure 1. The graphical dependence k¢;(T)

Chemical reactions proceed very slowly at low temperatures. At very high
temperatures, the rate constant tends to the limiting value: kf; — A;. This
corresponds to the fact that all molecules are chemically active and each collision
leads to a reaction.

The rate of the reverse reaction is determined by the formula

ky,
K,, = &
R

(9)
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Pyi
Ko, = Ky ()55 (10)

The equilibrium coefficient K, is determined by the following formula
ASY AH?

- ) (11)
R RT

A describes the change occuring when going completely from reactants to
products in the ¢ -th reaction:

K, = exp(

NSO EL 80
R :ZVkif (12)

(13)

In Chemkin software, these coefficients are divided into two groups for two
intervals of the temperature interval (low and high temperature region). In this
case, the following formulas are used to calculate the thermodynamic properties
(enthalpies and entropies) of a given substance:

0

k a2k A3k 2 A4k 13 A5k 4 agk
—5 = —T. + —T, —T; — Ty + — 14
RTL a1k+2 k+3 k+4 k+5 k+Ga (14)
S a3k o | Gdk 3 | 05k g
T = alkln(Tk) + agk Ty + 7Tk + ?Tk + TT’C + a7k (15)

The coefficient a; for the k-th substance is taken from the file of thermodynamic
data of substances Fig. 2

After determining the rates of changes in substances in the reaction,
the above system of differential equations is solved. Solving the system of
differential equations with initial conditions by numerical Runge-Kutta methods
for determining the concentrations of substances from the Aramco mechanism,
the following results were obtained (Fig. 3).

This formulation of the determination of the reverse reaction rate for a
reaction involving electrons is usually not correct. The Saha equation in solving
such problems is sometimes used, which is used for the function of the ionization
and recombination of the third body electron [1].

Methods and algorithms

Runge-Kutta methods of the 4th and 5th order were used for simulation of
the kinetics of chemical reacting systems. The code for the C++ program was
written for sequential computation on the central processing unit using this
method, and CUDA technology was used for parallel calculation.The results
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Figure 2. Location of thermodynamic data in the Chemkin file
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Figure4. The process of changing OH concentrations by time in the Chemical
Workbench

obtained were compared with the results of the Chemical Workbench chemical
process simulation software ( Fig. 4).

Algorithm for calculating the concentration change by the Runge-Kutta

method of the 4th and 5th order:

Allocating memory for arrays;

Reading the input data of forward and reverse reaction rates, concentrations,
left and right matrix of the reaction mechanism(Fig. 5);

Calculation of the change in concentration for each element of the reaction
mechanism at a given time point;

Recording new concentration values to the file;

Checking the condition of the time: if the time in this step is less than the
total calculation time, then return to step 3, otherwise stop the calculation.

Algorithm of data parallelization during calculations on a graphical device

using the Runge-Kutta method of the 4th and 5th order:

1.

w

Reading input data from a file (a file of direct and reverse reaction rates,
concentrations, the left and right matrix of the reaction mechanism);
Memory allocation on the graphic device to copy the input data;

Copying data from RAM into the memory of the GPU;

The determination of the number of threads on a block and the number of
blocks on the grid;

The calculation of the change in concentration for each element of the
reaction mechanism at a given time point.

(a) Calling the calculation function on the GPU of the Runge-Kutta method;
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(b) Calling the function of computing the second coefficient of the Runge-
Kutta method on the GPU and calculating the change in concentration
at a given time step;

(c) Calling the function of computing the third coefficient of the Runge-
Kutta method on the GPU and calculating the change in concentration
at a given time step;

(d) Calling the function of computing the fourth coefficient of the Runge-
Kutta method on the GPU (for the fourth-order Runge-Kutta method)
and calculating the change in concentration at a given time step;

(e) Calling the calculation function on the GPU of the fifth coefficient of
the Runge-Kutta method (for the 5th order Runge-Kutta method) and
calculating the concentration change in this time step;

(f) Calling a function on the GPU to replace all values of substance
concentrations with new values;

(g) Copying data from GPU memory to CPU memory and writing new
concentration values to a file.

6. Checking the condition of the time: if the time in this step is less than the
total calculation time, then go back to step 5, otherwise stop the calculation.

The table below shows a comparative analysis of the CPU and GPU
calculation times. Each thread calculates how much the concentration of a
given substance has changed in a reaction in a given time interval. Since, the
parallelization is performed by the reactions, the calculation on the GPU gives
a noticeable gain over time with the increase in the number of reactions in the
mechanism (Table 1, Fig. 6).

From Table.1 and Fig.3, it can be seen that performing calculations using
graphics processors gives a noticeable increase in the computational speed and
will take quite a bit of time.

The interface of the program

In the course of the implementation of the massively parallel kinetic solver,
the software product "Chemical Calculator” for simulatation of the kinetics of
chemically reacting systems in zero-dimensional approximations was developed.
The work of the program combines the process of calculation, both on the central
processor and on NVIDIA graphics processors using CUDA technologies. The
graphical interface of the program is developed using the C# programming
language. The program interface is designed in such a way that it is most
convenient for the user to solve the problems of chemically reacting systems.
The screenshot of the software is shown in Fig. 7.

Table 1. Comparative analysis of the calculation time on CPU and GPU for
different sizes of the input mechanism.

During the calculation in the developed program, the abbreviated files of
the Chemkin mechanism are used. This allows the user to easily transfer their
bulk mechanisms to the Chemkin format. The user can download these files
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Maiin  lNpaeka Qopmat Bug Cnpaska
H2/ 2.00/ H20/ 6.00/ AR/ 0.70/ Co/ 1.50/ Co2/ 2.00/ CH4/ 2.00/ C2H6/ 3.00/ HE/
CH4+H===CH3+H2 6.140E4005 2,500 Q587.
CH4+0H<=>CH3+H20 5. 830E+004 2.600 2190.
CH4+0<=>CH3+0H 1.020E+009 1.500 8600.
'REF:J. Aguilera-Iparraguirre et al. J Phys chem A (2008) 112(30): 7047-7054.
'REF:x1.5
CH4+HO2<=>CH3+H202 1.695e+001 3.740 21010.
CH4+CH2<=>CH3+CH3 2.460E+006 2.000 §270.
Figure 5. The data used in the Aramco mechanism
Comparative analysis of calculation algorithms on CPU and GPU
4th and 5th order Runge-Kutta method
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Figure 6. Change in the calculation time depending on the size of the mechanism
with the distribution of the reaction to individual threads, in calculating the change in

concentration in a given time interval of a certain substance
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Table 1. Comparative analysis of the calculation time on CPU and GPU for different
sizes of the input mechanism

Mechanism: Aramco Mech

Time step, dt, sec: 1,00E-19
Time of calculation: 1000*dt, sec 1,00E-16
The Runge-Kutta method is of order 4
Number of elements|Reaction number|CPU time, msec|GPU time, msec|Acceleration
21 51 6901,00 9080,24 0,76
33 118 39081,00 20204,50 1,93
39 191 87735,00 29619,10 2,96
52 245 199169,00 49747,80 4,00
61 301 336749,00 67557,10 4,98
66 376 491811,00 83188,70 5,91
84 448 946439,00 125339,00 7,55
103 565 1795548,00 186175,00 9,64
162 1006 6832052,80 390403,00 17,5

using the File — Reactions and File — Thermodynamic Properties menu items.
After downloading, the input file appears in the "Input file“ program area. The
separator between reactions and thermodynamic properties of substances is a
string containing the words "THERM". Reading data from the "Input file area
is done line by line, and the reading results are written to the "Reading results®
area. As a result of reading, the amount of reagents and reactions found in this
mechanism, the Arrhenius formula coefficients, the direction of the reaction,
the derivation of the left and right matrix for the reaction mechanism, and
the thermodynamic data for each element in the mechanism are determined.
The definition of this data is made only with one click of the Read — Read
data from a file menu item. After that, the input data for the calculation is
entered, choosing a certain method from the drop-down list. Calculations can
be carried out both on the central processor and on the graphic processor. The
calculation performed on NVIDIA GPUs showed that with the increase in the
number of responses, the computation time is much reduced, in comparison with
the calculation time on the central processors.

Conclusion

In carrying out the calculation in the program developed by the abbreviated
file Chemkin mechanism. This allows the user to easily use their own bulk
mechanisms in the format of the Chemkin software package. Calculations can be
carried out both on the central processor and on the graphic processor. When
performing calculations on NVIDIA GPUs, with the increase in the number of
responses, the calculation time is much reduced compared to the calculation time
on the CPUs. The program implements automated reading of data from input
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Figure 7. The main interface of the "Chemical calculator* software

files on the Chemkin software package format, computational algorithms for
calculating reaction rates, calculating changes in the concentration of substances
over time. The main calculations can be carried out using Runge-Kutta methods
of the 4th and 5th order. The computation on the central processor is performed
using a sequential algorithm. Calculation on NVIDIA graphics cards using
CUDA parallelization technology is performed in a parallel way.

A comparative analysis was performed on the calculation time on the central
processor and the graphics processor using the created software product. As a
result, it was established that speeding up the calculation process using graphics
cards gives a massive time gain.
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Abstract The stage of the technological process is the evaluation of the
product quality. Modern production involves highly efficient automated
visual quality inspection. It is important to develop algorithms and
programs providing automatic image processing, recognition, and defect
detection. The studied object is the head of the femoral endoprosthesis
used in orthopedics and traumatology. The experimental samples
were obtained by turning and milling machining (CNC machine).
Segmentation is one of the important parts of image processing.
There are edge detection techniques, which have advantages and
disadvantages. The estimation and comparative analysis of known
techniques were performed. Morphological image processing was
investigated. A computer experiment was carried out.

Keywords: Automated Visual Inspection, Image Segmentation, Edge
Detection, Mathematical Morphology

Introduction

Increased attention to the quality of products in modern production involves
effective automated visual inspection at various stages of production. Creation
of effective visual quality inspection systems of products based on machine vision
systems is associated with modern achievements of computer technology. In
general, the tasks of machine vision systems include acquiring a digital image,
processing the image to highlight significant information on the image and
analysis of the data to solve the problems.

There are three main goals for automated visual inspection: to check the
quality of the components and products, to reject those that are dimensionally
inaccurate or defective; to assess the general quality of production in order
to provide feedback to earlier stages of the production and thereby to correct
erroneous trends; to gather logistics on the operation of the production to help
with advance planning [1].

The visual inspection process of products may include: inspection of
shapes, dimensions and other parameters of parts; inspection of surface defects,
inspection of the installation process.

The wide use of machine vision systems in the field of visual quality inspection
requires the development of methods, algorithms and programs that provide
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automatic image processing, measurement, analysis for image recognition, and
defect detection.

There are many companies, research groups specializing in machine vision
and image processing. Among the companies that represent solutions for
automated visual quality inspection in production are Siemens [1], SICK [1],
Cognex [2], Isra Vision [5], Matrix Vision [6], MVtec [7], Altami [§], etc.

Description of the Technological Process

The object for the study is the head of the femoral endoprosthesis. Such
endoprostheses are used in orthopedics and traumatology.

Three-dimensional models of endoprosthesis components are created using
CAD/CAM-design techniques. Then components are made on the CNC turning
and milling center. Experimental samples were obtained. Samples had defects.
There may be a mismatch of the geometric dimensions, the presence of surface
defects in components production.

Components with a simple shape will be processed on one machine. Some
components will be processed in several stages due to their complex spatial
shape. The first stage is on the CNC turning and milling center. The next stage
is on the 5-axis CNC milling machine. The use of CNC machines can reduce the
percentage of defects in the finished component. The defects can occur for the
various reasons. The preparation of the future component was of poor quality
initially. The algorithm of the work process was incorrectly calculated. There
were defects in machine operation. The main objective is quality inspection
and defect detection, produced components of endoprosthesis. To do this, it
is necessary to use a visual quality inspection system.

When using automated visual inspection in production, various tasks are
solved. In general, there are four steps (figure 1).

Image Conducting

Image : Decision
e processing and measurements Sy
£l feature selection and analysis 2

Figure 1. Basic steps of automated quality inspection

It is important to get an image. Any deficiencies of the original images can
cause great problems with image analysis and interpretation. An example is that
of the detail lack of due to insufficient contrast or poor focusing of the camera.
Much depends on illumination in image acquisition [1]. The next step is to
improve the image quality and feature selection. This is followed by measurement
of physical characteristics, analysis of the obtained data. The last step is the
decision making on the classification (permissible or defective component).
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Mathematical Methods

The method of recognition based on contour analysis is used to achieve the
objective. Figure 2 shows the general scheme of the contour analysis.

Pre-processing She fane
filter B segmentation Image
Input image |::> (fitering, noise |:> (edge detection, [:> presentation and |::> Recognition
SUPPTESSIOT, thresholding, description
ete) etc.) b

Figure 2. The general scheme of the contour analysis

Different mathematical methods are used at each step of the contour analysis.

Image segmentation is an essential step in image analysis. Image
segmentation is the process of partitioning a digital image into multiple regions
or sets of pixels. Segmentation algorithms for images generally based on the
discontinuity and similarity of image intensity values.

Edge detection is a fundamental tool for image segmentation. Edge detection
techniques transform original images into edge images benefits from the changes
of grey tones in the image [2].

Edge detection is the most familiar approach for detecting significant
discontinuities in intensity values. Edges are local changes in the image intensity.
Edges typically occur on the boundary between two regions. The main features
can be extracted from the edges of an image.

The effectiveness of many image processing also computer vision tasks
depends on the perfection of detecting meaningful edges. There are some
problems of fake edge detection, edge localization, missing true edges, problems
due to noise, etc. It is necessary to compare different edge detectors and analyze
the performance of various techniques [3].

There are many edge detection techniques in the literature for image
segmentation [1,2,12,13].

The edge detection techniques can be classified based on first order derivative
and second order derivative. First technique is using gradient vector and estimate
the gradient direction e.g. Roberts, Sobel, Prewitt. The second technique is using
zero-crossing of the Laplacian or non-linear differential expression.

The significantly differential change at the image gradient can be used to
detect any edge of each region. A well known algorithm is the Sobel operator
which detects the vertical and horizontal changes in image. The operator is
using two 3x3 kernels which are convolved with grayscale image. The convolution
masks for the Sobel operator shown in Figure 3. The two masks are separately
applied on the input image to yield two gradient components G, and G, in the
horizontal and vertical orientations respectively [4].

The gradient magnitude is usually computed as
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Figure 3. Sobel masks to compute (a) gradient G, and (b) gradient Gy

Glf (9] =4/Gi+ Gy (1)

The Laplacian is a second derivative operator, and it is sensitive only to
changes in intensity gradient. In 2-D its standard (mathematical) definition is
given by [1]:

, 02 02
V=2 oy? @

The Canny operator has become one of the most widely used edge detection
operators. Intrinsic to the method is that of specifying the spatial bandwidth
within which it is expected to work, and also the exclusion of unnecessary
thresholds, while permitting thin line structures to emerge and ensuring that
they are connected together as far as possible and indeed are meaningful at
the particular scale and bandwidth. The method involves a number of stages
of processing: low-pass spatial frequency filtering, application of first-order
differential masks, non-maximum suppression involving sub-pixel interpolation
of pixel intensities, hysteresis thresholding.

Binary images may contain imperfections. Morphological image processing
follows the goal of eliminating imperfections and maintaining structure of image.

Mathematical morphology is an approach to image processing based on set
operations typically describing the algebra of nonlinear operators operating on
object shape [1,15,16,17].

Morphological operations work by performing a logical test in every possible
position in an image between a structuring element and the corresponding
portion of the image. In other words, the structuring element is effectively
translated to each possible position in the image, the logical operation is applied
(comparing the structuring element to the image in some fashion) and the result
is stored in a separate output image [18].

Dilation and erosion are the two fundamental operations in mathematical
morphology.

Consider two sets A and B that are subsets of the 2-D integer space Z2.

Dilation of A by B denoted as A ® B is defined as [19]

AeB={Z|(B):.nA#o}. 3)
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In the equation, the reflection of B is shifted from its origin by z. Thus, the
dilation of A by B is the set of all the z displacements of the origin of B such
that B and A overlap by at least one nonzero element.

Dilation is a technique for expanding the number of object pixels, typically
in all directions simultaneously. This operation results in small holes being filled
and fills in narrow gaps between larger groups of set points. It also increases the
size of objects (i.e. the number of points in the set) [18].

Erosion of A by B denoted A © B is defined as [19]

Ao B={Z|(B): C A}. (4)

The equation means that the erosion of A by B is the set of all points z such
that the translated version of B is contained in A.

Erosion is a technique for shrinking object shapes by removing pixels from
the boundary. This operation results in any small points of noise and any narrow
features being removed. It also reduces the size of objects (i.e. number of points
in the set) [18].

Opening and closing are important morphological operations based on
dilation and erosion.

The opening of set A by structuring element B is defined as [19]

AoB=(AcB)®B (5)

that is, the opening of A by B is the erosion of A by B, followed by a dilation
operation between the result and B. An opening removes noise (i.e. eliminates
image details smaller than the structuring element), narrow features (such as
bridges between larger groups of points), and smoothes the object boundaries.
Unlike erosion and dilation though, it maintains the approximate size of the
objects [18].

The closing of set A by structuring element B is defined as [19]

AeB=(A®B)OB (6)

that is, the closing of A by B is the dilation of A by B, followed by the erosion
of the result by B.

A closing joins objects which are close together and fills in holes within
objects. Like opening, closing roughly maintains the size of objects.

Results

A computer experiment was carried out to determine the best way of
edge detection of the analyzed images. The edge detection techniques and
morphological operations were implemented in C# using Emgu CV.

Figure 4 shows the original images and the images obtained by using edge
detection techniques.

It is observed from the figure 4, Canny result is superior to the other results.
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Original image Sobel Laplacian Canny

Figure 4. Original images with the result of various edge detection techniques

There might be gaps in the contours after using edge detection techniques.
This will hinder correct processing in subsequent step. Morphological operations
can be used to eliminate gaps. The Canny edge detection and morphological
operation Opening or Closing proposed to use for contour segmentation of the
analyzed images.

Figure 5 shows the images obtained by using morphological operation
Opening after Canny edge detection.

Conclusion

The development of a visual quality inspection system includes various stages.

It is necessary to choose mathematical methods that provide reliable results
at the stage of image processing. Contour analysis, which includes image
segmentation, can be used for recognition.

The analysis of Sobel edge detection, Laplacian edge detection, Canny edge
detection, and also morphological operations were carried out. Among various
technique of edge detection technique Canny operator gives better output than
Sobel operator and Laplacian operator. Canny edge detection and morphological
operation Opening or Closing give better output for contour segmentation of the
analyzed images.
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Morphological operation
Opening
after Canny

Figure 5. The result of using Canny edge detection and morphological operation
Opening
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Abstract The article is devoted to the mathematical modeling of
elastic wave propagation in a homogeneous media. As an example, we
considered a plane deformation of an elastic half-strip of finite width
using the bicharacteristic method with the addition of ideas of the
splitting method. In the working process mathematical model of wave
process was constructed, scattering scheme was defined and a template
was selected. Resolving system of equations for the for internal, edge and
angular points of the investigated body are obtained. Software has been
developed and stability of numerical calculation is checked. The results
of calculations in the form of isolines of normal stresses, performed for
different instants of time, are obtained.

Keywords: mathematical modeling of elastic waves, half-strip,
bicharacteristic method, defining equation, the characteristic cones,
difference equation, scatter diagram, the stress tensor

Introduction

In the design and construction of the economic dimension of the rational use of
materials is one of the most important. Static imposed load and its influence in
the process of construction or design can be calculated. While dynamic loads can
bring significant financial costs in case they are not taken into account on time.
Calculation of dynamic loads to reduce costs as well as risks that may arise in
the process of construction. As a result of dynamic loads, elastic waves appear in
the body, the exact calculation of which makes it possible to assess the strength
and reliability of the technology and the entire structure as a whole.

To study dynamic loads, it is necessary to investigate the body in the space-
time projection, in order to analyze the wave processes in it. This leads to high
complexity of modeling and forecasting of all indicators.

The need of analyze of wave processes in a deformed body and predicting
the laws of its behavior led to the improvement of mathematical methods. In
connection with the development of information technologies and accessibility
to computing power of computers, numerical methods of solving have been
developed: the method of spatial characteristics [1-6], the method of finite
differences [7], the method of boundary integral equations [8, 9], etc.
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In this paper, to solve the problem of plane deformation of an elastic half-
strip, the bicharacteristic method is applied with the addition of ideas of the
splitting method.

Statement of the problem

Plane deformation of an elastic half-strip of finite width of 2lis considered, which
in a Cartesian coordinate system x1 O xo occupies an area 0 < 21 < 00, |za| <1
(Figure 1).

l = l Xz
A A 0 B A A "
N1
10 cle1- N
.‘_
14 Dje—1—
h
Yy M N
X1
\4
Figure 1. Study area
In the initial time the body is at the state of rest
Vo =0q5 =0 (1)

At any other time ¢, + 7, (n =1, 2,..., N) in section N; < 21 < Na, x5 =1
of bound of BN a uniformly distributed nonstationary normal load operates f (¢),
changing according to since law, i. e.

0929 (t) = ASiH(UJt), Hfo<t<Syand0if ¢t > Sl,

o12(t) =0 (2)

Here S; — load time, in addition w = 5-- The rest of half-strip boundary is
free from any impact:
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Ull(t) = 0, Ulg(t) = 0, if Tr1 = 0 and |l‘2| < l

0'22(t) = 070'12(t) = O,sz § Iy S N17.%'1 2 NQGTLC”(EQ‘ § l (3)

It is necessary to investigate the stress state of an elastic body D where t>0.

Bicharacteristics methods with the ideas of the splitting
method

To solve this problem with given initial and boundary conditions, use a system
of equations in a dimensionless form, consisting of the equations of motion and
the relations of the generalized Hooke’s law [10]:

U1 = 011,1 + 0122

Uy = 021,1 + 0222

011 = V1,1 +71102,2 (4)
022 = Y11v1,1 + V2,2

F12 = V15 (V1,2 + v2,1)

where (v ), , 0; are components of the velocity and stress tensor; 711 and
712 are calculated by the formula 15 = %a y11 = 1 — 2+, where ¢; = ,/’\J“%,

Cco = \/% are datum speeds; the lower indices after the comma denote derivatives

with respect to the corresponding spatial coordinate; the points from above
denote the derivatives with respect to time.

System (4) is a hyperbolic type system, in which the characteristic surfaces
in three-dimensional space (x1, x2, t) represent a hypercone with axes parallel
to the time axis (Figure 2).

The generators of these cones coincide with the bicharacteristics of equations
(4). To obtain the equation of these bicharacteristics and the conditions on them,
we split the two-dimensional system (4) into one-dimensional ones. This can be
done if in system (4) one of the spatial variables is sequentially fixed [11]. This
technique corresponds to the idea of KA. Bagrinovskiy and S.K. Godunov of the
splitting of multidimensional t-hyperbolic systems into one-dimensional systems
[12].

Selection of scattering scheme and template. Let the body be divided into
square cells whose sides are Axy = Axy = h. At the nodal points, the values of
function v;, 0;; is sought at different times with step 7. The spot grid from basis
of which the difference scheme is constructed, in addition to the node points
mentioned, contains points formed by the intersection of bicharacteristics with
hyperplanes t = const [13].

A template consisting of node and points Ei

i separated from point O by
distances A,;;7 is accepted (Figure 3).

Further, the upper sign "0"is assigned to the values of the functions at the
point O, the subscript ij and the upper "+"sign to the points E£ (for example
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Figure 2. Characteristic cone

y —

t

Figure 3. Scattering scheme of difference equations



82 CITech-2018, Ust-Kamenogorsk, Kazakhstan, 2018 September 25-28

aiij), and at the point A (the upper layer of time ¢y 4+ 7) the additional index is
not is attributed.

On the basis of the described scattering scheme, the method for solving
dynamic problems developed below allows us to determine the velocities v;
and the components of the stress tensor o;; at the point A on some time layer
t = tg + 7, if their values are known on the previous layer ¢ = ty at the point
O and the adjacent to its points Ej; Difference schemes of this type are called
explicit. These systems are solved successively from one-time layer to the next.

Accuracy and stability of the numerical solution

The system of difference equations (4) should lead to a solution that coincides
with the solution of the original system. The general theory of partial differential
equations for this requires certain restrictions to the grid ratio of steps with
respect to time and coordinate in problems with initial and boundary conditions
that can be represented as follows [15]:

TCij
o
where c;; are the coefficients of the hyperbolic system. Physically, such a
restriction means that the solution at the hypercone vertex is expressed in terms
of the initial value inside the domain bounded by the hypercone surface.

A necessary condition for the stability of the grid-characteristic method,
which follows from the Neumann condition (the spectral radius of the augmented
matrix does not exceed one), is found as follows:

mm{ } <1, (6)

which expresses the Courant-Friedrichs-Lewy condition.

During further calculations, the steps of the spatiotemporal grid are selected
according to the stability conditions (5) and (6). Numerous calculations have
experimentally verified that condition ensures the stability of counting for a
large time point [16].

<1, (5)

T)\ii T)\i]‘
h ' h

Analysis of results

The propagation of plane elastic waves was investigated for a semiband (steel)
material with properties: ¢;=5817 m/s, , coc=3109 m/s, with the following values:
A =05, w =45 7= 0.0025, h = Az; = Azs = 0.05, [ = 5h, L = 70h,
N1 = 10h, Ny = 14h.

Figures 4 — 11 show the results of calculations in the form of isolines,
performed for the time ¢ = 607. Considered time corresponds to multiple
reflections of plane waves from the boundaries AM (0 < z1 < o0, za = —I),
BN (0 <21 <00, 22 =1) and (z1 =0, |z2] =1). Investigations are carried out
up to the time when the superposition of waves of various types occurs.
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Figures 4 and 5 show the isolines of normal aé? and tangent ag) stresses,

that correspond to time ¢ = 207.

5 4 -3 2 4 0 1 2 3 4 5

x/h
B

Figure 4. Isolines of tangent stress Ug) (107%) at time t = 207

During this time, the boundary perturbance propagated from the local site
of action pass a distance of 10h and reach the opposite boundary of AM. The
axiszy = 0.5(Ny + No) = 12h is the axis of symmetry of the wave pattern.
At the same time, normal stresses o9o are even, and tangent stresses oo are
odd function with respect to this axis. It is possible to note areas of stress
concentration near special points x1 = Ny, 292 =1 X ©1 = N3, x5 = [, which are
points of discontinuity of boundary conditions.

Figures 6 — 11 shows isoloines of normal O'J(-;), (j =1, 2) and tangent Ug)
stresses, that correspond to time ¢ = 407and t = 607.

At time ¢ = 407 (figures 6 — 8) characteristic for the time ¢ = 207 the
symmetry of the stress fields relative to the axisz; = 0.5(N1 + No) = 12h is still

visible near the axis of symmetry.

With the distance from this axis, the symmetry of isolines is violated. This
result is explained by the influence on the character of the stress distribution of
the free end AB in the area x; < N; and the absence of similar effects in the
area x1 > Ns. Due to the fact that the external load is already equal to zero,
the values of local extreme points decrease comparing to the previous (¢t = 207).
When the plane waves are reflected from the free surface AM, the normal stresses
change sign (become stretching).
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Figure 6. Isolines of tangent stresses ag) (1072) at time t = 407
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Figure 7. Isolines of normal stresses {1 (1072) at time ¢ = 407

Figure 8 shows the distribution of normal stresses Ué?. Unit pull J%), due to
the reflection of the wave from the free surface AM, are practically symmetrical
with respect to the loading axis x; = 0.5(N7 + N2) = 12h and at the instant
time reach a maximum value on the free surface.

A known phenomenon of a spalling can be caused precisely by these tensile
stresses. At time ¢ = 607 (Figures 9, 10 and 11), the wave pattern is greatly
complicated due to multiple reflections from free boundaries, interference and
diffraction of plane waves from singular points (angular points and discontinuity
points of boundary perturbance).

At this time, the external load is equal to zero. Normal stresses O'J(-;), (=
1, 2) are compressive and the symmetry distribution remains near the CD
boundary. It should be noted that the region of tensile normal stresses aéé),
responsible for phenomena such as "splitting off expands at time ¢ = 607.

Conclusion

Based on the optimized bicharacteristic method, a software complex was
developed that allowed obtaining the results of calculations in the form of isolines
made for different instants of time. The results obtained with the help of the
software make it possible to analyze the wave processes and determine the axis
of symmetry of the wave pattern, the stress concentration area, the boundary
point discontinuity point, the loading axis, the phenomenon of "splitting etc.
The developed numerical method has shown high accuracy and stability,
which, in turn, shows a wide range of applied value of this method and the
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40 1 2 3 4

Figure 8. Isolines of normal stresses o5y (1072) at time ¢ = 407

i

Figure 9. Isolines of tangent stresses ag) (10_2) at time ¢ = 607
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5 4 3 2 4 0 3

Figure 10. Isolines of normal stresses o\’ (1072) at time ¢ = 607

i

5 4 3 2
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Figure 11. Isolines of normal stresses Uéé) (10_2) at time ¢ = 607
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possibility of its use for solving various wave problems. The advantage of this
method is that it allows us to approach the area of maximum dependence of the
final and differential equations to the area of dependence of the initial differential
equation.

The obtained results and software can be used in studies of wave processes
of construction, for building structures in engineering practice, in mechanical
engineering, etc.
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Abstract Cyber physical system can be described in terms of multi
agent system, where all physical and software objects act as agents to
solve the system’s general problem. There is a huge amount of different
components of cyber physical system, which differ in architecture and
software. But all of them can be classified according to different criteria.
Every agent has a different set of actions depending on its category that it
can initiate in the system. All of these actions can be performed through
typical general templates, which are necessary for standardization and
compatibility of various equipment at the protocol level. This article
provides a classification of cyber physical systems’ agents by the level of
interaction with the systems and other objects. In addition, behavior
patterns were identified based on agents’ classification and behavior
model of some agents was being constructed using above-mentioned
patterns.

Keywords: Smart factory, multi-agent systems, cyber physical systems,
information processing, machine-to-machine communications.

Introduction

In future cyber-physical systems (CPS) will play an important role in
manufacturing processes. The main principle of “Industry 4.0” program is “the
integration of cyber physical systems and Internet of Things and Services (IoTS)
with an eye to enhance productivity, efficiency and flexibility of production
processes and thus economic growth”. [1]

Any CPS can be considered as multi-agent system (MAS), where every agent
has its own goals of functioning and a set of available actions. However, the
integration of devices (agents) into a single system is a quite complex and time-
consuming task due to differences in software and hardware architectures and a
huge amount of manufacturers around the world.

Development of common standards and protocols for data exchange between
agents is the best way to solve this problem. For agent-based systems this task
was accomplished by the Foundation for Intelligent Physical Agents (FIPA)



Analysis and synthesis of typical behavioral structures for CPS agents 91

organization in Agent Management and Agent Communication Language (FIPA-
ACL) standards. [2] In this article we try adopt these standards to CPS used in
smart manufacturing.

The paper is organized as follows. Section 2 gives a brief description of related
works in this area. Section 3 shows agents’ classification according to interaction
level. Section 4 shows typical process of interaction between agents in CPS, and
Section 5 presents concluding remarks.

Related works

There are many research directions in smart manufacturing at this time,
including security, devices interaction, horizontal and vertical integration etc.
Consider works where interaction of components among themselves is presented.

Authors in [3] represented an anthropocentric cyber-physical reference
architecture for smart factories, which consist of three constituents: physical
component, computational or cyber component and human component.

Author in [4] build a multi-agent system for real-time adaptive resource
management. In [5] authors represented a collaborative framework between a
constraint-based scheduling system and multi-agent manufacturing execution
system, which allows a consistent and robust integration of botch systems.

In [6] authors give brief description of smart factory’s physical architecture
and principles of functioning, including differences with traditional production
line. Detailed description of Industry 4.0 design principles was show in [7].

The development and importance of modeling and simulation technology in
a wide range of applications, including manufacturing process, briefly considered
in [8].

Authors in [9] represented own classification of the smart objects into 4 types
of agents and define a coordinator in the cloud. Moreover, they proposed four
complementary strategies to prevent deadlocks in multi-agent system.

Agents classification

“Industry 4.0 program based on recent advances in the field of
information technologies, like machine-to-machine communication, internet-of-
things, microcontrollers, mini-computers, wireless sensor networks, distributed
and cloud computing etc. Cyber-physical system plays uniting role of above
mentioned technologies, where tightly integrated computing devices, actuation
and control, networking infrastructure, and sensing of the physical world. [10]

Manufacturing CPS consists of three layers: physical resources or shop floor
(including sensors, actuators, machine-tools and materials), network (wired or
wireless) and software (cloud computing, big data, monitoring).

Any shop floor’s device, may be considered as agent in multi-agent system,
with its own functions and goal of functioning. Moreover, produced product also
can be considered as agent with main goal - to finish its own production process
according to technological map. However, due to the lack of own computing
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capabilities, interaction with other agents is organized through product’s "digital
twin virtual representation of the physical thing.

There are four types of agents can be determined according to level of
interaction with physical world:

— Sensors, register changes in physical world without interaction;

Manipulators, move physical thing between different positions;

— Actuators, change the appearance of things depending on capabilities;

transportation reasons;

Containers, temporarily store physical things for identification and

Products, produced thing according to technological map.

According to this classification, all physical agents of shop floor was classified,
and results are shown in table 1.

Table 1. Physical agents of manufacturing CPS multi-agent system

Agent type

Functions

Manipulator (conveyor) Catching an agent

Moving an agent
Moving itself to destination
Moving itself to agent

Actuator (machine-tool) Raw material processing

Container

Sensor

Product

Common to all agents

Checking the result of process

Processing correcting

Wear identification

Identification of nested thing

Replacing of nested thing

Observation of physical characteristic
Contingency identification

Contingency alert

Identification of the next stage of processing
Optimization of processing

Agents information exchanging

Own state evaluation

Own components state evaluation
Self-service requesting

Data processing from the knowledge base
Self-identification

According to FIPA standards two additional software agents needs for correct
information exchange in multi-agent system. Additionally, knowledge base agent
presented to simplify information extraction and exchanging because of different
software and hardware agents’ architectures. Software agents are shown in

table 2.
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Table 2. Software agents of manufacturing CPS multi-agent system

Agent type Functions
Agents manager Registering new agent
Providing a list of agents according to functionality
Unregistering agent
Providing information about specific agent
Assessment of agents (through periodic request)
Interface agent Creating production task
Modifying technological map according to customer
requirements
Providing information about current production process
Interaction with the staff
Knowledge base agent Conversion of agent request to knowledge base request
Providing data from the knowledge base to the agent
Recording new information from the agent to the
knowledge base

Agents’ behavior pattern

A significant feature of the multi-agent architecture is the equivalence of all its
elements, in contrast from the client-server architecture, where all clients are
subordinate to the server. In respect that distinction, the result of establishing
communication between two agents can have three states:

— success, connection established and accepted;
— fail, connection not established due to technical reasons;

— abort, connection established but unaccepted due to high load.

All possible interactions between agents represented in table 3. They can be
unidirectional or bidirectional. More complex interactions can be constructed
using above mentioned simple types of connections, as shown in figure 1.

In general, the process of interaction between agents consists of several steps,
as shown in figure 2. Initial agent or initiator requests the list of agents with
the necessary functionality from agents’ manager. After receiving the list of
appropriate devices and their identifiers initial agent consequentially request
every agent in the list for processing details. Thereafter, initiator chooses the
best processing variant according to own rule base and informs target agent
about decision. All other agents receive "abort"status.

This above mentioned interaction process applicable for any type of task (or
function) between two agents in the system. However, the existence of answer
time is necessary due to interference, possible packet loss and equipment failure.
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Table 3. Interactions between agents

Agent 1 Agent 2 Task
(any) Agents manager Registration
Registration cancelling
Providing a list of agents according to

functionality
Interface agent Agents manager Creation of product agent
Product Container Connecting product and container
(any) Knowledge base agent Requesting and receiving data from

knowledge base

Updating information in knowledge base
Product (any) Requesting for processing
(any) Product Notice of beginning a process*

Notice of ending a process*®

(*in case of processing)

Sensor (any) Notice of contingency
1 2
4 3
a) ¢
1 2
;
2
b) d)

Figure 1. Connection types. More complex connection ¢) and d) may be constructing
from two types of simple connections a) and b).



Analysis and synthesis of typical behavioral structures for CPS agents

Agents

Initial agent
manager

Target agent
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|

|
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|
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|
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Conclusion

The agents of multi agent systems classification according to type of interactions
with other agent at the shop floor of smart manufacturing is presented. The
main functions realized by physical, software and hybrid agents are identified.
The tasks leading to interaction between agents of the system are concretized
and generalized interaction process between agents is constructed. Future work
is consisting of creation ontology for storing and retrieving information in smart
manufacturing, and testing above mentioned model of interaction using imitation
model.
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MopaeaupoBaHue CUCTEM BEHTWJISIIMUA METOI0M
TEOPUN T'MAPABJINYECKUX Iiereii
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Kpacuosipck, Poccust
dimkadim@yandex.ru

Amnnporanus B crarbe mpecraBieHa MaTeMaTHIeCKas MOIEIb IIOTOKO-
pacupe/ie/leHis MHOTOKOMIIOHEHTHOTO HEU30TEPMHUYECKOrO ra3a B CHCTe-
Max Tpy6ormpoBomoB. Momens Ga3mpyeTcss Ha TEOPWH THUAPABIMIECKUX
nmereii. B mamHO#l MOmesm mpemioKeH MeTO peIleHrs! 33Ja9H IIOTOKO-
pacupejiesieHus MOAUMUIMPOBAHHBIM METOJI0M [OY3/I0BBIX yBA30K JaB-
JIEHUsI, B KOTOPOM DEINIaeTCsl CHCTEMA YPABHEHUT HA MOMPABKY CTaTHYe-
CKOrO JaBJieHus. MeTos 03BoJIseT MOIyInTh eIUHYI0 CUCTEMY ypaBHe-
HUH Ha [OIPABKY [JABJIEHHS JJI Ta30X0/0B, PACX0] B KOTOPBIX 3aBHCUT
OT TIeperaIa TOTHOrO JABJIEHUS U 15T IPUCOCOB U€pe3 HErePMETHIHOCTh
3aBUCAIINX OT IIE€PeIaIa CTATUYeCKOro Jasienus. IIpeioxken anprepHa-
THUBHBII BADUAHT IPAHUYHBIX YCIOBUMN, TO3BOJIAIOIINN YIPOCTHTH MO/IE/b
¥ 33JaHMe NCXOTHBIX JaHHBIX. OIMCAH MeTOM yIPaBIeHNs CUCTEMO Te-
P€3 OMHOYHBIE YIIPABJISIONUNE YCTPOHUCTBA.

KumaroueBbie cioBa: Teopuss ['mupasmmueckux Ilemeit, Ilorokopacmpe-
JI€JIEHUE B MHXKEHEPHBIX CeTAX

Bsenenue

CI/ICTeMI)I BEHTU/IAIIMNU KU Ia30yJaJi€eHusd O6bI'-IHO COCTOAT M3 IPOTAXKEHHDBIX H
CHUJIBHO Pa3BETBJIEHHBIX CHCTEM pr6OHpOBO,ILOB. MOAQJII/IpOBaHI/Ie TaKUX CUCTEM
METOJaMHU IIPOCTPAHCTBEHHOI'O MOAEJIUPOBAHUA IIOCPEACTBOM HCIIOJIb30BaHUA
ypasuernuit Hasbe-CTokca 0OBITHO OKA3BIBAETCS HEIEIECO00PA3HO B BUILY CJIUIII-
KOM OOJIBININX BBIYUCIATEIbHBIX 3arpar. Ha puc. 1 mpuBemseHa TOIMOJIOTHS CH-
CTeMbl I'a30y/JaJIeHus] U [a3009UCTKY [IPEIIPUsTUs LBETHOW Merajiypruu [1].
OpnHoit n3 0COGEHHOCTEH TAHHOW CUCTEMBI ObLIA KOHCTPYKIWS Ta30XOIOB B BHU-
€ KHPIITUIHBIX TyHHe.HeI./JI 60.HBH_IOFO ceyeHud. CyMMapHOQ OTHOIIEHUE JJINHHBI K
CUAPABINYECKOMY JUAMETPY MJis JaHHOU cucTtembr 450 kamubpos. IlocTpoennast
TpexMepHas cerka (puc. 2) coleprKaia 3 MIIH. DACUETHBIX sS9€eK U MOIJIA ObITh
IIOCHUTaHa Ha OAWMHOYTHOM IIPOU3BOAUTEIEH KOMIIBIOTEDE B T€I€HUN HECKOJIbBKUX
qacos(puc. 3).

Ecmu pacemorpers 60see pacmpocTpaHéHHbIE BAPHAHTHI TAKAX CHCTEM, TO UX
I10JIHaAd JAJIMHAa MOZKET COCTAaBUTb TbhICAYN M JECATKH TbhICAY KaJ'II/I6pOB. PaSMep
3X-MEepHOU PACUeTHON CeTKM OyJeT 3aBUCETH OT JJIMHBI 330a49u JIMHEHHO.
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Pucynox 1. ['eomeTpryeckast MoesIb CHCTEMBI Ta30y/IAICHUS

Pucynoxk 2. ®parmenT pacdeTHON CETKHU CHCTEMBI Ta30y/ I IeHUS
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Pucynok 3. CxopocTu B cucreme ra3oyIajieHnst

XOopoImuM MOAXOMOM JIJTsl PEIIEHUS TAKUX 33,1349 sIBJISIOTCS METOIbI PA3BUBA-
IOIMecs B PaMKax Teopuu rujapasiudeckux nemneii [2]. Takue meroapl n103B0ss-
0T MOJIEJIUPOBATH C IPUEMJIEMON TOYHOCTBHIO MOBEAEHUE IIOTOKA B CUCTEME IIPU
CYIIECTBEHHO MEHBIIIEM O00heMe 3aTpar.

ITpencraBienmne rupaBJINIeCcKOil CETH HA OCHOBE
OpueHTHpPOBaHHOTO rpada

U
e—o0
Y Y uN Ao

Pucynok 4. Dyements! rpada ruapaBiIndeckoil cetn

DjeMeHTHI rpada ruIpaBINIECcKOl CEeTH.

s permennd 3a71a9 TOTOKOPACTIPEIETIEHN ST, BO3HUKAIOITUX TP PACUIETE TPY-
GOLPOBOAHBIX CeTel, BEHTH/IANUY 34aHuil (DUC. 5) U MAXT, CACTEM OXJIasKICHUs
JBUTATEJEH U AD., IPUMEHeTcsd MoJe/b ruapasiudeckoii uenu [2]. Tuapasiu-
4yecKas Lellb COCTOMT M3 y3JIOB U CBA3bIBAIOIMX MX BeTBeil (puc. 4). Y3ibl -
9TO TOYKH COEJUHEHHS TPAKTOB, B KOTOPBIX COOJIIOIAIOTCS 3aKOHBI COXPAHEHUS
MaCChl U YHEPTUH, BhIpAYKEHHBbIE B (POPME WHTErPAJIBHBIX ypPAaBHEHWI DaJiaHCca,
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1. 1-Tasoxombt

2. 2-BeHTUIAIIMOHHBIE OKHA,
3. 3-TpoitHuknm

4. 4-Perynupyiomniue 3aCI0HKH

Pucynok 5. Beatuisinmontast ceth B Bujie rpada

pPacxOOB W TEMJIOBOI dHeprun. BeTBu MOZEIMPYIOT pPa3/IMYHBIE KOHCTPYKIIUU
ra30XOHOrO TpakTa. KaxKiasd BETBb IEMU XAPAKTEPU3IYETCS CBOUM WHTErPATIb-
HBIM 3aKOHOM, CBSI3BIBAIOIIEH Tepemna JaBJIeHUA Ha JAHHONH BETBU C PACXOIOM
rasa/KuJKoCTH B Heil. 3aKOHbBI, OIKCHIBAIOIIUE [OTOKOPACIPEIEIEHUE B TUI-
PaBIMYECKOI Ienu, saBasgioTcs 3akonamu Kupxroda. nsg npeacrasienus cetn
HCIIOJIb3YETCsl OPUEHTUPOBAHHLIN Tpad, COCTOAMMI U3 ABYX MHOXKECTB: MHO-
KecTBa y370B N m MHOXKecTBa BerBeit U. Ilpm 3TOM KaKI0if BETBU CTaBUTCS
B OTHOIIIEHUU TIAPa y3JI0B, OJAWH W3 KOTOPBIX SIBJISETCS HAYAJbHBIM, a8 BTOPOI
KOHEJHBIN 171st JaHHoil BerBu. O; SABISAETCA MOAMHOMKECTBOM BETBEI, HATMHATO-
[AXCSA B 4-TOM y3J€, a [; MOAMHOXKECTBOM BeTBEH, 3aKAHINBAIOMMUXCS B ¢-TOM
y3ae. MuaoxkectBo U; ajist a1000ro , 0003HAYAET MHOXKECTBO BeTBeHl WHITHICHT-
HBIX 9TOMY y3Jy. [lJisi MpOM3BOJILHOTO, 33JaHHOrO TOTOKA u;,! € U, Ha rpade
BBOJIUTCSl €CTECTBEHHAsI OPUEHTAIMs BeTBeil, cooTBercTByomast moToky: O;(u),
I;(u). Takum ofpa3oM 3aJaercsd MaTpulla CBsa3eil y3JI0B U BETBEIA:

1 ifle 0O;
Va=< —1ififlel;, ie N (1)
0 otherwise

Mojesnb rujipaB/InYecKoOil ceTn

Bamady MOIENMpOBAHWS TEUYECHWS Ta3a WM YKUIKOCTH B THIAPABIMYECKON CETH
MO?KHO CBETH K KOMOWHAITMH 33,189 PACTIPEEJICHHAs] HECYIIETO TIOTOKA B BAJIE MAC-
COBOTO PACXOJA W CHOCA CBONCTB CPEbI (IHTATBINSA, KOHIIEHTPAIIUY KOMIIOHEHT,
u T.21.) 3ruM norokom [3]. Hekoropsle xapakrepucruku cpeipl OyAyT BJIUATH HA
HECYIUi IIOTOK 4€pe3 IJIOTHOCTh U BA3KOCTb. II0TOKOpacpee/ieHue Hecy mero
MOTOKA B TEOPUW THIPABINICCKAX HEMeil MOKHO OMUCATH COOTHOIEHUSIMU:
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> Vi =qj, j € Nipner,1 € U (2)
ZGU]‘
Zvilpi =h; (ul),i€N,l€U (3)
iEN

p; = const,i € Npg # 0 (4)

u; — pacxox B BerBu (kr/c); hy(u;) — norepsa nasnenus (Ila); p — nasie-
uue (Ila), g; - ncrounux maccet B y3ie (Kr/c), Nipner — MHOXKECTBO BHYTPEH-
HUX/pPAcYeTHBIX y370B, Npgr — MHOKECTBO TPAHWYHBIX y3JI0B. YpaBHeHue ( 2)
3aKOH COXPaHEHHUs JjIs HECYINEro MOTOKa B y3ie. Boipaxenue ( 3) - B obuiem
cilydae HeJMHEHHOe, ypaBHEHUE HA MOTEPIO JABJICHHs Ha BETBU KakK (DyHKIMIO
pacxozna. Ypasuenue ( 4) 3amaer y3Jibl ¢ GUKCUPOBAHHBIM JIABJIEHUEM, JIJIs KO-
TOPBIX HE PACCUYUTBIBACTCA OATTAHC MACCHL.

Bagaua cHOCA CBONCTB CPEIBI HECYIUM TIOTOKOM OTUCHIBAIOTCS CJIELY FOIIAME
COOTHOIIEHUIMU:

g if (¢; = 0)

> Vazf" = H" - qiif (q; > 0) + Y ", i € Nipner (5)
leu neh - qiif (s <0)  1eni(w)

xlCh:Ul'mCh’ZEOi(u),iEN (6)

neh = const,i € Ny (7)

3mech nfh, Hfh — XapakTepUCTUKA B y3Jie U B UCTOYHUKE Y371, qfh,qfh -
HCTOYHUK COOTBETCTBYIOIIEH XapaKTEePUCTUKU B y3Jji€ W HA BETBHU. Y PABHEHUE
( 5) 910 3aKOH COXpAHEHUs yXKe JJlsd KOHKDETHOH XapaKTepUCIUKH. YPaBHe-
aue ( 6) CHOC 3TOI XapaKTEepUCTUKHU W3 HAYATLHOTO MO MOTOKY y3ja. Ilepsbiit
UCTOYHUMKOBBIA WjleH ypaBHeHus ( 5) MEHSET CBOH CMBICJ B 3aBUCUMOCTH OT
3HAKA MCTOYHHKA HECYIero MOTOKa ¢;. Korma MCTOYHMK OTPHUIATENTeH U3 y3-
JIa CeTH YXOIWUT IOTOK C CBOMCBaMHM IMOTOKAa B JaHHOM y3Je. B apyrom ciydae
9TH CBO#icTBa OepyTCs U3 UCTOYHUKA B y3ie. Takum 0Opa3oMm [jist KaxKI0ro y3-
Jla B KOTOPOM HAOJIIOIAETCs HEOTPHUIATEHHBIN MCTOYHWK HECYINEero MOTOKa B
9TO#l TTOCTAHOBKE MMEETCs [Ba HAOOpa CBOHCTB MOTOKA. IlepBhiit B camoMm y3iie,
a BTOpPOil B MCTOUHHMKE Ajid y3ja. Kpome TOro, MCTOUYHUK WMeET JBA aJIbTep-
HATUBHBIX BAPHUAHTA OMMCAHUS XapaKTEPHUCTUK, IEeIeco0Opa3HOCTh WX BBIOOpA
3aBHUCUAT OT KOHKPETHBIX yCA0BHUit. BTOPOi HCTOYHNUK ypaBHEHUS CBI3AaH C M3Me-
HEHUEM XapaKTePUCTUKU 33 BPEMs MpeObIBaHUs TIOTOKA B BETBU (TEMI000OMEH ¢
OKDYZKAIOIIEH CpeIoil 4epe3 CTeHKY TPYObI [jid SHTAIbIu U T.1.). OcobeHnocTn
KOHKPETHBIX CBOMCTB YUNUTHIBAIOTCS IPU PACUETE COOTBETCTBYIONINX NCTOYHUKOB
qsh, qfh U B 3aMbIKAIOLIMX COOTHOILIEHUIX HA CBOWCTBA HECYIIEro NOTOKA (CBs3b
LJIOTHOCTH C TEMIEPATYPOil U T.11.).

Apropom ObLia 1IpeIozKeHa Apyras 1oCTaHoBKa. s 9Toro BMecre co MHO-
KECTBOM TPAHWYHBIX Y3JIOB BBEJIOCH TaKyKe MHOYKECTBO TPAHUIHBLIX BeTBeil. B
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PPAHUYHBIX y3J1aX OymerT (hbUKCHPOBATHCSA JABJIEHUE JJIsi HECYIIEro MOTOKA U Xa-
PAKTEPUCTUKY JIJIA BCEX OCTAJbHBIX B TPAHUYHBIX BETBAX ITOTOKHM COOTBETCTBY-
fomeil BemuauHbl. B 3TOM cityuae pacmpeesieHne HECYIEro MOTOKA CBEIeTCs K
BU/LY:

> Viuw =0,j € Nipper, 1 €U (8)
lEUj
> Vapi =hi (w) i € N,1 € Uipner 9)
ieEN
p; = const,i € Npgr £ 0 (10)
u; = const,l € Upg, (11)

3necb Uinner, Updr — MHOXKECTBA PACYETHBIX W IPDAHWYHBIX BETBeH. 31ech
HY?KHO y4Y€CTb, 4TO I'DAHUYHAs 110 1IOTOKY BerBb ( 11) yGupaer cBa3b no mas-
JIEHUIO ME2KJIy COOTBETCTBYIOIIUMMU y3JIaMU U, €CJIU HeT JAPYIUX IyTeld Merky
3TUMU y3JIaM¥, Pa3BA3bIBAET CeTh HA JIBA M'MAPABINYECKN HE3aBUCUMBIX CerMeH-
Ta, KaXKJIbIH U3 KOTOPBIX MOTPEOYET MO KpaiiHe Mepe OJHOTO TPAHUIHOrO y3JIa.
CBoiicTBa PACCIUTHIBAIOTCS IO CJAEAYIOMIAM COOTHOIIEHUSIM:

Z Vzlxl - qzCh + Z ql 7’ € Nf:ner (12)
leu lel;(u)

o ="l € Oi(u),l ¢ Uy i € N (13)

neh = const,i € Nygr # 0 (14)

x" = const,l € U, (15)

MHoKecTBa IPAHIYIHBIX Y3JI0B M BETBEH 7Tt KaXKIbIX U3 [TOA3a,1a1 NZfC’ZT, Ubdr
B JIAHHOM IIOCTAHOBKE OLIPEIEJISIOTCH CAaMOCTOATEAbHO U HEOOsA3aTe/IbHO COBLIA-
JTAI0T MEXKIy COOOU W C TPAHUIAMY HECYIIero moToka Npyg., Upg-. Takoit momxon
obecredanBaeT THOKOCTD B TIPEJICTABICHUN SJIEMEHTOB CETHU: y3€Jl TPAHUIHBIN [J1s1
HECYIIEro MOTOKA U JIJIsd II0TOKA BCEX XapaKTEPUCTUK armocdepa/GecKOHedHbIi
pesepByap, y3eJ TPaHUYHLIA 10 TEMIEPATYPE M BHYTPEHHUIH 10 HECYLIEMY IIO-
TOKY — T€PMOCTAT, BEIBb HA KOTOPOI 3a/1aeTCs PacXo/ KOMIIOHEHTbI — Y4aCTOK B
peasIbHOM CHUCTeMe B KOTOPOM MPOU3BOIUTCS 3aMEpP PACXOHA dTOTO 3TOH KOMITO-
HEHTBI W BBIIIE TIO TIOTOKY 9TOM BETBU 3TA BEJUYNHA TONPOCTY Hem3BecTHA. [jist
PeIleHr st HeJIMHEHHOM 3a]a9u MOTOKOPACIIPEIE/IEHUsT HECYIIIErO TOTOKA, aBTOPOM
obL1 peanuzoad SIMPLE-nono6HbIil MeTon, JaBieHuil u3 TeOpUH I'UIAPaB/Iiade-
cKux temneil. B aTom Merone napiieHue HINETCs Yepe3 UTePaldOHHbINA [IPOLECC:

pEt = pi + 6pi,i € Niper (16)
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Ecnu mHa xax 10l urepannn 118 BCEX PACUYETHBIX BETBEH CODJIIOIAETCS ypaB-
HEHUEe:

D Vapl = hi(uf),i € N1 € Usnner (17)
ieN
To y4nTHIBas 3TO M HOACTABIIAA leH = 2 +6x; , ypasnenue ( 16) B cucremy

ypasuenuii ( 8,9,10,11) sierko nosyuursb cucremy Jjuneiinbix ypasuenuit (CJIAY)
HAa, TTOTIPABKY JABJIEHUS Op;:

Z Al](a)(spl - - Z vjlula ] € Ninnerai eN
iEN 1ET;
op; =0, j € Npar

Au(a) = Z ag, (S Ninner

el (18)
Aij(a) = _l% a, 1C Ninner7j S N,Z 3&.7
el
—1
Oh
a = (Tui) le Uinner
0, 1€ Upar

Takum 0Opa30oM, pelIeHHe 3aJ1a49K MOTOKOPACIPEIEICHIA HECYIIEro MOTOKA
CBOJUTCs K HEJIMHEHHOMY MTEPAIMOHHOMY IMKJY (BHYTDEHHWH MTEPAIMOHHBIN
[UKJI ), HA KaxKJIOi UTepaluu KOTOPOro HEOOXOIUMO PEIIUTh CUCTEMY JIMHEHHBIX
ypaBHeHuil Ha nonpasky gasjenusa Op ( 18), a mig ee mocTpoeHHs Ha KaxK-
Joit urepanuu pemuTsh ypasuenue ( 17) miig Bcex BHyTpeHHux BerBeil. Pazmepsi
nanaHoit CJTAY B nmpakTmyeckux 3aa9ax TAKOBBI, 9TO JOILYCKAIOT HCIOIb30Ba-
HFE KAK HEeSBHBIX (METONA CONMPSIZKEHHBIX TPAJIMEHTOB), TAK W SIBHBIX METOJOB
pemennss CJIAY. CXOmuMOCTh UTEPAIMOHHOTO IWKJIA, KOHTPOJNPYETCS CPeIHe-
KB3/IPATUIHON HEBA3KOI PACXOJ0OB B y3JIaxX:

2

> > Vaw

1€Nrnner \IEU;

> (w)®

e

(19)

Awnamoruuno u3 ( 12,13,14,15) nosydaem cucreMmy JUHEHHBIX aJrefpandecKux
YPaBHEHHI Ha CBONCTBO IIOTOKA.

> AL (wn =g+ Y g i€ NG,

JEN lGL,(u)
A;Fi (u) = Z |ul|7 S va?ner
l€0;(u) (20)
A;}(U):— > luil, i € Ninner,j € N, i # j
1EU;NO; (u)

Hannas CJIAY 6ymer permarcst mub0 B JIOMOJTHUTETHHOM BHEITHEM ITHKJIE
JUIs IMKJIA 110 [OTOKOPACIPEIEJIEHUIO HECYIIEro MOTOKa (BHEIIHUA MTepaIuoH-
HbLA LMKJL), €CJIM XaPAKTEPUCTUKU LIOTOKA 3aBUCIT OT TOIO CBOUCTBA WJIU LIO
3aBEPIIIEHNIO pacdeTa MOTOKOPACIPEIeIeHNsT HeCyIIero MoToKa eCjyu CBOMCTBO
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Ha TTOTOK He BJMseT. B mepBoM ciryuae, mociie pacyera CBOMCTB Cpeibl Tepecyu-
TBIBAIOTCS XaPAKEPUCTHKN MOTOKA B CETH, MPOMCXOIUT PACYET BCEX DPACXOIOB
Ha BerBax ( 17) m ompenensercs HeBs3Ka BHernHero mmkiaa ( 19), cxonumocTsb
KOHTPOJIUPYETCsS 1O 3TOH HeBA3Ke. BO BTOPOM Ciydae MOXKeT moTpebOBaThCs
JIONOJIHUTEIIbHBI UTEPALMOHHDI IUKJI B PAMKAX DELIeHUs 33/a4 1OTOKOPAC-
MpeJIEJIeHNsT CBOICTB, €M CBOMCTBA 3aBUCAT JIPYT OT Apyra (Temmeparypa de-
p€e3 TEIIOEMKOCTh 3aBHCHT OT KOHIIEHTDAIMIT KOMITIOHEHT) WJIH WX HCTOYHUKA
3aBUCAT OT HHX CAMUX (TEIJIOBO MOTOK 4Yepe3 CTEHKY TPYObI 3aBHCHT OT TEM-
neparypbl Cpeibl B TPy6e).

HOTOKOpaCHpe,Z[eJIHI/ISI HeCcyIIiero rnoTrokKka Jjid cTaTm4eCcKoro gaBJjieHnd

3aBrCHMOCTH TTOTEDH JABJIEHNS OT PACXOJa TIPUBOJSATCS B ClIpaBoYHUKax [4], [5]

JJId IIOJTHOI'O JABJICHUA:
)\l . Ll> u12
=&+ — My 21
) (s )i (21)

2
> Vi (pz‘—i-’p; Z

iEN

2
I7Ie P; ~-CTATHIECKOE JTaBJICHHE, %‘ -JMHAMHIYECKOe JaBjeHue, A;, § — koapdu-
K2

[MEHT JINHEHHOro U MeCTHOro comporusienus [4], [5], D; — amamerp rasoxona
(M), L; — pjmua rasoxona(m), S — IJIOIA/AL IIONEPEYHOrO CEYEHUs Ia30X0/a,
h; — dukcuposanubiii nanop (I1a). B Tom ciaydae eciu Bce BETBH UCCIELyeMOit
CUCTEMBI OY/IyT OMUCHIBAETCSA TOJBKO TAKUMY COOTHOIIEHUSIMA HUYErO He Melra-
eT PeIaTh 3Ty CHCTEMY OTHOCHTEIHHO MOJHOrO JaBieHus. OJHAKO B IPAKTHKE
BCTPEYAIOTCS CHCTEMBI € TA30XOJAMH, COCTOSHUN KOTOPBIX TIPABOIMT K MPUCOCY
BO3/lyXa Yepe3 Pa3Hble HEIIOTHOCTH. B 0C060 TKeIOM CIIyduae, BeMInHA TIPH-
COCOB COCTABHJIA TPETH OT ODIIEro PAcxXoJa CHCTeMbl. Takue mpuCOChl MOMKHO
oTpenesuTh 10 hopmysre:

2
uwall
- p;uall — Cf . 8;uall ( ; ) (22)
p
Cre py, pi*®! — nasnenue raza B TpyGe u Bozayxa B armocdepe (ITa), sP - mo-

aJb CTeHOK TPYyObl, u;”all- norok uepes creuky tpy6nl, C'y — Hekuil sMiUpU-
qecKuii K03 MUIMEHT TPOHUIIAEMOCTH CTEHOK TPYO BEHTHUJISIIMOHHON CHCTEMBI,
KOTOPBIN OIPeIeIsieTCs M0 JaHHBIM YKCIIEPUMEHTAIBHBIX 3aMEPOB UCCJIETyeMOit
CeTH.

IIpennoKeHHbIH ABTOPOM TIOAXOJ, [T PEIIEHUsT TAKUX 3389 COCTOSLT B CJIe-
aytomem: ypasaenue ( 21) npuBoauTcs K BUIY:

_ ALy w?
Z vzlpz - (gl + dl ) 5. o - 5l2 hl Z Vzl

i€EN i€EN

2
pU
El (23)

i
SaﬂaeTCﬂ MHOXKECTBO JOTIOJTHUTEJIBHBIX TPAHUYHBIX Y3JIOB 1 MHOXKECTBO BeTBefI,
UAYIUX OT BHYTPEHHUX JJId HECYIIEro MOTOKa Y3JI0B, OMUCHIBAIONINX MTPUCOCHI:

E S;uall

‘ 2 2-p
1EN
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CJIAY ( 18) comep:kut 06a THUIIA BETBEl W MUIIETCS YK€ OTHOCUTEIBHO CTa-
TUYECKUX JaBjeHnii. JlnHaMuieckoe 1aBiieHne s BHyTPEHHEro 10 MTOTOKY y3J1a
OTIpeIesIsieTCsd KaK CPEIHEeMacCOBOe IMHAMWYECKOE JTABJIEHUE NIJis BCEX BETBEM,
[IPUMBIKAIONINX K JAHHOMY y3Jy. [ljIsi rpDAaHUYIHOrO 1O MOTOKY y3J1a JUHAMIIe-
ckoe jaBienue pasuo 0. s obecnedennsi CXOAUMOCTH [IPU JAHHOM IOCTAHOBKE
INHAMUYECKOE TaBJIeHNE TIEPECUNTHIBAETCS BO BHENTHEM ITHKJIE BMECTE C PEIeHH-
em CJTAY Ha cBoiicrBa. [Ipnyem HeBsi3Ka, pACXOIOB 10 KOTOPOH TPEIBAPUTETHHO
cOMBaeTCs MOMPABKA JTABJIEHNUSA BO BHYTPEHHEM IUKJIE 0P HE MOXKET OBbITH OOJIbIITe
gem (.2 OT HEBA3KHU PACXOIOB BO BHEIIEHEM IIMKJIE ITOCJIE IIePePacdera UMITyJIibCa
uin 4-5 BHYTPEHHUX MUTEPALHil 110 1aByeHuio. Eciau 310 yciioBue He BBIIOJIHUTD,
TO OymeT HAOIIOAATHCS «Apeiid perensis, KOTOPBIi, B JIYUIIEM CIydae, He MO3-
BOJIUT BHEITHEMY ITUKJIYy COMTHCH C OOJIBINEHl TOYHOCTHIO, a B XYIIIEM, MAJIBIMU
[ONIPABKAMH JIABJIEHNUSI YBEJET PEellleHne B 3aBe/IoMO Hepu3nvIHyio obsacts. Ecin
3a/1a9a, CXOAUTCS, TO MTOJHOE YUCJI0 BHYTPEHHUX UTepaIuii cj1abo 3aBUCUT OT BbI-
OpaHHOrO OTHOIEHUsT TPeOyeMoi OmuOKN BHYTPEHHETO UTEPAIMOHHOTO IHKJIA
KO BHEIIHEH.

OnucaHusg CBOMCTB IIOTOKa

HawGoJtee oueBnIHON XapakKTEPUCTHKON Cpebl OyaeT TeMmepaTypa,/SHTAIbINSI.
Jl1s mOCTpOeHYST MOJETH PACIPEIeIeHNsT XapPAKTEPUCTUKU HEOOXOIUMO 33JaTh
HCTOYHUK HA, BETBAX CBA3AHHBIN C TEILJIOOOMEHOM:

heat wall
"t =kf - (-t (25)
3/€eCb ¢ — UCKOMBII TellJIOBO# 1I0TOK, ¢, t}”“” — TeMmleparypa 1IOTOKa B BETBU
U OKpykawmeil cpemsl, kf; — ko3ddunment Tennonepesadn B OKPYKAMIILYIO
cpeay Ha BerBu. CpenHenmHTErpaibHAS TEMIEPATYPA MOTOKA HA BETBU OIPEIe-
JsgeTcs 1o gopmye:

kfi

|u - Cpo, (u)]
[ur - Cpo, (u)|

t =t 4 o

(toywy — ") | 1 —exp (26)

rae Cpo, (u) -TernoéMKOCTb IIPH OCTOSHHOM JaBieHun. JIis 3aucu cucreMbl
YPABHEHUIT OTHOCUTEIHLHO TEMIIEPATYPhI HECYIIUI HOTOK YMHOXKAETCS HA TEILI0-
€MKOCTb: x?e“t = wu; - Cp; - t;,1 € O;(u),i € N. Ins rasa OyAeT yIuTHIBATHCSI
B/IMSIHE TEMIIEPATYPhI HA TJIOTHOCTh Yepe3 ypaBHEHHE COCTOSHUS UIAEATHHOTO
rasa.

KontenTpanuyu KOMIOHEHT MOTYT BJIUSTh HA TJIOTHOCTD W TEMJIOEMKOCTD 110~
toka BHyTpu cetu. I[lo dpopmyne 7, = p’u'—lvl , rme V; — obbeM BEeTBH, JIEIKO OIIpe-
JIeJTUTH BpeMsi TPeObIBAHUS MOTOKA B BETBU W MO W3BECTHBIM KOHIIEHTPAIIASIM
KOMTIOHEHT OMpPEIe/INTh UCTOYHUKN Ha BETBU CBI3aHHBIE C XUMUYIECKON PEAKIIN-
eii. [Ipu pacdere TbLIN W HAJWYUN OCAXK/EHUS MHLIM B OYUCTHBIX YCTAHOBKAX
unu o JgwHe ra3oBoil ceru pemaiorcs CJIAY Ha Bce dpakImMOHHBIE COCTABBI
u CJIAY na Bce QpaKIUMOHHBIE COCTABBI U HA BCE 3HAYUMBbIE KOMIIOHEHTHBIE
cocrasbl. Vcrounuk na sersu (rounee rosops crok) Juig CJIAY na Kommones-
Ty u Hpaknuo OyIeT paBeH MPOW3BEIEHUI0 CTOKA COOTBETCTBYMOIMIEH (bpakiuu
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HA KOHIIEHTPAIMIO KOMIIOHEHTHI B 3T0i (paxmuu. Eciu 370 HEe yIuThIBaThH, TO
MOXKHO OyZeT JIErKO TMOJIy9WTh CHATYAIMIO T/€ IPAroleHHBI MeTas o0pa3yer-
€Sl UCKJTIOYUTETHLHO B BUJIE MEJKON (DPAKIUK MbLTH, KOTOPYIO HE YIABJIUBAIOT
OYUCTHBIE COOPYKEHUsI, OJIHAKO MOJIETh MOKAXKET MOYTH IOJHOE YJIABIUBAHWE
9TOr0 METAJLIA IOCKOJIBKY IIepeJ] OYMCHON YCTAHOBKOM CMEIINBAETCs ¢ HAMHOIO
OOIBITUM KOJIMYECTBOM TIBLIN DOJIee KPYIMTHOTO (DPAKIIMOHHOTO COCTaBa, M WHMOP-
Mallis O HAJIMYUH IPArMETAJIJIa B TOJBKO B MEJIKOH (bpakiuu Oyaer yTepsHa.

O6beKThI

B peanbHBIX THAPABINYECKUX CETSAX OYIyT BCTPEUATHCS O0BEKTHI, KOTOPHIE MO-
TpedyOT 60JIee CIOXKHOTO ONMUCAHWS 110 CPABHEHWIO C MPUBEIEHHBIM BhIme. Ta-
Kre O0BbEKTHI MOIYT OKA3bIBATH BUSHUE KAK HA 337a4y MOTOKPACIPEIE/ICHUS
HECYIIEero IOTOKa, TaK W Ha 3aJady paclpele/eHus XapaKTepUCTUK. BimsaHue
00bEKTOB HA [IOTOKOPACIIPE/IEJIEHHE HECYIIEIO [IOTOKA MOXKET OCYIIECTBIISThCS,
KaK B npejenax sHyrpenHero nuksa npu dopmupoanun CJIAY (), tak u BO
BHEIITHEM WTEPAIUOHHOM [HUKJIE TIPY TEPECUeTe XaPAKTEPUCTUK U JUHAMUIECKO-
ro jgaBjienus. J1JIs 3a1a91 MOTOKOPACIPEIEICHNS XaPAKTEPUCTUKHA 00 HEKTHI 0y-
YT BJMATH Yepe3 UCTOYHUKH Ha BETBAX WM YepPe3 XapaKTEePUCTUKU B y3Jiax.

B kauecBe nmpumepa o0beKTa paaccMapTHBaecs BEHTUAATOp. s onucanms
BEHTUJ/IATOPA MCLO/b3yercsd (PYHKIMS 3aBUCHUMOCTH Pa3BHUBAEMOIO HAIIOpa, OT
pacxoza (pacxoaHas XapaKTePUCTUKA). B 3aBUCHMMOCTH OT KOHCTPYKIIUU BEH-
TUJIATOPA, MOXKHO BBIJIEJIUTH [IBA CYIIECTBEHHO PA3IUYHBIX BAPUAHTA, PACXOITHOMN
xapakrepucruku. B nepsom ciyuae (Puc. 6) pasBuBaemblii Hamop majgaer ¢
pOCTOM pacxozna BO BceM pabodeM guana3oHe. Takoil BEHTUJISTOP OIUCHLIBAETCS
dyHKUKel, KOTopas peliaercs BO BHyTpeHHeM LuKJie. Bojiee Toro, rakoit BeHTu-
JIATOP MHOTIA MOYKHO orucaTh ypasaenuem ( 21) uepes apdexrusayio semuauny
bUKCHPOBAHHOTO HANOPA h; U BeIndnHy KO3(hMUIIUEHTA MECTHOTO COMPOTUBIIE-
aus & (KpuBag anmpokcuMalms Ha puc 6). Bo BropoM ciydae (puc 7) Hamop
B pabo4eil 30He BEHTUJISITOPa C POCTOM PACXOa pacTeT. Takoil BEeHTUIISATOD yrKe
[IEPECYUTHIBACTCH HA BHEIIHEM MTEPALXOHHOM IHKJIE IJI€ 110 TEKYIIEMY PACXOILY
oupejensiercs pukcupoBanublii Haop (rakxe hy uz 21).

3ac/IOHKa - 9TO MOBOPOTHBIN JIUCK PA3MEIIEHHbIH BHYTPU TPYObl KOTOPBIA B
3aBUCHUMOCTH OT yIJIa [IOBOPOTA MOXKET OTKPbIBATH WJIM 3aKPbIBATH TPYOy & Tak
JK€ PEryJInpOBATEH PACXO/ P HEMOJHOM 3aKPBITUU. 3ACJIOHKA CO3IAET MECTHOE
COMPOTHBJIEHNE, onpeersiemoe o dbopmyie [4]:

1.56
~|— - sin(a) -1 27
gvalve 1— (Dd)2 ( ) ( )

rie Dy — OTHOIIEHHE TUaMeTpa 3aCJ0HKH K JUAMETPY TPYObI, (v — yTOJI TIOBOPOTa,
3acouku. [l 3aC/IOHKY OBLIO pPeaIn30BaHO TPU PEKUMA PAOOTHI: HEYIIPABJIS-
emad, ylpasjigeMad IO JAaBJEHUIO B y3Jie, yIIpaBjdeMad MO PAacXody Ha BETBH.
B nepBoM citydae B BETBU C 3aCJIOHKOM MEPe; PACIETOM OMPEIEIseTcss MECTHOe
couporussenue ( 27). Bo Bropom ciiyuae 3aCJ0HKe CraBuTcs B COOTBETCTBUE KOH-
TPOJILHBIN y3€JI, TPUYIEM y3€eJl MOXKET OBbITh BHIOPAH TOJIHKO TAKOI, UTO 3aKPHITHAE
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3aCJIOHKH PACXOJ], 9epe3 BETBU, MPUMBIKAIONIHE K 3TOMY y31y yMeHbIuT 110 0. Ha
BHEIITHEH UTepary HOBOE MECTHOE CONPOTHUBJIEHNE CHUTAETCA PABHBIM CTApPOMY
YMHOXKEHHOMY Ha OTHOIIIEHHE PACYeTHOT'O JaB/IeHId B KOHTPOJIbHOM y3JIe K Tpe-

New _ ¢Old | Psol
ByemoMy &,V = & utve Proue M CBEPACTCS € JOMYCTHMBIM JIHATA30HOM (rak xke

no ¢opmyse27). MecrHoe conpoTuBiieHre 3aCJ0HKU U yTOJI PEryJIUuPOBKY Oyer
YXOJUTb 3a JOIYCTUMBIH AMAna3oH, TO OyJeT BbIOpAH IPEIEIbHO JIOMYCTUMbIH
yroa. C pacxomoM Bce MOJHOCTHIO aHAJOTHYHO, BKIOYAsT TPEOOBAHUS MO KOH-
TPOJILHOI BETBU, TOJBKO B KQUECTBE MHOXKHUTEJIS JJIs MECTHOTO COMPOTUBJICHUS

New _ ¢Old (usom

valve valve Ufin
K PEryJIMPOBKE IIPOCT B PEAJH3AIMH, OJHAKO TpebyeT rpaMOTHOIO BbIOOPA KOH-
TPOJILHBIX y3JI0B/BETREA.

Jpyrue 06beKThI (371eKTPOMUIBTPHL U T.J1.), Ha TOTOKOPACIPE/IE/ICHUE HECY-
MIEr0 TOTOKA Oy/IyT BIMATH Y€PEe3 MECTHOE CONMPOTHBIIEHNE, 8 Ha, PACTIPEIEIeHUE
XapaKTEPUCTUK Y€Pe3 NCTOYHUK Ha BETBH.

2
OyaeT KBaJapaT OTHOIIEHHS PACXOI0B & ) . Takoil momxo.

IIpuMmepbl UCIIOIB30BAHNA CETEBOTO MOJAEJINPOBAHUA

Omnucanmble aITOPUTMBI ABTOPOM OBLIN PEATH30BAHBI B IIPOTPAMMe CEeTeBOM TH/I-
porazoguHamukn sigmalNet. 9Ta mporpaMMa MPUMEHSIIACH IS PAa TPUKJIAI-
HBIX WCJIEJOBAHUN Ta30XOI0B MPOMBINLIEHHBIX TpeanpusTuii. [lepsoiii mpumep
y2Ke MpUBEJIeHHAs BHAYAJe CTATHU CHUCTEMA Ta30yAJIeHUs] U Fa3009UCTKHU MPO-
U3BOJCTB I[BETHOI Merasurypruu. Momesb 3TOi cruCTeMbl yYUTHIBAJIA BPEIHBIX
ra30B ¥ BUJIe MAJIBIX IIPUMeECeH ¢ YIPOIIEHHOH MOIETbI0 XUMUIECKOTO Pearnpo-
Bauus (B3aMMHOl HeHTpasm3alueii) IepeHoC MbLIU ¢ OCAXKJIEHUEM B OUHUCTHBIX
yCTAHOBKaX. Pacxomaas XapKTepuCTHKa, YCTAHOBJIEHHBIX BEHTHUJISITOPOB IPUBE-
nena Ha puc. 6. Vcmonb3oBasics nepBbIii criocod onucanns BEHTUIATOPA B CETU
(r.€ yepe3 MecrHOe conporusienre u Hatop). Hacrpoennas Moaesb 1o peakuusim
Ha YTIPaBJIEHNE COBMAIATA C JTAHHBIMU TeJeMeTPUN YCTAHOBJIEHHON B CYIIIECTRY-
fomeit ceTu. Momeah B JaJbHEHIIIEM HCIOIb30BAJIACH AJIsT BHIPAOOTKN CTPATErnN
M0 YIIPABJIEHUIO Ta3009UCTKON MPHU PEKOHCTPYKIWH MPEeIITPUAATHS.

Bropoii npumep cucrema razoyaasenus jgaboparopHoro 3xanusg (puc. 10). B
cucreme ycranossieHbl BeHTugTopbl BII-280 (puc. 7)u yupasisgiomiue 3acJjiOH-
ku. Mojenb moka3asa COBIA/IEHUE C JJAHHBIMU MOHUTODUHIA 110 JIABJIEHUIO [IPU
YTIPaBICHUNM CUCTEMOH BEHTHJISITOPAMY U 3aCJIOHKAMU. ABTOMATHYECKYW BBHIOH-
PaeMBIil YTOJI PEryIupyIONIIX 3aCIOHOK B PEATHHON CHCTEME U B MOJEIN TaKXKe
COBIITAJIH.
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Tpy6biPacxon, M4 Yanbl Jasn., Ma
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Pucynoxk 10. dparmMeHT ceTr TEXHOTOTHIECKON BEHTUIAINN J1abOPATOPHOTO KOPITyCa
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Apparna Byn makamama Gesrini 6ip moHAik adiMak yimi, dbopmasbai
TyciHiK Herizimme, ByTcTpanmuHr TeXHOJIOTUICH apKbBLIbI OEepLITeH coii-
JIeM imiHeH TYCIHIKTepal ajay KOMOWHAIMSICHIHBIH KaHA TOCLIl KalbiH-
ma. opMasbai TYCIHIK TEOPUACH aBTOMATTHI TYP/Ie MOHIIK aiiMaK YIIiH
TYCIHIKTEP/Il aIyFra apHAJIFaH MBIKTHI aIlllapaT, Oipak Kipic JepeK Herisin-
[e IPHOIK aliMaK JepPeKTep KOPBI TOJIBIK, HAKTHI 9Pi KybIC OOIMAybl Ke-
pex. Bepinren ceiiem imriHeH TOHAIK afiMak Heri3iHIe MYHIAN TOJIBIK,
epeKTep KOPBIH aly ©Te KubIH, cebebi coiisem imineH ke#bip TycCiHik-
Tep YIIH CUPEKTLIK OalfiKa/ia/ibl, stHU 0ACTAIKbI JIepeKTep KOPbIHIA 60C
KyBICTHIK Oaiikamaael. Ockiran cotikec, Bebreri ¢pparmMeHTTe/INeH aKma-
paTTapabl MHTEIEKTYAJIIBL 13/IECTIPYal KAMTaMAaChl3 €Te OTHIPHII, ByT-
CTPAIIIAHT TEXHOJOTUSICHIH KOJIJAHY aPKbLIbl 0ACTAIIKbI J€PEKTEDP KOPBI-
HBIH, CATTAChIH KAKCAPTYFa 0OJIaIbI.

Kinrrik ceszep: onrosorus, ¢hbopMasbal TYCIHIKTED aHAJIM3BI, KJIa-
cTepJiey, TYCIHIKTED ajy, MOiMeTTeD KOPbI, Oy TCTPANIIHT

Kipicme

Onrosorns Genriii Gip OLTiM caJachbIH CHIATTANTHIH CHEMU(MUKAIUIHBIH (POp-
MaJIb/Ii EPeKIIeTiKTePI MeH KAPbhIM-KAThIHACTAPIbI PECMU HAKTHLIAY VIIH maii-
namaHbLIaabl. Benrini 6ip GimiM camachklH YCBIHY YIMH OHTOJOTHSAHBIH, apTHIK-
wibLibiebl — Gopmadibii KypbuibiM [4]. @opmasibii KypbuibiM — uH(GOpPMATUKA
caJachbIH/Ia aKMapaTThl OHIEYIl OHANIATA IbI.

Ownrostorus 6esrijii 6ip moHIIK aiMakTa OLTIMIl KUHAKTAY, KaiiTa maii gagsany
MYMKIH/IIT], MOZIE/Ib 2Kacay YIIiH maiigananburybl MyMKia. By 6ip moHaik aliMak,
OOMBIHIITA MaMaHIapra OLTIMIH KakKcapTyra, KaHa yariiepai Tabyra, ToxKipuoe
aJMacyra MYMKIHIIK Oepei.

COHFBI yaKBITTa OHTOJIOTHS KYPY MoCeJIeCiHE KOIITEreH 3epTTeyIep KYPri3ij-
mi. Ajaiina, OHTOJIOTHSIHBI aBTOMATTAHIBIPBLIFAH TYpJe Kypy Macesieci Kasipri
YaKbITTa KAHAFATTAHAPJIBIK IIerrimMre ue emec. Besrisi 6ip moHik aifiMak OHTOJIO-
CHSICBIH aBTOMATTHI TYP/e Kypy Iermmaepinin, 6ipi — 6acTankbl Kipic gepexTep
KOPbIHA PH/IK aliMak MOTiHIEP KOPILYyChIH KOJgaHbil, Bootstrapping rexuoso-
PUSCHIH KOHIEIITYaJl/Ibl MOJIeJIJiey YJIrici periHje nalijjajianblll, IIDH/IK afiMak
OHTOJIOTHSICHIHBIH, EPAPXUSACHIH KYPY.
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ITonpik aifiMakK OHTOJOTUSICHIHBIH, KYPhIIYbI

Kagipri yakbITTa OHTOJIOTHSIBIK, MHKUHEPWHT CAJIACHIH/IA OHTOJIOTHSIHBI KOHIIETI-
TYaJIM3AIUSIIBIK, €PEKINETIK PEeTiH/e KOPCEeTETIH eKi TYpPJi MOJSAPJbIK KO3Kapac
Oap. AJiralllKbl KO3KAPAC — OHTOJIOIHAHBL CUMYJIALUAIaHFaH CyObeKTIIepIiH Ka-
crleTTepi MeH KapbhIM-KATHIHACTAPBIHBIH, 1971 MATEeMATHKAJIBIK TYXKBIPhIMIaMa-
JIapbIH OepyTe THIPHICATHIH PeCMU Teopusi periaae kopcery. Mynmait dbopmasisai
TEOpHUAIApP, 9AETTE, MATEMATUKAJBIK AaKCHOMATTAPTa HETI3/Ie/ITeH KoHEe dPTYPJIi
JIOTUKAJIBIK, (POPMATHIMIAEPII Mail1aIaHaIbl, MBICAJIBI, IPEINKATTAPIbI €CEIITEY.
Exinmi ke3kapac — OHTOJIOTUAHBI CEMAHTHKAJBIK 2KeTi periage kepcery. MyH-
1Al KO3KAPACTBIH, KYPBLIBIMBIH CAIIATTAY OTE€ OHAil: OHBIH, TOPAObI — IOH/IIK ail-
MaK TYCiHIr, aJ J0Fajiap — TAKCOHOMUKAJIBIK KATHIHACTAD OOJIBIT TaObLIATHIH
TYCIHIKTEp apachIHIArbl DaiIaHbICTap OOJIBIT TaObIIAIb.

Ocpbunaiiina, ekiHmm TUITeri KeHiJl OHTOJIOrUsT — OIPIHIN TUITErl aybIp caji-
MAaKTBI (OPMATIbIi OHTOJIOTHATA, KAPAFaH/Ia, eJey Tl ap THIKIIBLILIFEL Oap: 0JapIbl
OHalt 2Kobastayra 6oanpl. Byrinri Tanma MeauiuHa, TUHIBUCTAKAIA CAJIACBIH A,
3JIEKTPOHIHI KOMMEPITUSIA KoHe T.0. Ka3ipri 3aMaHFbl KEH ayKbIMIbI TTOHIIK aii-
MaK VIIiH KOJITAHBLIATHIH «OT€ YIKEH PEecypcTaps» KEeHLJ OHTOJIOTHS Heri3iHge
Kypasaisl [1].

CraTucTukajJblK 94icTep Herisinge moHIiK aliMak
OHTOJIOTUSACHI

ITongik aiiMak, OHTOJIOTHWSACHIH MOJEJIIEY KYPBLIY KOJIbI, [TaMBITY, aKIapaTThl
eHJIey IporeccTepineH Kypbuiaapl. 2Kasnbl IoHAIK aliMaK OHTOJIOTUSCHIH KYPY
KeJieciieit aJIrTOpUTMHEH TYPaJIbl: OACTANKBI KipiC AepeKTep KOPBIH KUHAY, VJIT1
OOMBIHINA CO3 TipKECTEpiH ajy, 00bEKT-KATHIHAC KECTECHIH KYpPY, COHFBI JTAITA,
0OBEKTEPIeH TYCIHIKTEPIl aly HeMece HePAPXUSACHIH KYPY.

Onronorusiubl Kypy/blH daicrepiniy 6ipi 6esriii 6ip moHIiK afiMak, yimH o0b-
ekTizepai Tikemeit kuHay Oosibin TaObLTaAbl. MyHmail omicimen MOHIIK aiMak
OHTOJIOTHSICHIH KYPY YKOJIbI 0ACTaNKBIAA KipiC JepeKTep KOPbIHAH OOHLEKTiIep
ITBIFAPBLIBIN, TYCIHIKTEeDp ajabiHaAbl. TYCiHIKTED aJbIHFaH COH, KalTaJaH CUPEK-
TLTIKTI KO0 YIITiH TOJIBIKTRIPYJIAp Kypri3iteni. Colikecinie, yCHIHBLIFAH MAKCAT
OOMBIHIIIA KeJTeCi OPBIHAAIATHIH KYMBICTAD MBIHAIAM KAJIAMIAPMEH OPBIHIAIA~
bl Astramkpl 0esimae «popMasibi aHaIu3 TYCIHIHIH» Herisri epexkesiepi KeJ-
tipimeni. Keneci 6emiMaepae 6enriii 6ip MoHIiK aiiMak, YIMH YKEeH1T CaaIMaKTh
OHTOJIOTHS KYPY QJITOPUTMi CUTIATTAJIAIbI:

Qopmasbi TYCIHIKTED aHAINA3HI;
— Tlonmgik aiiMakKa KATHICTHI KOPITYC KHAHAY;
— Kipic mepexrep KOpbI Herizinme ceiyieM imrHeH TepMUHAEPI] amy

OOBbeKT-KACUEeT KeCTeCiHIe KybICTapIbl KAJIILIHA KEeJITipy

O0beKT-KACHET KeCTECiHEeH TYCIHIKTEp/Ii ary
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Dopmatibai TYCIHIK aHAJIM3BIHBIH HEri3ri 3JieMeHTTepi

Qopmasbal TYCIHIKTEp aHAMM3BI ANreOPAIBbIK, TITIIK TEOPUSHBIH KOJIIAHOABI
canacbl OOBIN TabasTaabl, ajl OHBLIH IIeHOepiHge anredpa TimiHae YPbIMIAP/IbIH
TYCIHIr MEH MepAPXUACHIH CUIATTAUTHIH MATEMATUKAJIBIK (DOPMAJIA3M YCHIHBI-
mazet [2].

Ownrosiorust Kypy Ke3iuzae dpopmasibai TYCIHIKTEp aHAJIU3bIH KOJIJAHFAH KE31e
TeK OHTOJIOTHS KAHKACBHIH KYpacTbIpa ajaMbI3, SFHU MOHIIK afiMakK VIIiH KO-
TereH TYCIHIKTep/iH apachblHIarbl OailmaHbIicTap aHbIKTAMAAbI. MyHmai omicien
obbekT-Kacuer Oailjanbichl KypbLiaibl. OObekT-Kacuer OailjlaHbIChl APKbLIbI
dopMasbai TYCIHIKTEp TOPBIH KypacThipa ajamMbi3. PopMasbii TYCIHIKTEp aHa-
JIM3BIHBIH, MATEMATHKAJIBIK, HEri3T MIesiChl — Ke3-KeJreH OMHapJIbl KATBIHAC TO-
PBIH KYPY KoHe 00bEeKT-KACHeT TYCIHIKTEpiH aJjy.

Dopmasbai TYCIHIKTED aHAJW3BI VIMH TOHIIK afiMaK, OHTOJOTUsIChIHA OacTa-
KB Kipic gepexkTepi Herizinge oObeKT-KACHeT IMabIOHBI KOJIIAHDLIAIbI, MYH-
IAFBI O0BEKT JeM TOHIIK aifMaK KIIaCChIH YKATKBI3CAK, KACHET — OOBEKTIHIH Ka-
creTi OOJIBITT TAOBLIAIHI.

Kipic nepekrep kopbl yiiia hOpMajbai TYCIHIKTED aHaan3i — ToHIAIK aliMak,
Herizinge Kacmerrepmi 6enyre apuanran. @opManbai TYCIHIKTEp aHATA3BI €I
KeJiecl YIITIK KOHTEKCTIH afiTaMbl3:

K=<G,M,I> (1)

G — obbekTisiep KUbHTHIFbL, M — KacuerTep KublHTHIFbL, I — G Mern M HiH apa-
chIHAAarbl KarbiHac: gIm neredimis, g € G obbekrici m € M kacuerine ue 6osia
ajaapl. Exmiri Mmacene Kipic mepekTep KOpPHI YINiH MOHIIK aiiMak Herizimme o0b-
eKTLIep MEeH KaCHeTTEPIiH AJIbIHY *KOJIbl. Bepirern KouTekcT imineH ¢hopMab/Ii
TYCIHIKTEPIIH aTbIHYbI (POPMY/Ta HE3IHIe KOPCeTeHiK.

1-cyperre Xacce auarpammackl cyperrenrer. Qu TyCiHIKTEp/IiH €Ki TOpbI-
HaH TypaJbl. OJiap €3 Ke3erinje KapacTbIPbLIbII OTbIPFrad (POPMaJibiii KOHTEKCT
Herizinge KypacToipblirad. Kabbuigam ajaran nepapXusiap MeH 00beKTiep Kia-
CTapBbIH aHAJIN3 ¥Kacall OTHIPBHIT OCHI CAJAHBIH, SKCIEPTi OJIAPAbIH KATeNiKTepiH
OafKaiThIH eai. MbICajbl: KpeaTaHuH MEH MOYEBHHA, €pUTIiH 3arTap 0oja Typa,
«EepHTIH 3aTTap» TYCiHIKTEepiHeH O6ypbIc mibIFapblLirad. bym dpopmangsr TyciHik-
Tep/l aHAIU3IEY/IiH Heri3ri mpobseMachl OOBII TAOBLIAILI erep KOHTEKCT CH-
peTiNreH JKoHe MeKTeNreH (KypaMbIHIa KybicTap 6ap) 00Jca, OHIA abIHATHIH
TYCiHIKTEp KoHE 9Cipecec OJIap/IblH MEePAPUXUICHI OYPHIC KATBIITACATHIH 00OIa-
JBI.

Taburu Tinme ceiiyieMm imrHeH KypbLIbIMIAIMAaraH ceinemiepre (gpopmasbii
TYCIHIKTED aHAJW3bI TOHIK aliMaK OHTOJOTHACHLIH KypyFa KosamaHambrd. Pop-
MaJIb/Ii TYCIHIKTED aHAJIW3bIH MYHIAi TOCIIMEH KOJIIAHY MOJEIbIEY VIIMH Oip-
TyTac OarbIT KoAmaHambl. MyHmail OarbiT Oacka Toclimepre KaparaHaa 0achiM-
JIBLIBIKTHI OLIAIpe .

ITouaik alfiMakKKa KaTBICTBI KOPILYC *XMUHAKTAY

Ilonaik afimax yirin Kipic gepekTep KOpbl Herisinae « BobInoit MeunHCKOi 9H-
npKoneauu» caiiteiHan 13000 MeIMIMHAIIBIK MaKaIack anbiHIp! [3]. BacTankst
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"KOHLieHTpaums"
"aKTUBHOCTL"
"copepxarue”
"Konuyectso”

"TpaHccpepasa”
"ammHoTpaHcepasa”

"yTunusayns"
"HakonneHne"
"Hanuumne"

"MoyeBMHa"
"KpeaTuHuH"

"noGasneHune"
"pacTBop"

"amunasa”

"notpebnexue”

aKTaT
IOKO3:i

Cyper 1. Xacce auarpaMmacht

Kipic JlepeKTep KOPIYChl VITIH KUHAJFAaH MaKaaagap enrizimeni. MeanmmuHa bk
aKmaparTap KOPIychl KapanaibIM TYP/ie KYPBLIBIMIBI eMeC TYP/I€ CAaKTAJIbIHFAH.
Kipic nepexTep KOpbIH )KUHAKTAY Java TiTiH KOJIZaHY apKbLIbl, «OM3.0pry Ccaii-
ThIHAH 2POIp MakaJiara MAPCUHT KACAJIAHBLIAIBI.

public static Map<String, String> parseArticle(String link) throws IOException {
Map<String, String> articles = new HashMap<String, String>();
String title;
String context;

Document article = Jsoup.connect(link).userAgent("Mozilla/5.0").get();
title = article.select( cssQuery: "h2.title").text();

Document document = Jsoup.connect(link).userAgent("Mozilla/5.0").get();
Elements elements = document.getElementsByAttributeValue("id", "mw-content-text").select("p");
context = elements.text();

articles.put(title, context);

return articles;

Cyper 2. Bepinren cinremeHiH KOHTEKCIH MapCUHT »KACAyFra apHAJFAH KO

MakaJta TOJBIK YKUHAJFAHHAH KeHiH MOTIHIEp aJablH ana OHJAEYIl Ky3ere
achIpbLIaAbl. ATan afiTKaHIa, MEIUIUHAJIBIK MaKaJalapdal coilaeM iImiHeH »xKe-
Ke ce3zepre OOJIHIN, 9p Co3 ©3iHiH JeMMachlHa aybICThIpaiaabl. APTHIK ce31ep
aJIeIn TacTanbiHaabl. Kemeci kagam KuHAIFaH akmapaTTapasl Kipic gepekrep Ko-
PbI Herizinae maiiaIanblin, coiaem iiminen 0O0beKT-KaCueT Heri3iuae Tycinikrep,i
asyra xkibepimesi.
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Kipic gepekTep KOpbl HeriziHe ceiJjeM ilIiHeH TepMUHOAEPIl ajry

ABromarThl Typae GacTankbl Kipic JepekTep KOpbl Heri3iHae MmoHmK afiMak
TYCIHIKTEPIH aJ/Iy YIIiH MOTIiHJEp KOPIYCBHIHJIA KAJIbLIaMa JIMHI'BUCTUKAIBIK,
anasmsbid (shallow linguistic analysis) kosmanambiz. 2Kasnbuiama JIMHIBUCTH-
KAJIbIK, AHAJIM3 — MOTIH/IED aHAJM31H/1e KOChIMIIA KYPACThIPY VIIIH MYH/Ia# OHIey
OTe TAHBIMAJI TICLIT OOJIBIT TaOLITAIb.

Bi3mis KapacThIPBLIBIT OTHIPFAH €CEMKe CofKeC MAaHBI3Ibl AKIIAPAT «MEIUIIU-
HAJBIK» OOBEKTITEPMEH OAPIbIH Oerimepi OOMbIT TaObLTAIbI. « MEIUITTHAIBIK >
00bEKTi J1e1l, MEIUIMHA, CAJTACHIH A KOJIIAHBLIATHIH MEIUIIUHAIBIK, aTayiap MEH
KyObLibicTapabl (aypy TypJiepl, JuarHo3aap, eMiueyAiH arayJapbl, A9pi-aspMek
aTaysIapbl, aJaMHBIH AF3aJapbl) TYCIATIAHAIBL.

Myngait ToCiImiH apTHIKIIBLIBIFEI — KOPCETLITeH OOBLEKTIIep MEH OJIapIbIH,
Gesirisiepin (Kacuerepid) KopIrycTa GeplireH coiljeM iliHEH KaJIbLiaMa JIMHL-
BucTukabK yiri «Cymecrsurenbaoe + CyIecTBUTENHHOE B POIUTETBHOM Ma-
nexe» OoiibiHIIA i37eiimi3. Backama afitkamma, OacTamkbl 9pTEKTEC OObEK-
Tilep MeH Oenriiepin (KacmerTepiH) yari GONBIHITA KAHAFATTADIBIPATHIH CO3
ripkecTepin amambrs. Toxipube xy3iHge 00bEKTiIEp MEH KACHETTEp/i Coitem
irminen asy yrmia kesecizeit Pullenti anmbik KOIBIH KO TaHAMBISZ.

Ceitnem iminen obbekTepepMen Koue oubiH Kacuerrepin amy SDK Pullenti
Kyitecinge Kamait xky3ere acarblHAbIFbI Kopceriiren. SDK yinin morin peringe
keJieci coitnem Gepiiijii: « OObIYHO rafiMOPUT — FTO CJIEICTBUE OCJIOXKHEHU 10CIIe
nHQEKIMOHHOTO 3a00IeBaHsT, HATTPUMED, CKAPJIATUHBI, TPUIA, TpocTyabl. Oc-
HOBHBIE CHMIITOMbBI TAMOPUTA, — 3ATPYIHEHHOE IbIXaHIE, TIOCTOSHHBIN HACMOPK,
3aJI02KEHHOCTH HOCA W TOJIOBHASA 0071b». Byi ceitiemuen keseciieit 00bekT-Kacuer
JKYITaAPhI AJIBIHIBL «CAMIITOM TaiMOPHUTAY, «3aJ0KEHHOCTb HOCA», «CJEICTBUE
OCJIO2KHEHUSA», «CJIeJACTBUE 3aD0IeBAHUALAY.

SDK Pullenti me ceiisiem irriHen o0beKTEPIEPMEH YKoHE OHBIH KACHETTEPiH
aJIly MBICAJIBI KenTipiaren. MyHIarbl 0ObEKTLIEp MEH OHBIH KACHeTTepi Oepisi-
rer ceieM ¢parMenTinen ajbiHagbl. «Cumapom Jlembepa — peakoe, HO ce-
Pbe3HOe OCIOKHEHNE THOWHOM AHTUHDI, MHOT/IA €€ HA3BIBAIOT MOCTAHTUHAIHHBIM
cerrcucom». Kenripiren gpparment imrinen kemecizmei co3 Tipkeci ajbIHIbl: «CHH-
apom Jlembepay KoHe «OCJIOKHEHHWE aHI'MHbI». Kepin orbipranMbi3iail 6epiirex
dpparMenTTe «aHTHHA» OOBEKTICIHIH AJABIHIA «THOWHASA» CO31 YKOJBIFBIN TYP,
aJl «OCJIOKHEHUEe» CO3IHIH aJIIbIHIA «Cepbe3Hoes co3i keminm Typ, OGipak SDK
Pullenti ymria gypsic 06beKT-KaCHeTiH aHBIKTAyFa Keaepri KeaTipMeiii.

Opbip Makanagan ce3 tipkecrepi 6ip yiaken daitara )xunakranaabl. 2Ku-
HaJFaH €O3 TipKeci OacTamkbl Kipic AepeKkTep KOPbI HEri3iHge O0beKT-KACHET
KeCTeciH Kypyra xkibepimesi. 2Kanmbr 6acTankpl Kipic JepekTep KOphI YIiH aIbi-
HFaH ce3 TipKecTep caHbl mamMaMed 300 MbIH.

Keneci kamam Oacramkbl JepeK KOpbHI HETi3iHae coitaem imiHeH <«00beKT-
KacHeT» KecTeciH Kypy Oosbim Tabbutampl. 2KwHamran ce3 Tipkecinen OyKim
00beKT aTayiapbl Karap OOUbIHINA KANTANayChi3, aj KACHET aTayJsiapbl J2J1 CO-
Jiait 6aran GOMBIHIIA KAATAIAYChI3 KA3bLIA/IbL. OPOIP ajlblHFaH «O0bEKT-KACHET>
JKYITAphl VIMNiH, KECTeHiH, OaraH »KoHe Karap OONBIHINA KUBLIBICKAH KepiHe 1
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Cyper 3. Ceitnem imineH ajbiHFaH €03 Tipkectep (parmenTi

117

xas3putaabl. Kecremeri Kagran «00beKT-KaCHeT» YKOK, 9JIEMEHTTED ©3repyci3 Ka-

nagpl, arau 0.

Byn npakTukasibIk KyMBICTA MMOH/IIK aiilMAaKKa KATBICTHI KylacTepiey Yopiau
TOCLIIH KOMIaHy apKbLIbl, K-means aaropurmi maiigagaueliasl. 4-cyperre Kia-
CTepJIeHTeH O0HEeKT-KACUET KECTECIHIH, nepapXusi HoTHKeCl Kopceriaren. Bipinmri
KJIACTepre MeIUIMHAJBIK aypy aTayJapbl Kipce, eKiHII KJacTepre ar3ajap/IblH
araynapbl Kipren. Exinmi kjacrep iminge Kejecineir 00beKTiiep «raiiMopoBa
ma3yxay, «IledeHby »Keke 0ip cybkiracrep perinzae 6eikTenrex, cebedi popmaib-
71l KOHTEKCTE <«JI€I€HUEe» TereH KACHUETIeH Oipre KOJbIKKaH. «Jledennes — Oy
rubpuaTi Kacuerke me, cebebi Oy co3 aypy TypJaepiMenze, opi ar3ajsapMmen dipre

ce3 TipKeci peTiHze KOJIBIFAIbI. (JIeUeHNe TelaTHTa JKoHe JIeUeHne TeYeH ).

rpmnn‘
renaTur
anneHaMuuT

ranmMopuT

}_‘
Eg

nevyeHb
anneHguke
MO3r

raiiMopoBa nasyxa

Cyper 4. KiacrepJierres obbekrisiep
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O0BbeKT-KacueT KecTeciHe KybICTapabl KaJIbIHA KeJITIpy

Tlonaix afimMak Herisinzeri Kpic JepeKkTep KOPBHIHA KJIACTepJiey »KacaJbIHFaH
COH, KJIacTepJiep imiHeH 6ipTeKTeC 3JeMEeHTTEPIEH KYPAIFaH KIaCTep aJTbIHAIbI.
AJibiaran Kjtacrep TepMUHJIEPIHIEri KybICTAP/bl TOJIBIKTHIPY MAKCATBIHJIA, DJICI3
«machine learnings TociJT KOJIAHIAHBII, KAJBIHA KEITIPY *KYMBICHI OPBIHIAIA~
npl. drun 6epinren kecremeri apbip 0OBEKT VIIMH YT OOMBIHIMNS KaHA KACHETTep
taly. OJ1 yiuriH TaHIaJIbIn aJIbIHFAH KJIACTep imriHeH 9pbip 00bEKT YIMiH KAcheT-
Tep/i 6aiIaHbICTBIPBIN MIBIFAMBI3.

5-cyperre KesrTipliren Kou OOMbBIHIIA AJIBIHFAH KJIACTEPIEH OOBEKT YIIiH
OapJIBIK, MYMKIH 0OJIATHIH KACHETTEPl KAPACTHIPHIN MILIFAMBI3. AJIBIHFAH Tep-
MuHaepai Beb pecypcrapsin maiinamansim Tekcepemis. Erep Beb pecypcerapsiaga
JKETKUTIKTI Typze ce3 Tipkecine akmapar Ta0bLICA, OHIA KECTEIE TEKCEPLIreH
OOBEKT TIeH KACUET KUBLIBbICHI 1 T€ aybICTHIPHLIAIHI.

public static int isPhrase(String object, String attribute) throws IOException {
String url = "https://www.google.ru/search?q=";
String tempURL = url + object + " " + attribute;

Document document = Jsoup.connect(tempURL).userAgent("Mozilla/5.0").get();
Element divResultStats = document.select( cssQuery: "div#resultStats™).first();

Integer results = toInteger(divResultStats.text());
if (results >= FULLRESULT) {

return 1;
i

return 0;

Cypert 5. «O6bekT-Kacuers KecreciHie KyblCTap/bl TOJIBIKThIPYFa apHAJIFaH KO

MyHzaii MaIUHAIBIK, OKBITY WTEPATHBTI TYPJAE OPBIHIAJIAIbI, SIFHU 2pOip
0OBEKT VIMH KIaCTEPIEri KACHETTEPMEH KOCBLTBIN, BeO pecypChIHbIHA CYPAHBIC
Oepirm, aabIHFAH HOTHKETEpiHe Kapail, MyHIail TepMuH 0ap KOFBIH aHBIKTAN/IbI.

OGbeKkT-KacueTr KecTeCciHeH TYCIHIKTepai ajry

Kaspmka kenripisren kecre iminen moHAIK aliMak Heridinge TyciHikTepai ary
JKoHE AJIBIHPAH TYCIHIKTEpIEH uepapxus Kypy. AJTarbl OpBIHIAIATHIH KaIaM
MEIUIINHAIBIK, MOTIHAEP/I€H TYCIHIKTED/IiH NepapXUsIbIK TOPJIAPhIH (hOPMaJIh/Ii
TOpJIap Kypy OOMBIN TAaOBLIAAbI. MeIuIuHAIBIK, MOTIHAEPAEH aBTOMATTHI TYP/IE
MEeIUIMHAIBIK, KYPBLIBIMBIH KYPY KHBIH ecerl 0ombin Tabburaabl. ZKacaabiHran
JKYMBICTA KJacTepaey, (popmasibii ananu3 Tycinikrep Herizinge «Statistical Text
Mining» KOMIaHBIT MYHIAM €CenTep/Ii MbIFapy ¥KOJBIH KepceTeMi3. 6-cyperTe
KiITi KJaacTepdiH JeHI0TpaMachl KOPCETLITEeH.

DopMaJIb/Ii KOHTEKCT TOPBIH KYPY MOYJIi «00bEeKT-KACHET» KECTECIHIH KyPbI-
JIBIC MOMIY/TIMEH XKacaJraH (popMabai KOHTEKCTI maiizananaabl. Moayas ¢op-
MaJIbJIi TYZKbIPBIMIAMAJIAD TOPBIH KypacThipaabl. OfiTkeni, hbopMasbii TyKbi-
PBIMIAMAa €Ki KUbIH OOJIbIIT TaObLIaIbl: OObEKTLIED KUBbIHTHIFbI KOHE KACHET-
Tep JKUBIHTHIFBL, OYJI (DOPMAJIB/II TYKBIPBIMIAMACHI Oap OHTOJIOTHS KJIACC ATAYbI
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Cyper 6. Kiactep menmorpaMachiHbIH GparMenTi

TEeK capallllibl raHa Oepe ajiajbl. ABTOMATTbL TYP/E OHTOJIOIUs AJIY/bIH, €KiHIIi
keserinme Concept Explorer 6armapiamMachl apKbIIbl TaHIAJIBIHFAH KJIACTEPICH
TyciHikTepi amy O0MBIT TAOBLIAALI. 7-CYPETTEe MEIUIINHA CATACHIHIA Killl Kjia-
cTep YIIiH KOHIENuschl kKopceriarer. Ochblaaiiiia, OChl Ke3eH,ae barmapiaMa, OH-
TOJIOTHAJIBIK TaKCOHOMHUAJIBIK AP0 KJIaCCTapbIHA CollKeC KeJieTiH TYZKBIPDbIM 1A~
Masap (popmasbal KOHTEKCT TOPBIH KYPACTHIPA/IbI.
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Kepcerinren wmoTmkere Kapar, <«J€UE€HUE», <«TepaInsd», <«UCCIETOBAHUES
00BEKTiIEpl KOHIIENTE KOPCETIITeH KACHETTEpPre >KAKBIH E€KEHIINH KOPCEeTEeIi.
Bym >kyMbICTBIH Keseci KagaMaapbl OOBEKTLIEepPiH, dpTYpP/ii KACHeT TypJepiH
aJIy diCTepiH 3epTTeyre KoHE KYHeHiH (PYyHKIMOHAIIBIFLIH OCHIHIANR KAPbIM-
KATBIHACTAP/IbI ATy MYMKIH/IIrHe KeHeATyTe OalIaHbICThI OOIMAK,
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CoBpeMeHHbIE MaTEMATUIEeCKE MOIEJIN,
YHUCJIEHHBIE METO/bI U MAKEThl MPUKJIATHBIX
MIporpaMM JIJIst pellleHusd 331249 (PuIbTpaIum

B. 2Kymarymnos

Hammonanpras naxeneprnas akaaemus Pecrybnmku Kasaxcran
Amarer, Kazaxcran
nia_rk@mail.ru

Hedranoit kommmeke Kazaxcrana sBiseTcss oTpacibio, KOTOpas obecredn-
BAET KU3HEIEATEILHOCTh MPOU3BOICTBA U HACEJEHNS U BO MHOTOM OIPEIEIISIeT
9KOHOMUYECKYIO He3aBucuMocTh Pecnybmuku Kazaxcran. Ceronust Kazaxcran —
CTpaHa, KOTOpasi He TOJBKO CIOCOOHA O0ECIeYnTh BHYTPEHHUE MOTPEOHOCTH B
chIpoii HedTH, HO U OCyIIeCTBUTH €€ SKcmopT. [Ipm 3TOoM 1Mo 3amacam yrieBo-
JIOPOJTHOTO CHIPbSI PeciiybiinKa BXOAUT B JECATKY HambOsee KPYIMHBIX MHUPOBBIX
JIEPXKAB U MMEeT PeaJibHyI0 BO3MOXKHOCTb B HeHaJEKoM Oyayiiem 1o obbémam
MOOBIYH U HKCIOPTA HEMTU BOWTH B YKUCIO BEAYIIMX CTpaH mupa. Hedrswoii
komiuiekec Kazaxcrana sBjseTcs KPYMHEHUITHM DPBIHKOM TPYAA C MOCTOSHHBIM
MPUPOCTOM HOBBIX PAOOYUX MECT.

CerofiHs MOYXKHO BBIJIETUTH YEThIPE OCHOBHBIX CTPATErMYECKHUX HAMPABIIe-
HUS TOBBIEHUs 3P GHEKTUBHOCTH He(pTEra3oBoit 0Tpacu, Hd KOTOPBIX JTOJZKHbI
OBITH CKOHIIEHTPUPOBAHBI OCHOBHBIE MATEPUAJIHHBIE M HWHTE/IJIEKTYAJHHBIE Pe-
CypcChl. DTO nHGMOPMAIMOHHBIE TEXHOJOTUN HA 06a3€ BHICOKOMPOU3BOIUTEIbHBIX
BBIYUC/IUTE/IBHBIX CUCTEM W TIOCIEIHUX IOCTUXKEHUN MaTEMATHKN, MEXAHUKU U
reobU3NKN; TEXHOJOIUU HA OCHOBE MPOTSKEHHBIX TOPU30HTAIHHBIX CKBAYKUH;
MeTOJ THAPOB3PbIBA [IJIs CO3/1aHUs OOJIBIINX TPENUH B IIJIACTE; MEXaAHMIECKUe
U XUMHYECKHUE METO/bl 00PabOTKY IPUCKBAKMHHON 30HbI U ILJIACTA.

Pa3paborannbie Ha OCHOBE MATEMATHYIECKUX MOJIEJICH HOBbIE HH(MOPMAIIMOH-
HBIE TEXHOJIOTMH B HE(TEra30J00bIBAIONIEN TPOMBIILIEHHOCTH TO3BOJISET HA Ka-
9eCTBEHHO 00Jiee BBICOKOM YPOBHE OCYIIECTBIISTH TOMOrPAMDUIO TIJIACTOB U BbISIB-
JIATH MaJIOPa3MepPHbIe 30HbBI CKOILJIEHUS YTJIEBOIOPOIOB, 30HbI TIOBBIMIEHHON TPO-
nunaemocru. Biarogaps atomy ynaércs onTUMU3UPOBATH CETKY CKBAXKHUH, Pe3-
KO COKPATHUTH YUCJIO MAJIOJEONUTHBIX CKBAXKWH, TEM CAMBIM COKPATUTH OOBHEMBI
Hea(dEKTUBHOTO Oy peHHs, ONPEIEISIONEr0 OCHOBHBIE 3aTPATHI B HEMTEra3010-
ObIBaloIEll MpOMBbIIIeHHOCTH. HOBBIE TEXHOJIOrHHN TIO3BOJISAIOT KOHTPOJIUPOBATH,
ONTUMU3UPOBATH U YBEJIUINBATH OTAAUY IIJIACTOB, IPUBJIEKATH HHOCTPAHHBIN Ka-
[UTAJ, COXPaHAs KOHTPOJIb HA/l HAIMOHAJIbHBIME PECYPCAMMU.

Db derTuBHOE perlieHne BOMPOCOB MPOEKTUPOBAHMUSI, AHAJIN33 U KOHTPOJIS,
yIPaBJIEHNS U PETYJIUPOBAHUSA TPU PAa3pabOTKe HEMDTIHBIX U TA30BBIX MECTOPOXK-
JIeHUHl HEMBICMMO 0€3 MCIOJIb30BAHUS ABTOMATHU3MPOBAHHBIX CHUCTEM, W MOIII-
HBIX BBIUYHUCJIATEIHHBIX PECYPCOB. POJib BHICOKOTPOU3BOIUTETHHBIX BHIAUCIEHUN
B IaHHOU cdepe pacrer ¢ KaxK/IbIM I'OJ0M, TAK KaK CPEIHUE [OKA3aTEeIN BbIPa-
OOTKHU MECTOPOXK/ICHUI CHHKAIOTCS, 8 TpeboBaHus K 3(PHEKTUBHOCTU UX UCIIOJb-
30BaHUsT CTAHOBATCS BCe OOjiee cTporuMu. B 9aCcTHOCTH, HA CTAPBIX, WCTOIIECH-
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HBIX MECTOPOXKIEHUSIX METOIbI BBICOKOTOYHOTO THIPOIMHAMUIECKOTO MOJIEJIN-
POBaHWS TIO3BOJISIOT CYIIECTBEHHO MOBLICUTH KO3 duiineHT HedTen3BIedeHns.

OcHoBO# nH(MOPMAIMOHHBIX TEXHOJOTHH, MPEIHAZHAYEHHBIX IS PEIIeHus]
npobsiem HedTErazoBoil OTPACIH, SIBJISIOTCS MATEMATHIECKUE MOJIETH OTHO- U
MHOro(pa3HbIX MOTOKOB KUJIKOCTH B IMOPHUCTBHIX cpemax. B mambosiee 3aKOHYIEH-
HOM BHUIE Teopus puiabTpanun paspaborana B padorax C. H. Amronnesa, B.
H. Monaxosa, A. H. Konosasosa, I'. . Bapeu6aarra, K. C. Bacuuesa, B. M.
Enrosa, B. M. Peikuka, FO. I1. 2Kenarosa, 1. A. Yapuoro, A. B. Kaxkuxosa,
III. C. Cmarynosa, B. T. ZKywmarynosa, K. VY. ¥Yrerenosa, H. B. 3y6osa, M.
A. Meitpmanosa, M. B. Ta66acosa, ¥. K. 2Kanbacbaesa, H. M. TemupbekoBa u
npyrux. Teopust HEU30TEPMUIECKOTO ABUNKEHUS MHOTO(MAZHON KUIKOCTH OBLIA
paszsura B padorax . A. Hapuoro, A. ®@. Bazosckoro, K. M. ®enoposa, B. M.
EnroBa, 9. B. Yekamioka, A. A. Bokcepmana, C. 1. dkyonr, H. K. Baiibakosa,
A. E. Sheidegger, N. D. Shutler, Y. C. Yortsos u apyrux. Teopust HepaBHOBECHOM
dunbrpanun aByx¢a3Hoi KUAKOCTH pa3BuBajach B padorax I'. 1. Bapentrar-
ra, A. II. Bunuuenko, A. A. T'uibmana, M. B. T'a66acosa, K. K. [Ilakenosa, T.
K. EpmaramberoBa u 1pyrux.

CyurecTByeT I0BOJBHO OOJIBIIOE KOJIUYECTBO MPOIrPDAMMHBIX MMAKETOB, Ha-
MIPaBIEHHBIX HA PEIleHne MPpaKTHIecKuX mpobieM B Hedrerazopoit orpaciu. Be-
JIYIIAMHA TIPOEKTAME B 9TON OOJIACTH ABJISAIOTCA KOMILIEKCHI TPOIPAMM [Tl TH/I-
poauaamudeckoro mogeaupoBanus Eclipse u Intersect komnanuu Schlumberger,
tNavigator kommanuu Rock Flow Dynamics, Tempest komnannn Roxar, Time-
ZYX rpynnsl komnannit Trust u gpyrue.

Ha nporsixkennn nocimenuux tpuamnaru jer yaeabivu CHI' mpoomsites wmc-
CIeIoBaHus O pa3paboTke MHEPOPMANMOHHBIX TEXHOJOTHH B HEPTEra3om00bl-
Barotneil nmpombirienHoctu. OaHOi U3 nepBhIX pa3paboTok B JaHHON obacTu
SIBJISIETCST CUCTEMA ABTOMATH3WPOBAHHOTO AHAJIN3a Pa3pabOTKU HEe(TEra3oBbIX
MEeCTOPOKIEHN, CO3JaHHast KOMIeKTuBOM yueHbix Kazaxcrana m Poccun. Ilep-
BOHAYAJIbHO cucrema umena uHaszpanune LUCAP (undopmarmonnas cucrema aHa-
JIM3a, KOHTPOJIsl ¥ IPOrHO3a He(bTerasoBbIX MECTOPOXK IeHuit), abbpeBuarypa Ko-
TOpOIi ObLI1a BBEeAeHa dieH-KoppecnonaearomM PAH, npogeccopom B. H. Monaxo-
BbiM. OcuoBroii nesibio UICAP spiisiercs onenka 3G deKTuBHOCTH peain3yemMoi
HA JAHHOM OOBEKTE TEeXHOJIOTMH, KOTOPasi MPOBOJWUTCS IYyTEM H3YYEHUS TeX-
HOJIOTHYECKUX W TEXHWKO—IKOHOMHUYECKUX MOKa3aTeseil pa3pabOTKu HA OCHOBE
MHOIOBapHaHTHBIX Maremarudeckux pacderoB. MCAP mpencrasnser coboii or-
KPBITYIO CHCTEMY, TOCTPOEHHASI [TO MOJYJIbHOMY MPUHITUILY UMEET BO3MOKHOCTH
[IPOBOUTH PACIYETHBIE IIPOIEAYPDI C BbIIadeil rpapuaeckoit, TaOJIUIHON U TeK-
CTOBO# JOKYMEHTAIINH, a TAKKe MO3BOJISIET TPOU3BOJAUTH ABTOHOMHBIN pacyer
JIFOOOTO 3JIEMEHTA WJIN TPYIIBI JIEMEHTOB.

B ocHOBy cucrembl MOJOXKEHBI MATEMATUIECKUE MOJEIN (DUIBTPAIIUOHHBIX
[POLIECCOB B HEPTSAHBIX ILIACTAX, KOTOPbIE MOAPO6HO onucanbl B padore [1]. C
yI€TOM MOAMO/IeNiell 1 KOMOMHUPOBAHHBIX Mojeseit 6aHk comepKutT cBbime 30
PA3JINYHBIX MATEMATHIECKUX Mojesei HedrsHoro nmiaacrta. OCHOBHBIMU THIPO-
JIUHAMAYIECKUMHU PACIETHBIMU MOJENISMHY ABJISIOTCA Mozens bakaes—JleBeperra,
XapaKTEPHOU OCOOEHHOCTHIO KOTOPOI SIBJISETCS PABEHCTBO (DA3OBBIX ABJIE-
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Huit; Mmosmenb Mackera—J/leBepeTrTa, B KOTOPOIl YUUTHIBAETCS KAITUJISIPHBIN CKa-
90K (HA30BBIX JABJIEHUI; TeI0Basg Moaeab Mackera—/leBeperTa, yIuThIBAIOIIAs
TeMIIePATYPHBIE B3ANMOIEHCTBH KUAKOCTEHN M TOPUCTOM Cpebl; Momelb HaBbe-
Crokca u mozensb Japcu-2KyKoBCKOro, CrieruaabHbIM 00pa30M BKIIOYAIOIAs Ch-
Jibl conporuBienus: mopucroit cpegapl. B MICAP 6ank maremarudeckux mo/iesei
MOIPA3IEISIETCS Ha, TPU MOIYJIS:

— onrodazubie Momeu Jlapcu u KOHTAKTHBIE MOJIEIIN;

— nByxdazubie Mmojenu (Hanpumep, Mackera—/leseperTa);

— KOMOUHUPOBaHHbIE MOJeJM (HAIIPUMED, JABYX HEOIAHOPOIHBIX MKUIKOCTEN).

Hapsiny ¢ obmenpunsiteivu mogensavu Japcu u Mackera—Jleseperra, Temsio-
Boit Mozenbio Mackera—J/Ieseperra (B dhopme Bouaposa O.B., Monaxosa B.H.
[2,3] B8 UCAP akrtuBHO mcnosb3yiorcs Mozenn Hapbe—Crokca n ZKyKoBcKoro
JIJIsT ONITUMU3BAINY TIPOIECCOB PErYJINPOBAHUS U MPOTHO30B HedTEA00bdn HEed-
TAHBIX MecTOpoXKAenuit. Creyer TakKe OTMETUTh OPUTHHATLHBIE MOJIEIH, OITH-
chiBamoIpe nporece "menoobpazopanus" B He(TIHBIX ILIACTAX U COLPSKEHUE
GUIBTPAIMOHHOIO TEYEHUs C IOTOKOM 2KHJIKOCTH B CKBAKUHE.

B pa6ore Anronnesa C.H. n Monaxosa B.H. [4] 6b1a mpesioxkena obiast
MOIEIb (PUABTPAINN HEePTIHOTO IIJIACTA, COAEpIKAIlas HEKOTOPOE KOJIHIECTBO
GbYHKIMOHAIBHBIX TAPAMETPOB, TIPHU CIENUATHHOM BIDOPE KOTOPBIX MOTYT OBITH
[OJIy9€HbI MHOTHE W3 MOJIEJIEH, comeprKaIiuecs: B OaHKe Mojeei.

UNCAP obbeuHser aBTOMATH3UPOBAHHBIE PA0OYUe MeCTa IeoJIora, TeXHOJI0-
ra, pa3paboTYmKa, JAUCIETYEPa W COCTOUT W3 W3 OCHOBHBIX TPEX OJIOKOB: OJI0-
Ka Te0JIOrO—TTPOMBICIOBBIX JAHHBIX, OJIOKA WHXKEHEPHBIX MOJejeil u 0J0Ka Ma-
TeMaTudeckux mojesei. Pa3Burne ykazaHHBIX OJIOKOB MPOU3BOAUIOCH B JBYX
HanpasJsienusx. [lepBoe HampaBjeHWe CBSA3aHO C HCCJIEIOBAHUEM CTPOIHX Ma-
TEeMATUYeCKUX MOZeJieii, HanboJiee IMOJTHO ONKCHIBAIONIMX 3aKOHbI (DuibTpanuu
MHOTOMA3HBIX KUIKOCTEH B TIOPUCTHIX cpeaax. JJaHHOe HAMpaBIE€HNE TPUBOIUT
K IIOCTAHOBKAM CJIOXKHBIX MPOCTPAHCTBEHHBLIX 3384 MHOrO(ha3Hoil (MHOrOKOM-
HNOHEHTHOH) (uibTpanuu B HedTAHBIX ILIACTAX, KOTOPHIE 3aTE€M PEaJIU3yeTCst
YUCIEHHBIMU MeToZaMu. BTopoe HAIpaBIIeHNE CBSA3aHO C MCCJIEIOBAHNEM HHIKe-
HEPHBIX MOJIEJIE IO YIPOIIEHHBIM cXeMaM (hUIBTPAIHH.

I'pymuioit corpy1HUKOB nHCTHTYTa MEXaHUKH U Maremaruku Kazaxckoro xa-
[IHOHAJIBHOTO YHUBEPCUTETA UMEHU ajib-Papabu aHAIN3UPYETCS Pl N3BECTHBIX
MaTEeMATHIECKUX MOJesel (DUIbTPAIuu OJHOPOSHBIX U HEOIHOPOIHBIX JKUIKO-
creifl B IOPUCTBIX CPeJax U MpeIIaraloTcss HOBble mojenn. QCHOBHBIE HAMPAB-
JIEHUsI MCCJIEIOBAHMI MHCTUTYTA B 001aCTA HE(PTEIPOMBICIOBON TEMATUKHU CBSI-
3aHBL C MATEMATHIECKUM MO/IEJIMPOBAHUEM M YUCJIEHHBIM IIPOTHO30M IIPOIECCOB
BBITECHEHUsT HEMTU U Ta3a BOION C yUETOM TEIJIOBBIX U (DUBUKO—XUMHUIECKUX
3¢ dEKTOB B MPUCKBaXKUHHON 30He myacra (1o pykosoacTBoM mpodeccopa H.
T. JlanaeBa, a HbIHE €r0 YYEHUKAMU ), KOMIIbIOTEDHBIM MOZEIMPOBAHUEM reodu-
3udeckux uccaenosanuii (o pykosozcrsom npodeccopa M. K. Opyuxanosa),
3amagamu (POPMHUPOBAHUS COJIEHBIX KYIIOJIOB M ONTHMAJIbHBIA IPOrHO3 Hedre-
nmo6bran (1101, pykoBoacTBoM unen-koppecnongenta HAH PK, npodeccopa K. A.
KackiMOBa) U IpyruMu.
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Ipu cozmanun MUCAP orpomublil BRI BHECEH COTpyaHUKamu VHCTHTYTA
rugpomunamuku CO PAH um. M. A. JlaspenTheBa (101 PYKOBOACTBOM YJI€H-
koppecnongenra PAH, npodeccopa B.H. Monaxosa), «PocHUIIUTepmuedTh»
(mox, pykosoacrsom H. B. By6osa), Nuxkenepnoit akagemuu PK (nox pykosoa-
crsom upodeccopa b. T. 2Kymarysosa) u Kazaxckoro HauuoHaibHOIO yHUBEP-
curera umenu anb-®apabu (mox pykoBoacTsoMm akagemuka A PK, mpodeccopa
ITI. C. Cmarynosa). IIpu cozgarnvu UCAP mosiydeHbl HOBbIE HAYYHBIE DE3Yiib-
TaThl U Pa3pabOTAHbI MATEMATHYIECKHE MOJEIN C TPUMEHEHWEM MeTO/Ia (K-
ruabix obsacreit (1. C. Cmarysos); $ha3oBbIX EPEXOJOB HEU30TEPMUIECKON
dunbrpanuu xkugkocru B nopucroit cpege (C. T. Myxamberzkanos); uuenrudu-
kanug napaMerpos medrauoro maacta (C. T. Myxamberxanos, I11. 2K. Mycu-
pasueBa); ¢ npuMmerenuem ognomepubix rpados (C. T. Myxamberxanos, K. M.
Baiimupos); nosyobparubie 3amauu Teopun dbusbrpaiuu (C. T. Myxamber:ka-
HoB, M. A. Bekremecos); Boirecenus: nedru ¢ yuerom [TAB (C. T. Myxamber-
»kanoB, H. Hlbiranakos); ¢ pacuensienuem 10 GpU3MIeCKUM IPOLECcaM B CUCTe-
me «Hedrb-Bonay u «Hedrb-rad» (C. T. Myxamberkanos, T. V. ZKymawesa).
Hay4unapiMu pyKOBOAMTEISAMHU OTAEIBHBIX HAYYHBIX TTPOEKTOB CHOPMYTUPOBAHBI
P OCHOBHBIX TpeOOBaHMiT K (DEHOMEHOJIOTHIECKUM MOIEIIM (DUIHTDAIIH:

1. dxcnepuMeHTATbHAS 3aMKHYTOCTH MOJENH, T.€. BO3MOXKHOCTH IKCIIEpPHU-
MEHTATBLHOTO OIMPEJIEJICHNs BCEX BXOJSIINX B HEE MapaMeTpoB 0e3 MpUBJIeYeH s
JIOTOJTHATEJIbHBIX TEOpUil. YCTONIUBAs BOCIPOU3BOAUMOCTD SKCIEPUMEHTOB.

2. Yerkoe BbIIEIEHNE TUITOTE3, MOJOKEHHBIX B OCHOBAHUE MOIEIH U OIpe-
JIeJIEHUE TPAHUL] M3MEHUMOCTH ITON MOJE/U KakK Ka4eCTBEHHBIX (Kakue (usmye-
ckue 3G HeKThl MOryT ObITh ONUCAHDBI), TaK U KOJUYECTBEHHBIX.

3. BaoxkumocTs B Mozenu 6ojiee BBICOKOTO YPOBHS, YYUTHIBAIOIINE HOBBIE
dusuaeckne GaKTOPHI.

4. Maremarndeckasi JOCTYITHOCTh U KOPPEKTHOCTH MOIEIH.

5. AanTupyemMocTh MareMaTHYeCKuX MOJIENeH JIJIsi KOHKPETHBIX MECTOPOK-
JEeHUi.

Psn nomydennbix pesynbratos no cozpaauio MCAP Brenpensr Ha HedTIHBIX
mecropoxaenusx Kapaxanbac (¢ yaerom IITB u IITOC) u Kymkons-JTykoii.

Hapsiny ¢ UCAP paszpaboranbl jpyrue aBroOMaTU3MPOBAHHBIE CHUCTEMbL:
«ITpuckBazkunnasa 30Ha miaactay (mon pykosogcTBoM mpodeccopa H. T. la-
HaeBa) W IO HpobJeMaM TPAHCIOPTUPOBKU HedTH u ra3a (Iox pyKOBOICTBOM
npodeccopa B. T. ZKymarymosa).

UccnenoBanme BOMPOCOB 1O pa3paboTke WHGPOPMAIMOHHBIX TEXHOJIOTHHA B
redTerazono0bIBAIONIEil TPOMBIIIIEHHOCTH IPOBOAATCd B Ka3zaxcrane u mo cei
nenb. Kazaxcramckum HUWU maremaTrnku u MeXaHHKH HA 0a3e MaTeMaTH-
YEeCKUX W KOMITBIOTEPHBIX MOJENeil JIBUKEHWS KWUIKOCTH B TMOPHUCTOH cpeme
C y4Y€TOM IIPOIIECCOB TEIJIO- M MaccollepeHoca pas3paboTaHa paclpe/ieleHHasd
“HOOPMAITHOHHO-BBITUCIUTETbHAS CHCTEMA, AHAIN3a PA3PabOTKN HEPTIHBIX Me-
cropoxieanit UCAP-II, 0cobeHHOCTHIO KOTOPOil SBJISETCs TO, 9TO BCE PACUETHI
YUCTIEHHBIX MOJIEJIEH TTPOU3BOISATCS HA PACIIPEIEIEHHBIX BHICOKOTPOU3BOIUTE b~
HBIX BBIYUC/IMTEIBHBIX PECYPCaxX, OPraHU3yeTCs pacrpeeeHHas o0paboTka u
XpaHEHWE JTAHHBIX, & TOJb30BATE/Ib B MPOMBICJIOBBIX YCJIOBUAX depe3 aTepHer,
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BKJIIOYasi MOOUJIbHBIE MIAT(MOPMBI, MOJIYIAET JOCTYT K ABTOMATH3UPOBAHHOMY
pabodeMy MeCTy TexHOJOra-aHaJuTuKa [5]. Mozyab BH3yasM3aIyy MIPEeICTaB-
gen B Bume Web-Moysis, ucnosHsmoomerocs Ha cepsepe (Kiacrepe) U UCHOJb-
3ylomiero annapartbie cpejacrsa rpaduueckoii nogcucrembr (GPU) co croponbt
kimenTa. [lpu pa3zpaborke mporpamMmbl HCIOJIb30BAHA TMOPHUIHAS TEXHOJIOTHS
opranm3aruu mapauiesbHbix Berauciaenuit OpenMP u MPI. Bompocam co3ma-
HUsI PACIPEIEIEHHBIX WHMOPMAIMOHHO-BBIYUCIUTEIFHBIX CHCTEM JJIs PAacuera
3ama4d HedTEra30BOil OTPAC/IN, & TAKKE PACIAPAJJICTUBAHUS AJTOPUTMOB C WIC-
nosib3oBanuem Texuosioruit MPI, OpenMP, CUDA nocesimenst padorsr 1. 2K.
Axwmen-3aku [6,7], B. T. 2Kymarynosa, H. T. Tanaesa, T. C. Umaukynosa, T. T.
BekunbGaera [8,9,10]. B padorax V. K. ZKan6acbaera, 1. K. Beiicemberona, B. K.
Kenxasmesa, b. K. AcunbekoBa nMpuBOASATCS pPe3yJIbTaThl UCCIACIOBAHUN TTPH-
merumoctu texuojorun CUDA g pacnapasiie/lMBaHus THIAPOIUHAMUIECKUX
PACYETOB TPEXMEPHBIX 33724 (DUIBTPAIHN.

IIpuBenem 0630p psiia OPUTHHAIBHBIX METOIOB PEIIeHHs 33034 MHOTO(a3-
Ho#t pusibrpanun. OHa 13 OCHOBHBIX IIPOOJIEM MOEJUPOBAHUS [IBUKEHIS MHO-
ropa3HOro MOTOKA Y€PE3 MOPUCTYIO CPELY MHOTOKOMITOHEHTHBIX YACTHIHO CMe-
[ITUBAIOIINXCS KUIKOCTEH CBA3AHA, C MOABJIEHIEM OTHOMAZHBIX 30H, 3AHATHIX HA-
CBIIIIEHHO (I/IJII/I HelLOHaCbIHLEHHOfI) JKHUJIKOCTBIO, T. €. 3HAYUTEJIbHO YIAJEHHO’ OT
paBHOBecHOI aByx(a3Hoit obmactu. B mepeHachiennoit 30He ypaBHEHHS IBYX-
¢da3HOro TeUYeHUs: BHIPOKIAIOTCS U OOJIBbIIE HE MOTYT ObITH HCIIOJIb30BAHbBI, 9TO
BBI3BIBAET CEphe3Hble MPOOJEMBl B UNCIEHHBIX pacderax. B pabore [11] mpea-
JIaraeTcst OMuCaTh ABYX(A3HYIO0 U TEPEHACHIEHHYI0 OTHOMAZHYIO 30HY €IIMHON
CHUCTEMO KJIACCMYECKUX ABYX(MA3HBIX yPABHEHU, PACIIUPssA MOHATHE (DAZOBO-
PO HACBIMIEHUS TAK, YTOOBI OHO OBLIO OTPHUIATETHLHBIM ¥ TIPEBBIIIATIO €HHHUILY.
Du3nyecKr TO O3HAYAET, YTO PACCMATPUBAIOTCS IEPEHACHINEHHBIE OMHO(DA3-
HBIE COCTOSTHUSI KAK TCEBIO-IBYX(a3HBbIE COCTOSTHNS, KOTOPHIE XapaKTEPU3yT-
Cs OTPUIATEHHBIM HACBIMEHrneM MHUMOI (da3bl. Takoe paciupeHne MOHATHS
dazoBoro Hackimenus: Tpedyer pa3pabOTKU HEKOTOPBIX YCIOBHI KOHCUCTEHITUH,
00eCIeYnBAIOIINX IKBUBATIEHTHOCTD MEXK/y MCeBI0-ABYX(MA3HBIMU YPABHEHUS-
MU U UCTHHHOI MOZEJIBbI0 OIHO(MAZHOrO OTOKA B IIEPEHACKIIEHHBIX 30HAX. DTOT
METO/[ IO3BOJISET UCIOJH30BATH CYHIECTBYIONIME YUCICHHBIE CUMYISTOPDL JIBYX-
¢ba3HOro MOTOKA [IJIsT MOJEJIUPOBAHIS OTHOMAZHBIX 30H MyTeM 100ABIEHUS MTPO-
CTOTO TIAaruHa 6€3 N3MEHEHHUs CTPYKTYPhI CAMYJISITOPOB. DTOT METO, UJIIIOCTPH-
pyercs HECKOJIBKUMHU TPUMEpPaME TIOTOKA BOJBLI B BUJIE BOJOPOAA B PATHOAKTHB-
HOM XpaHuuine orxoaoB 1 3akadku COs B HeDTAHON ILIACT.

Iloaxon oTpunaTeTbHBIX HACBIMEHHOCTEH ObLT 0000IEH /)T HEM30TEpMUIe-
ckoro ciaydast B pabore [12]. Jauubrii permnenns 3¢bbEKTHBHO permaeT by mpo-
0JIeMy HEM30TEPMHUIECKOTO KOMIIO3UIIMOHHOTO TIOTOKA, KOTOPAs BKJIIOYAET B Ce0st
ucuye3noBenue (as3or, mosgsrenue dhasnl u dhaz3oBbiil mepexoa. [IpenmyrecTso moma-
XOJIa PEIeHust 3aKII0YAETCS B TOM, 9TO OH OOXOJUT C MOMOIIBIO PA3HBIX yPaBHE-
HAM 118 oqHOMA3HBIX U ABYyX(pa3HBIX 00acTell U MoCaeayomei HeyCTONInBOM
nponenypbl. JIJaHHBIH TOIXOM, MOXKET OBITh 3(DMEKTUBHO PEAJM3IOBAH B UUCIIO-
BBIX CUMYJIATOPAX JJIs PEIeHus MPO0JIeM MOAEJIUPOBAHUS CMEITAHHON 3aKAIKU
CO2-BOBI B T€OTEPMAJIBHBIX TLJIACTAX, MPOIECCOB TEPMUYECKON DEreHepaIuu 1
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JIJIsT MHOTOKOHTAKTHOTO CMENTHBAIONIErOCsT M HECMEITTHBAIOIIErocs ra3a B Hedrs-
HBIX TJIaCTaX.

Crenyromuii psif, paboT TOCBSIEH PEIIEHUI0 331a9 MHOrOga3HOM GuaIbTpa-
uu ¢ yaeroMm Kanungapubix cuii. B pabore C. H. Anronnesa u B. H. Monaxosa
[13], a 3arem B pabore G. Chavent, J. Jaffre [14] upeasioxken 10xx0/ peruenus
3a7avn AByxda3noit n3orepmutieckoil dpuabrpanyun. Vmes X METOIOB COCTOUT
BO BBEJICHUU HOBOIA IepeMeHHoil - “riiobanbroro” (PnpuseaenHoro”’) 1aBjieHus no

dopmyite
1
Aw  Opc ko
= Do — — d 5 )\Ot = —. 1
p=p /swAerAoc?swf o (1)

B pabore [14] naunnbiii noaxon 06061en mist 4By x(ha3HOro C2KUMaeMoro noro-
Ka, TpexdasHoro m3orepMmudeckoro caydas u mist mogenu Black Oil. Hecmorpst
HA TO, YTO TJIODAHHOE TABJIEHUE HE WMEET SBHOTO (PU3WIECKOTO CMBIC/IA, BBE-
JIEHUE HTO 3aMEHbI MTO3BOJIMJIO MOJIYYNTh HOBBIE MATEMATHIECKUE PE3Y/IbTATHI.
O630p pabor no naHHol Temaruke npuseeH B padore [15]. Ucnonb3ys kKoHern-
uio 1a06aIbHOrO JaBieHus, B pabore [14] mokaszaHo cylnecTBOBaHUE pellleHust
33129 PUIBTPAIMY HECKUMAEMO KUJIKOCTH JIJisi BBIPOXKIEHHOI'O U HEBBIPOXK-
JIEHHOTO CJIyYaeB U IOKA3aHA eMHCTBEHHOCTH 3a/Ia9¥ B OJTHOM YACTHOM CJIYYae.
Hamnpumep, B pabore [16] moka3biBaeTCs CYIIECTBOBAHNE CIA0Or0 PEIeHNs yPaB-
HEHWIi C2KUMaEeMbIX HECMEIUBAIOLIMXCs Kuakocreii. B pabore [17] ycranosieno
CYIIIECTBOBAHME PEIeHNs 33,1a9u AByX(a3Hoi puabTpanuu B "ra00aIbHON” MOo-
cranoBke. B pabore [18] noka3biBaeTcs CylLIeCcrBOBaHUE CJ1abbIX PeLIeHuil 3a/a-
qn aByxdaszHol (DUIBTPAIME HECKUMAEMBIX YKUIKOCTeH B paMKaxX YIPOIIEH-
HOW Mogesin BOitHOI mopucrocTi. B pabore [19] ycraHOBIIEHO cyliecTBOBaHME
caabbIX pernenuii 3a1a49n AByxda3Hoi (UIBTPAIUN HECMEITUBAIONINXC CHKU-
MaeMbIX JKUJKOCTEH i Cilydasi Cpelbl ¢ pa3HbiMu 1opogamu. B pabore [20]
JIOKA3aHO CYIMIECTBOBAHUE, EIMHCTBEHHOCTHh W PEryJssPHOCTDH CJ1aboro perieHws
3aga4dn AByX(asHoi puabTpanuu HeCKUMaeMbIX kKujakocreit. B padore T. K.
Epmaramberosa [21] mokazana pas3pernmuMocTh 3a1a4uu 1By xba3Hoil HepaBHOBeC-
HoO¥ dbuabrpanmu. B pabore [22] mokazana paspenmMocThb 3a1a9u Tpexba3Hoit
duabTpanyuu B ©30TEPMHUUECKOM CIydae HA OCHOBE BBEJIEHUS TJIODATHLHOTO JAB-
Jenusi. B pabore [23] Ha upumepe MoJeJbHBIX 3a/1a4 Tpexda3Hoil u3oTepMuye-
CKO#t (PUIIBTPAIME [TOKA3aHO, 9TO € BBIYUCIUTEIHHON TOYKUA 3PEHUs PelieHrne
JIAHHON 3aJa4N C MCIOJIb30BAHNEM TJIODAJIHLHOTO JABJICHUS ABJISETCSA Oosee 3¢h-
dbekTUBHBIM, YeM perienne 3a1a9u B “dazopoit” mocraHoBke. B pabore [24] wnc-
ce0BaHa 3a/a49a O JBUXKEHUHU IBYX(PA3HOrO MHOIOKOMIIOHEHTHOTO MOTOKA HA,
OCHOBe BBejieHUsl IJ100asIbHOrO naBienus. B pabore [25] manubiii moaxoms 0606-
LIAETCsl HA CJlydail LOPUCTOii cpeapl ¢ pa3pbiBoM. B pabore [26,15] ykasanHbiit
moIxo 1, 0600IIeH IJTs 3a0a49n TpeX(Pas3Hoil HEM30TePMUIECKON (pUILTPAIINHA.

OHuM U3 MHOTOOOEIIAONINX HATTPABJIEHNH B T€OPUH (DUIBTPAINH SBJISIOTCS
3a/1a49u OIPE/IEIEHUs ONTUMAJIbHBIX MAPAMETPOB 3aKAYKN BBITECHSIOIIErO areH-
Ta JJIsT MOBBIMIEHNS HePTEOTIAYN WA MOIYIEHUsS YKEJTAEMbIX CBOWCTB ILIACTA.
JlamHble 33734y HU3YyYaJNCh B PabOTaX Ka3aXCTAHCKUX MaTeMaTukoB. Hampn-
mep, B pabore [27] Gbuia udydeHa 3aada OLPEIEJEHUs CKOPOCTH 3aKAYKHU BO-
JIBI B TLIACT 11 JOCTUXKEHUs KEJIAEMOTO TUIPOJMHAMUIECKOTO COCTOSTHUS TJ1a-
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cra. Pabora [28] mocesiena 9nCIeHHOMY DEITeHNIO 33/Ia9i OTPEIeJIeHHUs OTITH-
MaJIbHOTO JABJIEHUS MApa HA HATHETATEIbHON CKBAXKUHE JJIsl JOCTUXKEHUS TIPE/I-
oupeiesieHHOl TeMIepaTypbl BIOAb acta. B pabore [29,31] usygaerca 3az1a-
9a ONTHUMAJIbLHOIO YIIPABIEHUs il yPaBHEHUH Tpexda3Ho# HeN30TePMUIECKOH
dbunbrpanun, KOTOpas 3aKI0YAeTCI B MUHUMHU3AMUN OTKJIOHEHUS TEMIIEPATY Dbl
MJIACTa, OT 33JAHHOTO PACIPEIETIEHNsT TEMIIEPATYPhI K OMPEIEIEHHOMY BPEMEHU
pa3paboTKu, MOCPEICTBOM YIPABJIECHUsST MACCOBOIO PACXOIA TEIJIOHOCUTEJIS Ha,
HArHETATEIbHBIX CKBAYKUHAX.

N3zydenne muddepeHnuasbHbIX CBOMCTB CHCTEM ypaBHEHHUI Momenedt (puib-
TpaIuu, OIPE/eJeHNe IOPAIKA AIMPOKCUMAIUN, yCTONYUBOCTU U CXOIAUMOCTHU
PA3HOCTHBIX CXEM HYKHBI TOJIBKO Maremarukam. Vccmenosas auddepenmab-
HbIE YDABHEHWS W COOTBETCTBYIOIINE DPA3HOCTHBIE CXEMBI MATEMATHUKU CTPOST
AJITOPUTMBI JIJIs YUCJIEHHOTO PEIeHus 9TUX 3a7a4 Ha KommbioTepe. [lupokomy
KPYyTy IOJIb30BaTe el Hy>KEeH KOHEYHBIN Pe3y/bTaT: MaKeThl MPUKJIAIHBIX MPO-
rpaMM, KOMMEPYECKHe T'UIPOJIMHAMUYECKHE CUMYJIATOPbI U WHMOPMAIMOHHBIE
CUCTEMBI.

B cBst3u ¢ 3TUM HA CETOMHANTHUN JEHB TBJISIETCS AKTYaJIbHBIM COBEPITEHCTBO-
BaHUs TUIPOINHAMUYECKUX CHMYJISATOPOB HA BBICOKOIMPOU3BOAUTEIBHBIX KOM-
nbioTepax. Kak y»ke ObLIO OTMEYE€HO MMEIOTCSI COBPEMEHHBIE CUMYJIATOPHI THIIA
tNavigator or Rockflow Dinamics, Schlumberger Eclipse 300 u apyrue. Eciu
paHbIlle HAKETHl MPUKJIAIHBIX IPOIPAMM OIEHUBAJIUCH MEHBIIUM KOJIUIECTBOM
CYETHOTO BPEMEHU, TO B HACTOSIIEE BPEMS THAPOINHAMUIECKIE CUMYJISITOPBI OT-
JINYAIOTCA KOJIMIECTBOM BU3YaJIU3UPYEMBIX KAIPOB B CeKyH1y. Hampumep Busy-
amm3arop tNavigator or Rockflow Dinamics orobpazkaer Ha 9KpaH KOMIIBIOTEPA,
37,2129 KaapoB B CeKyHAY NMPHU KoaudecTBe 44 MIIH. MOJUTOHOB.

Takum 06pa3oM, aKTYAJIbHBIM SBJISIETCH CO3JAHUS MUAPOJIUHAMUIECKUX CHU-
MYJISTOPOB CIOCOOHBIX MOJEIUPOBATH MPONECC (DUIBTPAINKA C OTOOPAKEHUEM
HA 9KPAH B pEXXWME PEeASbHOro BpeMmenu. Bosbimme 3amadn puibTpanyum pac-
CYUTBHIBAIOTCS HA MOIIHBIX KJIACTEPAX, OOJIBINOE 3HAYEHNE MPUODOPETAeT WHTEP-
akTUBHBIN wHTEpdEic 11 paboThl ¢ pe3yibrataMu pacderoB. OCHOBHAS CIIOXK-
HOCTH 3aKJII0YAETCs B BHU3yaju3anuud OOJbINUX JTAHHBIX HA CPETHUX U CJIaDBIX
KJIMEHTCKUX YCTPOMCTBAX € TOR 2K€ CKOPOCTHIO ¢ KOTOPOHM IPOUCXOJUT pacyder
Ha cynepromibiorepe. [1o 3T0if mpuydnHe MHOTO BHUMAHHUS YIEISETCS MOIYJIIIO
BBICOKOTIPOU3BOAUTEILHON BU3YAIM3AIUN PE3YIbTATOB PACUETA B PEKUME De-
aJIbHOTO BPEMEHU JJis OMEPATHBHOTO OTCJIEKUBAHUSI COCTOSHUS CUMYJISAIANA U
BOBHUKAIOIINX OIIMOOK, MOCKOIbKY BpeMsi PAbOThI MOXKET ObITH JOBOJBHO J0-
porum. OcHOBHBIM (HAKTOPOM KAYECTBEHHOW BU3YAJIU3AIUU SIBJISIETCH YI0OHOE
MPEICTABJIEHNE JAHHBIX , TOITOMY 3TO HAMPABIEHUE JIOJKHO PA3BUBATHCS B CTO-
POHY yIIPOIIEHUs BU3yaJbHOTO BocnpuaTus wHdopmaimu. CaeayomuM marom
B TAaHHOM HAIPABJIEHUY MOXKHO HA3BATh MPEICTABJICHUS PE3Y/JIbTATOB PACIETOB
B B BUPTYaJIbHONH PEATbHOCTH C 3P (PEKTOM MPUCY TCTBHUS.

Ceroanst niepel; HepTera3oBoil OTPACIBIO CTOUT BaKHeHIas mpobsieMa, Ko-
TOPYIO HEOOXOIMMO HE3AMEIJIUTENHHO permarh. OHa 3aKII0YAeTCsT B HOBOM , HE
dbopmMaTbHOM , PAOOTAIOINIEM TOIXOE K MOATOTOBKE M ATTECTAIINHN CIEINAINCTOR
OTIACHBIX MPOU3BOACTBEHHBIX 00HEKTOB. JTO, MPEXKIE BCEro, mepemsada mpodec-
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CHOHAJIbHBIX 3HAHWIA, OTIBITA, PA3BUTHE TEXHUIECKONU WHTYUIUH, 8 TAKIKE JIOTUKH.
W camoe ritaBHOE — 9TO yMEHUE UCIIOIB30BATH BCE ITU YEJIOBEUECKUE KAUECTBA HE
TOJILKO B HEJIOMYIIEHUU ABAPHUI U IYPE3BbIYARHBIX CUTYAIUI HA OMACHBIX TTPOU3-
BOJICTBEHHBIX O0bEKTAX, HO U MpEeJ0TBpalieHnu ux nocueacrsuit. Ho mist aToro
HY2KHbI [OCTOSIHHBIE TPEHUHIM, HA KOTOPBIX OTPA0ATHIBAIOTCH BCEBO3MOXKHBIE
U3MEHEHUS PEKUMOB U TEXHUUYECKUE WHIIUIEHTHI, KOTOPBIE MOTYT TPOU30NTH
Ha mpeanpusaTuax HedTera3oBoit orpaciau. HemamoBaxkubivM haKTOPOM SIBJISIET-
Cs HATVIATHOCTh U «IUdpPOBasSy MPOIBUHYTOCTH 00y YAIONIUX CHCTEM — MOJIOIBIE
JIIOJIY TIOTPYZKEHbI B IU(PPOBbIE TEXHOJOIHH, «IKPAHO3ABUCHMbBI» W MAJIO MOJ-
BEPKEHBI TPAJMIIMOHHOMY HACTABHUYECTBY.

Co3ganvie W BHEIPEHWE TPEHAYKEPOB — 3TO MPOIECC, MO3BOJISIONINN yXKe B
mporecce pa3paboTku HOpMaTH30BATh U AKKYMYJINPOBATH YACTO PA3PO3HEHHBIE
3HaHWs, 00/1a/1aTe/I KOTOPHIX pa30pPOCAHBI MO PA3HBIM O0BEKTAM, BLISIBUTH U
PEeoIoIeTh HEKOMIIETEHTHOCTh OTIEIbHBIX CPEIHUX PYKOBOAUTENeH, paboraro-
[UX 1O/, JEBU30M «HUYEro MEHSATh He HAJ0» KOIJA BCE BOKPYT MEHSIETCH.

IIosToMmy HEOOXOAMMO CO3/1aBaATh KPYIIHbIE MOJAECTHPYIONINE KOMILIEKCh Hed-
TEra3oBbIX OOBEKTOB C UCIOIH30BAHUEM COBPEMEHHBIX JTOCTUKEHUN BU3YATHHOTO
mporpaMMupoBanus. VIHTepaKTUBHBIE TTAHE U MOIKIIOYEHHBIE K KOMIBIOTEPHOMN
CeTH TPeHarkepa BKIIOYAIONH B cebe BUPTYATbHBIE TOTUTOHBI, COBMEIAIOIINE
mozesu mporeccoB, SCADA u 3D — 06bekThI it OTPADOTKH TPEHUHTOB U AT-
TeCTAIMK CIIENUAINCTOB Hedrera3oBoit orpaciu. PazpabarbiBars yuebHo- Tpe-
HUPOBOYHBIE KOMIIJIEKCHI B OCHOBE KOTOPOIi JIEYKUT TOAPOOHAST MATEMATHIECKAS
MOJIeSTb peasibHOro (parmenta HedTE-ra30TPAHCIOPTHON ceTu. [Iporpammuoe
obecniedenue noskua comepxkarb CAIIP, mo3BossoIye J0CTaATOYHO OMEPATHB-
HO MEHSITh U PACIHIUPATH MOJETb CeTH, ODOPYJIOBAHUS U ABTOMATHKU. Y IIPaBIIe-
Hue y4eOHOI Hed Tera3oTpaHCIOPTHOI cerbio ocyinecrsiserca ¢ APM moapobuo
uMuTHpYOmnX peaibubie APM crnenumanuctor. [lapamerpsl paboThl peagnHOro
000pYyIOBAHUS 3aBOAATCS 0OPATHO B MATEMATHYIECKYIO MOIEH IO TTPUHITAITY 00-
paTHOit cBs3u. Takoe perenne maer 00jee MUPOKUE BO3MOXKHOCTH JIJIsT TPAKTH-
YECKOr0 ODYYeHHUs CIIEIUATUCTOB.

Takum obpa3om, B faHHOI paboTe MpoBeaeH 0030p MOCTEIHIX PADOT, BHITOJI-
HEHHbBIX DU U3y4YeHUr Mojeieil MHOroha3HOro HOTOKA KHUJIKOCTA B HOPUCTON
cpeze, a Tak»ke 0030p MOCJEIHUX TOCTHKEHUH B 00JacTH pa3pabOTKU aBTOMA-
TU3WPOBAHHBIX WH(MOPMAIMOHHBIX CHCTEM MOIEIUPOBAHUS HA OCHOBE ITUX MO-
Teneii.
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KommboTepHoe MoaeInpoBaHue
pPacCIpoOCTPaHeHUs TPEIIUHbI U3 BEPIIUHbI OCTPOro
V-00pa3HOoro BhIpe3a IIPU aHTUCUMMETPUYHOM
n3ruoe

B. Kypryzos

Mucruryr rugpomunavuku um. M.A. Jlaspearbea CO PAH
Hosocubmupck, Poccust
kurguzov.hydro.nsc.ru

Annoranus IIpoBeneHo 3KCHepUMEHTATIHHOE WCCJIEIOBAHME 3aPOKIE-
HUSI TPEIIUHBI B BePIUHE OCTPOTO V-00pa3Horo Beipe3a. PaccMmorpen an-
THUCHMMETPUIHBIN H3rub MI0CKOT0 00pa3Iia IPSIMOYTOIHHOTO MOIIEPETHO-
T0 cedeHnst, 0caabeHHOro V-00pa3HbIM BBIPE30M, T.€. P HATPY KEHUN
mo unctoit IT mome. IIpoBenersr sKCIepruMeHTHI 10 PA3pyHIIeHnI0 006pa3-
1oB ¢ V-00pa3HbIM BBIPE30M U3 oprereksia u d6ouurta. [loxydens: 3aBucu-
MOCTH KPUTHYECKON HATPY3KU OT JIOKAIIWH, TJIyOUHBI M CXEMbI HATPY 7Ke-
Hus V-00pa3Horo Bbipe3a. MeTomoM KOHEYHBIX 3/IEMEHTOB C WCIOJIb30-
BaHUE JAHHBIX SKCIEPUMEHTOB II0JIyYeHbl KPUTHIeCKrne KO3 umenTor
uHTeHCUBHOCTH HampsKenuit o I u II momam paspymenus. IIpoemeno
KOMTIBIOTEPHOE MOIEINPOBAHNE 3aPOXK/ICHUS W PA3BUTHs TPEIWHBI U3
BepIIUHBI V-00pa3HOro BhIPEe3a. BBINOIHEHO YnuC/IeHHOe MOIEINPOBAHIE
PACIIPOCTPAHEHMsT TPEIIMH B IUIOCKUX 00pPa3Iax NPy KBA3UCTATHIECKOM
Harpyx)eaun. B oKpecTHOCTH BepIIUHBI BHIPE3a BO3HUKAIOT OOJIBITHE JTe-
dopmaruu, m03TOMY 334a9a PENIaIach B TeKyInell JarpaHKeBoil mocra-
HOBKE C yIeTOM (bU3NIECKOI 1 TeOMETPUIECKOI HEJTMHEHHOCTH HA OCHOBE
00IUX ypaBHEHUH MeXaHUKN J1e(OPMUPYEMOTO TBEPIIOTO TEJIA C UCIO/Ib-
30BAHHEM B KadeCTBE MeDPbl HAIIPHAKEHUU TeH3opa Hanpskernil Komm,
a B KadyecTBe Mephl medopMarumii — TeH30pa JorapudMudecKkux maedop-
maruit [ernku. Tlosyaeno kadecTBeHHOE COOTBETCTBHUE [MAHHBIX SKCIIEPH-
MEHTa U PE3y/IbTATOB YUCIEHHBIX PACIETOB.

KuarodeBrbie ciioBa: yriaoBoil BEIpe3, KDUTePUN pa3pyIIeHAd, KOMIIBIO-
TepHOe MOJeIupOBaHKe, MeTO/, KOHEUHbIX 3J/IeMEeHTOB

BBenenue

B kiaccudeckoil MexaHUKe Pa3pyIeHUsi CUJIOBbIE U J1epOPMAIOHHBIE KPHUTe-
pUHU pa3pyIieHns OPUEHTUPOBAHBI HA WX MIPUMEHEHUE K 00JIaCTsIM, COMEPIKAIIUM
rpermuabl. OTeHKe XPYIKOil TPOYHOCTH O0JIACTell ¢ TPEIUHAMY TP HATDY XKEHH-
§X, COOTBETCTBYIOIIUX TPEM KJIACCHYIECKUM THIIAM TPEIUH, [IOCBAIIEHO DOIbIIoe
KOJIn4€ecTBO pabor. B 10 ke Bpems BilusiHUE YIVIOBBIX BHIPE30B HA BEJIMYHUHY Pa3-
pymiaonieif Harpy3Ku U3ydeHO HEJOCTATOYHO. JTO O0bLSICHSAETCS TPEXKIE BCEro
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TeM OOCTOATEIHCTBOM, YTO BCE M3BECTHBIE KPUTEPUH PA3PYIIEHUST HE TMPHCIIO-
cobJeHbl K yrioBbIM TOUKaM. ClemyeT OTMETHTh, OJHAKO, 9TO B WHIKEHEPHOI
IPAKTHKE TAKOTO POJA TMPOBIEMATHKA BCTPEIACTCSA JOCTATOTHO IacTo [1].

B sjlemenTax KOHCTPYKIMK HEPEJIKH Clydau, KOIra TPeIldHa pacllojaraeTcs
B 110JI€ HALIPAXKEHUI OT BHELIHeil Harpy3Ku Tak, 4TO OHa paboTaer He TOJbKO
Ha orpeiB (tun I), HO u Ha nonepeunstit casur (tun II). B cBasu c stum gs
OTIpeNIEIEHUsST HEeCyIeld CIOCOOHOCTH 3JIeMEHTa KOHCTPYKINHU, & TAKKEe TPEIln-
HOCTOMKOCTH MaTepuaJsa B KOHKPETHBIX yCIOBUAX HEOOXOIMMBI METOBI OIEHKH
COOTBETCTBYIONUX XapaKTepUCTUK TpeluHocToikocTr. IIpoussecTu pasjieabHoe
U He3aBUCHMOE OlpejlejieHie KPUTHYECKUX 3HavyeHuil Ko3(p(OUIUEHTOB UHTEH-
cusnoctu nanpsikennit (KMH) K. u K. MeTOIUYECKH JOCTATOYHO CJIOYKHO.
W3BeCTHO HECKOJBKO THIIOB 00PA3I0B, HO3BOJIAIONMAX IPOU3BOIUTEL HUCIBITAHAS
c onpenenenneMm Ki. u Kij.. 9T0 mIocKne 00pa3Ilbl ¢ HAKJIOHHON TPEIUHON pn
pacTsazKeHuH U o0pasell TUIIa KOMIIAKTHOTO.

DKcnepuMeHTaAbHOEe onpeaesenue Kpurtudeckoro KMH

Huxe npencraBmeHbl pe3yIbTaThl SKCIEPUMEHTATHHOIO OMPEICTCHIS KPUTHIe-
ckoro KMH s TperuH MOMEPEYHOr0 CABHUTA M YIVIOBBIX BBIPE30B IO CXEME
9eTBIPEXTOYCTHOTO AHTUCHMMETpUIHOro m3ruba. Ha puc. 1, 2 moka3aHbl cXeMbl
KJIACCUYIECKOTO TPeXTOUedHoro m3rnba mis onpenenenns KNH Ki. mo I mome
U 9EeTHIPEXTOYEIHOTO AHTUCHMMETPUIHOTO n3ruba s onpenenenns KUH Ky,
mo II mone. Harpysku P, u P, He MOryT ObITh TPOW3BOJILHBIMU: W3 yCJIOBUS
OaJstamca cuI U MOMEHTOB moaydaem P, - a = Py, - b. MomMeHT B cepemuie OanKn

obpalaercs B HyJib, T.€. PEAJM3yercs COCTOsIHUE YUCTOrO CIIBUTA U IIPOUCXO/IUT
a—1b

paspyuenue 1o 11 mozne, nepepesbiBatomias cuiia (Q = P?, rne P =P, + B,.
a

2P

A 4

Pucynoxk 1. Tpexroueunsiii u3rub.
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PucyHok 2. YerbIpexTodyedHblii aHTUCUMMETPUIHBINA U3rud.

Boumr npoBeIeHbI SKCIEPUMEHTHI 110 PA3PYIIEHUIO 60K U3 OPTCTEKJIa U 300~
anTa. cneiTbiBasanch Oaaku amuaoit L = 80 MM, mupuHoi w = 20 MM, TOJIIIH-
uoit t = 10 mm. [myOmna paspesa d = 9 mm. Pasmepsr 6aiok cOOTBETCTBOBAIN
I'OCTy na Tpexrodeunniii uzrud. [Ipu ompenenenunn paspyriaromeil Harpy3Ku
UCIBITHIBAIKCH 110 3 00pa3ia, MPU ITOM BAPbUPOBAIUCH PACCTOSHUS OT Cepe-
IUHBI 00pa3la 10 MeCTa TPUJIoKeHus Harpy3ok a u b. CHagaja paccMOTpuM
00pa3IIbl ¢ TPEIUHAMY, 3TO YACTHBIN CIydail yriioBOro BhIpe3a ¢ yriom 0 rpa-
nycos. Pe3yabrarsl ucnbrranuit npeactaBiaeHbl B Tabmuie 1.

Ta6auna 1. Kputndeckas zarpyska.

a, MM b, MM P., xH

30 10 4.0, 3.9, 4.4

25 15 9.6, 10.1, 9.8
20 20 16.9, 18.1, 17.5

Kak BuIHO U3 NpuWBEAEHHBIX PE3YIHTATOB, KPUTUYIECKAS HAIPY3KA PACTET C
yBEJIMIEHNEM PACCTOSAHUsA b, 3TO OimKaiinias K cepeauHe OATKA TOYKA IPUIIO-
xenus cui. Pa3bpoc 3Havenuit pa3pymaroieil Harpy3ku P, #e mpesbiman 5-10
% oT cpemHero 3HAYEHWS MO TPEM WCHBLITAHUSM IS KasKIOH MapTuu 00pasIoBb.
Pazbpoc 3navennit P, B OCHOBHOM CBsI3aH C HETOYHOCTHIO YCTAHOBKM O0Pa3IOB
HA OTIOPBI ¥ MECT MPHUJIOKEHUS HATPY30K.

Ha puc. 3 npezncrasiena dororpadus paspymennbix 06pa3mnos. Pazpymenue
00pa31oB KaK U3 OPrCTeKJia, TaK u u3 300HUTA, IIPOUCXO/UT 110 KPUBOI TPAEKTO-
puu, HAYWHAS OT BEPIIUHBI PA3pe3a U KOHUYAs OJIMKANITEN TOUYKON MIPUIOKEHUST
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Harpy3ku. Haunnaas ¢ HEKOTOPOro 3HAUEHUs mapamerpa b, XapakTep pa3pyIie-
HUsT 00PA3IOB MEHSIETCS.

Pucynok 3. @ororpadus pa3pymeHHsx 06pas3Ios.

Bocmonb3yeMcest METOIOM KOHEYHBIX SJIEMEHTOB JJI HAXOXKJIECHUS KPUTUIE-
ckux KUH Ki. m K. Ha OCHOBAaHUW TOJIYY€HHBIX B IKCMEPUMEHTAX 3HATEHUN
KPUTHYECKOU HArpy3Kku. Pacuernas o0/acTb U CxeMa HATDYKEHUs MOKA3AHbI HA,
puc. 4. Pacdernasg obsacTh HOKPBHIBAIACH PABHOMEPHON CETKOM, COMepIKaIIei
160000 ueThIpexy3JI0BbIX YeThIPEXYTOJIbHBIX 3JIEMEHTOB C JIMHEHHON aIlIPOKCHU-
Marmeit cmernenuii, pasmep saementa 0,1 mMm. Marepuan 6anku — U30TPOMHBIN
JmHelHO yupyruii, ¢ momxyiaem FOura E = 3200 Mlla, kosddurnuentom Ilyacco-
Ha v = 0.33. Harpy3ka mpuHuMaJsach paBHOU CpejHeil KpUTHIECKO# HAarpy3Ke,
HalJEHHOW B KCHEPUMEHTE.

Pacuer nampskeHHO-IePOPMUPOBAHHOIO COCTOSHUSA OAJIKK BBITOJIHSICI B
nakere KoHeuHOdIeMenTHOro ananum3a MSC.Marc 2017 [3]. KosdduimenTsr nm-
TEHCUBHOCTH HAmpsixkeHuit K1 m K| BBIUUCISAINCH C MOMOIIBI0 WHBAPUAHTHOTO
J-unaTerpasna, KoTopbiii B cydae miIockoil gedopmaruu cea3an ¢ Ky, Ky coor-
nomenueMm JE' = K} + K&, tne E' = E/(1 — v?). Pasnenenune J-unrerpana
Ha I u IT moapt B nakere MSC.Marc 6a3upyercs na merozne lesopensu (apyroe
Ha3BaHUE — METOJ|, UHTEIPUPOBAHUS 110 0DJIACTAM), COLJIACHO KOTOPOMY KOHTYP-
HBIIl WHTErpaJj mpeoOpa3yercsd B WHTErpaJjl Mo ILIOMIA¥M, WHTEIPUPOBAHUE Be-
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JIETCSA TIO KOJIBITY 3JIEMEHTOB, OKPYIKAIOIIMX BEPITUHY TPEITUHBI, HATPSKEHUST
BBIYUCJISIOTCS BHYTPH 3JIEMEHTOB B TOYKAX T'ayCCOBBIX KBaJAparTyp. B pacuere
HCIIONIB30BANCH 4 KOHTYPa WHTETPUPOBAHNUSA, PE3YIbTAThl 11 3 1 4 KOHTYPOB
OT/IMYAJINCh HE3HAYUTEIbHO. Pe3ysibrarsl pacueroB npuBeaeHbl B Tabiuie 2.

Pa JPb

Y

<4+

|
v

g z

777777 a
<

A

Pucynoxk 4. Pacyernas ob6s1acth u cxeMa HArpy KeHwus.

Tabunga 2. Kpurnaeckue KITH.

a, MM b, MM Kie, MITa - /M Ki1e, MIIa - /M
40 40 1.088 107
30 10 0.230 1.866
25 15 0.310 2.330
25 20 0.213 1.810

Bo BTOpoOit cTpoke npuBeneHbl 3HaueHust Kputndeckux KUH nas tpexto-
9e9IHOrO M3rnba, B CIpaBOYHUKE [2]| mpuBeneno 3uavenue 1,05 Mlla - /M, T.e.
[TOJIy9€HO XOpoIiee coBnajenne. B cieayionmx cTpoKax mpeCcTaBIeHbl Pe3yiIb-
TaThl 0 aHTUCHMMerpudHOMY m3rudy. Kak BuaHO, 9uCTbIil CABUT OKa3ajcs He
COBCEM YHUCTBIM, PA3/IEJIUTh MOIbl PA3PYIIEHUS, TaK YTOObL IIepBasd OKA3aJIACh
6JM3Ka K HYJII0, HE yIAeTCst, TOTPENTHOCTh COCTaBasieT mpuMepno 11%.
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KomnbsroTepHoe MoaeimpoBaHne PacIIpOCTPAaHEHU
TPEINTUHBI

IMepexoauM K KOMIBIOTEPHOMY MOJETUPOBAHUIO PACITPOCTPAHEHUST TPEIHHBI
[pU aHTUCHUMMETPUYIHOM u3rube. PaccMoTpum pelieHne KOHTAKTHON 3a/1a4u,
cxema Harpyzkenwsi Oajku mpejcrasjieHa Ha puc. 5. Banka — medopmupyemoe
TEJIO, TIOJYOKPYKHOCTH — YKECTKHE TeJid, KOTOPbIEe MOIEJIUPYIOT OMOPHBIE IIH-
JINHZIPBI ¥ HATPY30YHBIE IWJIVMHIPHI, KOTOPBIE TIEPEIAI0T BO3IEHCTBIE TPABEPCHI
UCOBITATE/IFHOW MaImwHbl Ha Oanky. Tum KOHTakTa — KacaHue, T.€. BO3MOXKHO
MPOCKATb3bIBAHUE 0e3 TpeHus. 3aada Penajach B TEKyIIeil JarpaHKeBoil mo-
CTaHOBKE C ydeToM (DU3UIECKOW W TNeOMETPUIECKON HEeJTUHEHHOCTH HA OCHOBE
0BImMX ypaBHeHuit MexaHnukn nechopMupyemMoro Teeporo Teina [4] ¢ ncronb3opa-
HUEM B Ka4eCTBEe Mepbl HANPs2KeHuit TeH3opa Hanpsizkennit Komm, a B kauecTse
MepbI gedopMariuii — Ter3opa Jorapudmvudeckux gedopmarmit [enkn.

Pa Pb

L L

Pucynoxk 5. Pacuernast 06;1acTh 1 cXeMa HarpyKeHUsI B KOHTAKTHOMN 3a/1ade.

IIporecc pacmpocTpaHeHUsT TPEIUHBI B JIMHEHHO YIIPYTOM M30TPOITHOM TEJIe
MOXKHO XapaKTepPU30BaTh WHTEHCUBHOCTHIO OCBOOOXK IeHUsT yIPyroit sueprun G,
KOTOpasg B METO/E€ KOHEUYHBIX HJIEMEHTOB BBIYUCJISAETCS C MTOMOIIBI0 METOIUKU
supryasibaoro 3akpbirug Tpemmabl VCCT (Virtual Crack Closure Technique).
Konnenmusa kBasuxpynkoro paspyirenns ['puddurrca ocHoBaHA Ha SHEPreTHIe-
ckoM Oasance sneprum AedOpMaInn TeJaa U PaboTol, 3arpadnBaeMoil Ha oOpa-
30BaHME HOBOW MOBEPXHOCTU. JHepreruyeckuit kpurepuii ['puddurca MoxHO
3ammucarh B BUJIE

aw
G=- < Gc7
dl
e W — sueprus gedopmariuu, | — anuaa tpemudbl. [lapamerp G, HasbiBa-
ercs BA3KOCTHIO PAa3PYLIEHUs U SBJILAETCH XaPAKTEPUCTHKON Marepuasia, oipe-
JIeJTSIeMOM W3 9KCIEPUMEHTOB. JIJIs W30TPOMHOrO JUHEHHO YyIPYroro MaTepuaa
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G. = J. = 0.3 H/Mwm, T.e. paBeH KPUTHYECKOMY 3HA4YeHWIO J-WHTerpasa, Haii-
JIEHHOMY 73 YKCIEPUMEHTOB.

Pesynbrarer pacaera mpesacrasienst Ha puc. 6, 7. llBeTom mamxenTa moka-
3ana HadasbHad Koudwurypamus. Ha puc. 6 paccrosinue 10 HArpy30YHOrO IiH-
smaapa 10 MM, wa puc. 7 — 15 mm. Habutonaercs kagecrsennoe coBuajieHue
pe3yabTaTaMu SKCIEPUMEHTA.

Inc: 46
Time: 4.581e-001 MSC A Software

1.000e +000

9.000e-001

0.000e+000 Y

L.

Default Static Step

Contact Status

Pucynoxk 6. Pactpocrpanenne Tpenmusl n3 BepmuHbL pa3pe3a, b = 10 mm

Paccmorpum Teneph pe3yabTaThl UCIBITAHNS HA AHTUCHAMMETPUYHBIN U3rud
0aJIOK C ABYMsI KPAE€BBIMU pa3pe3aMu JInHOM 3 MM. /[Be CXeMbl HATPYKEHUS C
OTHOCTOPOHHUMU U JBYCTOPOHHUMU OITOPAMU MOKA3AHBI HA PHUC. 8, 9. DTU CXeMBbI
Ha IePBbIil B3IJIA[ BBIVIAIAT SKBUBAJIEHTHBIMHU, IIOCKOJIbKY CHJIy MOXKHO 3aMe-
HUTH Peakiueil onopbl U HA0OOPOT, PEAKIIUIO OIMOPbHI MOXKHO 3aMEHUTH CHJION.
OHAaKO B KOMIIBIOTEPHON MOJIETN BOZHUKAET PA3IAUNE.

Pazmepnr 06pa3ioB Te ke caMble, PACCTOSIHUS JO HAPY30YHBIX NUIHHIPOB
20 m 10 MM, 25 u 15 mm. Dororpadus oOpasiia ¢ yrIOBbIM BHIPE30OM MTOCIIE Pa3-
pytienns nokazana Ha puc. 10. Bumao, 9TO BO3HHKAIOT ABE AHTUCHMMETPUIHBIE
TPEeNIuHbI, KOTOPbIE PACIPOCTPAHAIOTCS OT BEPIIMHBI BHIPE3a K MECTY IIPHUIIOKEe-
uHus Harpy3ku. C yBejqndeHneM PACCTOSHUS OT BbIPE3a J0 TOYKH IIPUJIOXKEHUS
Ommkaiimeit marpysku (10 MM u 15 MM) KpuTHYecKash HArpy3Ka 3HAYUTEIHHO
Bo3pactaer oT 5.2 kH 10 14.6 kH. Mase#imas HeTOYHOCTH NIPU YCTAHOBKE HUXK-
HUX ONOPHBIX U BEPXHUX 3arPY304UHBIX IIUIHMH/IPOB, a TAKXKE Pa3JInine B [IyOnHe
BBIPE30B C TOYHOCTDHIO 70 COTHIX /I0JIeil MUJIJIMMETPA, TPUBOAUT K HECHUMMETPHY-
HOMY paspyinennio obopasna. /I3 9-tu wmcnbiraHHbIX 0OPA3I0B CHMMETPUYHbBIE
TPEITUHBI BO3HUKAJIN TOJHKO B 2-X CIyYasdX.

PesynpTaThl KOMITBIOTEPHOTO MOJAEIUPOBAHUS TIOKAa3aHbI Ha, puc. 11, 12.
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Inc: 20

Time: 7.081e-001 MSC X Software

1.000e+000

9.000e-001

0.000e+000 Y

L.

Default Static Step

VCCT Energy Release

Pucynok 7. Pacupocrpanenue TpeimuHbl 13 BepiiuHbl pa3pe3a, b = 15 Mmm

P, Cxema | P,

C
C

e e

Pucynok 8. Cxema Harpy»eHnst ¢ OJJHOCTOPOHHIUMU OITOPAMH.
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Cxema 11 P,

B,

Pucynok 9. Cxema HarpykeHus C JBYXCTOPOHHIMU OIIOPAMHU.

Pucynoxk 10. @ororpadus pa3pyuieHHOro 00pas3ma: ABe aHTUCHMMETDPUTIHbBIE TPeII-
HBI.
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Software

Inc: 26
Time: 9.580e-001 mSC,

Default Static Step

VCCT Energy Release

Pucynoxk 11. Harpyxenune mo cxeme 1, omaocTtoponnne omnopsl, paccrosaus 20 u 10
MM, HECUMMETPUIHBIE TPEITUHDI.

Inc: 50

Time: 9.583e-001 MSC X Software

Default Static Step

VCCT Energy Release

Pucynoxk 12. Harpyxenue 1o cxeme 2, 1ByCTOpOHHIE OmIOpbI, pacctosians 20 u 10 v,
TPEIIUHBI PACHPOCTPAHAIOTCS CUMMETPUIHO.
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NcnbiTanng Ha aHTUCUMMETPUYHBIN n3rud 0aJIOK C
YTJIOBBIM BBIPE30M

Paccmorpum reneps pe3ysibrarbl UCIBITAHUS HA AHTUCHMMETPUYHbIN n3rud 6a-
JIOK C YTJIOBBIM BBIPE30M C yriioMm pactBopa 90° riybunoit 8 mm. Pe3yabrars! uc-
BITAHUH TpeacTaBenbl Ha puc. 13. [Ipu ompeaenennn pa3pymaorieil Harpy3Ku
HCOBITHIBAJINCH TIO TPU 00pA3Ia OJMHAKOBLIX PA3MEPOB, HO C PA3HBIM PACIIOJIO-
JKEHUEeM HArpy309HbIX IuanHaApoB, b = 10 mMm, 15 mm u 20 mm. Pa3zpymmenue
oOpa3iia Bcer/ia HaYMHAJIOCh B BEPIIUHE BbIPE3a U IPOI0JIZKAJIOCH JI0 MECTA IIPH-
JoxkeHus Oymkaiimeil Harpy3ku. C yBesmaeHneM pacCTOsTHUS b pa3pyIiaoias
HArpy3Ka yBeauauBaeTcs. Pazdpoc 3HaYeHniT KpUTUIeCKON HArpy3KU HE TPEBbI-
mraer 10% oT cpemHero 3HaYEHWs W 3aBHCUT OT TOYHOCTH yCTAHOBKH OMOPHBIX
OAJITHIPOB.

Pesynbrarbl KOMOBIOTEPHOrO MOIEINPOBAHUSA, MTOKA3aHHbIe HA puc. 14, 15,
00HAPY?KUBAIOT KAYECTBEHHOE COBIIA/IEHUE C YKCIIEPUMEHTAIbHBIMU JAHHBIMUA.

ITonyuyenue xputudeckoro KMMH naga 6aiok m3 oprcreka
C YIVIOBBIM BbBIPDE€30M

Paccmorpum ocTphlii yritoBOi BhIpe3 B O€CKOHEYHOM Teje. BBemeM mexapToBy u
MOJIAPHYIO CHCTEMBI KOOPJAWHAT ¢ HAYAJIOM B BEPIITMHE BHIPE3a, KaK MOKA3aHO HA
puc. 16.

AcumnToruka mod HANPSZKEHWH U CMEIIEeHU B OKPECTHOCTU BEPIITHHBI BbI-
pe3a umMmeer Bu/

_ KI KII
Oap = (271’7“)1 A1 fa,ﬁ( ) (27TT)1 (9 \1—Xo faﬂ’( )a
Kir K2

Ug = Wga( )+ mga(e)-

Koad dunumenTs! mpu raaBHBIX WIeHaX aCHMITOTHYECKUX PA3JIOKEHUN MO HA-
MPSKEHNH HA3BIBAIOTCS ODOOIIEHHBIMU KOIMDPUIMEHTAMH WHTEHCUBHOCTH Ha-
npsizkennit u obozHadaiorcs K|' (paspymenne no I mone), K|} (paspyuieHue mo
IT mone). ITokazaresnu crenedu Ay 1 Ao ONKUCHIBAIOT CUHTYJIIPHOCTH TI0JIs HAIPSI-
JKEHUH B OKPECTHOCTH BEPIIUHBI BbIPE3a M SBJISIOTCH KOPHAMU XapaKTEPUCTHU-
9eCKUX yPDaBHEHUN

A1 sin2a 4+ sin 2\ = 0,
Ao sin 2 4 sin 2 s = 0.

3aBucuMOCTb MOKa3aTesell CUHIYISIPHOCTH A1 U A2 OT yrjia w (B paJuaHax)
mnpejcraBiena Ha puc. 17. 3aMerum, 9rT0 Ao HE SBJSETCs CHHUYJISIPHBIM JIJist
yIj0B BbIpe3a w Oosbimux 102.6°, B TO BpeMs KakK A\i CHHIYJISPHO Jjis BCEX
w < 180°.
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Pucynoxk 13. Pe3ysbrar ucnibiTannst Ha aHTHCUMMETPUIHBIA M3rU0 GAJIOK C yIJIOBBIM
BBIpe3oM: 06pa3mpt 1-3 b = 10 mm, obpasmpst 4-6 b = 15 MM, obpasipsr 7-8 b = 20 mwm,
CTIpaBa yKa3aHa KPUTHYECKas HAarpy3ka B K.
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Inc: 27

Time: 7.580e-001 MSCASoftware

Default Static Step

Contact Status

Pucynoxk 14. OaH0CTOPOHHHAE OIIOPHI, TPEIIMHA IIPOIBUTAETCA C U3JI0MOM TPAEKTOPUM.

Inc: 54

Time: 7.580e-001 MSCASoftware

Default Static Step

Contact Status

Pucynoxk 15. /IBycTOpOHHME ONOpPBI, OTJIAYHA OT HIPEIBIAYINer0o PHCYHKA He3HAYH-
TeJIbHBI.
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Pucynoxk 16. Cucrema KOOpAMHAT B OKPECTHOCTU V-00pa3HOro BbIpE3a.

0.0 0.5 1.0 1.5 2.0 25 3.0
()

Pucynok 17. BaBucumocTh mapamerpa A oT yria w (B pag@anax).
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s w = 180° mokazarenu cuuryasgproctu A\ = 0.5445, Ao = 0.9085, moaTo-
My CHHTYJISIDHOCTB TT0JIs1 HanpsizkeHuit 1 — Ao = 0.0915 nHamuoro ciabee yem st
TPEIIUHBI.

Kpurngecknit o6o6mennsit KUH nma yriaosoro seipesa Kjp, Hafizem cos-
MECTHBIM HCIOJb30BAHUEM ACHUMIITOTUKU [OJIs HANPSXKEHUH ¥ CMEeleHuil B
OKPECTHOCTH BEPIIWHBI BHIPE3a, METOIA KOHEUYHBIX IJIEMEHTOB U DKCIIEPUMEH-
TaJIbHBIX 3HAYEHUN pa3pyIaoIeil Harpy3ku. lloryueHHbIe pe3yabTaThl CBEIeHbI
B Tabjuiy 3.

Tabauna 3. Kpuruueckne KIH.

a, MM b, Mm P., xH 1., MIla - m9-0915
30 10 2.93 13.039
25 15 8.87 19.740
25 20 14.2 14.044
P <+ W, w, —»P

Pucynoxk 18. Pacra:xenne IyIacTUHBI ¢ IBYMS CUMMETPUYHBIMYU YTJIOBBIMHU BBIPE3AMMU.

3akJrodyeHue

1. Iony4vens! 3navenus kpurtunideckoro KMH nonepednoro capura Jj1st OPreTeK-
Jta Kak Jyis Tpermmabl w = 0°, Tak u [t yIioBoro Beipe3a w = 90°.

2. [lpoBeneHO KOMMIBIOTEPHOE MOIEIUPOBAHUE 3APOXKICHUS W PA3BUTHSA TpPE-
IIIAHBI U3 BepIIUHbI V-00pa3HOro Bhipe3a. 11o/ydeHo Ka4eCcTBEHHOE COOTBET-
CTBUE JAHHBIX IKCIEPUMEHTA U PE3Y/IbTATOB YUCJIEHHBIX PACIETOB.

3. Cdepa npumenenus: HOPpMyJIUPOBKA KPUTEPUST PA3PYIINEHUST TIO CMeEIIaH-
HOI MOfe [IJIsi MPeICKa3aHusd KPUTUIECKOW HATPY3KM TpPU pacTsiKeHwu 1-
00pa3HbIX KOHCTPYKIMI B MUKPO3JIeKTpoMexanndeckux cucremax (MOMC).
Takwe KOHCTPYKIMU 9acTO O0JIAJAI0T OCTPHIMY yIJIAMHU, BCIEICTBUE H3TO-
TOBJIEHUSI ILyTEM AHU30TPOILHOIO XMMUYIECKOrO Tpasienus (puc. 18).
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Hcnonb3oBaHue MeToa KOHEYHBIX 00bEeMOB J1JIsd
pellleHns YPaBHEHUA MI€PEHOCA U3JIy4YeHUd B
NPUKJIAJIHBIX 3a7a49aX

K. JIurBunmnes

Nucruryt remnodusuku mm. C.C. Kyrarenanze CO PAH,
Kpacuospck, Poccus
sttupick@yandex.ru

Awnnsoranus B nponecce pazpaborkn B Kpacmosipckom dusmame 1T
CO PAH kowmrmuiekca nporpamm «SigmaFlows, npennasnadenHoro ist
PeleHns 33144 BIYUCIUTe/IbHON TUIPOJMHAMUKY U TeII000MeHa, ObLIu
PeaJIn30BaHbl MAaTEeMATHIEeCKUE MOJIEIN [IePEHOCA W3JIyUeHHs, OCHOBAH-
HBIX HA UCIO/Ih30BaHUN Pl mpubankeHns W MeTOa KOHEIHBIX 00beMOB
(MKO). Peasusosaunbiit MKO nojjepuBaer MHOIOLIOTOYHbBIE BbIUUC-
JIEHUS HA OCHOBE IIPOCTPAHCTBEHHON IEKOMIIO3UINY PACIeTHON 06/1acTi
HA HECTPYKTYPUPOBAHHBIX CETKAX W yTJIOBYI0 MHOTOOJIOTHOCTD (HEOIHO-
pPOAHAsA 10 LPOCTPAHCTBY yIVIOBas AuCKperu3aums). s pemenun cu-
CTeMBI JIMHEHHBIX aJre0panteCKIX yPaBHEHUH, IOy IeHHBIX C UCII0JIb30-
BannemM MKOQO, Gblim paccMOTpeHbl KakK CTaHIaPTHbIE METOIbI, UCIIOIhb-
3yembre Tpu pemiennn ypasuenwii ruapognaamukn (BiCGSTAB, DILU,
CS m T.1.), Tak m cxema “Gerymero cuera’.

Ha 6aze xommrekca mporpamm "SigmaFlow 6bu1 pemren psin mpukiazi-
HBIX 332, B KOTOPBIX OHUM U3 OCHOBHBIX MEXaHN3MOB II€PEHOCA TeIlIa
ABJISJIOCH M3/Iy4€eHHe: MOIEIMPOBaHIe ra30B0i TONOYHON KaMepbl, Tope-
JIOYHOTO yCTPONCTBA W BAKYyMHOH 3JIEKTPOIIECHTH.

KuroueBsbie ciaoBa: Ilepenoc m3iydenunsi, MeTOI KOHETHBIX 00HEMOB,
YHUCJIEHHOE MOJe/IMPOBaHue

Beenenue

[Ipu ucmop30BaHNT IUCIEHHOTO MOJIETUPOBAHUS I PEIIEHNs IITUTPOKOTO KJ1aC-
ca TPUKJAIHBIX 33349 OOJIBIIIOE 3HAYEHWE MMEET BO3MOXKHOCTH HACTPONKH U
aJanTal MAaTeMaTHIeCKUX MOJIeIel Jjisi OMUCBIBAEMBIX MIPOIECCOB, KOTOPHIE
[O3BOJIsAJIA Obl YMEHBIIATH BBbIYUCIUTEJIBHBIE 3ATPATDHI, [TOKA3bIBAs IIPU ITOM
MpueMIeMyio TOYHOCTh. OCOBEHHO 3TO BayKHO TIPU PEIIEHNN 3a/1a4N TTePeHoca
U3JIy9eHns, KOTOPasi MOYXKET MPEeIbABJIATH 3HAYNTEIbHBIE TPEOOBAHMS K BBITIC-
JINTEJIbHBIM PecypcaM BCJIEJCTBHE HEOOXOAMMOCTH YUeTa aHU30TPOIUU PACIPO-
CTPAHEHUS W3JTyYEHUs] M0 PA3HBIM HAMPABIEHUAM U 3aBHCAMOCTH OMTHYCCKUX
cBoOiicTB cpenbl or 4dacrorbl uidnydenus. B Kpacnospckom dummase UT CO
PAH upu paspaborke komiuiekca nuporpamm «SigmaFlows [1], upeanasnadenno-
rO JIJIs PEIieHus 3329 BBIYUCIUTEIbHON THIPOINHAMUKY U TEIJIO0OMEHa, ObLIN
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peam30BaHbl MATEMATHYIECKIE MOJIEITN TEPEHOCA N3JTY Y€HHsT, OCHOBAHHBIE HA UC-
[OJIb30BaHNK P; mpubinKeHus: u MeToa KoHeIHbIX 06beMoB (MKO), koTopbie
PA3BUBAJIMCH MPU PEIIEHUH MPUKIATHBIX 3a1a4. TakKe i MPOBEIeHUs CPaB-
HUTEJIbHBIX PACYETOB ObLI peasin30BaH JUCKpeTHO-opauHaTHbiil Meros, (1OM)
Ha ocHoBe S,, KBauparyp [2].

Ecnu P, mpubiuskerre uCmoiIb3yeTcs yKe T0CTATOYHO JABHO, TO METO. KO-
seunbix 00bemoB (MKO) mjia permenus ypasuenus nepenoca usiydenns (YITN)
MOSIBUJICSI ¥ CTAJI AKTHBHO PAa3BUBATHCs TOJIBKO B 90-bIX r0JIax IIPOIIJIOTO BEKA,
HO K HACTOSIIEMY BPEMEHH II0JIy YuJl JOCTATOYHO IMPOKOEe pacupocrpanenue [3].
OcobBEeHHO MOXKHO OTMETHTH €r0 UCIOJIB30BAHKE B CBODOIHO PACIPOCTPAHIEMbBIX
mporpamMax OpenFOAM u FDS, npegnasHavueHHbIX IJIsI YHUCICHHOTO MOIEIIH-
POBaHUM TIPOIIECCOB, CBI3AHHBIX C TUAPO-TA30JUHAMUKOI M CJIOKHBIM TEIJIOMac-
conepernocom. MKO obsagaer psgoM MpeuMyIiecTs M0 CPABHEHUIO C JAPYTUMU
METOJIAMU PEIeHUs ypaBHEeHUs mepeHoca TemioBoro udnydenus. Tak MKO ne
UMeeT OrpaHUYEHUIA 110 OLTUYECKUM CBOMCTBAM Cpe/ibl (HEOHOPOJHOCTb, AHU30-
TPOIHOCTD, paccesnue) B oriudue or P, upubsiuzkenuit (ocobenno Pp), meroja
JIMCKPETHBIX HAMPABIEHWH WM CIEIUATIbLHBIX TPEOOBAHMI K pacueTHOW obsa-
CTH B OTJIMYHE OT NMOTOKOBBIX MeTos0B. Ilo Tounoct MKQO ycrynaer jay4deBbiM
merogam (Hanpumep, Monre-Kapiio), ognako, TpeboBaHus K BBIYUCIUTEIbHBIM
pecypcam jist Hero 3uaduresibuo Huke. Ilpu cpasuenuu ¢ JIOM MKO sasnser-
Csl HEMHOI'O D0JIee PecypcoeMKUM, HO KOPPEKTHEE OIKMCHIBACT PACCESTHUE U3ITy de-
mus. K mocronncrsy MKO Takke MOXKHO OTHECTH €r0 OTHOCHTEIHHO TTPOCTOMN 1
HarIsAHbI BeIBOX, M YIIUT [4].

MartemaTndyeckasd MOJeJIb IEPEHOCA W31y YEeHUST

YpaBHEHUE IEPEHOCA, M3JIy Y€HUsT OMUCHIBACT ODAJAHC SHEPTUU TPHU JAHHON 9aCTO-
Te M3JIyIeHHs, TOCTYIIAONIEr0 BAOIb HAIIPABICHUS S B MAJIBIA 3JIEMEHT 00beMa
[IOIJIOLIAIONIEH, UCIIYCKAIOUIEe U pacceuBaroeil cpelibl:

drl, (r,s)
ds

oy, (1)

=—=B,(r) 1, (r,s)+ Kk, (r) In, (1) + o

/I,, (r,s)®, (s, s)ds
4

(1)
rae I, — MHTEHCUBHOCTh M3Iy4eHusi; rae Ip, - WHTeHCUBHOCTH M3JIydeHHsS ab-
COJIIOTHO 4epHoro rena; 3, — xkoadduuuenr 3aryxauus (8, = 0, + Ky,); Ky —
KO3 DUITHEHT TTOTJIOMIEHUST; 0, - KOI(MDMUIINEHT paccesiHus; {2 — TeJIEeCHbIN yTo;
T — PAQJINYC-BEKTOD; § — HANPABJIEHNE PACTIPOCTPAHEeHNS n3TydeHus; @, — QyHK-
[UsT PACCESTHMUS.

Jlmst onucanns KO3 PUITHEHTa, MOTJIOMIEHUS CPEIbI UCIIOTb30BAINCH MOIETN
«ceporo razar, WSGG (Weighted Sum of Gray Gases) Mo/ies1i1 1 OJIOCHBIE MOJIe-
JI, CO3JIAHHBIE HA OCHOBE OTKPBITOM 0a3bl JAHHBIX CIEKTPAJIBHBIX CBOHCTB Ia30B
HITRAN (HIgh-resolution TRANsmission molecular absorption database) [5].
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MeTOﬂ KOHEYHOro oobema AJId ypaBHEeHUd IIepeHocCa U3JydYeHud

MEKO ocHoBan Ha JUCKpETU3AIUU IPOCTPAHCTBEHHOIO U yIVIOBOIO pacIpeieie-
HWsI WHTEHCHBHOCTH M3JIyYeHHsl - Pa3OHEeHNN HA KOHTPOJIbHBbIE OObEMBI M KOH-
rposbHble (restecHbie) yrubl (Puc. 1). Tuckpernsrit anagor YIIN nas MKO mo-
JIy9aeTcs MHTerpupoBanueM ypasHeHus (1) 10 KOHTPOMBHOMY OOBEMY M KOH-
TPOJIbHOMY yruLy [4].

z 4 KoHTpoabHbIH yroa N /
w P % E
*—— o
7, —
nl‘
y 7’\1
N
’
6)

Pucynok 1. IlpocTpancTBernas m yrioBas amckperm3armss YI1IM: a) KOHTpOIBHHBIH
yrour; 6) KOHTPOIHHBIN 06'beM M OPHUEHTAIM KOHTPOJIBHOTO yTJIa.

B urore nuckpernbiii Bu ypasaerus (1) j1j1g IpOU3BOIBHBIX TPOCTPAHCTBEH-
HBIX CETOK TPU [-OM HAMPABJIEHUH PACIPOCTPAHEHUs U3TYUEHUS MOXKET ObITh
3AIMCAH CIEIYIOMMIM 00Pa30M:

> I, AnDh, = (=BIL + S') AV AR, (2)
nb
rie

L
S'=kly+ & Zle ' AQY,
Dyy= [ (8" mm) de2;
AR
AN - KOHTPOJIBHBIN TEJECHBIN yros; MOJACTPOYHBIN HHIAEKC nb — IpaHb KOH-
TPOJILHOTO 00beMa C y3JI0BOi TO4UKO# P; Pl - ycpeanennas QyHKIIASA PAacCen-
BaHWs W3 KOHTPOJBHOTO yria !’ B KOHTPOIBHBIN yTOIT .

IIpu wcmosb30BaHUN TPOTHUBOMOTOYHON CXEMBI ANITPOKCUMAINN, 3HAIEHUE
HHTEHCUBHOCTA B KOHTPOJIBHOM O0OBbEME CHOCHTCH HA TPAHU, PACIOJIOKEHHBIE
[0 XOJy PaCIPOCTPaHEHWs W3JIy4eHUs B TEKyIlneM Hampasjiennu. JlucKperHast
dopma MKO i1 mpoTHBONOTOYHON CXEMbI AIIPOKCUMAIIMN ISt IPOU3BOJIBHBIX
CETOK 3aTNMChIBAETCS CIEAYIONINM 00pa3oM:

ol = a1ty 1, ®
nb
riue
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al, = max (—Aanilb, 0) ,
alp = Y max (A Dy, 0) + Bp AVp ALY,
nb

b = SLAVRARQL.

JIJIst yMeHBIIeHnsT OMMOKW, BHOCUMO# TepecedeHneM TpaHeil KOHTPOJbHBIX
00bEMOB € KOHTPOJILHBIMU TeJIeCHLIME yIVIAME, TeJIeCHbIH yroa 2! MOKHO pas-
OUTH MIOCKOCTBIO TPAHU Ha JBa TelecHBIX yraa 217 m 27, coorBeTcTBytommx
BXO/dlIeMy U Bbixoasuiemy udinydenuto (Puc. 2). B arom cayuae ypasuenue (3)
mozudunupyercs cueayiomum obpazom [6]:

I I+
Anp = _Aannb

ijg = / (sl ~nnb) df?

ANE
ap =Y AwDL, + BpAVP AL (4)
nb

Haacrpodrbie MHAEKCHI «+» U «-» COOTBETCTBYIOT BXOISAIIEMY U HCXOISIIE-
MYy IIOTOKAM M3JIyIeHHs B KOHTPOJBHBII 00beMm P.

Jamayio MoauduKAIAIO MeIecO000Pa3HO UCIOIb30BATh Ipu rpy0o# yriioBoit
IUCKPETU3AINH, B IPOTUBHOM CJIyUae BJUSHUE JAHHON ONMMUOKYM MUHUMAJIBHO.

KOHTPOBHBIE
oGhem

LYrenecubiii
yron

II0CKOCTH,
nepeceueHus
KOHTPOJILHOTO
obbema 1
TeJIECHOrO yria

Pucynoxk 2. IIpumep nepecevuenusi KOHTPOJIHHOTO yIJia C TPAHBI0 KOHTPOJIBHOTO 00b-
ema.

s crpykrypupoBariubix cetok B MKO Obuta peann3oBana momaep:kka yr-
JIOBO# MHOTOOJIOYHOCTH, KOTOpas TO3BOJISAET 33/aBaTh PA3HYIO YTJIOBYIO IUC-
KPeTH3alyio B IpocrpancTse. JJaHHBIA IIOAXO/ IIO3BOJISET IPU HEOOXOAUMOCTU
JIOKAJIbHO pa3pellaTh yIJIOBOE pacipeiesenne u3iydenusd. JJaHHblil 101x01 no-
Kazaj cBol0 3(GMEKTUBHOCTD I TECTOBbIX 3asa4 [6], oxHako, upu pelienun
MPUKJIATHBIX 33744 C UCIoJb30BanueM «SigmaFlows me mcnosb3oBasics.
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B kagyecTBe rpaHWYHBIX YCJIOBUN OBLIM PEATU30BAHBI MEPUOINIECKUE TPA-
HUYHBIE YCJI0BUA U AudDYy3nOHHOE U3JIy 9€HNE HEMPO3PAIHOii moBepxHOCTH. [Ipn
MEPUOJUIECKUX TPAHUYHBIX YCIOBUIX CBI3BIBAIOTCS JBE TPAHUIIBI, HA KOTOPHIX
3a/Ia6TCS YCIOBUE PABEHCTBA, PACIIPEIETIEHUsT BXOSIIEH, i OMHON IPAHUIIBI, U
UCXOMAIIEH, J1Jisl JIPYroi MPAHUIIbI, HHTEHCUBHOCTH u3i1y4deHus. CiioKHOCTD pea-
JIN3AINY TEPUOINIECKUX rpaHndHbix yeaosuit qius MKO Bo3uukaer n3-3a HEBO3-
MOXKHOCTHU OTHO3HAYHON CBSA3U MEXK/Y ABYMSI TUCKPETHBIMA TEJIECHBIMU yIJIAMU
HA Pa3HBIX NEPUOANIECKNX rpanuiax. [1osTomy mis mepruoanIecKnx rpaHuaHbIX
YCIOBHIT KaXKIbII IUCKPETHDBINH TEJEeCHBIN YIoJ MOXKET OBITH CBSI3aH C HECKOJb-
KUMH TEJIECHBIMU YIJIAMHU Ha JIPYroil I'PaHUIE C 33JaHHbIM BecoM. ['panmdanoe
ycsioBue B Buae audDy3MOHHOTO M3IydeHusT HAnboIee 4acTO BCTPEYAETCS TPU
PeITieHny TTPUKJIAIHBIX 331349, KaK B CJIEICTBUE MPEODJIaIaHIs TIOBEPXHOCTEH CO
CTEMEHBI0 YEePHOTHI OJIU3KON K €IUHUIE, TAK U B CJIEJACTBUU OTCYTCTBUS JAHHBIX
[0 WHIMKATPUCE OTPAYKEHUs W UCITYCKAHUS.

Hus perenuss CJIAY (3,4) MOXKHO IPUMEHSTH KAaK CTAHAAPTHBIE METOIbI,
UCLOJIb3yeMble 1pu pewlenuii ypasuenuil ruapogunamuxu (BiICGSTAB, DILU,
CS u 1.1), Tak U cxeMy «Oerymiero cueras [7]. IIpenmyuiecTBO TEPBBIX METO-
JIOB 3AKJII0YAETCS B TOM, YTO OHU YK€ OBbIJIM PEaM30BAHbBI [IJIsI PEIICHUsT 330
PUAPOJMHAMUKHA W TEILI00OMEHA.

CyTb cxeMbl «BeryIero cueray 3aKJI09aeTCs B MOCJIEI0BATETLHOM PACUETe
MHTEHCUBHOCTU U3JIy4eHUs B KOHTPOJIbHBIX 00bEMax B BHIODAHHOM HAIIPABIIE-
unn (Puc. 3) [5]. Juist m060# CeTKM € BBIMYKIBIMU sT9efKaMi MOYKHO TIOCTPONUTH
TaKyI0 T10CJIe/0BATETHLHOCTD 00X0/1a KOHTPOJIbHBIX O0bEMOB B IIPOU3BOJILHOM Ha-
[PABJIEHUU DPACIPOCTPAHEHNUS W3JIy9eHUsi, 9YTO U3JIyUeHUe, TOCTYIAIONIEE B Te-
Ky KOHTPOJIbHBIA 00beM, OyIeT BCerma M3BEeCTHO.

@

X

Pucynoxk 3. Jlemoncrpanus 06x01a KOHTPOIBLHBIX 00bEMOB 5T CXeMBI «OeryIiero cte-
Tay.

ITpumepsr 3amau coBmecTHOro ucnojgb3oBanud MKO u Py
OpuOIM>KEeHUS

st MHOTMX TPHUKJIAIHBIX 3324, B KOTOPBIX MPUCYTCTBYET TEIIOOOMEH H3J1y-
YEHHMEM, JI0 CHX 10D Hcnosb3yercsa P; npubnvkenue s pernenust Y [, 9to
OTTPaBJAHO, KOT/Ia MOYKHO MCIOJIH30BATh MPUOJINIKEHNE «Ceporos ra3a W cpena
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SIBJISIETCST OMTUYECKU TOJICTOM WJIH, €CJIN HE MHTEPECYEeT KOPPEKTHOCTH PACIPEIe-
JIEHUsI TIOTOKA, M3JIyUYeHUs Ha TPAHUIIE PACIETHO obsacTu. B aTom ciryguae MOxK-
HO CYIIIECTBEHHO COKPATUTH BBIYMCIUTEIbHBIE i BPEMEHHBIE 3aTPATHI HA PACUET
noJis u3nnydennsi. Korna ke HEOOXOAMMO YYUTHIBATH 3aBHCAMOCTH ONTHYECKHUX
CBOWCTB CpeJbl OT YaCTOThl U3JLyUY€HMs, UCIOIb30BaHue P| npubsivkenus mpu-
BOIWT K CYIIIECTBEHHBIM OIMMOKAM, W B 9TOM CJIy4Yae HEOOXOIUMO HCIOJIB30BATH
Oosiee TOUHBIE, HO U OoJiee 3aTpaTHbE MeTOnbl pemtenust YIIW, B mamHOM CiIy-
gae MKO. Oamnako, BO3MOXKHOCTH UCIOJIB30BATh JOCTOMHCTBA, P| mpubankenns
OCTAIOTCS ¥ B 3TOM ciiydae. s 3T0ro MOXKHO HCIOJIb30BATH TO, YTO IPU IUC-
JIEBHHOM MOJIEJIMPOBAHUY TIEPEHOCA M3Jiydenus ¢ ucnoib3oBanuem WSGG wiu
MOJIOCHBIX Mopeseit, dpaktudecku, YIIU peraercs mis mabopa cpel cO CBOUM
«CEPBIM» Ta30M. DTO MMO3BOJISET MPUMEHATH KOMOMHUPOBAHHBIN TTOIXOI, KOTIA
JIJIST PACYeTa OMTUIECKH TOJICTHIX «CEPBIX» CPEJI UCIOJb3yeTcsa P npubnxkenne,
a s ocranbabix — MKO. Takum obpa3om, cymMMapHOe 3HAYEHHE ILIOTHOCTH
SHEPIUU U3JIYyY€HUs MOYKHO OIMHUCATH CJIELYTOIIAM BbIPAKEHUEM:

N N
E=) E™O4+3 EN (5)
i 1

rae N; u N;j — «cepele» raspl, paccuuranubix MKO u P; npubiuxenunem
COOTBETCTBeHHO; E - mmorHocTh sneprun n3rydenns (Br/m?).

Onucanubiii 10/1X0/1 OCOOEHHO XOPOILO ¢ebsl TOKA3BIBAECT IIPHU MCIIOJIb30BAHUI
WSGG mogenteii, B KOTOPBIX MOXKHO JIETKO BBIIEIUTH ONTUIECKU TOJICTYIO CPELY
JIJIST OHOrO M3 «cephbix» ra3oB. Hampuwmep, niaa WSGG mozmenn, mpeaiosKeHHoi
B pabore [8], 3HaYeHus yaeabHbIX KOI(DOUIMEHTOB MOMVIOMIEHUS «CEPhIX» Ta30B
cocrapigior: g nepsoro — 131.9 M~ 'Arm~!, naa Broporo — 6.516 M~ 'Arm !,
auist rperbero — 0.4201 m~'Arv !, ga werseproro — 0.0 m~!Arm !, Ilepsbiit
«CephIity Ta3 B MOJABJSIONIEM OOJBITMHCTRBE CIYyYaeB MOXKHO PACCYUTHIBATEL Pj
MPUOIMAKEHUEM, JIJIS BTOPOTO ra3a HeoOXoauMo 060jIee aKKYPATHO OIEHUBATH PaC-
npezesenne kKouienTpaiuii pernepabix ra3os (COq u HoO) u xapakTepHbiii Mac-
mrrab 3a/5a49n.

[Ipencrasiennbie Jajiee B TaHHOM TJIaBe 33/Ia91 PEHIATUCH HA CTPYKTYPHUPO-
BAHHBIX HEOPTOTOHATIHHBIX CETKAX.

3aMKHYTHIN MUJIWH/IP, 3AlI0JTHEHHBIN CMEChIO ra30B

Paccmorpum npuMenenne KOMOMHUPOBAHHOTO TTOIX0AA HA MPUMEDE TECTOBOI 3a-
a4au, TpeaCcTaBIeHHoi B padbore Yu M.J., B KOTOpO#i 1718 pacuera mojist u3Jiy-
genus ucnoab3oBasica JIOM c 96 manpasienusmu coBmectHo ¢ WSGG mome-
Jbio kKoaddunuenra norsomenus [9]. 3amada npencrapisier coboii 3aKpbIThI
MUIMHAD, 3am0JTHEHHbIH Ta30Boii cmecho (H20 — 20%, CO2 - 10%, N2 - 70%.)
¢ opHopouHoil remueparypoii (Puc. 4a).

Pemenne YIIU nposomunock Ha 6aze MKO ¢ 96 guckpeTHbIME HAIPABJICHN-
MU, JJis pacdera Koy duimenTa morIomeHnus uCoyib30Baiach ta ke WSGG
mozernb [8], kak B pabore Yu M.J. CpaBHeHHe DE3yJbTATOB TPOBOIMJIOCH IO
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PucyHok 4. 3aMKHYTHI TUIXHAD, 3AM0THEHHBIA CMECHIO M3y IaIONMX Ta30B; ) OIh-
canme 3a1a4u; 0) Pacupenenenune noroka msiyuenns Ha GOKOBYIO rpaHb muamaapa: 1
— Yu M.J. et al [9]; 2 — KOM; 3 — KOM u P, mus ogHoro «ceporo» rasa, 4 — KOM
u P juia IByX TEPBBIX «CEPBIX» Ta30B.

MMOTOKY M3JIy4eHusi Ha OOKOBYIO CTEHKY IUJIMHIPA. Perrnenne, moyYeHHoe C MC-
nosib3oBanueM P1 mpubnkenus s mepBoro «ceporo» raza WSGG mopenu
u MKO 111 ocrasibHbIX, IPAKTHYECKH COBIIAJAET C PEIIEHUEM, UCHOIb3YTONUM
romsko MKOQO, u pesynbsratamu, npeacrasiennbivu B pabore Yu M.J. (Puc. 46).
Korna na ocuoBe P1 mpubiinkeHus pacCIuThIBAETCS MOJI€ U3JIYyUeHUs I IBYX
MEPBBIX «CEPBIX» Ta30B, HAOJIOIAIOTCS OTKJIOHEHWsI BOIM3W TOPIOB IUJIWHIPA
(Puc. 46), TO ecTb s BTOPOrO «CEPOro» rasa Cpeia He SBJSETCs JI0CTATOYHO
ONTUYECKU TOJICTOM.

Takum 06pazom, s JAHHON 3a/1a9U y1aJI0Ch COKPATHTH BPEMsi, 3aTPadu-
BAEMOE Ha pacdeT TOJA W3JIy9IeHus, TPUMEPHO Ha 25% 6e3 moTepnm TOYHOCTH
PeITeHus.

I‘openoqﬂoe YCTpOﬁCTBO AJId C2ZKUTaHUA aHOJAHBIX ra3oB

KomOuHupoBaHHBIN 110AX0, TPUMEHSIJICS [IPU MOJEJINPOBAHUN PabOTHI peaib-
HOT'O TEXHOJIOIMYECKOrO OOODPYIOBAHUS, U B TIEPBOM TAKOM TPUMEPE PACCMAT-
puBaercs ropesiounoe ycrpoiictso (Puc. 5), npeaHasHaue€HHOE I CXKUTAHUSI
AHOJIHOTO Ta3a MEKTPOTUIHOTO MPOU3BOACTBA. AHOIHBIE ra3bl, BHIIEISIONINECS
B MPOIECCE STEKTPOTUIHOTO MPOU3BOJICTBA AJOMUHHUS, COCTOSAT B OCHOBHOM W3
CO u COs. B ropesiounoe ycrpoficTBO aHO/IHBIE TOPIOYHE Ta3bl HOCTYIAT CHU-
3y, & BO3/yX — 4epe3 GOKOBBIE MW W3 OKpysKamomieit cpensl [10]. Pacuernas
CeTKa I TOPEJIOYHOr0 yCcTpoiicTBa cocTosiia u3 50000 KOHTPOIBHBIX 00HEMOB.

HeobxonumocTh UCIOIB30BAHNS CIIEKTPAIBHBIX MOjeIel KodddurinenTta mo-
DJIOIIEHUS CBA3aHA C CYIIECTBEHHBIM 3aHKEHHEM TeMIIePATYPbl PU HCIOJIb30-
BaHuu pubsmzkenus «ceporo» rada (Puc. 66, Puc. 7a). lcnonb3osanune WSGG
MOJIESH it KOI(DDUIMEHTA ONJIONIEHHSs [IPUBEJIO K YBEJIMYECHIIO BPEMEHU PAC-
4YeTa, MPAKTUYECKU TMPOTMOPIMOHAIBHO YHCIY <«CEepbIX» Ta30B B Mmozenau. [lpwm
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Pucynok 5. [openoanoe ycTpo#CTBO: a) CeTKa; 0) reoMeTpusi; B) TOIKHA SKCIIEPUMEH-
TAJIbHBIX 3aMEPOB TEMIIEPATYPbI.

coBmectHoM wucnonb3oBannn MKO n P; npubmnm:KeHWs IJisT OZHOTO <«CEPOT0O»
rasa, B JJAHHOH 3a/ade HABJIIOZAIOTCS OTJIMYUs OT BAPUAHTA C UCIOJIH30BAHUEM
rosbko MKO B 30H€ cMelIeHus X0JI04HOIO BO3/yXa ¢ aHouHbiM razoMm (Puc. 6a,6,
Puc. 76). B 3T0it o61acTu cpesHss TeMIepaTypa mo CPaBHEHUIO C PACUETOM, UC-
nomb3ytomuM Toapko MKO, camxaerca ma 80 °C. DTo cBa3aHO ¢ TeM, UTO B
9TO#1 30HE BBICOKOTEMIIEPATYPHAS M3JIyvalonias 00JaCTh WMEeT MaJIblii Xapak-
TePHBIA pa3Mep, W, TAKKM 00pa30oM, HECMOTPsI Ha BBICOKOE 3HadeHme K03 u-
LMEHTa IOIJIONIeHs s 1IepBoro «ceporo» rasa 8 WSGG monenu, cpena st
P, npubsivKeHusi He SBJISETCH JTOCTATOYHO ONTHUYIeCKH TOJICTOH. HO mOCKOMbKY
MaHHast 0071aCTh TOPEHUS JOCTATOYHO MAJId, TO BBIIIE 30HBI CMEIIEHUST PA3TAINS
1o TemTiepaType He cToab Besnku, e 6oaee 20 °C (Puc. 6, Puc. 6a).

Takum obpasom, coBmecrroe ucnosnbzopanue MKO u P1 npubnuxenus (na-
JKe U1l OJIHOTO «CEepPOro» rasa) B JAHHON 3ajade MOXKET BJIUATH HA Pe3YJIbTaThl
YUCJIEHHOIO MOJIEJIMPOBAHUS FOPEHUs B ODJIACTH CMEIIEHMUSI.

Kpowme 3Toro 1718 ropesiovHOro yeTpoiicTBa ObLIO MPOBEAEHO CpaBHeHue 15-
TH IIOJIOCHOM MO/, CO3JaHHOI Ha ocHOBe maHubX 0asbl HITRAN, u WSGG
Mozenn Kodddunmenta noryomenus. PaccauTaHHbIE TOJIS TEMIIEpaTyp C WC-
nosib3oBanueM 15-tu nmonocuoit u WSGG Mozeseil okazannuch OJu3KM, Pa3HULA
B cpeaneM cocrasisger senmauny nopanka 10°C (Puc. 6, Puc. 7a). OcHosuble
oTwuus HAOTIOZAOTCS BOMM3K BXOJA B TOPEJIKY, B 3TON OOJIACTH TEIJIOBBIE MO-
TepU U3JIyIEHUEM C 15-ThIO MOJOCHON MOIENIBIO BBINIE. DTO CBI3aHO C TEM, YTO B
WSGG monenn K03 PHUITHEHT MONJIOMIEHNS pACCINTHIBACTCS 110 KOHIIEHTPAIUIM
CO2 u H50, Takum 06pa3oM, He yUUTHIBAETCS HAJTUYIHE OOJBIIOrO KOJTHIECTBA
CO B aHOZHOM Ta3e, 9TO MPHUBOIUT K 3AHUKEHUIO KOI(DMUIMEHTA TONTIONIEHUSs
U, B KOHEYHOM CY€Te, HEMHOIO OOJIbLIeH CpejHell TeMieparype B IOPEJKe IO
CPABHEHUIO C TIOJIOCHOI MOJIEbIO.
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Pucynok 6. ITosie remmeparypsl B Bepruxaibaom cedennm, CC: a) MKO, WSGG; 6)
MKO, 15-tu nonocuasa momenb; 8) MKO cosmectno ¢ P1, WSGG.

800

— = KOM, "cepbiii" ras
4 ¢ $KOM, WSGG 1
+ + +KOM, 15 nonocas mogent X

—+—4 KOM, WSGG
X X XKOM cosectho c P1, WSGG

400 ————T—T— B L A R

Pucynoxk 7. Pacmpenenenne ycpegHeHHO! 10 CEYEHHUIO TOPEJIKYA TEMIIEPATYDPBL BIOJIb
OCH z: a) Iy Pa3IMIHbIX MeTOnoB pemenus YIIU u mogpeneir ko3ddunmenra normo-
mermst; 6) g KOM u KOM cosmectro ¢ P1 mpubimkermnem it TIEPBOTO «CEPOTO»
raza B WSGG mopenu.

B Tab6mure 1 npuBeneHbl pe3ybTaThl CPABHEHUS TAHHBIX HATYPHBIX U3Me-
pennii (Puc. 7B) ¢ JaHHBIMU PACUYETOB C UCIOIH30BAHUEM PA3IUYHBIX MOZEei
KO3()PUIHNEHTA, TIOTTIOMICHHSI.

B mesioM BHAHO, 9TO HCIOIB30BAHKE HE «CEPHIX» MOe el KOI(DPUITHEHTa, 10~
[VIOIIEHUS [IPU PACYETe TOPEJIOYHOI0 YCTPOICTBA MO3BOJISAET [OJIy9aTh YPOBEHD
TEMIIEpaTypP, COOTBETCTBYIOIINI JaHHBIM n3MepeHnil. PacxoxkmeHust B TeMmepa-
TYPHBIX IUAMA30HAX B YKCIEPUMEHTE U PACUYETAX CBA3AHBI C TEM, 9TO PACUET HE
OXBaTBIBAET BCEX PEKUMOB PAOOTHI TOPEJIKH, TaK, HAIPUMED, MPU YBEJIUICHUN
obmrero pacxona ma 15% remmeparypa B cpenuem sbipacraer na 20-30°C. Han-
GoJIbiiee pacxXOXkKIeHNe C JAHHBIMY U3MEPeHuil HaOII01aeTcsa B TOYKe 3aMepoB 1
(Puc. 5B), 410 CB#3aHO ¢ OCOOEHHOCTHIO LIPOBEJICHUS. 3AMEPOB B JAHHON TOUKE,
KOTOpasi 00yCJIOB/IEHA CHJIBHON HEPABHOMEPHOCTHIO MOJIS TEMIEPATYP U CKOPO-
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cTeil 0 CeYEHUIO TOPEIKH. TaK KaK BhICOKAsT TEMIIEPATYPA HAOIIOTAETCS MO IIeH-
TPy I'OPEJIOYHOI'0 YCTPOUCTBA, KOTOPAasd B NEPBYIO OYepeb OTCJIEKUBAETCA TIPHU
MPOBEIEHUHN CePUU TOYETHBIX 3aMepPOB, TO TOJYUEeHHAs CPEeTHSS TeMIepaTypa
[IPU U3MEPEHUN TOJIy9IaeTCs BbIllle UCTUHHONW cpeaHeil Temmneparypsl. B ciygae
2K€ WCIOJIb30BAHUS NPUOJIMKEHHUS «CEPOrO» ra3a TEMIEPATYPA B IOPEJIOYHOM
YCTPOMCTBE CYIIECTBEHHO HUKE TI0 CPABHEHWIO C JIAHHBIMHA M3MepeHUi.

Tabauna 1. CpaBHeHre pACCAUTAHHBIX U OCPETHEHHBIX 0 TOPUIOHTATLHOMY CEIeHUIO
TeMIIepaTyp (OC) C JaHHBIMU HATYPHBIX U3MePeHHull B TOYKaX 3aMepOB.

Toukun |WSGG momens |15-tu  mosocuas|[Ipubmmkenne  |/lanabe  HATYp-
3aMepOB MOJIETh «Ceporo» ra3a  |HBIX U3MEpEHUH
1 900-950 840-880 900-950 870-945

2 800-900 790-890 640-700 780-990

3 670-750 660-740 500-550 620-845

T'azoBbIil KOTEI

B naunoit 3anaue paccmarpuBaercs ra3oBblil Kores momHocrbio 250 MBr [12].
Pacuernas cerka cocrout n3 160 000 xorTpoasHbx 00memos (Puc. 8).

IIpu ucnosb30BaHWN TPUOIMKEHUsT «Cceporoy» raza YIIW paccuaunThiBaiIoch
nByms meromamu: MKO u P, npubnuxkenunem. B ciygae P; npubinzkeHus Tem-
neparypa B sIpe TOpeHusl W B ODJACTH BBINIE MECT MOAYM BO3/LyXa HEMHOIO
6osbine, yem npu ucnosiab3oBannu MKQO, HO 6iinKe K BBIXOIY W3 TOMOYHON Ka-
Mepbl pasHuua B reMueparype ymenbiuaercs (Puc. 96). Exuncrsennoe cyuue-
CTBEHHOE OTJINYne HAOJI0JAETCS B HUKHEH JaCTH TOMKU, B KOTOPYIO MOCTYIIAeT
BO3yX, BCJIEJICTBUE Y€rO CPE/Ia TaM ONTUYECKN Mpo3padHas u P, npubimKenne
paboraeTr He KOPPEKTHO.

Ipu ucnosnszoBanuu WSGG momenu [8], ormiuvusi He CTOIb CUJIbHbIE, [O
cpasHeHuto ¢ upeapiaymum npumepom (Puc. 7), HO u B naHHOM cilydae yder
CEJIEKTUBHOCTU CPEAbI IIPDUBOAUT K POCTY TEMIIEpAaTypbl B TOHNOYHOMN KaMmepe n
U3MEHEHUIO PACIPEIEIEHNS TIOJIS TEMIIEPATYD MO CPABHEHUIO C TMPUOJINKEHUEM
«CEporo» rasa, HanboJIee 3aMEeTHO TIaIEHNE TEeMIIEPATYPbI B HU2KHEH YaCTH TOTI-
KH U POCT TEMIEPATypPhl B siape Topenusi npu ucnoiab3oBanuun WSGG mopenu
1o cpaBHeHuUIO ¢ upubiuzkenuem «ceporo» rasa (Puc. 9). Ilpu ananuze pacupe-
JIeJIeHHs YCPEAHEHHON 110 TOPU30HTAJIBHOMY CEYEHHUIO TEMIEPATYPbl O BBICOTE
TOMKHU BUJIHO, YTO UCIOJb30BAHNE MOIETN «CEpOro» ra3a MPUBOIUT K 3aHUKE-
HIIO YCPeTHEeHHOH TeMIepaTypsl MakcuMaabao Ha, 100 °C mra MKO u ma, 140 °C
s Py npubnuzxkenus (Puc. 96) no cpasuenuio ¢ WSGG mozenbio. PesyibraTs
aHa/IM3a PACUETOB MOKA3BIBAIOT HEOOXOIUMOCTH y9era CeJIEKTUBHOCTH U3JIyde-
HUS JIJIs] MOJICTTUPOBAHUS T'A30BOI TOIIKH.

Cosmecrroe ucnosb3oBanune MKO u P; upubiuxenus ¢ WSGG mouebio
ko3 dunuenta morsomenns (s MEPBOrO «CEPOro» Tas3a) MO3BOJSIET TOJIY-
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Pucynok 9. l'a3oBbiil koresn. Pe3ynbrarsl 9uc/ieHHOrO MOJEIMPOBAHMS: a) IIOJIE TEM-
mepaTyp: CJIe€Ba — MOJIeJIb «Ceporo» ras3a, P mpubamxkenue; cipaBa — WSGG Momenn,
KOM; 6) Pacnpenenenne yCpeaHEHHON 1O CEYEHUIO TEMIEPATYPBI BIOIb OCH Z IS
pasmumgHbIX MeTo10B perterus Y11V u momeneit koaddurmenTa moromenus.

YUTH TPAKTUICCKU NICHTHYHOE pelieHne, Kak TPH NCToMb30Baanu Toasko MKO
(Puc. 96). Takoii pe3yJbTaT CBA3aH KAK ¢ HAJIAYAEM CYIMIECTBEHHBIX KOHIIEHTPA-
nmit mamygaronmx rasos (cvmech H20 u CO? — nmo 30%), Tak u ¢ GoOmbIIAME
PEOMETPUYECKMME PA3MepaMK TONOYHON Kamepbl (B OTJIMYUE OT NpEblLy e
3a/1a4K C POPEJIOYHBIM YCTPOHCTBOM).

HNcnoan3oBanua cxeMbl «bOerymiero cueray jaaga MKO nHa
HECTPYTYPUPOBAHHBIX CETKaX

L1 MaTeMaTH9IeCKOro MOIETTMPOBAHNS T€OMETPUIECKH CJIOXKHBIX TEXHOJIOTHIe-
ckux ycrpoitcrB B «SigmaFlows ucnonp3yoorcs HeCTPpYKTYypPHUPOBAHHBIE CETKU
KaK CO3/[aHHbIE HA OCHOBE COOCTBEHHOI'O I'€HEPATOPA CETOK, TaK M MMIIOPTUPO-
BaHHBbIE W3 CTOPOHHMX mporpamm. [ljsa pemrenus YIIV B momoOHBIX 33734 CO
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caokHOM Teomerpueit ObuT peanuzoBan MKO g HECTpYyKTypUPOBAHHBIX Ce-
ToK. Kpome 3Toro Obi1a peann3oBaHa MOIIEPXKKA, MHOTOIMTOTOYHBIX BHIYUCIEHUN
HA OCHOBE MPOCTPAHCTBEHHON JIEKOMIIO3UIMH pacderHoit oomactu. OcobeHHoCTH
peanuzaruu MKO npezicraBiensl Ha npuMepe perneHus 3a1a49u MOIEeTUPOBAHNS
COIPSKEHHOI'O TEeIJIO0OMEHA B BAKYyMHOU 3JIEKTPOIIE€YU COLPOTUBJICHUS.

OnTuMusanusga MaTeMaTUYIecKoil MOJIeJIl pacdeTra IIepeHoca
U3JIy4YeHUs JJis BAaKyyMHO! 3JIeKTpOIleYn.

BakyymHast 31eKTpOTEYTh COMPOTUBIEHUS TIPEICTABIISIET COOOW OOBHEKT € 00Db-
eMoM pabouero mpoctpancTBa 14,7 M3, UMeromMii OMUYeCKHe HAPEBATEIbHbIE
9J1eMeHThI B (BUe HAOOPa KOJIOH ), GyTePOBKY U BHYTPEHHIOI OCHACTKY, BBIIOJI-
HEHHbIE U3 YIVIEPOIHBIX MATEPHUATIOB. BHYTPH IeYn MOMEIIEeHbI IBE PETOPTHI —
BHemHsAs u BHyTpenuss (Puc. 10).

a) 6)

Pucynok 10. Temmoobmen B BaKyyMHO# 3/IeKTpoOIedn compoTusaenus (cerka 5 - 10°
g9eek): a) moJsie TemmepaTyp, K; 6) ImoJe II0THOCTH IOTOKA n3mydeHus, Br/m>.

BayTpu MemHbIme# peTopThbl MPOUCXOAUT OCHOBHONW TEXHOJOTHYIECKHH IIPO-
mecc. XapakKTepHOE BpeMs IUKJIA PabOThI MMe9M COCTABJIAET HECKOJBKO CYTOK,
MaKCHMaJbHAas TEMIIEPATYPa HATPEBA BHYTPHU PabOUeil 00JIACTH COCTABIISIET OKO-
70 1800 °C. apnenme B meun MOJIEpPKUBACTCA Ha, YPOBHE HECKOILKHX COTEH
IIa. Mexanu3M mepeHOCa TeIIa W3JIYUYEHWEM B 3JIEKTPOTEYN SABJISIETCS JTOMU-
nupytonmM. OcHOBHBIE IIPOOJIEMBI IIPH MOAEJIUPOBAHUH TEILI000OMEHA B JaHHON
[IeYN CBA3AHBI C JIATEIbHOCTHIO TEXHOJOTHIECKOrO MPOIECCa U PAZHOMACIITAO-
HOCTBIO 3JIEMEHTOB (OT HECKOJBKUX MUJITMMETPOB 10 METPOB), KOTOPbIE TIPHUBO-
AT K JJUTEIbHBIM BPEMEHAM CUETa, B BUAY HEOOXOIMMOCTH PEITeHUs 3312493, Ha
[IePCOHATBHBIX KOMIBIOTEPAX, & HEe Ha MOIIHBIX BBIUYUCIUTEIbHBIX KJIACTEPAX.

IIpu gnceHHOM MOJETHPOBAHIH 33Ia91 PAOOTHI SJIEKTPOIIETH OCHOBHOE Bpe-
M TPATUTCSA HA PACYET MOJI U3JIyYeHUsl, [I03TOMY JIJI YMEHbIIIEHUs BPEMEHHbIX
3aTpaT B IEPBYIO O4Yepeib ObLIA IPOBEICHA ONTHMUBAIUSI MATEMATHIECKON MO-
JIeJTA TIEPEHOCA, M3JIyY€eHUs, OCHOBAHHOM Ha ucmosb3oBannn MKO.
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Bo-miepBhIX, 1151 COKpAIleHnsT BpeMeHn pacdeTa Oblia peann3osana FTn mo-
mudukanugs MKO s yriaoBoro pa3OueHus TeJIECHOrO IPOCTPAHCTBA, KOTOPast
TO3BOJIIET 0OECIedInTh O0Iee PABHOMEPHOE PAa3ONEHne TEIECHOrO IIPOCTPAHCTBA,
1[I0 CPABHEHMIO CO craHAapTHbiM noaxonoM (Puc. 1a), ocHoBanHbiM Ha paBHOMEp-
HO#1 puckperusanuu 1o chepudeckum yriam (Puc. 11) [13]. FTn mouudukaius
MKO no3BoisieT uCmoab30BaTh MEHBITIEE KOJIMIECTBO IUCKPETHBIX TEJIECHBIX yT-
JIOB IO CPABHEHWIO CO CTAHIAPTHBIM YIVIOBBIM pa30uenueMm. B mannoit 3a71a4e 310
MMO3BOJIAJIO TIEPEHTH OT Pa3dueHusi yr0BOrO MPOCTPAHCTBA, HA 32 MTHCKPETHBIX
TEJIECHBIX yTJIa K 24 6e3 3HAYUMOr0 U3MEHEHUsT PACIETHOTO MOJIsl U3JTyIeHuUs .

Pucynoxk 11. /Tuckperusarusa TesecHoro npocrpanctsa s FTn momudukammm MKO

Jlajiee B paMKax pellleHus 3a/a4K ObLIO IPOBEIEHO CPABHEHHE METOIOB pe-
menust CJIAY, peanusopanubix B «SigmaFlows mjs perrenus 3a1a49 ruapoOarHa-
MUKHU ¥ TEIjIo00MeHa, Takux Kak meros nenosuoit LU-dakropusamuu (DILU),
CTabUIM3UPOBAHHBIM MeTOJ Ouconpsizkenubix rpaauentos (BiICGSTAB), meros
conpsizkenubix rpaguenToB (CG) u cxembl «Berymiero cyeras, peajn3OBaHHOMN
Il HECTYKTYpUpOoBaHHbIX cerok [6], [15] [16]. Jaunnoe cpaBHeHue BKJIIOYAJIO B
cebsi ¥ MHOI'OIIOTOYHbBIE BbIYMCJIEHUsI HA OCHOBE IIPOCTPAHCTBEHHON JEKOMIIO3H-
MM paCYeTHOH 00JIACTH.

IIporiecc mocTpoeHws HECTPYKTYPUPOBAHHON CETKHU € WCIOIH30BAHUEM COD-
CTBEHHOTO reHeparTopa cetok «SigmaFlows ocHOBaH Ha MPEIBAPUTETHHOM BOCH-
MEpPUYHOM pa3OUeHUH IPOCTPAHCTBA IF€OMETPUHU C PA3JIMYHOMN JeTaiu3anueil pac-
4erHoii obuiacru (CorIacHO reoMeTpun) — IHOCTpoeHue okrojgepesa. Urorosas cer-
K& CTPOUTCS HA OCHOBE MOCTPOEHHOTO OKTOIEPEBA MyTEM TPOEIMPOBAHUS BEp-
[ITUH [PEIBAPUTEILHON CEeTKU Ha TPAHUIBI 00bekTa U (HOPMUPOBAHUS SUEEK,
CBA3BBIBAIOIIUX O0JIACTH C DA3JIMYHON JucKperu3anueil (mepexomHbie 06/1acTu).
B pesyabrare popMupyeTcs HECTPYKTYPHPOBAHHAS THOPHUIHAS CETKA, BKIIOUA-
om@as B cebe mecTurpaHnble (B OCHOBHOM) U Y€TbIPEX- U [SITUIDAHHBIE KOH-
TPOJIbHBIE 00bEMBI (B TIEPEXOIHBIX OOIACTAX W HA TPAHUNAX 00bekTa). Ilpu Kop-
PEKTHOM TIOCTPOEHME CETKU HA, OCHOBE JAHHOTO ITOIX0JA BCE KOHTPOJIBHBIE 00b-
eMbl (9efiKK) MOJIy4ai0oTCs BBITYKJIBIME, 9TO IIO3BOJAET HaliTu 3bhEKTUBHYIO
cxemy obxofa s «Geryiero caeray. ¢ QeKTuBHAsS cxXeMa 00X01a TPe/Inoia-
raer, 4To IIPU yCJOBUU PABEHCTBA CTEIIeHH YEPHOTHI il BCEX IPAHMIL €IUHUIE
U OTCYTCTBUM PACCEUBAHUs, 110JI€ U3JIyY€HUsl PACCUYMTBIBACTCH 3a OJMH [IPOXO/I.
TecToBbie pacueThl MOKA3AJN, YTO TPU yYCJIOBUN peaau3anun 3HHEeKTUBHON cxe-
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MBI 00X0/1a MaKCHMaJIbHOE TTPEBOCXO/ICTBO BO BPEMEHHM CYeTa HaJ, CTaHIapTHBI-
mu meromamu pemteruss CJTAY, peasmzopanubivu B «SigmaFlows, mocruraer 11
pa3 B yCJOBUSX ONTHYECKH TOHKOM cpesbl. Kpome 3Toro okaszaaochk, 9To METoJ,
BiCGSTAB wu apyrue meroast kpbuiosckoro tuna (CRES, CG) moryr ne na-
xomutrh penieanss CJIAY ¢ HysieBoii npaBoil 4acThbio, T.€. KOTJA CPEJA siBJIsIeTCs
OTITHYECKW TTPO3PATHOM, TTOITOMY JJisi PACUYETOB MEPEHOCA M3JIYUEHUS B IJIEK-
Tporedn cxema «beryero cuerar cpapuuBajack ¢ DILU [7].OrpurarensHoit
0COOEHHOCTHIO CXEMBI «OEryINero cueray SBJISeTCS TO, UTO [JIsi T€OMETPUIECKU
CJIOXKHBIX OOBEKTOB, TPU MCIOJIb30BAHUY MTPOIELYPbl YMEHBIIEHUsT OMIUOKH, CBsI-
3aHHOH C YIVIOBBIM [TEPEKPLITUEM, ¥ JIJIsi MHOIOIIOTOYHbBIX BbIYUCIEHUN, OCHOBAH-
HBIX Ha, TPOCTPAHCTBEHHON JEKOMIIO3UIINN, OHA, CTAHOBUTCS UTEPAIMOHHOW U ee
scdexkTnBHOCTH MagaeT. Uncaennoe MOIEIMPOBAHNE COTPSIZKEHHOTO TEIII000Me-
HA B JIEKTPOIEYHN sIBJISETCS 3a/a49eil, B KOTOPOil TaHHbIE yCIOBUS BBITOJIHIIOTCS.

IIpoBesieHHbIE pACYETHI OIS U3IYYEHUS JIJIsI 3JEKTPOIEYN TOKA3ATU, 9TO
cxema «Deryiero cueray 0OECHEYUBAET YCKODEHHE pacdera I[MOJisd U3JIydeHust
upumMepso B 5,5 pa3 no cpasaenuto ¢ DILU juist omsonorounoro pacuera. Ilpu
HCIIOJIb30BAHUU MHOTOIMOTOYHBIX PACUYETOB JAHHOE COOTHOITIEHWE W3MEHSETCS U
MOXKET KAaK YMEHBIIATHCH, TAK W YBEJUYUBATHCHA. ITO CBA3aHO C TEM, UTO B
pacdere MPUCYTCTBYIOT TBEP/bIe TEIa, B KOTOPBIX MPHU UCHOIB30BAHUHA CXEMbI
«berytmero caeray pacder He BEIETCA, U M0ITOMY 3P (PEKTUBHOCTH MHOTOITOTOY-
HBIX BBIYMCJIEHUI CHUJIBHO 3aBUCUT OT JIEKOMIIO3UIMKA PACYETHON 0bJiacTh, T.€.
HACKOJIHKO PABHOMEPHO pacCIpesiesieHa 1Mo MOTOKaM ra30Bas 06JacTh. DTO XOPO-
110 BUTHO, €CJIM CPABHUTH PACUYETHI, B KOTOPHIX TOJIE M3JIYY€HUE PACCIUTHIBAECTCS
BO BCeil pacdeTHO# 00/1aCTh, C PACYETAMU, B KOTOPBIX OHO PACCIYNUTHIBAETCS TOJIb-
KO B 9acTH pacdeTHoit obmactu. Ecnmu pacuerHas 001acTh sABASIETCS HOJTHOCTHIO
[IPOHUTIAEMOI JI/IsT M3JIydeHus, TO KO3 puiueHT 3P HeKTUBHOCTA MHOTOIOTOY-
HBIX BBIYUCJIEHWI OJIN30K K eIUHUIE, HO B TAHHON 3a1a49e C TBEPAbIMU TeJIaMu
€ro 3HAYEHNE CYIECTBEHHO HUKE €IMHUIIBI U 3aMETHO BAPHUPYETCS B 3aBUCUMO-
CTH OT «KadecTBay pa3dmenwus. Tak mpu gexkoMmo3uiuu Ha 2-6 dacTeil 3HadeHne
koddburment s dexruBnocTu n3mensiercs ot 0,57 mo 0,62.

3akJIroueHue

PeanmzoBannnie meronsr permenus YIIN B kommiexkce mporpamm «SigmaFlows
MIPOIEMOHCTPUPOBAJIA BO3MOXKHOCTD UXUCIOJIB30BAHUS I MPUKJIATHBIX 33,0a4.
AHanu3 NoJIyYeHHBIX PE3YJIHTATOB TOKA3BIBAET, UYTO MPEICTABICHHBIE MOIXOIbI
MOXKHO B JAJIbHEHIIIEM DA3BUBATH JIJIs MOBbIMeHusT X 3(PHEKTUBHOCTH. DTO
KACAETCs: BO3MOXKHOCTH PACHIMPEHUS COBMECTHOIO NpUMeHeHus: P npubiimke-
aust © MKQ, Korma BbIIEISIIOTCS HE TOJIBKO PA3JIMYHBIE «CEPhIE» CPEIbl, HO U
MCIIOJIB3YETCS BO3MOXKHOCTH TPOCTPAHCTBEHHOTO DAa3/IeIeHus; Co3AaHust bosee
CJIOKHOTO pa30meHus yrjoBOrO MPOCTPAHCTBA; pa3paboTku Oosee ddhderTus-
HBIX aJITOPUTMOB MPOCTPAHCTBEHHOM JEKOMITO3UIUH JJIsT 33124 C COMPSYKEHHBIM
TEIJI00OMEHOM.

Uccnenopanue BoinoiHeHO pu puHAHCOBOI moaepkke PO, [Ipasureinb-
crBa Kpacuosipckoro kpas, Kpacrosgpckoro kpaeBoro (hoHIa MOMIEPKKU Ha-
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Komniekc HeKOMMepYeCKNX MporpamMm
«SigmaFlow» majia pemeHust 3aaa4
TUJIPOANHAMUKY, TEIJIOMACOOOOMEHA M TOPEHUS

K. JlurBunnes, A. laspuios, A. Jlekrepes, C. @unmumonos, E. Xapiamos u
A. Cenrs6os

Nucruryt remnodusuku um. C.C. Kyrarenanze CO PAH,
Kpacuospck, Poccus
Cubupckuit PenepaabHbIil YHUBEPCUTET,
Kpacuosipck, Poccus
sttupick@yandex.ru

Awnnporanus «SigmaFlows — 310 HeKOMMepTUeCKHil KOMITJIEKC IIPOrPaAMM
/Il PEIIEHHs IMUPOKOTO K/Iacca 3a/a4 MUAPOJINHAMUKHY, TEILIOMAaCo000-
MeHa U rOpEeHHs, pa3BuBaeMblil cuenpanucramu Kpacuogpekoro dbuima-
sa Mucruryra reriodusuku CO PAH u kadenapst Ternoduzuku Cubup-
ckoro demepaibHoro yausepcurera. Komruieke nporpamm «SigmaFlows
TI03BOJISIET MOJIEINPOBATH: CTAIMOHAPHBIE W HECTAIIMOHAPHBIE, JIAMIHAD-
Hble U TypOyJIeHTHBIE TEUeHUs; HEHHIOTOHOBCKUE JKUIKOCTH; IIPOIECCHI
cmentenust U Auddy3un HEOTHOPOIHBIX Ta30BBIX CMeCeH; XMUMUYECKUe
PEaKIny B MOTOKE, TOPEHMEe Ta3000pa3HOro, JKUIAKOTO M TBEPIOTO TOT-
JINBa; KOHBEKTUBHBIN U COIPSI’KEHHBIH TEIJIOOOMEH, TEeIIJIONPOBOIHOCTD;
[IEPEHOC UBJIyUeHUs; JBUKEHIe IUCIepCHOM (a3pl B IOTOKE rasa; mpo-
1mecchl ¢ (PA30BBIMY TIEPEXOIAMI; TEUEHUsI CO CBOOOIHOI TTOBEPXHOCTHIO;
TedeHUs ra3a M KUIKOCTU C IIOJBUXKHBIMU TBepAbIMH Tergamu. Kpowme
sroro «SigmaFlow» umeer cobGCTBEHHBIE HHCTPYMEHTHI JjIsl IIOCTPOEHUS
¥ MMIIOPTA CETKU U JJIST aHAJIN3A Pe3yJIbTATOB UHUCIEHHOTO MOIEINPOBA-
HUS.

KuaroueBrbie cioBa: IIporpaMMHBIN KOMIIIEKC, YHCIEHHOE MOIEINPO-
BaHMe, MapaJIIe/IbHbIE BBIYUTUCICHUST

BBenenue

Kowmmrekc mporpamm «SigmaFlows — 3710 yHuBepcasbHBIN HEKOMMEpPYECKUit
[POTPAMMHBIN TPOAYKT /IJisi DPENIeHusl MUPOKOTO KJIacca 3334 TUAPOIUHA-
MUKH, TEIJIOMACOOOOMEHa U IOPeHHs, PAa3BUBAEMbIil creruanucramu KpacHo-
sgpckoro dummaza Nucruryra remmodusuku CO PAH u kadenpnr Temnodu-
3uku Cubupckoro demepanbroro yausepcurera. «SigmaFlows sBisercs pas-
ButreM mporpaMmMmbl «AeroChems, paspaboTka KoTopoit Hadasach B 1993 ro-
ny. Crenuann3upoBaHHbIE BEPCHU MPOrPAMMBI UCIOIB3YIOTCS PIIOM HAYIHO-
HCCJIeI0BATEIbCKAX U MIPOEKTHBIX OPraHu3anuii u B yuebnom mporuecce. Pa3pu-
THE [POIPAMMBbI IIPOUCXOJUT B PAMKAX BBIIOJHEHUs IIPOEKTOB 110 FPAHTAM U
noroBopam Ha BbiosiHeHe HUP.
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B kommiexkce mporpamm «SigmaFlows ObLin peasn30BaHbI MATEMATHYECKUE
MO/IEJIH, KOTOPbIE MO3BOJISIIOT MOJIEIMPOBATh: CTAIIMOHAPHBIE ¥ HECTAIIMOHAPHBIE,
JIAMWHAPHBIE U TyPOYJIEHTHBIE TEYEeHNUsT; HEHBIOTOHOBCKUE YKUIKOCTH; MTPOIECCHI
cmererus U qudy3un HEOMHOPOIHBIX FA30BbIX CMECEil; XUMUYIECKUe PEAKIUU B
[IOTOKE, TOPEHUE ra3000pa3HOro, KUJIKOIO U TBEPIOrO TOIINBA; KOHBEKTHBHBIN
M COMPSI’KEHHBIN TEeTI000MeH, TeIJIONPOBOIHOCTD; TIEPEHOC U3IYUEHUS; TBUKe-
Hue aucnepcHoi $ha3bl B MOTOKE ras3a; MpoIecchl ¢ (Da30BbIMU TEPEeXOIaMu; Te-
“YeHHs CO CBOOO/HOM ITOBEPXHOCTHIO; T€UEHHs I'a3a U KUJIKOCTHU C HOABUKHBIMU
rBepabiMu Tesiamu [1],[2],[3],[4]. Peanusanus dnciennpx Mozmeneidl ocHOBaHA Ha
COBPEMEHHBIX METO/IAX BBIYMCIUTETLHON I'MIPOIUMHAMUKN HECXKUMAECMON YKUJI-
KocTu. s nucKpeTu3anuy ypaBHEHUH THIPOIMHAMUKI TIPUMEHSIETCST TTHPOKO
M3BECTHBIN METON KOHTPOJIBHOTO 06beMa [5], B KOTOpOM pacuerHast 061acTh pas-
6uTa Ha HelepeceKalouecs: 00beMHbIE MHOTOIPDAHHUKHI — KOHTPOJIbHbIE 00'beMbI
unu gaeiiku. YucaeHHbI MEeTO/, OCHOBAH HA WCIOJb30BAHUU HECTPYKTYPHUPO-
BAHHBIX CETOK, CONJIACOBAHHBIX C TPAHUIIAME pacdeTHol obnactu. s cBa3biBa-
Hug 1oJeit ckopocru u jaienus npumensercs SIMPLE-ogobubiit anropurm.
[Tonywuaembie B pe3yabTaTe AUCKPETU3AINHN CUCTEMBI JINHEHHBIX YpABHEHMH pe-
ITAIOTCS C TOMOIIBI0 TAKUX METOJOB, KaK MeTOJbI HEIMOJIHOW (haKTOpHU3aIlny,
BAPUAIMOHHBIE METObI M MHOrOCceTO4YHbIe MeTombl [6], [7]. «SigmaFlow» coxep-
JKUT TPOrPAMMHBIN MOIYJb, MO3BOIAIONIH (OPMUPOBATH MEOMETPHUIO PACUeT-
HOM obsactu wiau umnopruposarb ee u3 cropounux CAD cucrem, co3gaBarb
pacuerHbie CeTKHU (MHOTOOJOYHbIE CTPYKTYPUPOBAHHBIE HA OCHOBE I'eKCa SUeeK
U HECTPYKTYPUPOBAHHBIE HA OCHOBE OKTO PA30MEHMsI) WU MMIOPTUPOBATH TO-
ToBble. Kpome 3TOro cyiecrByer pa3BUTHIN POrPAMMHBII MOY/Ib aHAJIN3 Pe-
3YJBTATOB YHCICHHOTO MOJIETUPOBAHUS C UCIOIb30BAHUEM CPEJICTB MHIKEHEPHOH
rpaduku. [Iporpamma o3BoJIsIeT BBIIOIHATH BEICOKOIPOU3BOIUTEIbHbIE [TAPAJI-
JIeTThHbIE BHIYUCJIEHUsI, B TOM YWCJE [T PAJA 33739 B T€TEePOTeHHBIX KIACTep-
ubix cucremax (CPU+4GPU), mox ympariennem Windows win Linux onepary-
OHHBIX cucTeM. B Hacrosiee Bpems B «SigmaFlow» mosiBUINCH HOBbIE BO3MOXK-
HOCTH, OOYCTIOBIIEHHBIE: PA3BUTHEM WHCTPYMEHTOB MOCTPOEHHUs PACUYETHON cer-
KH; PA3BUTUEM MATEMATHYECKUX MOJeJell NUCIEPCHBIX CPel; Pa3BUTHEM Bep-
cum nporpammbl s pacdera #Ha GPU kiacrepHblx cucreMax; BO3MOXKHOCTBIO
nepesavn reoMeTpun pacuerHoi objaactu u3z cropounux CAD mporpaMm u mo-
CTPOEHUIO HA e OCHOBE PACUYETHON CETKH; Pa3BUTHEM BO3MOYKHOCTEI MOJEINPO-
BaHWs JBYX(DA3HBIX JTAMUHAPHBIX ¥ TYPOYJEHTHBIX TEUEHUH, COMPSKEHHOTO U
PAIHUAITHOHHOTO TEIIOOOMEHa; pa3pabOTKOM METOMOB THOPHIHOTO MOIETHPOBA-
uusg CFD-rujgpasnuaeckue cern. Ha ocnose nporpammuoro szapa «SigmaFlows
ObLIM CO3IaHBI CBOOOIHO PACIPOCTPaHsSeMasi BEPCUs mporpaMmbl «SigmaFWs
U CITEIMAIN3UPOBAHHBIE TTPOIPAMMBI JIJIs PACYETA: YIOJbHBIX TOTIOYHBIX KaMep,
XUMHUYECKOI'O PeaKTOpa, Pa3BUTHs II0KAPOB B 3/aHUU, TeueHHs OyPOBBIX pac-
tBOpOB [8], [9].
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ITocTpoeHue ceTku Ha OCHOBE OKTO pa3bueHuda

IIpu co3mamum CETOK IJIs OTHOCUTEIBHO TEOMETPUYECKU MPOCTHIX O0BHEKTOB
B «SigmaFlow» wucmomp3yercs COOCTBEHHBIN MOCTPOUTEb EOMETPUM PACIET-
HOI 00/acTH, HA OCHOBE Pe3yJabTaToB PabOThI KOTOPOTO CTPOUTCS OIOUHO-
cTpyKTypupoBaHHas cerka. OIHAKO, CTPOUTH CETKH [ DEeOMETPUYECKU
CJIOXKHBIX OOBEKTOB € KPUBOJMHEHHBIME I[OBEPXHOCTSIMU C HCIOJIb30BAHUEM
OJIOYHO-CTPYKTYPUPOBAHHOTO MOAXOIA JOCTATOYHO CI0KHO. [ToaTOMy B pamkax
«SigmaFlows pa3BuBaercsi moaxo/I, IPeANOI0TAOIINN UCIOIb30BAHNE HECTPYK-
TYPUPOBAHHBIX CETOK. B 3TOM ciIydae muckperw3arus pacdeTHoOl 00JIacTy mpo-
BoAuTCH HA Gaze croponHeil (ummoprupyemoit) reomerpun (Puc. 1).

ITepBblii mar B co3/jaHUU PACIETHOM CETKU — 9TO HOATOTOBKA NEOMETPUHU PAC-
9eTHOI 00J1aCTH Ha OCHOBE 00pabOTKM HMTOpTHPYeMoit reomerpuu. ObmacTu mjist
MMOCTPOEHUsST CETKU OMPEIeIAI0TCA 3aMKHYTHIMHU TTOBEPXHOCTSIMU, KOTOPBIE UM-
mopTupyiorca u3 ¢aitaos B stl dopmare, TpeaBaApUTEIHFHO MOATOTOBIEHHBIX BO
rermanx CAD nporpammvax. [Ipu co3manuu cerku s 3a/1a49, B KOTOPBIX HEOO-
XOIMMO BbIJIEJIEHUE HECKOJIbKUX 0DJIaCTel ¢ Pa3IuYIHBIMU CBONCTBAMMU, IPEJLy-
CMOTPEHA BO3MOKHOCTH UMIIOPTA HECKOJIBbKHUX Stl (dait/ioB, KazK/Iblit N3 KOTOPBIX
OymeT XapakTepu30BaTh CBOI TEOMETPUUECKYI0 00jacTh. [lockoabky dopmar
daiisioB stl He MO3BOMAET TPYNNUPOBATH U MAPKUPOBATH T€OMETPUIECKUE IJIe-
MeHTbI 00bekTa, (TPAHUIIbI UM 3aMKHYTbhIe 00J1acTi) B uHTEp(deiice mo/Ib30BaTe-
Jisl TPeIOCTaBIeHa BO3MOKHOCTD 33/IaBATh YHUKAJIbHbBIE HOMepa HAbopy I'paHeii,
a TaK2Ke aCCOMMMPOBATHL HADOP IPAHUIL C BBIAEIEHHON obsacThio. Janmnas map-
KHPOBKQ, MO3BOJISIET B TIOCIEICTBUH 33aBATH HEOOXOIUMYIO ITE€TAJIM3AINI0 CETKU
B BBIOPAHHBIX 00JIACTSAX, & TAKXKE MOAU(PUIIMPOBATH FOTOBYIO CETKY, HATPUMED,
100aBJIsis TPUCTEHOYHBIE CJIOW HA HYKHOM rpanuiie. CJeayomumM STAmoM MOCIe
MOJIrOTOBKY M€OMETPHUU SIBJISIETCS peBapuTeIbHoe pa3dbuenue cerku. IIporece
PEHEPAINU CeTKU OCHOBAH HA BOCHBMEPUYHOM PA3OUEHUH IPOCTPAHCTBA TEOMET-
puu (0kr0 pazbuenue). CHadasia HA OCHOBE PA3MEPOB lE€OMETPUIECKOIO 00bEKTa
CTPOUTCS OJIMH TIPOCTPAHCTBEHHBIH 3j1eMeHT (Ky0), B KOTOPOii 3aK/II09€H O0bHEKT.
DTOT 3JIEMEHT B CBOIO 0Yepe/ib, pa30UBAETCSA Ha BOCEMb 3J1eMEeHTOB (Ky0OB) U s1a-
Jiee POIIECC TIOBTOPSIETCS M5 KaxKI0T0 d1eMeHTa. MOMeHT, Ha KOTOPOM TOJTy 4eH
MEPBBIA 371eMEeHT OyIeT COOTBETCTBOBATH ITEPBOMY YPOBHIO pa3bmenus, Bocemb
9JIEMEHTOB, MOJIyYUBIIUXCS B IPOHEcce pa3bueHus: MePBOr0O 3JEMEHTAa COOTBET-
CTBYIOT BTOPOMY YPOBHIO U T.ZI. BeiOupast 9acTu [IjIs1 MOCIEIYOIEero pa3donenust
U MOMEHT TPEKPAIleHns Pa30neHus Jisi SJIEMEHTA, MOYXKHO JOOUThCS HYKHOMN
merau3anuu Oymaynieil CeTKM B HEOOXOAUMBIX O0/IACTSIX TEOMETPUIECKOrO 00b-
ekTa. B mporiecce BBINONTHEHUs pa30UeHusi COOMIONAETCA MPABUIO, IIPA KOTOPOM
YUCIIO COCEJIEH ¢ KAazK/I0M CTOPOHBI 3JIEMEHTA, HE JIOJI2KHO ObITH OOJIBIIE YeThIPeX.

B mporecce pa3buenust 3JIEMEHTHI EJIATCS HA TPHU TPYTIIBE: BBIXOISINNE 33,
CPAHUIY OOBEKTA, PACITOJIATAONINECS BHYTPU OOBEKTA, W TEPECEKAEMbIE BHEIII-
HUMU ¥ BHYTPEHHUMU IPAHUIIAMA OOBEKTA. DJIEMEHTHI, BHIXOSIINE 33 TDAHUILY,
B PeHEpAIlNd WTOrOBOI CEeTKU He ydacTBYOT. Ha OCHOBE MOJIydYHBIIErocs mMpo-
CTPAHCTBEHHOI'O PACIIPE/IETICHUs] JIEMEHTOB JAJiee CTPOUTCS KOHEYHAs CETKA.

UroroBasi cerka CTpOMTCS HA OCHOBE PACIPE/IETICHUS JIEMEHTOB, [OJIYyYeH-
HBIX HA TpemblayieM mmare. IIpu 3ToM BepInwHBI UTOTMOBONW CETKU COBIIQIAIOT
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C BEPIUHAMY 3JIEMEHTOB TIPEIBAPUTEIHLHOTO pa3duenus. [l BEPIUH CETKH,
KOTOPBIE MPUHAJIEKAT JIEMEHTAM, TTPOXOIAIINM 4epe3 TPAHUIBI 00bEKTA, BbI-
MOJTHSIETCsI MPOTIEyPa MPOEIIUPOBAHNS HA TPAHUIIBI OOBEKTA.

B pesynbrare popMmupyeTcss HECTPYKTYpPHUPOBAaHHAS THOPHTHAS CETKA, BKJIIO-
Jaromas B cede MecTUrpanable KyOndeckne s9efKu B OCHOBHOM BHYTpHU 00JtacTh
00bEKTa ¥ MHOTOIDAHHBIE 3JIEMEHTHI (MUPAMUIBI TPU3MBI TETPAIIPDI ), HAXOsI-
IIUECS B EPEXOAHBIX 00/1acTsX (I/1€ COCEIHUE HJIEMEHTHI [IPEIBAPUTEIHLHOIO Pa3-
OueHus UMEIOT Pa3Hy0 TJyOuHy pa3buenus) u Ha rpanunax oobekra (Puc. 1).
B cerku, co3zmaBaembie g pacdera 3a7ad COMPSKEHHOIO TEII000MEeHa, KOTO-
Pble COEPKAT HECKOJIbKO 00/1acTell JJis TBEPABIX TeJI U ra3a (KUAKOCTH), TAKKe
OOABJISIIOTCS MPU3MATUYECKUE CJIOM HA TPAHUILY PAJEa MEXKIy HUMHU.

Pucynok 1. Cozmaare n3 CAD reomeTpru IpeIBapUTEIFHOIO PA30UEHHsT PACIETHON
06/1acTH ¥ 1IePeX0/t K IOCTPOEHUIO UTOTOBON CETKH.

OcHoBHBIE TPOOIIEMBI IIPH TIOCTPOEHUU CETKH HA OCHOBE OKTO pa30ueHust CBsi-
3aHBI C TPOEIIMPOBAHUEM BEPINUH MPEIBAPUTEIBHBIX STUYEEK HA TPAHUIIBI, KOTIa
MOTYT MOSIBJIATHCSA <«IIJIOXWE» SYefKy, HANpPUMED, BBIPOXKIEHHBbIE sdeitku. Ha
JTAHHBIT MOMEHT OCHOBHAsi pab0Ta BEJETCA B HANIPABJICHUN MUHUMUI3AIUN MTOSB-
JIEHHSI TIOIOOHBIX A9EeK, aJTOPUTMOB UX OOHAPYKEHHsI W UCIpaBjeHus. Kpome
9TOro, HeOOXOUMO 3aMETUTD, 9YTO HA UTOrOBOE KAY€CTBO CETKH BJIUSET KAYeCTBO,
UMIIOPTUPYEMOIl T€OMETPHM, B YACTHOCTU PA3MED IOJUIOHOB.

Tereporenusie (CPU/GPU) napajnenbHble BbIYNCIEHUS.

MogenupoBanue (BU3MIECKUX SIBJIEHUH W TEXHOJOTMYECKUX MPOIECCOB Tpedy-
€T IIOCTOAHHOI'O POCTa IPOU3BOJAUTEIIBHOCTH BBIYHUCJIUTE/ILHBIX MAalllWH. B I10-
CeJIHee BPEMS TIPOM3BOAMTENLHOCTD MPAPUIECKHX MPOIECCOPOB BO3POCIA HAa-
CTOJIBKO, 9TO OHHM CTaJId IIPUBJIEKATE/JbHbI JJ4d HAYIYHOI'O U HHXKEHEPHOr'o MO-
nemupoBanud. Kak pe3ynbrar, HOsBUINCH TEXHOJOIMU Herpaduaeckux pacde-
ToB Ha rpaduueckux nponeccopax — GPGPU (General-Purpose computation on
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GPUs). Ha 6aze «SigmaFlows Bezercst pazpabOTKa BEPCHU MPOTPAMMBI, MO3-
BOJIsTIONIell uCons308aTh A1 pacderos rubpuamsie CPU/GPU cucremst [10].
B GPU-Bepcuu Kojja Bce OCHOBHBIE OMEPAIUH O 0OPAbOTKE PACUETHBIX JAHHBIX
BBITIOJTHSITUCH HA TPA(UIECKOM TIPOIECCOPe: PACIET IPAJMEHTOB MOJIEH CKOPOCTH
U JIABJICHUS, JUCKPETU3AIMS YPABHEHUS JIBUKEHUS M YDABHEHUs HA MOIPABKY
JTABJIEHUsI, PEIIEHNe CUCTEM JIMHEHHBIX YPABHEHUN W KOPPEKTUPYIOIINE Omepa-
nuu nponeaypsl SIMPLE. Jlna ux peanu3anuu uCIOJb30BAIACH APXUTEKTYPA
CUDA (Compute Unified Device Architecture) nokonenus 2.0. B nomasisio-
meM GosbmuHeTBe peanu3oBanubix CUDA-sgmep Tpebyercsi BbIMOJIHUTH HEKYIO
OIEPAITUIO HAJT KAXK/IBIM Y3JI0M WUJIM I'PAHBIO CETKHU, OIEPUPYsi 3HAYECHUSIMU C CO-
cenHNX ¢ HuUM/Hel y3moB. TakuMm 06pa3oM, CTPYKTYpPY TOMOGHBIX sIep MOYKHO
ommcarh CiaeayromuM obpa3om. VimMeercss MaccuB pa3mepa, pABHOTO KOJUIECTBY
KOHTPOJIbHBIX 00BHEMOB MJIM TpaHeil ceTku. Jljisi KaXKa0ro sjeMenTa HeoOXOmu-
MO MPOYHUTATH 3HAYEHUS W3 ITOTO YKE€ MACCUBA MO M3BECTHHIM WHIEKCAM U I10-
JaTh WX HA BXOJ, HEKOH (QYHKIWMU, KOTOPAs BBIMOIHAETCS B OTIEIBHON HUTH
CUDA na GPU saape. Tak xe, kak u 8 CPU-Bepcun, ucosb30Baiach 1eKOM-
MO3WINsST PACYETHON ObslacTu — B dTOM ciaydae pouab sapa CPU, ma xoropom
BBITIOJTHSETCS OTIEIHHBIN TOTOK, UIPAET BeCh rpadudeckuil mporeccop. Takum
obpaszom, ocytecTBisiercs pa3buerue 3amaan Mexay neckonbkumu GPU. GPU-
BETKA MPOrPAMMHOIO KOMILTIEKCA TO3BOJISIET POBOJUTH PACYETHI CTAIIMOHAPHO-
[0 U HECTAIMOHAPHOIO JIAMUHAPHOIO U TYPOYJIEHTHONO TEYEHUs] HECXKUMAEMON
swugkocTu. [Ipu pacuere TypOynaeHTHOCTH ucmoab3yiorcs RANS momenn typ-
Oynearaoctu (k — w, k —w SST), BapuaHT METONA MOZEIUPOBAHUSA KPYIIHBIX
Buxpeit LES WALE, a rakxke rubpuaabsie Mmeroast DES u DDES na ocnoBe Mo-
nemu k —w SST. Ilpu MmonesupoBanuu TevdeHus BOJIU3U CTEHKU MOTYT HUCIOJIb-
30BaTbCA KaK IPUCTEHOYHbIE (DYHKIUH, TAK U PA3PENIeHre HOIPAHUIHOIO CJIOs
10 cTeHKU. TeCTOBbIE paCueThl TIOKA3BIBAIOT COOTBETCTRBHUE pe3ynbraroB Ha GPU
9KCIIEPUMEHTAIbHBIM JTAHHBIM U PE3YJIbTaTaM APYTUX PACUETOB IS PA3TUIHBIX
3a/1a4: CTAIMOHAPHOE JIAMUHAPHOE TEYEHNE, HECTAIMOHAPHOE JJTAMUHAPHOE Tede-
HUe, TYPOYJIEHTHOE TeYeHNe B KaBepHe U TyPOyIeHTHOE Te9eHHe B YACTH TPOTOU-
HOro rpakTa ruaporypbunst [10]. dis obeciedenusi BbICOKON IIPOU3BOIUTENLHO-
CTU BCE HEODXOIMMBbIE IO/ XPAHUIUCH B HAMATU I'PA(pUIECKOro yCKOPUTEss U
Bce omepanuu ajropurma SIMPLEC semmonnsmmcs tak ke Ha GPU. Pesyabra-
ThI PACIETOB MOKA3AJN BHICOKYIO MTPOU3BOAUTEIHFHOCTh IPAMUIECKIX YCKOPUATE-
neit. Copemennbie GPU MO3BOSIOT yBETUIUTH TPOU3BOIUTETHLHOCTD PACIETOB
38189 BBIYUCJUTEBHON THAPOJIUHAMUKA B 2 — 3 pa3a [0 CPABHEHHIO C COBPe-
mvenubiMu 6-saepabivu CPU. Kpome 31010, HeobX0AuMO OTMETUTh, 9TO MOIITHBIE
MOJTh30BATEIHCKIE TpaphUIeCKNe YCKOPUTEIN TTOKA3BIBAIOT OIM3KNE Pe3yIbTaThI
IO CPABHEHUIO € MPO(ECCHOHATBHBIMU /I BBIYUCIEHUH ¢ OTUHAPHON TOYHOCTHIO
(Puc. 2), 94T0 N03BOJIIET CTPOUTH CYIIECTBEHHO 0OJIee JEIIeBbie MTMOPUIHBIE BbI-
qucauTesbabe Kiaacrepbl . Orpanndenus Ha 00bEM TaMITH HA OXHOM rpadude-
CKOM TIPOIIECCOPE MOXKHO OOOUTH MCIOJBb30BAHUEM MAPAJIIEIbHBIX BbIYUCICHUN
¢ pasgenenuneM 3amaun Mexkay aeckoabkumu GPU.
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14 CPU Intel Core i9 7940X
(SkyLake-X, 4GHz, 2017)
8 CPU AMD Ryzen 7 1700
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Pucynok 2. Pesyanrarser pacuera mys 3amasm obrekanns mumHapa [11]. Cerka: 1,5
MJIH. ST9eeK, OJMHAPHAsI TOYHOCTD.

AByxda3Hble TeueHust

PaspabaTbiBaioTcst MOIEIN I pacyeTa TeYeHuil ¢ IUCITepCHOoil (pa30ii: KaBuTH-
PYIOIIUX TEeYEeHU, TeYeHN ¢ MEeJIKOJMCIEPCHON NMPUMEChI0 YaCTHUIl U Kaleyab 1
TeYeHU! BBHICOKOKOHIIEHTPUPOBAHHBIX Cycren3uil. /laHubie TeueHuss MOIAETUPY-
IOTCS C WCIIOJIb30BAHUEM BapwaHTOB AU (Dy3nOHHO-UHEPIIMOHHON MOJETN JIBH-
»kenus yacru [12], [13], koropas siBjisiercs yIPOIIEHUEM ABYX2KHUIKOCTHON MO-
JIeJIM JIMCHEPCHBIX [OTOKOB. B 9TOM cilydae ypaBHEHHSI [EPEHOCA JUCIEPCHON
da3bl B MPEIMONOKEHUN MAJIOCTH OTKJIOHEHUN CKOPOCTeH YaCTHIl, OT CKOPOCTU
Hecymeit ha3bl peayIupyercs K OJHOMY ypaBHEeHUIO Auddy3nOHHOrO THTIA, [IJIsT
KOHTIeHTparnu npumMech. Inddy3noHHO-HHEPIINOHHAS MOJETb MO3BOJISIET IPO-
BECTH PACYET PACIPOCTPAHEHUS MPUMECH B TYPOYJEHTHBIX MOTOKAX C yYIETOM
TypOysnenTHoi nuddy3un dacTull 1 METPAIME B pe3yabrare Typbdodopesa, mei-
CTBUS MaCCOBBIX CUJI ¥ MHEPIHOHHBIX 3P DHEKTOB, 00yCIOBIEHHBIX OTKJIOHEHUEM
TPAEKTOPWH JACTHI] OT JIMHWUI TOKA ra3a MPHU UX WCKPUBJIEHUN U W3-33, HECTAIIW-
OHAPHOCTH ITOTOKA.

B pabore [14] 6bui0 POU3BEAEHO UCCIIEIOBAHUE IIPEICKA3ATEJLHON CUIIbI
TPAEKTOPHOIO MOAXO/A U WHEPIUOHHO-IuMDY3nOHHOM MOIEe N HA Psijie 3a/1a4
O IWCIEPCHBIX IBYX(A3HBIX TYpPOYIEHTHIX TedeHwuii. [loKa3aHO MPEermMyIIecTBO
3iiIepoBa MOAX0AA JJIs YUCIEHHOTO MOJE/IUPOBAHNSA TYPOYJIEHTHBIX TE€UEHUN C
MEJIKOUCTIEPCHBIMY TaCTUIIAMH.

IIpoBoguKCh YUCIEHHBIE UCCTEIOBAHISA KABUTAIMOHHBIX TYPOYI€HTHBIX Te-
yennii. CpaBHEHNE YUCIEHHBIX PE3YIBTATOB C JAHHBIME SKCIIEPHMEHTA O KABUTA~
uonHoM obrexanuu ruponpodusas NACAQ0LS moKa3bIBAIOT, 4TO Y2KE B CILy4ae
HEOOJIBITION TTAPOBOI KABEPHBI AKKYPATHOE OMUCAHVE TTPUCOSIUHEHNS TTOTOKA 33,
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Hell TpedyeT MpUBJIEYEHNS METO/Ia 3aMbIKAHUs BTOPOrO Mopsiaka — auddepen-
[MATIHHON MOJIEJIN TIePEeHOCA PEHHOIIBCOBBIX Hampsizkenuii [15]. MonennpoBanue
C TIOMOIIHIO BUXPEPA3PEIIAIONINX METOA0B MIPEeACKA3bIBACT HU3KOIACTOTHYIO TIe-
PHOJMYECKYIO JUHAMUKY HapoBoii Kasepubl (Puc. 3, 4).

st mectefoBaHui JIAMMHAPHBIX TE€YEHUN BBICOKOKOHIIEHTPUPOBAHHBIX CYC-
MEH3Uil MpeIIOKeHA MOJIE]b Ha OCHOBE MOIEIN CMECH C YI&TOM MeK(a3HOro
CKOJIb’KEHUST ¥ MeKYaCTHIHBIME B3anmojeiicreusivu [16]. Conocrapienne duc-
JIGHHBIX PE3YJIbTATOB C YKCIEPUMEHTAJIHHBIMU JTAHHBIMU JIEMOHCTPUPYET XOPO-
IIyT0 TPEICKA3ATENHHYIO0 CIIOCOOHOCTh MOJETH, KAK B OTHOIIEHUH PACIIPEIeTeH-

HbIX IIOJIEBBIX BEJIMYMH, TaK U B OTHOHICHNH MHTErPAJIbHBIX IIapaMETPOB.

Pucynok 3. Kasuranmonnoe o6rexkanue ruapornpoduas NACA0015. Cpenmee 3uaue-
HHUE TTPOMIOJILHON KOMIOHEHTBI CKOPOCTH WM €€ ITyJIbCAIUii: a) IMOJIe CPEeIHeH CKOPOCTD,
sxcepument (PIV); 6) mose mynbcanuit ckopoctr, sxcnepument (PIV); B)mose cpen-
meit ckopocth, pacuer (DES); r)none mynscanuit ckopoctn, pacaer (DES).

a)

Pucynoxk 4. Kasuranuonnoe obrekanue rugponpoduas NACAQ015. Obsacts obpa-
30BaHMA 11apa: &) IKCLIEPUMEHT; 0) pacder.

I‘I/IGPI/IAHBIﬁ MeTOo/ pelieHud IIPpoCTpaHCTBEHHO-CeTeBbIX 3a1ad4.

I'ubpuanbiit MeTO/, OCHOBAHHBI HA COBMECTHOM HCIIOJIb30BAHUU METOJIOB BbI-
YUCIUTETHHON TUAPOINHAMUKNA W TEOPUW THAPABINYIECKUX CeTel, MCIMOIb3yeTC s
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[P PEIEHU] 33189, COIEPKAIIUX CYIIECTBEHHO IIPOTAKEHHbIE (CETEBBIE) U MPO-
CTPAHCTBEHHBIE JIEMEHTHI. B mpeicTaB/IeHHOM MMOPUIHOM METO/IE CBA3b MEXKIY
Pa3JIMYHBIMU YACTAMU MOJEIH (CeTEBON U MPOCTPAHCTBEHHOMN) OCYIIECTBIIAETCS
3a CYET IOCTPOEHHSI €IUHOrO ypaBHEHHUs /i pacdéra mojs gapjeHus. Takoi
1101X0/, 00ECIIeYrBAET BBICOKYIO CXOAMMOCTb 110 CPABHEHHUIO C TPAJUIMOHHBIMU
METOIAMU PEIeHnsT THOPUIHBIX 33134, MPEIMOJArAIOIINMI PA3IEILHOE Pere-
HFe TIPOCTPAHCTBEHHON U ceTeBoil yacreit [17].

B nannOM rubpuaHOM MeTOe MCXOAHAs 33/a9a pa30MBAETCsA HA, MPOCTPAH-
CTBEHHYIO U CETEBYI0 YACTH, B3aUMOIEHCTBHE MEXK 1Y KOTOPLIMU OCY IIIECTBJISETCS
Ha OCHOBE pelleHus 0OIIero ypaBHeHHs Ha IOLPaBKY JaBjieHus. B3auMocBssb
MOJIS CKOPOCTH ¥ JABJIEHUS B IPOCTPAHCTBEHHOM W CETEBON YACTH OCYIIECTBIISII-
ca npu nomoru SIMPLE-nono6uoit nporieaypsi. Mexanusm o0beIuHEHNsT IBYX
gacreil 3312491 OCYIIECTBJIAETCS IIPU HOMOIIM CTHIKOBOUHBIX BerBeil (Puc. 5).

Pucynok 5. Mexanusm 00bequHeHNsT OBYX 9acTeil 3amadm: 1 — MpOCTpPAHCTBEHHAS
9acThb 3a7adu, 2 — TPAHUIA IPOCTPAHCTBEHHOM 0b1acTu, 3 u 4 — BETBb U y3es CeTeBOH
9aCTH 3aJa4d, 9 — CTBIKOBOYHAfd BETBb, 6 — CTBHIKOBOYHAd I'DaHb, 7 — CTBIKOBOYHBII
KOHTPOJIHHBIN 00beM.

ITocne pacuéra ypaBHeHuit cOXpaHeHUs UMITYIbCA JJis PA3HBIX YacTeil 3a/1a-
Yu, IPOBOJIAM IIPOLELYPY CBS3HM PACXO/IOB Y€PE3 I'PAHUYIHYIO BETBb 3 U BXOJIHYIO
CPAHUIlY MPOCTPAHCTBEHHOM oOmactu 2. s 3TOr0 OT CTHIKOBOYHOrO y3ia 4 B
KaXK/IbIil TPAHWYHBIN KOHTPOJIBHBIN 00bEeM MPOCTPAHCTBEHHOM 00/1acTh 7 CTPO-
urcsa crbikoBovyHas BerBb 5 (Puc. 5). OcobGeHHOCTh JaHHBIX BETBEH B TOM, 4TO
3HAYEHUE PACXO/IA HA HUX HE PACCUYUTHIBAETCS, & 33/1aeTCs IIyTeM WHTEPIIOJISAIUN
U3BECTHBIX PACXOOB HA IPAHUIIE, OJHAKO B YPABHEHUAX HA [TOIPABKY /IABJIEHUS
U B yPABHEHUU COXPAHEHUS SHEPTUN CTHIKOBOYHAS BETBh YIACTBYET KaK OOBIUHA,
BETBb CETH.

Taxoi#t momx0/ MO3BOJISIET COXPAHUTH TPOMUIHL CKOPOCTH HA, TPAHUIE TPO-
CTPAHCTBEHHO# 00JIACTH, YTO MCKJIIOYAET U3 PE3yJIbTATOB PEIIeHNs IOTEPIO TaB-
JIEHHSI Ha BOCCTAHOBJIeHHE (DOPMBI IIOTOKA, MOCe yaapHoro npoduis. IToxyden-
HbIl B CTBIKOBOYHON BETBH PACXOJ| IIEPEXOAUT B IPABYIO YACTh YyPABHEHUS HA
MOTIPABKY JABJIEHUS KAK JJIs CTHIKOBOYHOTO y3JI1a, TAK W JJIsi KaXKJIOT0 IPAHUY-
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HOTO KOHTPOJIHHOTO 00bEMA. Tlocste pemienust ypaBHeHMIt HA, TIOMPABKY TABJICHUST
HA CTHIKOBOYHBIX I'DAHAX 33JaETCs CPEIHEE 3HAYEHUE TIOMPABKYU TABJICHUS.

B kauecrBe mpumepa pabOThI THOPHUIHOTO METOJA IIPEACTABICHA IUCTEHHOE
MOJIeJIMPOBaHMe y3Jia cOOpa AHOMHBIX I'a30B OT OAHOrO U3 KopiycoB KpacHo-
SIPCKOTO AJIIOMUHUEBOrO 3aB0j1a. OCHOBHOM 11€/1610 pabOThl ObLIO OLpeIeIeHre
BO3MOYKHOCTH PErYJINPOBAHUS PACXOIOB OT KAXKJIOH OpUrabl KOPIyCa, UCXOIst
M3 33@HHOTO JMAIa30HA PACXOJa OT OJIHOW JIEKTPOJIM3HON BAHHBI. DJIEKTPO-
JIN3HDbIE BAHHBI B KOPITyCe pa3e/eHbl Ha YeTbipe Opuraasl. Ha kaxkayio Opuramy
OpUXOAUTCs pasHoe KosimdecTso Banu (or 20 no 24). BripaBHuBanue pacxoioB
OCYIIECTBJISIJIOCH C IIOMOIIBIO PEryIUPYIONUX 3aCIOHOK.

I'naBHO#t 0COOEHHOCTHIO JAHHOTO BBIHOCHOTO Ta30X07a SIBISETCS HaJIndne
[EHTPAJILHOrO COOPHOrO KOJLIEKTOPa (MPOCTPAHCTBEHHAS YACTh MPEICTABJICHA
Ha Puc. 3a), morepu JaBjieHus B KOTOPOM COCTABJIAIOT MPUMEPHO IIOJIOBUHY OT
obrmieit oTepu JABJEHUsT B HMCCAEIYyEeMOH YacTH CHCTeMbl. Pa3smep pacuéTHoi
CeTKHU [Jisi TOCTPOEHUS IMOJHOCTHIO MPOCTPAHCTBEHHON MOJIEIN BCErO KOPIIyCa
Oyzer CIMINKOM BEJIMK, TAK KAK JJIMHbI HEKOTOPbIX y4acTKoB Oosibire 100 m. B
TO K€ BpeMsi, MPHU TIOCTPOEHUH TIOJTHOCTHIO CETEBOW MOEN HEOOXOIUMO OIpe-
JIEJIUTDH THUIPABJINYECKOe COTIPOTUBJIEHHE KOJJIEKTOPA JJIs PA3HBIX PEKMMOB €ro
paboThI, YTO SIBJISIETCS JTOCTATOYHO TPYI0eMKOil 3amaqeii. Ilpu ucmonb3oBanun
rubpUIHOIO METO/Ia TPOTKEHHBIE JIeMEeHThI ObLIM ITPEJICTABJIEHbI B BUIE CETH,
COOPHBIH KOJJIEKTOP B BUJE LPOCTPAHCTBeHHOro djiementa (Puc. 6a), uro nos-
BOJIUJIO MUHUMU3UPOBATH TPeOyeMble BHIYUCIUTEILHBIE PECYPCHI C KOPPEKTHBIM
y9ETOM COIMPOTHUBJIEHUS, BHOCUMBIM MTPOCTPAHCTBEHHBIM JIEMEHTOM — COOPHBIM
KOJIJIEKTOPOM.

s ompeiesieHnsi TEKYIIEro COCTOSHUSI CHCTEMbI, & TAK?Ke KOPPEKTHOTO 3a-
JIAHAS [TapaMeTPOB U BepuduKaIuy ruOPUIHON MOIe/ i, ObLT IPOBEIEH PsI 3a-
MEPOB Ha BBIXOJI€ BHIHOCHBIX TA30X0I0B OPUTa,l W3-M0/1 KOPIyca. TOYKN 3aMepoB
YKa3aHbl Ha PUCYHKe 6a.

§

Pacxo, Teic. M*/uac

l-aGpurana  2-aGpurana  3-aGpuraza  4-x Gpurama
|/ o2

6)

Pucynoxk 6. IIpumep mocTpoennst THOPUIHON MOJEIN JIsT CHCTEMBI BBIHOCHBIX Ta30-
XOJIOB 3JIEKTPOJIM3HOTO KOPITyCa: a) pacueTHas o0mactb, Nel - 4 momepa Gpuraz, 0
—10 momepa BerBell ceTn, KPYroM BBIIEIEHBI TOYKU 3aMEPOB ) CPABHEHHME PACIETHBIX
PacxXolI0B 10 OpUrasaM C JaHHBIMY 3aMepOB: 1 — MaHHbBIe U3MEpEeHMil, 2 - pe3yIbTaThI
pacdgéra.
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Ha pucynke 60 moka3aHO CpaBHEHWE PACCUUTAHHBIX W U3MEPEHUHBIX PACXO-
noB. MakcuMasibHOE OTKJIOHEHWE HAOJIIOMAeTCs /i 9€TBEPTO Opurajbl U CO-
crapnsier mpumMepHo 6%, 9TO MEHBIIE MOrPENTHOCTH CPEJICTB H3MEPEHUS 00beM-
HOT'O PacxXoma ra3os, Kotopas cocrasiager +10%.

Cl'IeI_II/Ia.TII/IBI/IpOBaHHbIe IIporpaMMHBbI€ KOMIIJIEKCHI

Kowmmneke nporpamm «SigmaFlows ucnomb3yercst He TOJBKO Ui PEIeHns UC-
CJI6TOBATEIHCKUX W MPUKIAIHBIX 33824, HO W 71T CO3AHUS CTeNnaIn3npOBaH-
HBIX MTPOTPAMMHBIX KOMTIJIEKCOB KaK JJIsT OT/AEJbHBIX TPEINPHUATHH, TaK W I
oTpacieit npomblienHocTr. 1Ipu co3ganuu crennajin3upoBaHHbIX PACYETHBIX
MporpaMM, Kak MPaBmio, Tpedyercs pa3paboTKa HOBBIX WU COBEPIIIEHCTBOBAHNE
CYHIECTBYONIUX MATEMATHICCKUX MOJesel, pa3paboTKa HOBBIX WHCTPYMEHTOB
ONUCAHUS 33Ja9U U aHAIU3a pe3ysibraToB pacdera. [losydennbie Takum obpa-
30M HApabOTKM MOTYT BXOAWTH B coctaB «SigmaFlows. 3a Bpems cyrecTBoBa-
Hust mporpaMmbl «SigmaFlows.Ha ee 6a3e ObLT CO3MaH PsiJl CIEIUATA3UPOBAHHBIX
MPOrPAMMHBIX KOMILIEKCOB, 9aCTh W3 KOTOPBIX MPEICTABICHA JATee.

IIporpammusriii kommiieke «SigmaFlames.

Crenmnanu3upoBanuas mporpamma «SigmakFlames Oputa pazpaborama aas Mo-
JIETTUPOBAHMUSI TIPOIECCOB B TOMOYHBIX KAMEPax MbLIEYTOMbHBIX KOTEIbHBIX ar-
pPEeraToB M MCHOJb30BAHKUS €€ WHKEHEPAMH, TEXHOJIOIAMHU W IIPOEKTUPOBIIHKA-
MU B yrOJILHOI dHepreTuke. Pa3zpaboTanHast KOMILIEKCHAS MATEMATHIECKAST MO-
nesib (hUBUKO-XMMHUYIECKUX TMPOIECCOB B TOMOYHBIX KAMEPAX KOTEJIHHBIX arpe-
raToB BKJIIOYAET TOAMO/IE/IN: MPOCTPAHCTBEHHONW TYPOYIEHTHOW adPOINHAMUKY;
KOHBEKTUBHOI'O TEILIOOOMEHA W TerI00OMEHA W3TydeHUueM; TBUYKEHUs] U BBITO-
paHus MbLIEYTOJIBHOIO TOILINBA; TOPEHUsl JIETY9IrX B ra3oBoil (aze; obpa3oBa-
HUS OKHUCJIOB a30Ta; (POPMHUPOBAHUS HLIAKOBBIX OTJIOKEHUH HA MOBEPXHOCTHX
Harpesa [18]. PaspaGoranHasi MeTOAMKA pacdera MPOIECca TOPEHHs YrOJIBHO-
IO TOIJIMBA B TOTMOYHONW KAaMEpe /IaeT YCTOWYMBOE W TOYHOE DEIeHuEe B ITHPO-
KOM JIHAMa30He pabodux mnapamerpoB. Kpome 3TOro mporpaMMHbIH KOMILIEKC
“SigmaFlame” Bkouaer B cebsg aganTUPOBAHHBIE PEIAKTOD I HOCTPOEHUS
pacdeTHoi 00JIACTH, TPEXMEPHYIO BU3YAJIU3AIUIO PACIETOB W BBIBOJ, B OT/EJIb-
HbIH (Daiijl OCHOBHBIX MHTETrPAJIbHBIX MAPAMETPOB PAabOTHI KAMEpPhl KOTEIHHOTO
arperara (Puc. 7). “SigmaFlame” no3sosser, 3a7aB OCHOBHbIE XapaKTEPUCTUKU
KOTEJIHOT'O arperara, u pexkuM ero paboTsl, 03 HACTPOWKHM MATEMATHIECKON MO-
JIETTU TIPOBECTH YUCJIEHHOE MOJICTTUPOBAHUE, & UCIOIb30BAHUE CIIEIUATBLHO aIaM-
TUPOBAHHBIX MOJIEIEH U METOJOB JIJIsl JIAHHOIO KJIACCa 33189 00ECIeINBAIOT BbI-
COKYIO CKOPOCTH PACYeTa M0 CPABHEHWIO ¢ KOMMEDUYECKHMHU YHUBEPCAJTHHBIMU
MPOTPAMMHBIMUA KOMILJIEKCAMU .

«SigmaFlame» ycmemuo wucmosgp3yercs B HCCIEI0BATEIBCKON W MPUKJIAJ-
HOl JIeATEJIbHOCTH PsAfa HAydHbIX U OpoekTHbix opraunusammii (BTU, Cub-
OHTI, VpanBTU, OO0 «TOPUHC», 3u0 KOTIC, OAO TK3 «Kpac-
HbLA KOTeJIbIIKMK» ) U JJIsd HOAINOTOBKM CIELUaJUucToB B yuebuom upouecce OT-

BOY BO «<HY «M3U», COY, CIIGITY, CAD®Y u Yp®YV. C ucnonn3oBanuem
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«SigmaFlames Obuin MpoOBeIEHBI PACUETHBIE MCCIEIOBAHUS TOMOYHBIX MPOIEC-
coB B Takux KoTy1ax Kak [1-67 Bepezosckoit [PIC, BK3-420 Munycunckoit TI1]

u JIp.

2 Busyanwsaups

wan = | J§ N Z D 5 [ b @ s od 12 | 6 noem - - | [ Oscem

v R

6)

Pucynoxk 7. IIporpammustii kommieke «SigmaFlame»: a) moctpoerme pacaeTnoit 06-
sacTy; 6) BU3yanm3anys PacaeTos.

ITporpammasiii kommitekce «Curma IIB».

IMporpammustit kommeke «Curma I1B» 6611 paspaboran K@ UT CO PAH cos-
MectHo ¢ UBM CO PAH s perienus 3a/1a4y OIPEIE/ICHAS] BEPOITHOCTU 3Ba-
Kyauuu Jiozeii npu noxkape us 3nanus [19]. s pemenus naHHON 33Ja4u MO-
JIeJIUPYIOTCs TIPOLECChl PACHPOCTPaHeHKs OlACHBIX (hakTopos noxapa (ODII)
U 3BaKyaluu Jiojei u3 3paHusd. s BbIIOJHEHHUS YHCJICHHOIO MOJIETUPOBA-
uusi B «Curma [IB» ncmonb3yrorest pacueTHbie MOYIU COOCTBEHHON pa3paboTKu
«SigmaFire» (K® UT CO PAH) u «SigmaEva» (IBM CO PAH), B koTOpBIX
pean30BaHbl MATEMATHYIECKAS MOJIEIb PA3BUTHS MMOXKAPA U MOJEb [IBUKEHUS
JIOJIel MHMBHUIYATbLHO-TIOTOYHOIO THIIA COOTBETCTBEHHO. PacueTHbIl MOIyb
«SigmaFire» ocHOBbIBaeTCs Ha MOJEJUPOBAHUM [TPOCTPAHCTBEHHBIX HECTAIHO-
HAPHBIX TYPOYJEHTHBIX TEUEHUH C XUMUIECKUMU PEAKITUSIMHU B TTOTOKE U COMPSi-
JKEHHBIM Terio00MeHoM. /lJist onrcanust pa3BuTus 09ara moXKapa MCIOIb3yeTcs
IMIIUPUIECKAS MOJENb. Maremarudeckas MOIE/Ib IBAKYAIMH JIIOEH ONMUCHIBAET
JIBUZKEHHE KaKJIOTO OTIEJHbHOTO YeI0BEKA € YUETOM HAJTUYHSA JPYTUX yIACTHHU-
KOB JIBUKEHUS U TPAHUYHBIX YCIOBUI, IBJISIETCS HEITPEPBIBHOI IO IIPOCTPAHCTBY,
HO IPEJIIOJIAraeT KOHEYHOE YUCI0 BO3MOXKHBIX HAIIPABJICHUI EPEMENICHHs de-
JIOBEKaA.
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Pucynox 8. IIporpammustit kommiekce «Curma I1Bs. Tloctpoenne pacuernoit obiactm
I pacdeToB.

Pucynok 9. IIporpammustit komiieke «Curma IIB». Mouysib anaiusa pe3y/ibraTos.

«Curma IIb» mpenmasHadueHa M1 MCIIOJb30BAHMS CIIEIHAJUCTAMHA B 00JIa-
CTHU TOXKAPHON 6E30MACHOCTH, KAK MPU OIEHKE MOKAPHON OMACHOCTH CYIIECTBY-
IONIMX 3IaHAUH, TAK U P IpoeKTupoBarun HOBbIX. B pamkax «Curma I1B» Gbuia
MpoBeeHa OObINas paboTa MO AJANTAINNA WHCTPYMEHTOB MOCTPOEHUST PACIET-
HBIX ObJtacTeil ayia momenupoBanus pacupocrpanerus O®II u sBakyanuu Jromeit
(Puc. 9) u 3a1aHus CHEHAPUEB TI0XKAPA, MATEMATUIECKUX MOJE/ell yKa3aHHbIX
MPOIECCOB W MOJIY/Isl aHATM3a PE3YJIBTATOB, BKJIIOYAMONIEro B cebs aBToMaTHde-
CKYI0 M€HEPALUIO OTYeTa BEPOsATHOCTU dBaKyauuu u3 3nanus (Puc. 10).

IIporpamMmusblii Kommiieke «TubeFlow».

OpHYUM U3 TPUMEPOB CO3IAHNS CIENUAIN3NPOBAHHOIO TPOrPAMMHOTO KOMILIEK-
ca Jyid oTaeabHo kommanuu sBjserca « TubeFlows, koropsrit 6pu1 paspaboran
mutst Hedprerazosoii cepsucHoii kKomnanuu Baker Hughes.

«TubeFlow» mpenna3mnadeHn Ajisi MOAETUPOBAHNAS TEICHUH HEHBIOTOHOBCKUX
Cpe/i B KaHAJIAX [IPOU3BOJIBHOIO MOIEPEYHOIO CEYEHUs] B IIUPOKOM JIAIIA30HE U3-
MEHEHUs TTapAMETPOB TEUEHUS Ha OCHOBE METOIOB BBIUUCIUTEIHHON THAPOINHA-
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muk# [20]. B mporpaMMHBIH KOMIIJIEKC 3aJI0%KEeHBI CO3/JAHHBIE ABTOPAMU OPHIH-
HAJIbHBIE YUCJIEHHBIE AJITOPUTMBI M MATEMATUIECKUE MO I Ty POYT€HTHBIX
TeUYeHUil HETNHEHHO-BA3KOILIACTUIHBIX cpel. IIporpaMMHBIH KOMILIEKC MTO3BO-
JIIeT TMPOBOAWTDH WCCIIEI0BAHUS TEYE€HUN HEHBIOTOHOBCKON CPeIbl IOJIb30BaTE-
JiiMu, HE OOJIAJAIONIMMU CIIENUAIbHBIMYA 3HAHUAMU U3 O0JIACTH BBIYUCIUTEI b
HOM rugpoanHamuku. « TubeFlows wmcnonb3yercs: s uccienoBaHms XapakTepa
TEYEHUsI B KOJIBIIEBOM 3a30p€ W TOCTPOEHWsT 0A3bl JAHHBIX, MPEICTABJISIONMIEH
3aBUCHMOCTh CHJIOBBIX (DAKTOPOB OT F€OMETPUM 33/Ia9M U PEXKUMHBIX [TapaMeT-
pos (Puc. 11a). Kpome 510ro nporpaMMHbIl KOMILIEKC HO3BOJISIET MOJAEIUPO-
BaTh HECTAIMOHAPHBIE TE€YCHUS KUJIKOCTEH C TBEPABIMH YACTULIAMHU B KAHAIAX
(Puc. 116). Maremarnveckasi MOJIENb TEUEHHS CYCTIEH3WI TIOCTPOEHA OCHOBE Jii-
JIEPOBA TIPEJCTABJIEHUS ABYX(DAZHOTO MUCIEPCHOTO TOTOKA C yUIETOM Mekba3-
HOTO CKOJIbYKEHUS ¥ MEXKIACTUIHBIX B3aMMOI€HCTBU.

1.275e+00

=-1.120e-03

a) 6)

Pucysnok 10. IIporpammustii kommteke «TubeFlows. Pacopenesenue: a) akcnaabHoit
CKOPOCTH CyCIIeH3UH; 0) KOHIIEHTPAITUN TAYKEJbIX TACTUI] B TOPU3OHTAIHHOM KOJIHIIE-
BOM KaHaJIe C BPAITAIONINMCS BHYTPEHHUM ITUIUHIPOM.

IIporpammusbiii kommiteke «SigmaFW».

Corpynuunkamu K® UT CO PAH B Onukaiiiiee BpeMsi MIAHUPYETCS BBIMTYCK
CcBOOOTHO-PACTIPOCTPAHIEMOrO MTPOTPAMMHOT0 KoMmItekca «SigmaFW» mis mo-
JIe/IUPOBAHUS 3324 I'MIPOra30IMHAMUKK U Teraomaccoobmena [8]. «SigmaFW»
— IIOJIHOIEHHbBIN [POrPAMMHBINA KOMILIEKC, HIPEIHA3HAYEHHbIA /i HAy4HbIX U
00pa30BaATEIHFHBIX OPTAHU3AINI U TPOMBIIIIEHHBIX TPEINPUSITHI, OCHOBHOMW I1e-
JIbI0O KOTOPOTO SIBJISIETCS TPOIBUMKEHUS YHUCJIEHHOTO MOAeaupoBanus B P®.
«SigmaFW» cocrouT m3 Tpex OCHOBHBIX MOJYyJIeH: MOArOTOBKA PACYETa, Pac-
gyerHoe a1po, ananu3 pesyabraros (Puc. 12). B «SigmaFW» pacuernas cerka
CO3/JAaeTCs HA OCHOBE CTOPOHHEH (MMIIOPTUPYEMOIi) reOMeTPUH, IIPe/IBAPUTESLHO
noaroropsentoil Bo paewmneir CAD cucreme. B pacuernom mojysie peajin3oBa-
HBI MATEMATUYIECKNE MOJIEH, OMUCHIBAIOIINE CTAIMOHAPHBIE W HECTAIIMOHAPHBIE
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JIAMUHAPHBIE U TyPOYJIEHTHBIE OTHO ¥ MHOTOKOMIIOHEHTHBIE T€UEHU S, COTPIKEH-
HBIN ¥ JIy9UCTHIA TEIIOOOMEH, XUMUYECKUEe PEAKINu B Ta30BOM MOTOKe. Kpome
sroro «SigmaFW» nomaep:kuBaer BO3MOXKHOCTH MHOTOTIOTOYHBIX BBHIYUCICHUH.
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Pucynoxk 11. Ilporpammusiit kommiekce «SigmaFWs». Biok amanms3a pe3yapTaToB u
reoMerpudeckux 3jeMenTon, ummnoprupoanubix u3 CAD cucrem. Ceuenue nosis ussty-
YeHWs ¥ PACTPEeIeJIEHIe TEMIIEPATYPhI Ha, TOBEPXHOCTH.

3akJJdyeHue

B pabore paccMOTpeH psi HOBBIX MOJEJeH U MOAX0I0B, PEAJTN30BAHHBIX B KOM-
mnekce mporpamm SigmaFlow. IIpeacraBienbr pe3yabTaTbl pacie€TOB HA TeTepo-
PEHHBIX BBIYUCJIUTEbHBIX CHCTEMAX. A TAK¥Ke PE/ICTABIEHBI CIENAATU3UPOBAH-
HbIE IIPOrPAMMHbBIE KOMILIEKCHI, pa3paboranubie Ha ocHOBe «SigmaFlows.
Wccnenosanve BLITIOJHEHO TpH (pUHAHCOBOI oanep:kke PO, ITpasurenn-
crBa Kpacuosipckoro kpas, KpacrHogpckoro kpaeBoro (hoHIa MOAIEPKKU Ha-
YYIHOU W HAYJIHO-TEXHUYECKOU MeATeJIbHOCTHY» B PAMKAX HAYYHOTO ITPOEKTa N

17-41-240947.
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Annoranusa Ilosydens! anasuTraeckoe BeIpazkeHne CUIOBOM yHKIMA
HBIOTOHOBCKOT'O MIPUTAXKEHUA CIIyTHUKa C IMIEPEMEHHBIM TE€H30POM WHED-
WK B T0JIe TpuTsKeHnn chepuaeckoro tesna. Ha ocHoBe momydeHHOTO
BbIPpazK€HU A CHJIOBOIL (byHKHI/II/I COCTaBJICHbL YPaBHEHUA 110CTYIIATE€JIbHO-
BPAIATEJbHOTO JBUKEHNS] — OCHOBHAS MATEMATHYIECKAs MOJIEJIb MCCIIe-
nmyemoii mpobsiembl. CobCTBEHHAS CUCTEMA KOOPAWHAT CIIy THUKA HAIIPAB-
JIEHa 110 IVIAaBHbIM OCAM MHepuuu CIlyTHUKA, U IIPpEeAliojaraercd, 4To B X0-
1€ IBOJIIOIIUU WX OTHOCHUTEJIbHAA OPUEHTAIIUA OCTAXOTCA HEM3MEHHBIMH.
Haiitenst HOBBIE IPOMEKYTOUHBIE IBUKEHWUS [jIs UCCIE0BAHUS Bpalia-
TEJIbHOI'O [ABUZKEHUA CIIyTHUKA BOKPYI CcODCTBEHHOIO LEHTPa MHEPLUM.
B HeorpaHndeHHOIT TOCTAHOBKE BHIBEIEHBI I epeHnmaibHbIe ypaBHe-
HUA BOSMYUIEHHOTO ABUK€HUA CIIyTHUKA C II€PEMEHHbIM TE€H30POM WHED-
o1 B 110JI€ TIPDUTHA?KEHUA C(bepI/I‘-IeCKOl"O T€Jla B PA3JIMYHBIX CHUCTEMaAX
OCKYJIIDYIOIIMX 3jleMeHTOB. B passiokenun Bo3Mymmaomeil GpyHKIUN B
P4 UCIIOJIB3YyeTCA COBPEMEHHbIE BbITUC/IUTE/IbHbIE TEXHOJIOTUN KOMIIBIO-
TepHOi ajre6psl. BrIBeIeHBI KAHOHWYECKNE YPABHEHUS BO3MYIIEHHOTO
NBUXKEHUS B aHAJIOTaxX dj1eMeHToB [lemone- Aunyaiie u denoue-Ilyaccona,
KOTOpPbIE€ JaOT BO3SMOXKHOCTDb BBIYIMC/I€HUA BEKOBBIX BO3MyIHeHHﬁ. HOJIy-
YEeHHBbIC HOBBIE PE3Y/JIbTATHI pa6OTI)I MOTYT 6LITI> MCIIOJIB30BAHBI IJId aHa-
33 JAHAMAYECKON 9BOJIIONNN ITOCTYNATEIbHO-BPAIATEIbHOTO CILy THU-
Ka B HECTAITVMOHAPHBIX I'PABUTHUPYIIOIUX CUCTEMAX.

KuaroueBbie cJIoBa: MEPeMEeHHOCTh  MacC, TEeH30p  WHEePIHH,
[IOCTYLATE/IbHO-BPALIATEIbHOE [IBUKEHIE

Bsenenue

PeasnpHble KOcMUYecKHe Tesa — HecTarmoHapHbie. Co BpeMeHeM M3MeHSIOT-
Csl IX MacChl, pa3Mepbl, GOPMbI U CTPYKTYPa PACIPEIEIeHUsT MACC BHYTDH TeJl
[1]-[5]. 9Tu mpomecchl 0COGEHHO HHTEHCHBHO IIPOUCXOAAT B JBOWHBIX M KDAaT-
HbIX cucremax [4]. B cBsA3u ¢ 9TMM, MCCIEMYETCA TOCTYIATENbHO-BPAIATENBHOE
JBUKEHUS CILyTHUKA C [IEPEMEHHBIM TEH30PDAM UHEPLUMU B 1I0JI€ [IPUTAKEHUH
ceprIecKoro Tesa.
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ITocranoBka 3amaun

Paccvorpum gacTHbIM Cirydail MOCTYIaTeIbHO-BPAIIATEILHOTO IBUKEHUS TPeX-
OCHOI'0O HECTAlMOHAPHOI'O Tejla B II0Jie NPUTAXKEHUdA HEeCTAIlMOHApPHOIo 1iapa B
OTHOCHTEJIbHOI crcreme KoopanHaT [5]. [Ipuvem cieyroiume TOMyIeHws:

1. mepBoe Ten0 — map co chepudecKuM pacIpeseeHneM Macce ¢ IePeMeHHOT
maccoit my = my(t) u ¢ mepeMeHHBIM pagauycom 11 = I (t);

2. BTOpPOE TeJI0 — CIyTHUK C TTEPpEeMEeHHON MacCoi meo = My (t)06na;LaeT TpoOn3-
BOJIBHBIM JUHAMHUYIECKHUM CTPOCHUEM U XapPaKTEPHBIM JITHEHHBIM pa3MmepomMm
ly = l3(t). Ero MOMEHTBI HHEPIUH BTOPOTO IIOPS/IKA IIEPEMEHHbBIE

A= A(t),B=B(t),C =C(t). (1)

Pucynoxk 1. llTap u coyTHuK.

3. MomeHTbI HUHEPIHUHU BTOPOr'o Tejla MEHAITCA B OAUWHAKOBOM TEMIIE

Alt) _ B(t) _ Ct) _; 2
= = = I(t) = mx (2)
A(to) B(to) Clto)
371€Ch M, X - 33JaHHBbIE W3BECTHBIE (DYHKIMU BPEMEHW.DTO O3HAYAET, UTO
pPa3MepsI CIIyTHUKA MEHSIOTCS TOMOTETUIECKH, ero TepBOHadaIbHast hopMa
0CTaercst HEM3MEHHBIM, HO PA3MePhI IPOCTOTO CJIOSt ¥ MACCHI OYIAyT MEHATHCS.
4. Ocu cOBCTBEHHOI CHCTEMbI KOOPJIUHAT JJisi CITyTHUKA COBIAJAIOT C TJIABHbI-
MU OCSIMHU MHEPIMH U OHHM B IIPOLECCE YBOJIONUU OCTAIOTCSH HEU3MEHHBIMU;
5. Macchl Tes u pazMepbl MEHSIIOTCS PA3HBIME YAEJbHBIMUA TEMIIAMHA

ma(t) L(t) , la(t)
mo (t) ’ ll (t) lQ(t) ’

7 3)
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6. OTHOCHTE/IbHASA CKOPOCTH OTIEIAEMBIX (MIPUCOEIUHAEMbIX) YACTHI] PABHA
HYJIIO
ue—€6=0, u,—n=0, u—¢=0, (4)
7 HE BO3HUKAIOT JONOJLHATEILHLIC BPAINATEIBHBIE MOMEHTEL.
7. Orpanmyumcs IPUOIMZKEHHBIM BBIPAKEHUEM CHJIOBON (pyHKIHH
~ Smimg

U~ —F—=+1U,. 5
R + Uz (5)

Ao+ By +C —31
1
2R3
Ilpu BbINOIHEHUM BbIEyKA3aHHLIX JIOIYIIEHUHA ypaBHEHUs [OCTyIIaTe/bHO-

BpamaTeanoe JABU2KEHU A CHyTHI/IKa B OTHOCHTeﬂbHOﬁ cucremMme KOOp,JII/IHaT MOZK-
HO 3aIMCaTh B CJEAYIONIEM BHUIE

Uy = fm (6)

. oU . 9U . U

u@ﬁ%—ggﬁdﬂy—-EJJKﬂZ—«gg (7
d __sinp [OU oU ou
la(A(t)p) —(B(t) = C(t)gr = " {51/) — cos 9890} + cos Y20
d __cosp [ QU ou . oUu
a(B(t)q) —(C(t) — A(t))rp = — {5’1/% — oS 08@} —sinpos (8)
d ou

C(t)r) — (A(t) — B(t))

@( P= 5,

rae p(t) = mq(t)mao(t)/ma(t) + ma(t) - npuBenennas macca,

fmima

U=U,+U,, U= R

(9)

R* = 2%+ + 2% (10)

f - rpaBUTAIMOHHAS TOCTOSHHAS, /- MOMEHT WHEPITUH CITY THUKA OTHOCUTETh-
HO NpPAMO#, COeMHAIONIadA IIEHTP Macc Iapa u CIyTHUKA, P, ¢, - TPOEKINN yI-
JIOBO# CKOPOCTH BPAIIATEJHHOIO IBUYKEHUS CIIyTHUKA HA OCH COOCTBEHHBIX KO-
OpJIMHAT, KOTOPbIE OMUCHIBAIOTCH KAHEMATHIECKUMU YPABHEHUSIME Ditiaepa

pzqﬁsin@sin<p+9.cos<p
g=1sinfcosp —Osiny (11)
r=1cost+ ¢

@, 1), 0- yrawt diiepa. [oayyennsie ypasuenus (7) - (11) nosnocrbio xapak-
TepU3yeT MOCTYIATEILHO-BPAIIATEIbHOE JBHKECHHE HECTAIMOHAPHOIO CILy THHKA,
€ NEPEMEHHDBIM T€H30POM MHEPUMHU B OJIE IIPUTAKEHUU HECTAMOHAPHOIO LIAPA,
B PACCMATPUBAEMOI MOCTAHOBKE.
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ypaBHeHI/ISI BOSMYIIICHHOI'O IIOCTYIIATE/JIbHO-BPpaiaTeJIbHOI'O
OBUXKEHNd B aHAJIOrax 3jieMeHTOB /lemone-Ammgyaiie

YpaBHeHus BO3MYIIEHHOTO JABUKEHUS IIEHTPA MACC CIYTHHKA B AHAJIOTAX JJI€-
MeHTOB [lesome [5] uMeroT Buz

. 9w . AW . AW . AW ow* OW™*
L= G=""—H="—l=—"—g=— h=— 12
oY= oy ah oL 9T T aG om 1?2
COOTBETCBEHHO
I -i—kﬁ/(tLGnghL’G’H’l’g’h’) (13)
I/Q(t) 2/_,L0L2 ) ) ) Yy b b ) b b ) ) b
| 1
W = @W, W =U, — 5b*R2 =W(t,L,G H 1,9 h, L G H, I, ¢, n) (14)

IIpu ycnosun

= =l = (1) = o (15)

A = A(to)mx*, B = B(to)mx*,C = C(to)my>

[IO3TOMY
B = const, el = const, rel = const,
371€Ch M, X - 38JaHHBIE W3BECTHBIE (DYHKIINU 3ABUCSIIE OT BPEMEHH,
ma(t) I (t)
m=m(t) = X =x(t) = 16
(t) mato) (t) (o) (16)

BPAILATEIBHOE JIBUZKEHHE CILyTHUKA ONUIIEM AHAJIOraMH IepeMEeHHbIX Anyaife.
VpaBHeHus BO3MYILEHHOIO BPAIIATE/IbHOIO JABUZKEHHS B AHAJIOIAX LEePEMEHHbIX
Amnnyaite [5] coxpausoT CBOI BH]

_OF* . 9F* ., OF* ., QF* ., OF* . OF*
oY e e VT O g M 00

COOTBETCBEHHO BO3MYyIMamomas Gynknus F*

l'/

F*:FHB+FB7 FHB:FBpa (18)

1 sin?l’  cos?l’ L?
FB —— G/2 _L/2 b e = 19
b= =+ 5 ) 3 (19)
FB = UQ(taLaGa Hal>g7haL/aleHlvl/ag/7h/)7 (20)

Fyp- raMuIbTOHRAH 332491 Diijiepa 0 CBOOOAHOM BPAIIATETbHOM JIBHKEHAH BO-
KPYI' IEHTPA MACC HECTALMOHAPHOIO CILyTHMKA B AHAJIOraX [EPEMEHHbIX AHuy-
aite mpu ycnosun (15)-(16), Fh-Bo3mymaromas yHKIWs.
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Pa3znoxxenme Bo3MmymiawoIieil (pyHKIIUNU Uepe3 3J1eMeHThI
emone- Aumgyaiie

st TOro 9To0bl MOJIYYUTh B SBHOM BU/IE€ YPABHEHUS BO3MYIIEHHOI'O /IBUKEHUSA
HEOOXOINMO PA3JI0KHUTh BOZMYIIAIONIYIO (DYHKIINIO

1 pe 171,
. L Sl 21
w V22M0L2+¢{ SOR +U2}, (21)
As+ By +C — 31
UQ:fml 2 ;RS 5 (22)

I = Ad® + BB? + Cv?,

gepe3 asiemenTbl Jdenone-Aunnyaite. B dopmyne (22) a, 5, v - naupasisiouue
KOCHHYCHI BeKTOpa R, COeaUHSIONINIT EATP MACC TeJ OTHOCHTEIHLHO TIOIBUKHOM
COOCTBEHHON CHCTEMBI KOOPAWHAT CITy THHKA,

—_—
T z
o = anﬁ + a21% + Cl31§ = COS(R/\OQ)()7

—
— = Y ® — cos(R"O,Y (23)
8= a1y +a22§ +a32§ = cos( 2Y),
—
x y z A
7=y +a23E +a33§ = cos(R"0:27),

£ %, % - Halpap/AOIIHe KOCHHYChI BeKTOpa [? OTHOCHTENHHO HENOIBUKHBIX
oceit cucTeMbl KOODJAUHAT ngyz,aij - KOCHHYCBI YTJIOB MEXK/Iy OCAMU I1OJIBUXK-
HO¥ CHCTEMbI KOOD/IMHAT W HEIOABUKHOM cucTeMbl KoopauHat. Jljisi KOHTpOJis
AHATUTUYECKUX W YNCJIEHHBIX BBIYNCIEHNH MOXKHO WCTMOJIH30BAThH N3BECTHOE CO-
OTHOIIIEeHNE
2 2 2 _
o"+p+y" =1

B anasnorax mepemenHbIx AHjyaile HAIIPABJIAIONINE KOCHHYCHI G;j BBIPAXKAIOTCH
caeayomuM 00pa3om

a11 = cosh’ cos g’ cosl’ — cosh/ cos J' sin g’ sinl’ — sin b’ cos I’ cos !’ sin g’ —
—sinh/ cos I’ cos ¢’ cos J'sinl’ + sinh/ sin I’ sin I’ sin J',

a9y = sinh’ cos g’ cosl’ — sin b’ cos J' sin g’ sinl’ + cos h’ cos I’ cos !’ sin ¢’ +
+cosh' cos I’ cos g’ cos J' sinl’ — cos h' sin I’ sin !’ sin J’,

a5, = sin I’ sin g’ cosl’ 4+ sin I’ cos J' cos g’ sinl’ — cos I’ sinl’ sin J',

(24)
a1z = —cosh/ cos J' cosl’sin g’ — cos h’ cos ¢’ sinl’ — sin b’ cos I’ cos g’ cos !’ cos J'+
+sinh’ cos I’ sin ¢’ sinl’ + sin A’ sin I’ cos !’ sin J',
g9y = —sinh/ cos J' cosl’sing’ — sinh’ cos ¢’ sinl’ + cos b’ cos I' cos g’ cos ' cos J'—

—cosh’/ cos I’ sing’ sinl’ — cosh/ sin I’ cosl’ sin J',
g5 = sin I’ cos J' cosl’ cos g’ — sin I’ sin ¢’ sinl’ + cos I’ cosl’ sin J',
(25)
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a13 = cos h'sin J'sin g’ — sin b/ sin I’ cos J' + sin h' cos I’ cos ¢’ sin J',
(g3 =sinh’sin J'sing’ — cos h' sin I’ cos J' — cos h’ cos I’ cos ¢’ sinJ’,  (26)
g5 = cos I’ cosJ —sinI’ cosg’ sinJ’,
re
g i I L2
COSI’Z@,SiHI’Z 1—@,COSJ/=a7SinJIZ 1—@. (27)
IMepenummem dhopmymy (22) B Buge

A+ B+ C —3(Aa? + BB% + Cy?)

Us = fmy SR8 =
_ fmi(A+B+C) [ 1 3fmiA [a? 3fm.B [ B? 3fm.C [~2
smttspeay) wma (g el mmey)

B nmocnenneit popmysne BesmauHbl B KBAAPATHBIX CKOOKAX HYXKHO BBIPA3UTH de-
pe3 anasioru nepemennbix Jlesone-Anmyaiie, ucosib3ys (POPMyYJIbI HEBO3MY IIEH-
HOTO JBUXKeHUs. B Bbipaskenun (28) HANPABJSIONIME YTJIBI KOCUHYCOB MEXKIY
paamyc-BeKTOpoM R u ocsMu BpaIIaioNeiicd CUCTEMbI KOOPANHAT OIPeIeTIoT-
ca dopmyanamu (23). IlepBas BejuunHa B KBAJAPATHON CKOOKE MMEET BU/L

1 1  (1+ecosv)?
R3 ~ 13p3 v3p3 : (29)
C y1eroM mOCTIEAHEro COOTHOMIEHUS U UCIOIb3Ys (GOPMYILY
x y z
a=ay1 5 ta95 tag; 5 30
np Ty Ty (30)
2
HAXO/UM BBIPAZKCHUE Trg
2 3
e (1+ecosv) x Yy z2\2
R3 Ba3(1—e2)3 (auE + ‘R * a?’lﬁ) ’ (31)

a11 = K11 8inl’ + k1o sin g’ sinl’ + k3 sin g’ cosl’ + k14 cos g’ sinl’ + K15 cos g’ cosl’,
ag1 = K21 8inl} + Kagsin g’ sinl’ + Kag sin g’ cosl’ + kaq cos g’ sinl’ + ka5 cos g’ cos I/
as1 = k31 sinl’ + k3o sin g’ cosl’ + k33 cos g’ sinl’,

G/Z — H”? G/2 — L2 . L
K11 = \/( G/)Q( ) Slnh/71112 = 7@ COSh/,
H L'H'
K13 = —a s1nh',m4 = —W, K15 = COSh/,
G2 — H?2)(G”2 - L"? L .
Ko = VA G’)Q( ) cos I/, Koy = — ¢ sin ',
/ 1Ty
Kog = —— cos h', Koy = ——— cos h/, ko5 = sin b/,

G/ G/2
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H’ L2 H'2 L’ H’2
/<031:—@\/1—W7532:\/1—@7533:@ 1_G’2' (32)

Awnanoruuno yuursiBas (29) u ucnonb3yst popmyiry

x Yy z
=a12— = = 33
B a12R+a22R+a32Ra (33)

MOZKHO HallMCaTb

p%  (1+ecosv)? x y 2\2
R Va3(1—e2)3 (awﬁ * “2p * a32§) ’ (34)

a12 = 011 cosl’ + o1asin g’ sinl’ + o13sin g’ cosl’ + o4 cos g’ sinl’ + 015 cos g’ cosl’,
gy = 021 cOS1' + o9asin g’ sinl’ 4+ 93 sin g’ cosl’ + ga4 cos ¢’ sinl’ + o5 cos g’ cosl’,
g5 = 031 c0sl' + 032 8in ¢’ sinl’ + o33 cos g’ cosl’,

2 2 7] 2 /
o —\/(G —HR)(GR L )Sinh'a —Esinh’
1= e 012 = )
/ /HI
/ / . /
013 = e cosh’,o14 = —cosh’, o15 = —Wsmh ,
G'2—H'?2)(G'2—L"? H’ / L' i1
091 = VI G/2co)s(h/, ) 020 = —r cosh’, ga3 = — & sink/,
/ !
094 = —sinh/, o95 = —— cos i/,

G/2

H' L’2 H,2 L/ H/2

Takxke, yuurbiBas (29) u ucnonb3ys popmyiy

T Y z
Y= Q135 + a3 T a3z, 36
13R 23R 33R7 ( )
MOy 9UM
2 3 2
y (14 ecosv) x y z
3 = 331 _ 23 \M3p TG tagzg) (37)
R3  1v3a3(1 —e2)3 R R R
a1z = €11 +e128ing’ +e13cos g,
a3 = €91 + €228in g’ + €93 cos ¢’ (38)
/
a33 = €31 +€33€08 ¢,
L'VG2-HZ . ’ G2_['2 / H’ /G/27L/i2G/2 ’
e11 = =gm—sinh/, 19 = Y= cosh/, 13 = 7= —h
1S g2 72 _ 712 H’ /G/‘ZiL/‘Z
€21 = LGTHcosh’, €99 = —7w sinh’, €23 = =Gz cosh/,
L'H' GI2—H"2)(G'2—L'2
en = L, gy = W - ). (39)

B dopmynax (31),(34),(37) naupasisiionme Kocunycbl Bekropa R oupeeisi-
IOTCS BBIPAYKEHUSAMHI
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F = T11sinv + 712 cos v,
% = To18inv + T3 cos v, (40)
% = T318inv + T32 cOS U,

H

T11 = —coshsing — & sinh cos g, 712 = coshcosg — & sinhsin 9,
T91 = —sinhsing + cosh cos g, Teo = sinhcosg + ¢ coshsing, (41)

T3 = cosgq/1 — GZ’ 7-32_51ng1/1—H2

B anajnumTuyecKux u 4YHMCIEHHBIX BBIYMCICHHUSIX JJId KOHTPOJIA PE3YyJIbTaTOB
MOZKHO MCIOJIB30BATh U3BECTHOE COOTHOIIEHUE

(G (s G -

ypaBHeHI/IEI IIOCTYyIIaTEJbHO-BpalIaTeJIbHOT'O ABUXKEHUA B
amaJjiorax ’jemenToB /lemnoune-Ilyaccona

Bpra)KeHI/Ie pelieHud HEeBO3MYIIIEHHOI'O BpaliaTeJIbHOIO ABU2KE€HUA
B ABHOM BH/JeE. Amnajorn IIPpOME2KYTOYHBIX 3JIeMEeHTOBU aHaJiormn
3JIEMEeHTOB HyaCCOHa

Yrobw! mepeiitu k anajoraMm 3aemerToB Ilyaccona cHaua a BBeIeM aHAJIOTH PO-
MEXKYTOUIHBIX 3/IEMEHTOB, IOTOM MOXKHO IepeiiTn K aHasoram smemenToB [lyac-
COHA, KaK 9TO ObLIO BBIIOJHEHO B COOTBETCTBYIOMIEH CTAIIMOHAPHOM 3a/1a4e. DJie-
MenTbl [lyaccona 06/1a/1a10T CBOHCTBOM MEPEMEHHDIX «IEHCTBUE-YTOI», TIOITOMY
AX TaKxKe HA3BIBAIOT NEPEMEHHBIMA «IefCTBUe-yroJi» [6,7].

Amnajyioru MpoOMesKyTOUHBIX JIEMEHTOB JJAI0TCs CAEAYIOMIEeH CUCTEMOMN 3JIeMeH-
TOB

L',G H g (42)

OHu BBOISATCS CIIEAYIOMMM 00pa30M

L'=N= {2@1 1 <zio + = >a§}D, (43)

G =ay=G B —as—H. (44)

O6001IeHHbIE KOOPIMHATHI KAHOHUYECKH CONPAKEHHO CBA3AHHBIE C IIEPEMEH-
aeivu L', G, H' onpenenstioTest CIeayIOMAMA BHIPAKEHASAMA

p_ 98 _05 _ L

L, 05 . 0SON 1/(1 . e
g= 0 SN 2<Ad+>c<@umwm+@—a%u»@®

B = B;=h. (47)
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O603HauNM oA B
Bo(t) = Dy (t) — 220 Pyt 48
e 20 (48)
Torna (46) umeer Buz
g = L+i G' [®o(t) + B1] + B (49)
9—2 A, By 2 1 2

Ha ocuose BBEJICHHBIX MTPOMEXKYTOYTHBIX 3JIEMEHTOB BBOAATCA aHAJIOTU 3JIEMEH-

toB Ilyaccona
L//, G/,, H,/, l”, g//’ h/,. (50)

Bseunennas cucrema snemenros Ilyaccona (50) obaasaer cBoiicrBoM «JeiicrBue-
YyTOJI» U JIydITuM O0Opa30M OMUCHIBAET HEBO3MYIIIEHHOEBPAIIATEIHHOE IBUKEHUE
HECTAIIMOHAPHOTO TPEXOCHOTO TEJIa BOKPYT COOCTBEHHOTO IIEHTPA MACC.

Hepemennve <«deticmeues. Ilepeventbie «aeficTBUEy OMPEAENIAIOTCS CJIEIY-
oMy dpopmynamu [6]

1 L2 — G2 cos 2U
L= — dl’ 51
27r7{\/ 1 —ecos2l ’ (51)

G//:GIZGI:OZQ,H”:E[I:H,:OZ;g. (52)

BBegeM HOBYIO TepeMEeHHYIO § YTOGHI BLIMHCIATH WHTErpas (51)

- cos2l — ¢ € + cos 20
20 = ——M— o = — "= 53
cos 1 — ecos2l fcos 1+ ecos2d (53)
OrTciofa HAXOANM HOBOE BAYKHOE COOTHOIIEHNE MEYKIy MepeMeHHBIME [/, §
1—¢ -
tgl' = tgé. 54
g 5 (54)

DTO COOTHONIEHWE MOXOXKE HA 3aBUCUMOCTH MEXKy IKCIEHTPHYECKON W HC-
THHHON aHOMAJHMAMHU B KEILIEPCKOM JIBUKEHUM.
U3 ypasuenwii (53) nosyuum

V1i—¢?2

dll = —————dJ.
1+ ecos26

(55)

C nomomnipio nepemennoii § uarerpan (51) uMeer cieayrommit BuT

L 1—Fk2cos?2d - -
L'=—/(1- 1 b?{ —— —— _déi=G'A 56
2w (1=e)(1+eb) 1+ ecos2d (56)
371eCh

2 b-—1 G

2= - - p="_
1—el4eb’ L2

= (cos? J') 71, (57)
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A=2(BFEK) + KB K) — KF(3 K], (58)

™

. . 1+eb ,
- — = 1 — k2
X = arcsin Wite) k= k2, (59)

k —MOZIyJIb 3/UIMITHYECKOrO MHTErpasa, k'— JONoJbHUTEIBHbIA MOLYIbY

0<k<l1, 0<k <1,

F (X, k)—nenouublit ssumunruyeckuil uaTerpas nepsoro poga, E(y, k)- veros-
HBIA SJuIMnTHYeCKUil uHTErpasi Broporo poxa, K (k)—mouHblil siunrudeckuit
MHTErpaJ mepsoro poaa, E(k)—nomHeril snamnTuaecKuii MHTErpa; BTOPOro po-
Ia.

Uurerpan (57) MOKHO PEIIMTH OTHOCHTEJIBbHO «p = Fyi €epes 1Be mepe-
mennbie geiicreust L, G”. Ho HeBO3MOXKHO 1OJIyuuTh ABHBIA Buj. Ham Hy>KHBI
TOJIBKO TIPOM3BOAHBIE (1 1O epemenabiM L) G”. Cpennue yriosbie qBuzKeHUS
nepemennbix [, g, Koropble cBazanbl ¢ nepemennbiMu L, G kaHOHMYeCKHU CO-
NPSIYKEHO JAIOTCA B CIIEAYIONIEM BUIE

daq  Oaq OL dag daqg OL' Oy
"= gnr T ar " T aGr T ar aGr | oG (60)

M3-3a TOro, 9T0 YMHOXKEHHBIE MATPHUITHI SIKOOH

o(r",6") (L, G)
o (E/’ Gv/) o (L”, G”)

PaBHBI WIEHTHIHON MaTpuie [6], nmeem

oL oL oL’ 9L oL
or" oL~ acr Tor' aa (61

Ecnu yaurbiBars coornomenue (61), Torga dpopmysa (60) umeer oKoOHYATEIHLHO
CAeAyIOUMA BUJ,

L' for"\~' L
" = — — = _— s
ny i) (8L’> 2KD\/(l e)(1+ebd) (62)

YA T T oL” 1/ 1 1Y 4 L?
ng//—§ <+)G —nlﬂﬁ—ﬁ (14()+_BO>G —nl///l+ D7@ (63)

Iepemennnie «yzons.Haiinmem cBasp Mexkay mepemenusivu I, g u l’, ¢
b b

. 85 o 851 8f/ nym -

1= oL’ — oL/ oL I’ DU = nyn (D(t) + 1), (64)
as _, oL
"= a9G" — g+l e ((t) + 1) + Ba. (65)
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h/l:ﬁ/:h/:ﬂg.

Bo BpaluareibHOM HEBO3MYILEHHOM JIBUKeHUM Bejauduubl [ g" apngiorcs -
Heitabivu GyHKIEsMEu 0T G(t), a APYTHe SJTEMEHTHI COXPAHAIOT MOCTOSHHBIC 3HA-
genus. Vicnonb3ysa ypasaenue (53) moayduM ciepyiomee

L'y/I=2)(1+eb o-m/2 ds
(1= o) )(gﬁ(t)+51)—K—/ ——  (66)
D 0 1 — k2sin? 6
nJjin oK
s 2K, m\ T
) = am - (l 2)—1—2, (67)

Baech am— ammauryna Gyaknus. Ecau pe3yabrar Boipazkenun (67) momcTaBuTh
B ypasHenuu (53) TOr/a KOMIOHEHTHI BEKTOPA KAHETUYECKOrO MOMEHTA UMEIOT
BU/I,

G?—-L"? 2K s

G\ e )
G?—-L? 2K m
(S e P icielt § A (68)
Gy 1—¢ S m ( 2)7

[\

G =L = Mdn%(l” — Z)
z 1+¢ ™ ’

3mech cn, sn, dn— smmunTuaeckue dynkmunm dxobn. Ilepemennas ' crsa-
3anacypasHenusivu (54),(64),(67) uepes byukunio P(t). PyHkuus g’ HAXOTUTCSH
A3 COOTHOIIEHUI

d 0Fe 11 1\ 1/1 1Y~ r_
i~ oa —a2\atB)F T3l Tg)F s =

D N SR T W R S e /
_mXZ{Q(A0+Bo)G+2<Bo AO>GCOS2I}.

Ecinu ucnonbzoBars 1pomexxyrounbie nepementbie (42), 10 B/ raMUJIbTOHK-
aHa HEBO3MYIIEHHOTO MBMKeHus B cayvae (59)-(60) Gyaer mpocThim

1 1 1 = 1/1 1 _
FB — FO _ 7.[//2 i - 12 .
P omx2 TP my? <2D T (AO + BO> ¢ (70)
Takum o6pasom, dhopmyrst (53),(67),(64) Boipaxkaior B siBHOM Buze ! Kak

dbyuxmmio or Bpemenun. A coornomenue (70) Tae yxe cantaerca I = I'(t) onpe-
nenster g’ Kak (byHKIHIO OT BPEMEHH.

(69)

YpaBHEeHUS BO3MYIIIEHHOTO JBUXKEHUS B aHAJIOTaX JIEMEHTOB
Hemnone-Ilyaccona

ypaBHeHI/IH IIOCTYyIIaTEJIbHO-BPAIIATE/JIbHOI'O JIBU2KEHU A IIEHTPa MaCC TeJla B aHa-
qorax snementos lemone-Ilyaccona mmeer Bum
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ow* . ow* . ow=* . oW+ ow* . OW*
al g’ an =9 e = (W
. oF* . oF* . oF* . OF* OF* . OF*
"no_ "_ _ "o_ " _ /— " o_
L= o’ G ag” ’ H Oh!"’ l oL’ 9 aG//’h Y: I
(72)

3uech (71) omucbiBaer mocTynaresbHoe, a (72) ONUCHIBAET BpallaTebHOE [[BU-
JKEeHHe.

Ecnu A(t) = B(t), rorna anasnoru ssementos Ilyaccona nepexonur K anasio-
roM snemenToB Ammyaiie. B wacTHOM ocoGennoMm ciydae, Korma b = 1, To ecTh
L' =L'" =G = G" wm b = 1. Torna cpeine yrioBble JBAKEHUS MMEOT
CJIEeYIOMMUIT TPOCTON BHU,

"

L
lnl// = 5 VvV1-— 62,
1 1
ng// = ( - =\ 1-— 52) LH.

Co D

(73)

Buipasicenue 6o3mywaroweti Pyrkyuu 6 anaso2ar ssemenmos Jlesore-
ITyaccona. Bo3mymaromast GyHKINST TMEET BUT

oL
Y

B obrmiem cityvae, moJiHOE BhIpayKeHWs CUJIOBON (DYHKIIMU MMEeT BU

. jm}lzmz {1 n i zn: (%))"P;n (sin B) [C™ cos mA + S™ sinm/\]}.

1
W W, W=U,— ib*R2, (74)

n=2m=0
(75)
Mpbt ucmonb3yem IpuOInKeHHOe 3HAYEHNE CUIOBOH (DyHKITHHI
fmamx® -

Oyuknuio Us MOXKHO TIPEICTABUTD B BUE

- 20y — Ay — B,
ng{co 20 0

Ao—BO

P (sin8) + n

Pj (sin 3) cos 2/\} . (77)

IlosTomy MOXKHO HamUCATH

2 (2C)—Ao— B
= fmmx { Com = Bop (ing)+

v3p3 2
Ay — B

78
052 /- 1 * D2 ( )
1 Py (sin8) cos 2\ » — §b R*.
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O6o3HaunM
m1 = miom; (t) = mao(t)mi(t), (79)
U HAILIMILEM BO3MYLIAIONLYT0 (DYHKIMIO B BUIE
(t)ymx>3(t
W =W, + Wy, W, = mimx”(t) ):;X ®) wo, (80)
37€Ch
2Cy) — Ay — B Ay— B
WO = fz?o { 0 20 P, (sin B) + %Pg (sin B) 0052)\}, (81)
* 1 * 2 1 * 2 2
BekoBas 4acThb IoC/IeIHero BLIPayKeHus U3BECTHO
1, ne 1, 3 3
Wogex = _ib ()2 (t)a? (a) = _ib ()2 (t)a? {1 + 262] WP e = a* [1 + 262:| ,
(83)
1
W2BeK = _ib* (t)l/2 (t)Wl()25:(L7 G) (84)

IIpeobpasyem dpyHKIHIO U,

90, — Ay — B 3 Ao — B 8
g, — 20— A — Do <Z) Py (sin ) + 2020 <Z) P2 (sin B) cos2), (85)

2
371eCh
3
a 3 15 35 27 261 14309
S R I ot 6 et 23 2205 AT l
(p) +2e+8 +166+ +<e+8 +64 +3072 + cosl+
94, 7 o 141 o 53 5 393 & 24753 o7
= - 21 — 3l
+<2 +2 + 32 + .. )cos +(8 + 128°¢ + =5 5120 ¢ + cos 31+

77, 129 4 3167 o 432091 o7
+ < 3 e” + ) e’ + .. > s4l + < 160 + ... | cos6l + 15360 + ... JcosTl+ ...,
(86)

Teneps HEOOXOIMMO BO3MYIIAIONLYI0 GDYHKITNIO W BBIPA3UTH Uepe3 IMepeMeHHbIe
Henone u ITyaccona cornacuo [6]

cos 3 cos A
COSﬁSinA = R3(l/)R1(JI)R3(g/)R1 (I’)Rg(h/ — h)Rl(—Z)Rg(—f - g)
sin /3

—_ O O
0]

cos Bcos A = py cos(f + g) + pasin(f + g),
cos Bsin A = q; cos(f + g) + gz sin(f + g), (88)
sin 8 = ry cos(f + g) + rosin(f + g),

p1 = cos g [cos(h’ — h)cosl’ — cos I’ cos J'sin(h’ — h)sinl’] —
—sing’ [cos I’ sin(h’ — h) cosl’ + cos J' cos(h' — h)sinl’] + (89)
+sinI’sin J'sin(h’ — h) sinl’
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p2 = cos g’ [cosi {sin(h’ — h) cosl’ + cosI'cosJ cos(h’' — h)sinl'} +

+ sinésin I’ cos J' sinl’'] +

+sin g’ [cosi{cos I’ cos(h' — h)cosl’ — cos J'sin(h’ — h)sinl’} + (90)
+sinésin I’ cosl’] +

+ [~ cosisin I’ cos(h’ — h) + sinicos I'] sin J' sinl’,

g1 = —cos g’ [cos(h' — h)sinl’ 4 cos I’ cos J' sin(h’ — h) cosl’] +
+sin g’ [— cos J' cos(h’ — h) cosl’ 4 cos I’ sin(h’ — h)sinl’] + (91)
+sin I’ sin J' sin(h' — h) cos?’,

g2 = cos ¢’ [cosi{cos I’ cos J' cos(h’ — h)cosl’ —sin(h’ — h)sinl’'} +
+sinésin I’ cos J' cosl'] —

—sin g’ [cosi {cos J sin(h’ — h) cosl’ 4 cos I’ cos(h’ — h)sinl'} + (92)
+sinisin I’ sinl’] +

+ [~ cosisin I’ cos(h' — h) + sini cos I'] sin J' cos ',

r1 = cos I'sin J' sin(h'—h) cos ¢’ +sin J' cos(h' —h) sin ¢’ +sin I’ cos J' sin(h' —h),

(93)
ro = — [cosicos I’ sin J' cos(h' — h) + sinisin I’ sin J'] cos '+
+ cosisin J' sin(h’ — h)sing’ 4+ [— cosisin I’ cos(h’ — h) + sinicos I'] cos J',
(94)

cos feos A = gysinicos I'sin J cos[lI! = ~(f + g)] —
= 2., 16(1 +~ycosi)sinI'sin J' cos I +e(h' — h) — ey(f + g)] +
+2,, 1ysinisinI’(14 pcos J') cos [I' + pg’ — py(f + 9)] +
+ e (1 +ycosi)(1+ecosI’)(1+ pcos ')
~cos [I" + pg" + pe( — h) = pey(f + 9)],
(95)
cosfFsinA = —>"_ LysinicosI'sin J'sin[l' — y(f + g)] +
+2 e, 1e(1+ycosi)sinl'sinJ'sin[l' + e(h' — h) —ey(f + g)] —
=2 1ysinisinI’(1+4 pcosJ')sin[l' + pg’ — py(f + g)] —
= e s(1+7cosi)(1+ecosI')(1+ peosJ’):
-sin (I + pg" + pe(h’ — h) — pev(f + g)],
(96)
sin 8 = sini cos I' cos J' sin(f + g)+
+>, (1 +~cosi)sinl’ cosJ' sin [k’ — h —y(f + g)]
+2, LysinisinI’sin J'sin [¢' — v(f + g)] +
+2 ey (1 +~cosi)(1+ecosI')sinJ sin[g' +e(h' — h) —ev(f + g)].
(97)
B1ech uHIEKCHIP, €,y (0003HAUEHUST TOJIBKO 3/1€Ch) MPUHUMAET 3HadYeHus +1 u
—1. Hampuwmep,

Zp,'y,}/(l +pcosJ)sin[l' + pg’ — py(f+9)] = (L +cosJ)sin[l' + ¢ — (f + g)]+

+(1 —cos J)sinll' — ¢’ + (f +g)] — (1 +cos J')sin[l' + ¢’ + (f + g)]—

—(1 —cosJ)sin[l' — ¢ — (f + g)]. 08)
98
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Ucnonb3ys ypaBHEHUS HAXOIUM

Py(sin ) = 227,5 Z?:o P ZJ =0 Zk o Wik,j
-cos lig’ + €J(h’ h) —ev2k(f + 9)],
P3(sin ) cos 2\ = — Zp,'y,s Z?:o R Z =0 Zk o Wik
-cos [2U' + pig’ + pej(h' — h) — pey2k(f + g)],
(99)
3/1eCh

PO é(?;cos2 J —1),R® = 3sin® J',
P! = 5sin2J',R' = —6psin J'(1 + pcos J'), (100)

P? =3sin? J', R? = 6(1 + pcos J')?
Wooo = —gg(3cos?i — 1)(3cos? I' — 1),
Woor = — 634 bln2231n2[’
Wooo = —6—3:1 bln2 isin® I,
Woio = —% sin? 4 (3 cos? I’ - 1),

Woi1 = V35 sini(1 + ycosi) sin 21,
Woiz = — g5 (1 + ycosi)?sin® I’,
Wioo = g (3cos?i — 1) sin 27,

Wio1 = 312 51n22(1 +ecosl’)(1 —e2cosl’),

Wige = —e a5 sin®isinI’'(1 + e cos I'),

Wiy = 634 sin? 4 sin 21,

Wi = ¥SIHZ(1+7COSZ)(1+€COSI’)(1752(1081/),
Wi = (14 vy cosi)? smI’(1+5COSI’),

2
Wago = — % 5 (3cos? i—1)sin? I,
Wao1 :564s1n2131n]’(1Jrecosl’)7

Wage = — 15 sin® (1 + ecosI’)?,
Waio = 138 sinisin® I,

Wo11 = —6’1}/32 sini(1 + ’ycosi) sinI’(1+ecosI’),
Waiz = — 155 (1 +ycosi)?(1 +ecosI').
IIpn aHATMTUYIECKUX BBIMUCIEHUSX OBLINA MCTIOJIB30BAHBI COBDEMEHHBIE Me-
TONBI KOMIIBIOTEPHOIT anreSpot [8]. [lomyvennpie HhOPMyIIbI JAI0T BO3MOKHOCTD
HAIMCATH yDABHEHUS JIBUXKEHUS B ABHOM BHJIE.

3akJroueHue

Ilosmrygennbie ypaBHEHUS TOCTYATEIbHO-BPAIATETHHOTO ABUKEHIS TPEXOCHOTO
CIyTHUKA B OCKYJIMPYIONIUX YJIEMEHTAX MOTYT ObITh MCIIOJIb30BAHBI JJIs AHAJIH-
3a IMHAMUYECKON BOIONUH IOCTYIATEIbHO-BPAIIATEILHOIO CILy THUKA B HECTA-
[MHOHAPHBIX TPABUTUPYIOMNX cucTemMax. OHYM TaK¥Ke MOTYT OBITH MCIOIb30BAHBI
JIJIS yIIpaBJIEHUS TIOCTYTATETbHO - BPAIATETLHBIM IBUYKEHUEM CITYTHUKA C TIepe-
MEHHO# reoMeTpueil MacC u ¢ IEPEMEHHBIM COCTABAM B IOJI€ MPUTsXKeHNN cde-
pudeckoro tena. Jlambreiiniiee pa3zBuTue PabOThI MPEANOTIATAET HCCIIEIOBAHNE
JIMHAMUYIECKOI IBOJIIONUU BEKOBOT'O IOCTYIIATEIbHO-BPAIIATEILHOIO [IBUKEHNU ST
TPEXOCHOI'O CILyTHHKA C IE€PEMEHHbIM TE€H30POM MHEPIUHU B BBIIIEIPUBEIEHHBIX
CHCTEMAX OCKYJIMDYIOIINX JIEMEHTOB.
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AnHoTtanusa B crarbe paccmarpuBaercsa mpobsieMa MOBBINIEHHUS Kade-
CTBa LIPEJOCTAB/IAEMbIX yCJIyT TPAHCIOPTHON KoMuanuu. IIpoBeen ana-
/I3 CYIIECTBYIOIIMX CHCTEM U JEHCTBYIOIIEH CHCTEMBI PACIIpeIesIeHIUs
3aKa30B, UTO IOATBEPXKJAET MPAKTUYIECKYIO 3HAYUMOCTHL U HEOOXOIu-
MOCTb yJIy4lll€HUsl CUCTEMbI paclpezesenus 3aka30B. Ouucanbl busnec-
IIPOIECCHl TPAHCIIOPTHON KOMIIAHWM W JaHHBbIE 00 WCIOJHUTEISIX WUC-
[0JIb3yeMble B CUCTEME PACIIPE/Ie/IeHns 3aKa30B. B pabore nmpumensercs
MeTOJl, AHAJIM3a MEPAPXUU [IPUMEHUTE/bHO K PEIIEHUIO 339U OLUEHKHU
YCIYT B TPAHCIOPTHOM KOMITAHWH. BbI/Ie/IEHBI OCHOBHBIE TAIIBl PACIIpe-
JIeJIeHUS 3aKa30B, OIPE/IEJIEHbl KPUTEPHUH.

KiroueBbie ciioBa: TpPaHCIIOPTHAaA KOMIIAHUs, KO3 UIMEHT BazKHO-
CTH, MHOTOKPUTEPUAJILHBIN aHAJIN3, METOJT aHAJIN3a NEePAPXUIL

Bsenenue

Texyiee cocrosinue chepbl HACCAKUPCKUX 11€peBo3ok. Q030D CymecTByOmmx
CHCTEM pacIpeJie/IeHnsT 3aKa30B B TPAHCIIOPTHBIX KoMmanusax B mepwmoa ¢ 1990
o 2014 roapr maccaxkuponoTok B Pecnybuke Kazaxcran Beipoc B 2,8 paza. Eciu
B 1990 romy maccaxkupoobopor coctapisi 91241 MiiH. MaccakMPOKUIOMETPOB,
to 2014 romy maccaxkupoobopor cocraBusa 255956,2 MIIH. ACCAKUPOKUIOMET-
pos. OcHoBuast JoJid naccaxkupoobopora B Peciybiuke Kazaxcran npuxourcs
HA ABTOMOOWJIBHBIN M TOPOJCKOI 3jeKTpudeckuii Tpaucmopt. B 2014 romxy mo-
Jis aBTOMOOMJIBHOTO M TOPOJICKOTO 3JIEKTPUIECKOrO MACCarKMpoobOpOTa COCTa-
Buna 84,9% [1]. Meron amanmsa wmepapxuii (MeTOJ aHAIW3a MEPADPXUii) W ero
pa3BUTHE — METOJ AHAJIU3A CeTeil MPUMEHSIOTCH Ceildac OYeHb IMUPOKO W JJIst
CaAMBIX PA3HBIX MPAKTUYECKUX 3a/1a49. AHATUTUYECKUN MePAPXUYECKUil TPOIECe
U QHAJIMTUYIECKUI CETEBOI MPOIECC 00IaIaeT PSIIOM JTOCTOMHCTB 10 CPABHEHUIO
C APYTHMH METOJaMU KOJMYECTBEHHOrO aHaIn3a pemiennii. IMEeHHO B 9TOM Me-
TOJIE TIOJIHOCTHIO PEAJIN30BAHA, CXeMa CHCTEMHOIO aHaJIn3a MpobJieM, a NMEHHO:
npescTaBaeHne TpobeMbl KaK CHCTEeMb. B paMKax QuccepTarnoHHOE paboTh
JIJIsL OLEHKHU YCJIYT B TPAHCIIOPTHOM KOMITAHWYU BHIOPAH METOJ, AHAJIM33 Hepap-
xuii. Ero npeumymecrso — B METO/I€ Peajim30BaHA CXeMa CHUCTEMHOI'O AHAJIN3A
mpo0JIeM, a MMEHHO: TTPeJICTABICHNEe TPODIEMBbI KAK CHCTEMBI.
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DTanbl pacupeaesjieHns 3aKa30B

Pacnpeenenue 3aka3oB B AefiCTBYIOIIEH cuCcTEME ITPOU3BOAUTCS TAKUM 00DPa30M,
4TOOBL OIIPE/IeJIEHHbIE UCIIOJHATEH YBUAEIN U UMEJIU B34Th 3aKa3 PAHbBIIE JAPY-
PUX UCTIOJHUTEEH. DTO JOCTUTAETCS PA3HON CKOPOCTHIO TMOCTYILIEHUST 3aKA30B
B UX JIEHTY 3aKa30B. [ljId y/IydIieHus CUCTEMbI PACIpeIe/IeHns 3aKa30B MpeJ-
JlaraeTcs CIeIyIoniasa cxeMa, COCToAIIast n3 deThipex sranoB Puc. 1 Ha mepBom

* BolgBieHHe 3-X OMIKAHIINX HCIIOIHHTEIESH

OHPE,I[EJIEHHE CTH/I BOXKICHHA

MHOTOKpHTEPHAIBHBIN aHAIH3 METOJIO0M
aHaIM3a HepapxXuii

* PacnpeienieHne 3aKa30B UCITOJHHUTEISM C
Pa3IMYHON BPEMEHHOM 3aIePKKOH

e

Pucynok 1. Dranbl npouecca pacupeeieHus 3aKa30B

JTare pacrpeeseHns 3aKa30B BbIgBagercd 3 bmkaiimux ucnomaurens. Orna-
JIEHHOCTD OT MACCAXKUPAa OIPEEIISIeTCS M0 IPAMO# TMHUN Ha OCHOBAHUHU KOOP/IH-
HaT ucnoaHuTesel, noaydeHabix ¢ GPS-gardukoB ux mobusibabix ycrpoiicrs. Ha
BTOPOM 3Tare ONpeesieTcsl CTHIb BOXKICHUS UCTOaHuTeNsA. Ha TpeTheM srare
BBISIBJISIETCS HAUDOJIee U HAUMEHEe MPeTOYTUTEIbHBIE UCTIOTHUTEIN Ha, OCHOBA-
HUW aHAJIN3a WX KPUTEPUEB METOIOM aHaJu3a uepapxwuii. Ha derBeprom srare,
HA OCHOBAHWM PAHKUPOBAHMS MCIIOJHUTEJIEH, TPOUCXOIUT PACIIPEIETEHUE 3aKa-
30B C pa3au4HOM cKopocThio. Hanbosee npeanoaruTebHbli HCIOTHATED IOJTYy-
YaeT 3aKa3 paHbIe Apyrux. JeraspHoe onncaHne KaxI0ro 3Tana mpeICcTaBIeHo
B CJIeIyIONTNX paszenax. Ha oCHOBAHWY MOKA3aHWU aKceTepoMeTpa MOOGHIHLHOTO
rejiepoHa UCTOTHUTEIS ObLIN MOJIyYeHbl JaHHbIE 00 €r0 YCKOPEHUH, a TaKKe
Ha ocHoBanuu garunka GPS momyuenst maHuble 0 cKopoctu aBromobmis. Oc-
HOBOMOJIAraromuM (haKTOPOM KAMECTBEHHOTO BOXKJICHHUS ABJISAETCS CHOKOWHAA 1
ypasHoBemiennas e31a. Crokoiinas BoBce He 3HaduT Mejiennas. Pedb uger 06
ONTUMAJILHOM YTPABJIEHUN SHEPTHUEN TPAHCIOPTHOrO CPEICTBA, & TAKKE O CO-
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KPAIIIEHUH W3JIUIIHETO TOPMOYKEHUsI M YCKOPEeHWsi. ATpPecCHBHOE BOXKJIEHUE, B
YaCTHOCTH, PE3KNE YCKOPEHWS W TOPMOXKEHUS, HETATUBHO BJIMSIET HA CAMOUYYB-
crBHE naccaxkupa. besonacHoe Boxkaenue (B 4aCTHOCTH, u3beKaHue aBapUitHbIX
cuTyanuii) — 9T0 TaKKe OJMH U3 OCHOBHBIX KPUTEPUEB KadecTBa BOxk1eHus. B oc-
HOBY PaCYeTOB CTHJIS BOXK/IEHUS [IOJIO2KMM IIOKA3ATEJH [IPEBBIIIEHNs CKOPOCTH,
PE3KOro yckopenusi u TopMmoxkenus. OIEHKa BOAUTEILCKOTO CTHUJIS BOXKICHUS
npeacTaBisger coboit cymmy mrpadHbx 627108, Uem MenbIte 6aJI0B, TeM OoJee
Oe3ympedHbIM ObLIO BOXKIEHWE. Basibl cTaBaTCsa 3a KaXKIYIO MOE3IKY, a TOTOM
CYMMUDPYIOTCS WU YCPEIHAIOTCS B 3aBUCHUMOCTH OT BPEMEHU WJIA PACCTOSTHUS.
Yewm gaiie BOAUTEIH TOPMO3UT, TEM Xy2Ke TO 1151 O€3011aCHOCTH ACCAXKUDPA, a
CHUJIbHOE YCKOPEHNE CKA3bIBAETCS HA, OOINEM CAMOYYBCTBUM TACCAYKUPA. JHATE-
HUE YCKOPEHUS MPU ABAPUITHOM TOPMOYKEHWM W PE3KOM YCKOPEHUHU aBTOMOOUJIS
pasuo 0,4g—0,6g. 3a Kak7a0€ PE3KOE TOPMOKEHNE W YCKOPEHWE MPOCTABJISETCS
1 6amn1. Ilo pesymapraram ucciaenoBaHuil, IPU MPEBBIIEHUN CPEIHEH CKOPOCTH HA
1 km/49 BepositHOCTb aBapuu Bo3pacraer Ha 10-15A npu upesbleHuu cpeHeit
ckopocru 1oroka Ha 10 u 6osiee KM /4 — KOJIMYECTBO aBapuil HAYMHAET PE3KO PAC-
TH Ha TOpoAcKuxX goporax (Puc. 2). Jljig 3aropOgHbIX J0POT POCT KOJIUIECTBA,
aBapuil He HACTOJIBbKO KPUTHUYEH, HO TakyKe mMeer MecTo [2]. Taknm obpaszom,

35

—o— lopoackan aopora (60 km/fu)

LY
=]
I

—8— 3aropoaxas aopora (80-120 kM/4)

OTHocuTenbHaA yacToTa ATN

-10 -5 0 =} 10 15 20

CKopocTb aBTOMOBHAA NO OTHOLWEHWID K CPeAHel CKOPOoCTH noToka (KM/y)

Pucynoxk 2. 3asucumocts wacrorst [ITII oT ckopocTn aBToMOoOwMIIS

CTIeIyIOIA MOKa3aTeN b - KOJIMYeCTBO IpeBbiiennit ckopoctu Ha 10, 20, 30, 40
KkM/4. 3a kaxjoe upesbiiedue Ha 10 km/u — 1 6amn, 20 — 2, 30 — 3 u 40 —
4 6amma. OOmMit aArOpUTM ONMpPEICJICHNST CTUJIA BOXKIEHUS TPEICTABUM B BUJIE
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o10k-cxembl Ha Puc. 3. Beibepem ciryuaitabiv 00pa3oM JTaHHBIE UCTIOJHUTEIS 3,

Hauano

Hamenerme
CHKOpPOCTH I
VCEOPeHIE

Kommecrso
PESIIN VCKOPEeHInT
H TOPMOKESHITT

Kommectso
TIpeERMIIEHITT
CKOpOCTH

Obmee KOTHHMECTEOD
bammos

Pucynoxk 3. Biiok-cxema ajiropurMa oupe/ie/ieHusi CTU/Is BOXK JIEHUs

1 gac. U, Ha ocHOBaHUM MHEHWs YKCIEPTOB IPUMEM: €CJIA KOJUIECTBO OAJLIOB
npesbIiaeT 90 TO CTHIIL BOXKIEHHUSA Y TAHHOTO BOJIUTEJIA TIJIOX0#, ecan oT 20 10
90 GassioB TO - cpemmumii, ecan MeHee 20 OAJIOB TO - OTAWYHBIH. KommdaecTBo
6aI0B MOXKHO BbIpa3uTh Gopmysioil (1), rae cymma X — 310 Gajlibl 32 KOJIUYe-
CTBO PE3KHUX YCKOPEHUH U TOPMOXKEHUi, a cymma Y - 3TO OAJIIbI 33 KOJTHIECTBO

K=Y X+) Y (1)

st pertiennsi 3a1a9u pa300beM ee Ha Tallbl, HOKa3aHHbe Ha Puc. 4: Jram 1

[IPEBbILICHUNA CKOPOCTHU.

CrpyETypHzatms IMomnapHeie oa CIJBEIJE ca Herm:l IpmopuTeTs:
HMepapim CpaEHEe A BAHOCTH AMbTEpHATHE

Pucynoxk 4. Dransl pemnrenus 331291 MHOTOKPUATEPUATIHHON OIEHKHU YCJIyT
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— CTPYKTYpPHU3AIUsl WEPAPXUU, ITAl 2 — TOMAPHBIE CPABHEHUS, JTal 3 — Ha-
XOK/ICHEe BECOB W KO (PUIMEHTOB BarXKHOCTH, JTall 4 — ONpemeseHne Mpuo-
pureroB asbrepHaTHB. 1lepBbIil 3Tan MOApPa3yMeBaeT CTPYKTYPHU3AMUIO 3aTAUU
B Buje uepapxuu. CyTh mponeaypbl — HOCTPOEHUE HEPAPXUIECKON CTPYKTYPbI
[0 YPOBHAM <II€JIM — KPUTEPUHU — AJbTEPHATUBbLI». Boibepem cieimyomue marb
KPUTEPUEB i OIIEHKW BAPWAHTOB BHIOOPA Hamayuiero soauress. 1. Craryc 2.
Hanuuue ranona u ysegomsienns 3. Hajguane nHoBoro aBromobus 4. Pefitunr 5.
Crunp Boxkzaenuns Kpurepuit «Crarycs. [logrBepxkaenue - 310 mporeaypa mao-
KyMEHTAJIbHOIO MOATBEPKICHNsST JAHHBIX BOAUTEssI B oduce rKomnanuu. s
[IO/ITBEPK ICHUS BOAUTEI0 HEOOXOIUMO IPEIbIBATH YAOCTOBEPEHUE JIMIHOCTU
u texmacnopT. Kpurepuit “Hannune Tajona m yBeIOMIIEHUST : TAJOH U YBEIOM-
JIEHUE - TOKYMEHTBI, TOITBEPK JAIOIINE, YTO BOJAUTEIH YBEIOMI OPTAHbI BJIACTH
0 TOM, 9TO OH SIBJISIETCS MEPEBO3YNUKOM Takch. TaJloH U yBemoMeHne 0popMIIs-
forca Bopuresiem 4depe3 ITOH. Kpurepuit “Hosbiit aBromo6uns”. HoBbim aBTo-

Iens ERIGOpa HAMTYUINETO EONHT &4
BhImonHe e 33KA33 KIMEHTa Ha YU
EQIT &1 &M M3 HMSIOLI CF Ha JIHHITT

C1;cTatyc C1; Hammme C3; Hanmmie Ca peifToEr Cs: cTine
TAMOHA B HOBOTO
VES[ OMT SEHA aeTomMobI R B0 S
L
Bomurtens Booutens Booutens
A b B

Pucynoxk 5. Uepapxudeckas cTpyKTypa /isi BBIOOPA HAMJIYUIIEr0 MUCIIOTHUTETST

MOOUJIEM CUMTAETCS JII0DOH aBTOMOOWUIH HE CTApPIle 2-X JIET WU aBTOMOOWIIb HE
cTapire 5 JeT CTOMMOCTBIO He MeHee 2,6 MJIH. TeHTe, He UMEIOINe BUIUMbIX Je-
dekToB u 10BpeK JeHuii FIKCTEPhEPA U UHTEPbEPA (BMATHHbL, IIAPAIIUHBL, CKOJIbI,
[IOPBIBBI, IIATHA JIIOOOI0 pa3Mepa Cjeabl HE3ABEPIIEHHOrO Jub0 HEeaKKyDPATHOIO
pemoHTa, u japyrue Buaumbie gedextol). Kpurepuii “Ctusib BOXKIEHUS MOKET
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MPUHAMATH 3HAYEHUE «OTJIMYHBIN», «XOpOIuily u «miaoxois. Kpurepuii “Peii-
THHT» 3aBUCUT OT OIEHOK MACCAXKUPOB U MOXKET IMPUHUMATH 3Ha4YeHus oT 0 10
5 6asios. Ilycrb 0oTOGpaHO TpPHU AJbTEPHATHBHBIX BapuaHTa (U3 3HAYUTEIHLHO
6OJIbIIIEro YUCJIa PA3JIUYHBIX BO3MOXKHbBIX BapuaHTOB) ucnosinuresneii. O603ua-
yuM ux depe3 A, B, B. Tpebyercs oupenenTb Hauly Yliuil U3 9TUX BAPUAHTOB
C yYeTOM YKA3aHHBIX MATH KpUTEpueB. Torma COOTBETCTBYIOIIAS CTPYKTYPU3A-
[UsT PEITAEeMOM 33a49u MOXKET OBITH IIPEJICTAB/IEHA B BHUJE MEPAPXUU, KOTOPYIO
wiuniocrpupyer Puc. 5. Kak Buano u3 Puc. 5 B JaHHOM ciiyudae nepBblil (HauBbIC-
i) ypoBeHb MePAPXUU UMEET OHY LeJib (BbIOOPA HAUIIYYIIero UCIIOJIHUTEs ):
BBIIIOJTHEHNE 3aKAa3a KJIMeHTa HAUJIYYIIUM HCIIOJIHUTEEM U3 MMEIOIINXCS Ha JIH-
HUU.DJIEMEHTHI BTOPOTO YPOBHS Mepapxum 310 - nsaTh kKpurepuen: Craryc, Ha-
Jin4ane TajoHa U yBemomiienusi, Hamuume HOBOro aBroMobuisi, Peiitunr, Cruin
BOXKIeHUs. T pernii ypOBEHb NEPAPXUU UMEET YETHIPE JTEMEHTA: ITO - aJTHTEPHA-
tusbl Bogureneit: A, B u B. Ha Puc. 6 nokasana crpanuia JeMOHCTPAIMOHHOIO
[I0JIb30BATEILCKOrO nHTEP(eEiica, orobparkaromias MPOMEXKYTOIHbIE U UTOI'OBbIE
pe3y/braTbl MHOIOKPUTEPUAJILHOIO AHAJIM3a METOAOM aHa/n3a uepapxuii. B pe-

[ domawnsa crparmua + |

& | € D localhost61842/Default.aspx @006 :

MHOrOKPMTEPMANEHAS OLIEHKA YCNYT B TPAHCTIOPTHOW KOMMAHMNA

flomawHss O nporpamme

METO,ﬂOM AHANV3A VEPAPXWIA

BoauTtenu

PHO Bogutens|PeiTuHr|MateHT|HoBbiA aBToMo6WAL|0g06peH|CTUAL BoXMASHHUA
Boautens A 11 v v naoxoit

Boautens b 5 Ld cpegHuii

Boautens B 3 OTAMUHBI

MonapHoe cpaBHeHKMe No CTaTycy: b bl a F | Paccuurams

1. Mo kpwTepuio "Cratyc™: 0,8182; 0,0909; 0,0909; kosd.cornacoBaHHocTH: 0

2. Mo kpuTepuo "Hanuume TanoHa 1 yeegomnesns™: 0,8182; 0,0909; 0,0909; kozg.cornacosaKHocTH: 0
3. Mo kpuTepuio "Hanudmre Hosoro aeToMobmaa": 0,0909; 0,8182; 0,0909; k03¢.COrNacoBaHHOCTH: O
4, Mo kpuTepuio "CTuib BoxaeHWA™ 0,0704; 0,2062; 0,7234; ko3g.cornacosanHoctv: 0,0827

5. Mo KpuTepuio "PeliTuHr": 0,2062; 0,7234; 0,0704; koad.cornacoBanHocTy: 0,0827

Koadduunent cornacoBanHocTi no Becam 0,0542

Beca kputepues (c Touku 2peHnA 3¢PEKTUBHOCTH AOCTHKEHNA Lean BIGopa Ayuwero BoguTenn): Cratyc: 0,5028; TanoH u yeeaomnexne: 0,2602; HoBelid
aeTomobunb: 0,1344; CTwab BoXAeHUA: 0,0348; PeliTunr: 0,0678

FUCTTELIEY T8 (TEY TR R BoauTe b A ¢ npuopuTeTomM: 0,6530

Pucynok 6. Pesynbrar paborsl pazpabotanHoro web-mpuioxenws

3yJbTare paboThl IPUIOKEHUs! IOy 9aeM CJIEIYIONTNe 3HAUCHUS:
Beca kpurepues: o Craryc 0,5028, ¢ Hasimuue rasona u ysegomienus 0,2602,
e Hoswrit aBromobunn 0,1344, e Crunb Boxkaerus 0,0348, e Peiitunr 0,0678
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3akJIroueHue

B pazzaese 6110 onmrcano mpuMEHEHNE METOIA AHATIN3A NEPAPXUU TTPUMEHUTETb-
HO K PEIIeHUI0 33,1391 OIEHKHU yCJIyT B TPAHCIOPTHON KoMIanuu. Boigenensr oc-
HOBHBIE JTAIbI PAcIpeienenns 3aka3oB. Oupenenenbl KpUTepuu, UCIIOIb3yeMble
npu pamkupoBauuu ucrnosauTesei: Craryc, Haauune tasona u yBegoMiieHus,
Hanuuue woBoro aBromobuis, Peittunr, Ctunb Boxkaenus. [Ipemmoxxen airo-
pUTM HaXOXKIeHus 3HadeHus kpurepus «Crunb BoxkIenus». C mpuBemeHuEM
COOTBETCTBYIONUX (DOPMYJ ONMCAHBI ITAMBI HAXOXKIEHWS HAWUJIYYIIEro HCIOJ-
HUTEJI METOIOM aHAJIN3a uepapxuil: sramn 1 — cTpyKTypusaius nepapxuu, Tall
2 — momapHbIe CPABHEHWS, ITAN 3 — HAXOXKIEHNE BECOB U KO3(DDUIMEHTOB BaK-
HOCTH, 3Tan 4 — ompejiesieHne TPUOPUTETOB AJTHTEPHATHB.

Crucok ureparypsbl

1. Komkun H.U., MTupkesuya M.T.: CupaBounuk 1o siemenrapuoit dusuke. 10-e, ucup.
m mom. M.: Hayka. 61 (1988)

2. Eco Driving: 0630p mHCTpyMeHTa s OIEHKH BOIWUTEIHCKOTO IOBEIeHus, http:
//www.pvsm.ru/gps/89061



I'mybumna ocBoeHUst BApMAHTOB MO TAXKHOM
re0TEXHOJIOTUH C OOpyIIeHneM Ha IpuMepe
IlleperenieBCKOTro MeCTOPOKIEHUS

C. A. Hesepos, FO. H. lTanomnuuk, A. A. Hesepos u A. 1. Konypun

WMucruryT roproro gema M. H. A. Yunakana CO PAH
akonurin@yandex.ru

Awnsorausi B pabore 0600mIeHbI MCC/TEI0BAHNS HOBOTO CIIocoba pas-
paboTKM PYIHBIX 3aJ1€Kell ¢ 00pyIIeHneM B YCIOBUAX OOJIBIIUX TUIyOMH.
N3m0xxenb1 CPpaBHUTEJIbHbBIE PE3YyJ/IbTAThl YUC/JIEHHOI'O MOJAE/IMPOBAHUA Ha~
MIPSI?KEHHOTO COCTOSTHUST MACCUBA TOPHBIX MOpo/I ripu oTpaborke [1lepere-
MIEBCKOT'O MECTOPOXKAeHUA CUCTEMAMU IIOAITAXKHOIO O6pyHleHI/IH C TOp-
LOBBIM U IJION[ATHO-TOPIIOBBIM BBIILyCKOM DPYIbL. YCTAaHOBJIeHa Oe3omac-
Hasl TUIyOMHA OCBOEHUS M€OTEeXHOJIOTHIA.

Bsenenue

ITocTosinHoe TOHMKEHNE TOPHBIX PAdOT HA BCe 0OJee TIIyOOKNEe TOPU3OHTHI CO-
MPOBOXKIAETCS YXYAIIEHNEM TOPHOTEXHUYECKUX U TEOMEXAHUYIECKUX YCJIOBUI
pa3zpaboTKH, BO3HUKAIOT IMPOOJIEMbI B BbIOOPE DAI[MOHAJIBHBIX HAapaMeTpPOB J10-
Obiun 1 obecrieYeHrr COXPaAHHOCTH BHIPAOOTOK TOPU30HTOB Bbiycka [1-2]. B no-
JTOOHBIX YCIOBHSX MACCHB DY/, M TOPOJL, HEPEJKO MEPEXOJUT B MPEIEHbHOE COCTO-
sSIHUE W PA3PYLIACTCS B CTaTUYECKON 1 iuHaMudeckoit popmax. Bee sru sBienns
BJIEKYT 3a COOON TPYAHOCTH B obecrievueHnr G€30TacHON BHIEMKH MECTOPOKIe-
HUll 1 TpeOyIOT TPOTrHO3UPOBAHNS HAPAKEHHO-Te(POPMUPOBAHHOTO COCTOSHUS
(HOC) paspabarbiBaeMoro Maccuba mopo/.

IIpu orpaboTKe KeJIe30PYAHBIX MECTOPOXKICHUIT, a TAK¥Ke 3AJIEKE, CIIOKEH-
HBIX PYJAMHU CPEJHEN [EeHHOCTH U KadecTBa, HaubOJIbIIee PacipOCTPAHEHUE 110~
JIYYIUAN CHCTEMBI TTOIITAYKHOTO 0o0pyIennsi. B 3apyberkHoit mpakThke, HA PyI-
unukax [Isernu, Kanaasr, CIITA | Yuiu, 3amMOuum v Ip., UMEIOTCS YCIIEITHBIE TTPH-
MepBbI OCBOEHHS 9THX M€0TEXHOJIOTHI Ha Oonbimx rybunHax [2]. Oanako obracTs
ux 3 HEeKTUBHOrO TPUMEHEHHUS BCE €Ile 0 KOHIA He U3y deHa.

IIpenmyrecTBa cucreM pa3pabOTKU C 3aKJIAIKON M CILJIONIHON BBIEMKOI Ha
OOMBHIMUX TIYOMHAX, KAK ATHTEPHATUBHBIX CMTOCOOOB, OYMEBUIHBI MO CPABHEHUIO C
TEXHOJIOTUSIMU TOAITAYKHOTO 00pyIeHus. Peagun3aiius TpuHITHIIA CIIJIONTHOW BbI-
eMKH C 3aKJIa/IKOIl TBEP/EIONMMH CMECSIMU TIO3BOJISIET YIIPABJIATH C/IBUKEHUEM
MOAPabOTAHHOIO MACCUBA U TOPHBIM JIABJIEHHEM, JOCTUTATh BHICOKUX MOKA3aTe-
Jieil U3BJIeYeHUs] 3aIaCOB W3 HEJP, YTUIM3UPOBATH 3HAYUTEIbHYIO 9aCTh OTXO-
1108 1ipousBojcTBa. OJHAKO M3-3a BBICOKOM CTOMMOCTH BSXKYIIMX MATEPHAJIOB,
3JIEKTPOIHEPTHH TPOIIECC 3aKJIAIKN BHIPAOOTAHHOTO MPOCTPAHCTBA TOCTATOYMHO
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JIOPOT ¥ JTaXKe TP CPETHEN BATOBOI IEHHOCTH MOJIE3HOTO NCKOTAEMOTO SKOHOMH-
9eCKU He BCerma ompasipiBaercs. Ha pyaunkax Hopuibckoro pernona B o0mieit
ce6ecTONMOCTH NOOBIYH PYIbl T0d 3aKkaaaku gocruraer 30%, na HukomaeBckom
pyauauke — 10 40%. TlosroMy mogzemMHbBIE PYJIHUKH, Pa3pabaThIBAIONIAE MECTO-
POXKJIeHUs DY/l CPEJIHEN U MAJIOHN [IEHHOCTH, BBIHYKJEHbI OTKA3bIBATHCS OT ITUX
MPOTPECCUBHBIX TEXHOJIOTUI ¥ BECTH MOUCK 0OJIee MEIEeBhIX CIOCOOOB JT0OBIUN.

Topubie TexHOOTHM C OOPYIIEHWUEM DPYIbl W BMEIIAIOIINX TOPOJ WMesi BbI-
COKWE TIOKA3aTe/ TPOU3BOJAUTEILHOCTH U WHTEHCUBHOCTH BBIEMKH, W 0DJIagast
XOPOIIMME BO3MOXKHOCTSIMA K aBTOMATU3AIUU TPOU3BOIACTBEHHBIX IIPOIECCOB,
BMECTE C TE€M, XapAKTEPU3YIOTCs HU3KUM yPOBHEM KA4eCTBA U MOJHOTHI U3BJIE-
YEHUs 3aMacoB U3 Hemp.

B Uncruryre ropuoro nena CO PAH npoeeneHbl McCIeqOBaHUS IO TEXHO-
JIOTMYECKOMY M T€OMEXAHUIECKOMY OOOCHOBAHWIO Ps/Ia HOBBIX CIOCOOOB TOOBI-
qu [1]. IIpuMeHUTEIBHO K YCAOBUSAM BBIEMKH MOIIHBIX KPYTONAJAIONIMX DPY/-
HBIX 3ajiexeil, K KoropbiM oTHOCcuTCs [IleperereBckoe MecTOpoXKaeHue, pa3pa-
60TaH IPUHIUIKAIBHO HOBBIA BAPUAHT IIOJITAXKHOIO OOPYLIEHUSs C ILIOIIA/IHO-
TOPIIOBBIM BBIITYCKOM DYJIbI TI0J] OOPYTIIeHHBIME TIoponamu [1, 3, 4].

B ocHoBy pa3paboTku 3TOi WHHOBAIMOHHON TEXHOJOTUH OBLIU TOJIOXKEHBI
CTIEIYIONIME TPUHIMATIBL: AJANTAIAS TEOTEXHOJOTHH K MACCHBAM, CKJIOHHBIM K
POPHBIM y/IapaM; [MOBBIMIEHIE KAYECTBA U TIOJTHOTHI H3BJIEUYEHIS 3AACOB; IPOCTO-
Ta KOHCTPYKIIUU, BO3MOKHOCTH COBMEIIEHUST OYUCTHBIX U IIPOXOIYIECKUX PabOT,
CIIOCOOHOCTH K aBTOMATHU3AINN; POCT MTPOU3BOIUTETHHOCTH TPYIa U 000PYI0BA-
HUsl, THOKOCTb U TPAHCHOPMAIUS OT OJHOTO BAPUAHTA K JIPYTOMY.

CocrogHue 1 MepCcneKTUBbl PAa3BUTHA TOPHBIX paboT Ha
Illeperemckom pyaHuKe

OcHoBHOIT cucremoit pazpaborku, npumensiemoii na Ileperemickom pyiHuKe, siB-
JISLJTACh TEXHOJIOTHS ITAYKHOTO MPUHYIUTEILHOIO OOPYIIEHUsT PYIbl U BMEIIAi0-
mux mopof [5], KoTopasi B HacTOsIIEe BPEMS BBITECHSIETCS MOIITAYKHOI TEXHO-
sorueii. {muaa 6s0Ka Ompeensercs MOITHOCTHIO PYIHOTO TeJia, IMUPUHA Ia-
vemm 27 <+ 54 M, Bbicora sraxka — 70 + 80 m. ObOpyiieHue py/pl Ha 3aKATYIO
Cpejly Uy KOMIIEHCAIMOHHbIE KAMEDbI OCYIIECTBIISETCH Iy YKAMU IAPAJIIeIbHO-
COTMIKEHHBIX TITyOOKMX CKBAYKUH. JIOHHBIN BBITYCK PYIbI TPOU3BOAUTCS C TIOMO-
e BuOpoycranoBok tuma B/IITY-4TM.

OCco0EHHOCTHIO MECTOPOXK/IEHUS SIBJIETCS PACIOJIOKEHNE €ro B CeHCMOaK-
ruBHOM Anrae-CasiHCKOM TOPHOM DErvOHE ¢ MPeodIaJaHueM BICOKMX TEKTOHH-
YecKUX moJiell Hanpskennii. [Opu3oHTaIbHBIE HAIIPS2KEHUS IPEBBIIIAI0T BEPTH-
KasbHbIe B 1,5+3,0 pasa n Goee [5].

Ananms neqaTebHOCTH MPEANPUITHS 38, IOCJIEIHNAE IBAIIATh JeT 1 000011e-
HUE TOPHOTEXHUIECKUX YCAOBUN Pa3pabOTKH, TO3BOJISIOT OTMETHUTE CJIEYOIIIEE.

1. Ijia TeXHOJOTUU 3TaXKHOTO OOPYIIEHUsT XaPAKTEPHO HCIOJIH30BAHUE MO-
PaJIbHO YCTAPEBIIEr0 IIEPEHOCHOIO TOPHOrO OOOPYAOBaHUS, KOTOPOE SBJISE€TCS
[PUYUHON IOCTATOYHO CJIOKHOIO KOHCTPYKTUBHOIO OopmieHus jauuill 6JI0KOB
1 GypOBBIX TOpU30HTOB (puc. 1).




204 CITech-2018, Vers-Kamernoropek, Kazaxcram, 25-28 cenrabpst 2018

2. HI/IBKI/Ie TEMIIBI TIOATOTOBKH 6JIOKOB 1 BOCIIPOU3BOJACTBA IMOTAINIEHHBIX 3alla-
coB B 3,0 — 4,0 pa3a 0TCTalOT OT BO3MOYKHOW WHTEHCUBHOCTH OYMCTHON BBHIEMKH,
10 CPABHEHHIO C TOAITAXKHBIM OOPYIeHHeM, OTPAHUYUBAIOT €€ U, B KOHEIHOM
cuéTe, OKA3bIBAIOT PeIIaolee BJIUSHUE HA ITPOU3BOJICTBEHHYIO MOIIHOCTH PY/I-
HHUKaA.

3. Bomnbmme macirTabbl B3PHIBOB TpY OOPYIIIEHUH 3AMacoB TaHeeil 00yCIoB-
JINBAIOT BHICOKYIO KOHIIEHTPAIIWIO OIIOPHOTO JABJIEHUs B MpU3a00HHOI 30HE, MpOo-
BOLMPYIOT JMHAMUYECKUE ABJIEHUs OOJIBIION SHEPreTHYeCKOl MOIIHOCTH (/10 10°

‘-. I'ﬁupal-ull._l
e BTN

Chrearnanai

o

Pucynoxk 1. Koncrpykmus gaumia 6710Ka CHCTEeMBI Pa3pabOTKM 3TAXKHOTO MTPUHY/IN-
TEJIbHOI'O OOpYIIEeHUs [IPU JOHHOM BBIILYCKE Dbl

OTMedeHHOE BBIMIE COCTOSTHUE TOPHBIX PAbOT TPEHONpeaesnao HeoOX0ou-
MOCTh U3Yy4Y€HUs TEePCHEKTHBLI OCBOEHHUs BHICOKOMHTEHCUBHBIX T€XHOJIOTHI TOJI-
9TayKHOrO OOPYIIEHUs, OCHOBAHHBIX HA HMPUMEHEHUH KOMILJIEKCOB CAMOXOJHO-
ro obopynoBanus. OCHOBHBIE MPEUMYIIECTBA ITUX TEOTEXHOJOTHUH W TEXHUKO-
SKOHOMHWYECKHE TMOKA3ATEN B CPABHEHWM C MPUMEHSEMOM CHCTEMOM ITAaXKHOTO
0BOpyIIeHusT PacKPBITHL B pabore [6].

Cucrema pa3zpaboTKu HOAITA>KHOTO OOpyHIEHHUS C
ILJIOITA/THO-TOPHOBBIM BBIIIYCKOM PY/IbI

3a ocHOBY cO3/1aHUsT HOBOM CUCTEMBI pa3pabOTKU MIPUHAT ITAJIOH IIBEICKOM Tex-
HOJIOTMH C TOPLOBBIM BbILYCKOM Pybl (puc. 2). CymHOCTh HOA3TaKHOr0 00py-
LIEHUs C LOAIOTOBKON IOPU30HTA BbILLYCKA 110 1LJIOLIA/HO-TOPLOBOI cxeme (puc.
3) 3aKJII0YAeTCSA B OJHOBPEMEHHOM BBINMYCKE OTOUTON PyIbI IO TIOMIAIN CJI0Sd U
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U3 €ro TOpIA. JTUM UCKIIOUAIOTCA HEJOCTATKH TOPIIOBOTO BBIMYCKA — HAOJIIOIA-
€TCsl POCT TIOKa3aTesIeil M3BJIeUYeHNs W O00ECIIeINBACTCI BEHTUIISAINA OYUCTHBIX
3a00€eB 3a cUeT OOIIEIAXTHON JTeIMpecCu.

3 ocHOBHBIX 0COOEHHOCTEH HAIIOMHHUM, 9TO KOJUYECTBO HOIPY30YHbIX 3ae3-
JI0B, HAXOJAIIUXCsL OJJHOBPEMEHHO B OYKMCTHOI BbIEMKE, PErJIaMEeHTUPOBAHO U He
npeBbIaeT 6osiee AByX BIPAOOTOK (OHA TPEIHAZHAYEHA, /I BEH TUIISIINN, IPY-
rasi HAXOJMUTCs B IIPOIECCE MPOXOIKHU) JIJI UCKJIIOUEHUS BLICOKON U3PE3aHHOCTU
TOPU30HTA JOCTABKHU. TeXHOMOrnIecKue MPOIECCHl BKIIOYAIOT B CeOS TTOCIONHYIO
0TOOMKY U BBILYCK PYAbl U3 TOPLOB OypPO-IOCTABOYHOIO OPTa M IOIPY30YHOIO
3ae371a.

Pucynoxk 2. TexHo0rns MOI3Ta>KHOTO 0OPYIIEHNSI C TOPIOBBIM BBIILYCKOM DyabL: 1 —
TIOZPTAZKHbBIE MMTPEKHU; 2 — MOIITAXKHBIE OYPO-I0CTABOYHBIE OPTHI; 3 — MOTPY30YHBIE 3a-
e31pr; 4 — ouncTHOI 3260i1; 5 — pyAHBIN MaccuB; 6 — MOPOHBIN MACCUB; 7 — OOPYIIEHHBIE
BMEMIAOIIIE MTOPOIbI; 8 — 00/1aCTh MCCIEIOBAHNS; X — MOTAINIEHHBIE BEIPAOOTKN

Beszonacnoe 0cCBOeHHE Te€OTEXHOJOMUU ONPEIESSIeTCs COXPAHHOCTBIO TOP-
HBIX BBIPAOOTOK HA BECh CPOK WX CIy»KObl. CHUyKeHMe yCcTONYmBOCTH OYpPO-
JIOCTABOYHBIX OPTOB, MOTPY30YHBIX 33€3/I0B W INITPEKOB OrPAHUYIUBAET 00JIACTh
U rIyOmHy npuMeHeHusi. B CBa3uW ¢ 9TMM, pacCMATpPUBAETCH 33/a9a MO OIpeIe-
JIEHUTO TIPEIETLHON NIyOMHBI OCBOEHMS MEPCIIEKTUBHBIX U HAUOOJIee MPeIoUTH-
TEJIbHBIX BAPUAHTOB CHCTEMbI Pa3pabOTKHU MOJITA’KHOIO OOPYIIEHUs C TOPIIO-
BbIM U ILIOIIA/IHO-TOPIIOBBIM BBIILYCKOM PY/IbI /il YCJIOBUM OTPabOTKY ri1ybGOKHUX
ropu3oaToB IlleperereBckoro MeCTOPOKIEHNUs, TIyTEM yCTaHOBJIEHUsT Hanboiee
CJ1a0BIX HJIEMEHTOB TOPHBIX KOHCTPYKITUHA.

IlocTanoBka 3aga4n

OptuM u3 Meronos 3(p@PEKTUBHOIO pelueHus 10J00HOr0 THIIA, 3334 sBJIAETCS
MeroJ; KoHeUHbIX 3j1eMenToB (MKD), KOTOpPBIil MO3BOJAET ONPENeUTh HAMPSI-
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Pucynoxk 3. TexHo0rust MOA3TAa*KHOTO OOPYIIEHUST C TLIOMIATHO-TOPIIOBBIM BBITTYCKOM
pyzas: 1 — IO TaKHBIE MITPEKH; 2 — MOAITAXKHBIE 0y PO-T0CTABOYHBIE OPTHI; 3 — ITOTPY-
304HbIEe 3ae31bl; 4 — OYNCTHOH 3a00if; 5 — pyaHbIll Maccus; 6 — MOPOMHBIN Maccus; 7 —
00pyIIeHHbIE BMENIAIOIINE TTOPOIBI; X — IMOTAIEHHBIE BHIpAOOTKNI

JKEHHOE COCTOSHHE MACCUBA II0PO/L, B JIFOO0IT €r0 TOUKe C yIeTOM HEOAHOPOIHOCTH
M KOHCTPYKTHUBHOI (F€OMETPHYECKOil) CIIOKHOCTH CHCTEMBI pAa3paboTku [7].

MozennpoBaHie MEXaHUYIECKOTO TIOBEIEHUS] MACCHBA TOPHBIX TOPOJ TIPOBO-
JIAJIOCh B TIPE/IIOJIOXKEHUH O0bEMHOIO HANPS’KEHHOTO COCTOsiHUA. Pynnast 3a-
JIEKb M BMEIIAIOIINE MOPOIbI HMATHPYIOTCSA YIPYTUMHI, H30TPOIHBIMU, JTUHEHHO-
nedopmupyeMbivm, OHOPOAHbIME MaTepuasamu (Tabs. 1), Ha rpaHuIe KOHTAK-
TOB KOTOPBIX IPUHATDHL YCJIOBUSA 2KECTKOIO CLEILICHUS.

TaGauna 1. Mexanudeckne CBOMCTBA MOJIEIUPYEMBIX TOPOJT

ITokazaresnn Pynuerit  mac-|Ilopommbrii O6py1eHHbI
CUB MacCcuB MacCcuB

O6wemmrit Bec (7), /> [3,7 2,8 2,0

Monyms FOnra (E), MIIa  [6,0 x 10% 5,0 x 10% 5,0 x 10°

Kosdpbunmenr  Ilyaccona|0,25 0,26 0,42

()

OcCHOBHbIE 3HAYEHUS TEH30PA HAIPSIKEHUN COOTBETCTBYIOT HATYPHBIM 3aMe-
pam, BbinossenubiM Ha [Tleperewickom pyauuxke [5], na 6osiee riyboKuX ropu3oH-
TaX — MPOTHO3HBIM JAHHBIM O AHAJIOTUUA C IPYTUMU MECTOPOXKJIEHUSMH, CXO-
JKUMH 110 TEKTOHOTHIY [8]. BeamdanHbI HCXOMHOTO OISt HATIPSIPKEHUH B MacCHBe
OPOJI, TPUHATHIE B PACUETAX TPUBEIEHBI B TabJI. 2.

Besmyuna KOHIEHTPAIMU TOPU30HTAIBHBIX HanpszkeHuii (Koaddunuent 60-
KOBOI'O JIaBJIEHMs) C POCTOM IJIyOUHbI CHHKAETCs, Y4TO OTMEYAeTCst OOJIbIIMH-
crBoM cuenuaaucros [9]. Ananus u 06061ieHue oubira 0TPabOTKU MECTOPOXK J1e-
HUH TTOKA3AJI, YTO TMOJIe TeHCTBYIOMNUX HAMPSIKEHUH B YCIOBUSIX OOIBITUX TJ1yOnH
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Tabauna 2. HauanbHoe HAIIPsiXKEHHOE COCTOSHUE MAaCCHUBA ITOPOJL

Hanpsikenust, Tiny6una ropubix pador (H), m
MIIa
600 1000 1500
0y <0, <00, < 0y <|Oy R 0, &
0. 0,
Beprukasnbusie (o, = vH) ~H ~vH ~H
lopuzonranbubie Bkpect mpocrtupa-|1,8vH 1,6vH 1,1vH
vusd (0, = g X vH)
l'opuzonTanpuble 1O TpocTUpaHWio|2,5vH 2,00H 1.3vH
(02 = gz x 7H)

(H > 1500 + 2000 M) cTpeMUTCS K PABHOKOMIIOHEHTHOMY PACIPEIETICHHUIO Oy
N oy~ o, [9)

I'panunibl reoMexaHnIeCcKOi MOJEIN ONpPeaeeHbl B COOTBETCTBUY C ITPWHITH-
nom Cen-Benana, corjiacHO KOTOPOIO 30Ha BJIMSHUs IOPHBIX pa3paboTOK pac-
LIPOCTPAHAETCs HA paccrodHue He 6oJiee Tpex MaKCUMaJlbHbIX pa3Mepos ob/1acTu
BEICHUA TOPHBIX pa6OT BF.Hy6b MaCCHUBa U HE OKa3bIBAE€T BJIINAHHNE Ha UCXOIHBIC
KpaeBbIe yCJIOBI/IH.

Yupyras mocTaHOBKA 3312491 00bsICHIETCS TEM, YTO XPYIKHAE BHICOKOMO/TYTh-
HbIE€ IIOPOABLI HE O6.T[a,ﬂ;a}0T B 3HAUUTEIHLHON CTEIIeHHN PEOIOrn9e€CKuMU CBOHCTBa-
MU, a MeHee KpellKue — pPa3pyllaloTcd B TeYeHHe KOPOTKOI'O IPOMEXKYTKa Bpe-
MEHU.

Pacuernas objacts R (cM. puc. 4) mpencraBisier coboii Ky6 pasmepom
1500 x 2000 x 2000 M ¢ mapamerpamn (0 < x < L;, 0 <y < L,,0 < z< L,),
B KOTOPO# BBIMOJHSIOTCS CJIEIYIOIINE YPABHEHUS:

PABHOBECHS:
05 +pF; =0, (1)
Komu:
€ij = 0,5(us; +uj) (2)
0b6obIennbIi 3akon ['yka:
Oij = QGEZ‘J‘ + )\9(5” (3)
U TPaHAYHBIE YCIOBHS:
na miockoctu ABCD —
oy (0,2,2) =v9(H — h), Ty (0,2, 2) = 75,y (0,2,2) = 0; (4)
EFGH -
Uy (Ly,2,2) =0, Toy (Ly, %, 2) = Toy (Ly, x, 2) = 0; (5)
BCGF -

Oz (Lzaya 3'}) =(qz0y,Txz (Lz7 y,fﬂ) = Tyz (Lmy,l’) = 0; (6)
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ADHE -~
Uz (07 Y, ZII) = 07 Txz (07 Y, x) = Tyz (07 Y, ZII) = 07 (7)

ABFE —
Oy (07 Y, Z) =(q4z0y, Tyx (07 Y, Z) = Tz (07 Y, Z) =0; (8)

DCGH -
Ug (La:u Y, Z) =0, Tyzx (Lm Y, Z) = Tzx (Lm Y, z) =0 (9)

[he 0;;— KOMIOHEHTHI T€H30pa HANpsiKeHu# (0y, 0y, 0y U Tpys Tuzs Tys—
COOTBETCTBEHHO BE€PTHKaAJIbHadA, TOPU30HTAJIbHbIE HOPDMAaJIbHbIE U KaCaTe/IbHbIe
KOMIIOHEHTBI TeH30Da HAUPsiKeHnil);pF; = ygd;; — 00beMHBIE CHIIbL; Y — ILIOT-
HOCTh TIOPOJ; § — YCKOPEHHe CBOOOIHOTO MaJIeHWs; £;;— KOMIIOHEHTHI TEH30Da
nedopmaruit (4, €4, €, U €4y, Eyzy Ez2— COOTBETCTBEHHO BEPTUKAIBHAS, TOPH-
30HTAJILHBIE [JIABHBIE JIMHEHHBIE U YIJIOBbIE KOMIIOHEHTHI TEH30Da J1eOpMaliuii);
;,j— KOMIIOHEHTBI BEKTOPA [epeMeieHnil (uy, Uy, 4, — BEPTUKAIbHAS U TOPH30H-
TaJIbHbIE KOMIIOHEHTBI BEKTOPA IepeMenennil); § = €, +&, +¢,— OTHOCHTeIbHAS
obbemuasa gedopmanusa; G u A — mapamerps! Jlame G = 2(1‘3“), A= (1—25)/?1+u);
d;;— cumsos1 Kponekepa; ¢ — xoadduiuenr 60kosoro nasienns; [t — K03 duiiu-
ent I[lyaccona; H — rinybOuHa pa3paboTku; h — paccTosiHue OT BEPXHEH TPAHUIIBI
MOJIEJIH JIO TOPU30HTA, OUUCTHBIX PADOT.

oy -

ﬁ;_{}"m:\ ™ E‘ﬂ}{—‘:ﬂ : ;
1 .

. 4 A 1

Pucynoxk 4. Pacuernas cxema k onpenesnenuio H/IC maccuBa: 1 — 0b1acTh pa3pesa mo
MEHTPAJIBLHON YacTH OTpabaThiBAEMON IaHEU BKPECT HPOCTUPAHUS 3aJIEXKU; 2 — TOXKE

BZIOJIb TIPOCTUPAHUS 3aJI€3KU; 3 — TOXKe I10 TOPU3OHTY BBIMYCKA U JTOCTABKU PYyIbl; 4 —
pacderHas obsacts R

Pesysbrarsl pacieTos npuBOAATCS B BU/I€ KAPTUH-U30JMHUN [VIABHBIX HAIIPS-
skeruit (MIla): 3a MaKCUMa/IbHOE HANPSMKEHUE MIPUHATO 01, 38 MUHAMAJILHOE —
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03, PACTSIZKEHUE — CO 3HAKOM «MUHYC»>. HanpsizkeHHOe COCTOSTHIE MAaCCUBA TTOPOJ
OIIEHWBAJIOCH B OOJIACTH BJIMSHUST OUUCTHOTO 320051 paboUeil maHe m 1m0 TOPU30H-
Ty BBIYCKA U JTOCTABKY PY/bI.

st paccMaTpuBaeMbIX TEOTEXHOJIOTHN TPUHATHI CIEAYIONe 3HAYEHUs OC-
HOBHBIX [APAMETPOB MOJEIUPYEMON MOPHOTEXHUYECKON CUTyAIUH: MOIIHOCTH
3astexku — 50 M; KOJIMYeCTBO TOAITayKeil B OHOBPpEMEHHOM paboTe — 2; yroJ ma-
nerns — 70°; BoIcoTa momITaKa — 20 M; PACCTOSHEE MEKIY 6YPO-T0CTABOTHLIMIE
opTamu — 14 M; paccTogHUE MeXK Iy TOTPYy30IHbIME 3ae31amMu — 14 M. KoucTpyk-
TUBHOE UCIIOJIHEHUE BAPUAHTOB CHUCTEMbI Pa3pabOTKU € MOJAOOHBIMY TApAMETPa-
MU IPUHSATO O YCJIOBUIO OOECIeYeHrsi MAKCUMAJIbHBIX MOKA3aTes el MOJTHOThL U
KQ4YeCTBa, U3BJIEUEHUS 3AMACOB U3 HEIp, OoJjlee MeTATbHBIE MCCIEIOBAHUS KOTO-
PBIX TIpUBeEJIeHBI B padorax [1, 3, 6].

Yactp oTOWBaeMoil maHe/n, MOMAIAONIEN B pa3pe3 M0 MPOCTUPAHUIO 3AJTe-
KU 10 BBIPADOTAHHOTO TPOCTPAHCTBA, cocTaBisger 5-+12 M. Breipaborku u ob-
HaKEeHWsl, [IOMEYEeHHbIe Ha PUC. 2-3 3HAKOM « X» moraiiedbl, npu axnanuze HJIC
MACCUBA HOPO/I HALPSI?KEHUs], BO3HUKAIONIUE BOKPYD HUX, BO BHUMAHUE HE IIPH-
HUMAJIUCh.

Ob6cykaeHue pe3yJIbTaTOB MCCJEI0OBAHMI

OuucrHble MaHE N, B TPEICTABICHHBIX BAPUAHTAX, HAXOIUTCI B BEChMA HEOIHO-
POJHOI TI0 HAIIPSZKEHHOMY COCTOSTHUIO ODJIACTH € 30HAMU CXKATHS U PACTAYKEHUST
(puc. 5, 6).

st curyanuu ¢ MOArOTOBKONW MOPU3OHTA BBIILYCKA 0 ILIOMIAIHO-TOPIOBOM
CXeMe OTMEYAETCs, YTO B HAnbOo Iee HeOIArOMPUATHBIX YCIOBUAX HAXOIATCS OOp-
Ta U KPOBJISI MOTPY30YHBIX 3a€3/10B, HEMOCPEJICTBEHHO MPUJIETAIOININX K OYUCT-
HOMY 320010, B KOTOPbIX (DOPMUPYIOTC PACTIATUBAIONIME HANPsiKeHUus (KPyrom
Ha puc. 5-7 0603HaueHbl OYKCcTHBIE 3a60u). Besnunna ux usmensiercs, B 3aBUCHU-
MocTu OT 1ybunbl pa3zpaborok, or 0 xo -10 MIla (puc. 4).

OnenuBas HIC maccuBa B paiione oTpabaThIBAEMOTO MOIITAXKA B YCIOBUSIX
ILJTOIIATHO-TOPIIOBOTO BBIMTYCKA, MOXKHO OTMETUTH, YTO HANPSKEHUS B 30HE 32€3-
JIOB M3MEHSIOTCs OT CXKATHsA B KPOBJIE K PACTsKeHI0 B Ooprax. MakcumaibHast
KOHIIEHTPAINs CKUMAIONINX HANPsizKeHuit 01 B HuX cocrasisier mpu H = 600,
1000 u 1500 m coorsercrBenno 30-50, 60-80 u 65-90 MIla. B cremkax morpy-
30YHBIX 33€30B M0 HAMPABIEHUIO K OypPO-I0CTABOYHOMY OPTY HANPSIXKEHUS O3
kosrebrorest ot 0 +— - 5 MITa. Ha rmybume 1500 M B KpoBJjIe 3ae3/10B BEJIMYWHA,
HampsizkeHuit o1 mpesbimmaeT 3uadenne 120 MIla. Hebmarompustaas curyarus
HAOJTIOJIAETCA B MECTAX COMPSIKEHUsT OyPO-TOCTABOYHBIX OPTOB € MOTPY30YHBIMU
3ae3/[aMU U B TOPLIOBOI 30He BbiLycKa pyabl (03 = - 5 + - 10 MIla). Tasnenue
HA& KPOBJIIO HOJPTAXKHOIO OPTA HECKOJIBKO HUKE, YeM B IOIPY309HOM 3ae3/1€, 01
n3mengaoTcea ot 40 o 90 MIIa.

O6061mas pe3ynbrarst pacaeros HIIC mMaccuBa Ha ypoBHE 0TpabaThiBaeMOro
TOPHU30HTA MPHU TOPIIOBOM BBIMYCKE OTMETHUM CJjemyioriee. B BbipaboTKax mpax-
THUIECKH OTCYTCTBYIOT 30HBI PACTsKEHHUs. BemanHa MaKCHMAJIbHON HArPY3KH
B KponJjie He npesbimaeT 80 MITa. Bricokas KOHIIEHTpaIns HATPSKeHi HabIIi0-
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a) 6) B)

Pucynok 5. Xapakrep pacupejieiieHus IVIABHbIX MAKCUMAJIbHBbIX HAIIDSXKEHUil o1 B
MacCCHBE TIOPOM: &) mpw Tuiybmue ropabix pador H = 600 v; 6) H = 1000 v; B) H =
1500 M

a) 6) B)

Pucynok 6. XapakTep pacmpeje/ieHus TJIaBHBIX MUHUMAJbHBIX HAIllPSKEHHH o3 B
MaccuBe 1opox; a) npu riybune ropubix pabor H = 600 m; 6) H = 1000 m; B) H
= 1500 m
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maercs B 00J1aCTH BBIMTyCKA pyabl. Hampsizkenns o1 B 60pTax OPTOB HAXOMATCS
Ha ypoBue 30-80 MIla. B mesoM mpm aHAJIOTHYHBIX YCIOBUAX, HAMPSIKEHUST B
YCJIOBHSIX TOPIIOBOTO BBIMTYCKA PY/Ibl HAXKE, 9€M TIPH IO THO-TOPIIOBON CXxeMe
Ha 15 - 20 % (cm. puc. 5, 6).

Ha puc. 7 upescrasiien xapakrep pacupe/ieseHns MAKCUMAJIbHBIX C2KUMA0-
[IIUX ¥ PACTATUBAIONINX HANPSIKEHU B TIJIOCKOCTHA BKPECT MPOCTUPAHUST 3AJIEIKH.
B nenTpaspHOit YacTu OTOMBAEMOrO CJIOS /I TOPIIOBOTO BBIMYCKA W B 00JIACTH
BJIMSHUS TIOTPY30YHBIX 3a€370B MPHU TIJIOMIAIHO-TOPIIOBOM MOATOTOBKY 3AJIEXKU
XapaKTEPHO HAJMYNE PACTIATUBAIOIINX HAIPSIKEHWH COOTBETCTBEHHO 110 -2 U -
10 MIla. Benmuuna nanpsizkeauit 01 B pPOMOOBUIHBIX [TAHEJSX, OTPE3AHHBIX OT
PYJTHOTO MaCCUBAa, W3MEHSETCS MO BePTUKAIN B BepxHeit yactu ot 10 mo 65 MIla
n B HmxkHeil — 10 90 MIla. MakcumasbHble 3HAYEHUS PACTATHUBAIONINX YCUINH
HAOJIIONAIOTCS B IIEHTPE MaHe e, KOTOPbIE TTOCTEIEHHO K €€ Meprdepuu mepexo-
nar B cxumaomniue. s o6onx BApMAHTOB BHE 30HBI BIWAHUAS OYUCTHBIX PabOT
XapaKTeP PaCIpe/IeeHIs HAIPAKEHUH MPUOINKAETCH K MCXOAHOMY I10JII0, Jeii-
CTBYIOIIEMY B HETPOHYTOM MAaCCHUBE.

a) 6)

Pucynoxk 7. Puc. 7. Xapakrep pacupeeseHus IJIaBHBIX HALPS2KEHUN B KPECT IIPOCTH-
panms 3ajexu Ha Tayomae 1500 v: a) 01; 6) o3

Taxum 00pa30M, BBITIOTHEHHAS] T€OMEXAHUIECKAsT OIIEHKA, B TPAHUIIAX HCCJTE-
yeMoii 00JIaCTH OYMCTHBIX PAOOT, IMOKA3a/Ia, IYTO C YBeJIUUIEHUEeM TTyOWHBI pa3-
pPabOTKH COCTOSIHME TOPHBIX MOPOJ MPUOJIUKAETCH K HPEIETbHOMY, IPH 3TOM
HaOJTIOMAIOTCA OOIIUPHBIE 30HBI C PACTATHBAIONIMME HAIIPs2KeHuAMU. B Hambo-
Jiee CJIOYKHBIX YCIOBUSX HAXOMATCS 3a€3/bI TTPH ILIOIIA,THO-TOPIIOBOM BBIMTYCKE U
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COTPSI?KeHNsT OYPO-TOCTABOYHBIX OPTOB, /IJIsi 00OWX BAPUAHTOB, C JTOCTABOIHBIM
mTpekoM. B 9Tux mectax, BO3MOXKHO, OXKHAIATh PA3BUTHUS TPEIIUH, 3aK0JI000pa-
30BaHUS U Pa3pyIIeHNs.

B kadecrBe Kpurepus OMEHKHM NMPOYHOCTH T'OPHBIX IIOPOJ B PadOTe MpuHs-
Thl TeOpPUs MAKCUMAJIbHBIX HOPMAJIbHBIX PACTATIUBAIONIUX HAIPAKEHUNR U I0-
Ka3aTeJb yCTOMYUBOCTHA (Ky), ONpeJiedeMblil Yepe3 ypaBHEHUE NPAMOJINHE-
HO#1 orubaroieit mpeaenbubix Kpyros Mopa (kpurepuit Kynona-Mopa) ¢ yuerom
crpykryproro ociabnenus (K.), xapakrepuoro s IlleperemeBckoro mecro-
POKIEHUS.

o3 < [07as54] 4 (10)

sin(o1 + o3 +2 x C x ctgyp) o
g1 — 03

o=

1 (11)

LIIE Oppeg — LIPEJeEIl IPOYHOCTH HOpoA Ha pacrazkenue, Mlla;

C — cuennenne, MITa;

(0 — YrOJI BHYTPEHHErO TPEHWS TOPHBIX MOPOI, TPaJ.

Ha puc. 8 mpuBeaeHbl y9acTK MaCCHBA TOPHBIX MOPOJ, KOTOPbIE HanboJiee
[OJIBEPZKEHBI PA3PYIIEHUIO B COOTBETCTBUY C BBIIIETPUBEICHHBIMU KPUTEPUSIMHU.

| Ormrcmiodl

a) 6) B)

Pucynoxk 8. YuacTku 0xxumaeMbIX pa3pyirennil BHIpabOTOK BBIILYCKa C POCTOM TuIyOu-
HBI TOpHBIX pabor: a) H = 600 m; 6) H = 1000 m; 8) H = 1500 m

Jls mITo1a, [HO-TOPIOBOIO BBITYCKa pyabl Ha raybune 1500 M xapakTepHbI
oOLpHbIE 00IACTHA C PACTATUBAOIIUMY HALPAKEHUAME, KOTOPbIE PACIPOCTPa-
HEHBbI TPAKTUYECKU MO BCEl JjinHE OYypO-I0CTABOYHBIX OPTOB U MOTPY30YHBIX
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3ae3710B. B cBA3W ¢ TeM, 9TO CPOK CYIIECTBOBAHUS TTOTPY30UHBIX 3a€3/I0B HE ITpe-
Boimaer 10-15 cMmen, BeCbMa BEPOSTHO OXKHUIATH WX COXPAHHOCTH HA, [UIyOMHAX
mo 1000-1250 m. ITpu HEoOXOmMMOCTH BHIPAOOTKHY IMOJIEKAT KPEILIEHUIO [Ty TeM
AHKEPOBAHMS TOPHBIX TOPOJ.

IIpu TOp1IOBOIT TEXHOIOrUU BBIEMKHU PY/bl YCTONYMBOCTH BbIPAOOTOK, C y4e-
TOM WX KperjeHus Ha riaybumuax cseime 1000 M, HAXOAWTCS HA, JOCTATOYHOM
ypOBHE ¥ He BbI3biBaeT coMueHHui. COXPAHHOCTH KPOBJIM OPTOB OIIEHWBAETCS,
KaK JOCTaTOYHAA.

3akJIroueHue

O06acTV KOHIIEHTPAIMYA MAKCUMAJIBHBIX CXKUMAOIINX HAPSKEHUN 01 BO BCEX
caydasx GOpPMUPYIOTCS B OKPECTHOCTSIX OYMCTHBIX BHIPAOOTOK. PasBurue 3HaA-
YUTEIbHBIX 30H PACTSKEHUS B MECTaX CONMPSKEHUS OYypPO-TOCTABOYHBIX OPTOB
C TOrPY30YHBIMU 33a€3aMHU [IPHU IJIONIATHO-TOPIIOBOM CXeMe IOIOTOBKY CBHIE-
TeJbCTBYET O BO3MOXKHOU 110TEpe yCTOUYUBOCTU IIOPOJ,.

IIpu roybusme ropubix pabot 600 M B MOATOTOBUTEIHHO-HAPE3HBIX BHIPAOOT-
KaxX IPU TOPIIOBOM M ILJIOIIAIHO-TOPIIOBOM BBIYCKE MPAKTUIECKU He HADJII0Ia-
eTcsl PACTATUBAIONINX YCUJINH, W MaKCUMaJbHBIE KacaTeJbHble HANPIKEHUs He
MIPEBBIIIAIOT MIPEIEIbHBIX 3HAYCHUH.

Tny6una 1000 M xapakrepudyercss Kak HPUEMJIEMAs U MPEIEIbHO BO3MOXK-
Has, COOTBETCTBEHHO /T TOPIIOBOH M TIIOIIATHO-TOPIIOBOM CXE€M MOJATOTOBKH.
Harpyskwu, Bo3HWKaeMble B 3JIeMEHTAaX TOPHBIX KOHCTPYKITHH, COM3MEPUMBI C
JIJIATEIHHBIM MPEIEIOM MPOYHOCTHA TOPHBIX TTOPO/I.

IlosiBiieHMe 30H TOBBIMIEHHOTO CXKATHUS W PACTSIKEHUS BOKPYT HAPE3HBIX BbI-
paboToK u ourcTHOrO 32005 Ha rurybmrax 1500 M Opu MIIOIIAHO-TOPIOBOI TeX-
HOJIOI'MH, CBU/IETEJIbCTBYET O PA3PYLIEHUH 1OPO/,. TeXHOJIOrMYeCKOe UCIIOJTHEHUE
CHCTEMBI MTOIPTAYKHOTO ODPYIIEHNS C TOPIIOBBIM BBITYCKOM DYIbI B BBIIEJIEHHBIX
YCJIOBUSIX OOJIBINUX TTyOnH, TIO3BOJISET OE30IaCHO UCIIOIb30BAThH € 0€3 BUINMBIX
A3MEHEeHUI.

B pesysibrare BBINOJIHEHHBIX PACYeTOB YCTAHOBJIEHO, YTO BAPUAHTHI CHUCTE-
Mbl Pa3pabOTKU MOAITAKHOIO OOPYIIEHUs C TOPLHOBBIM U ILJIOIIA/IHO-TOPIIOBBIM
BBITTYCKOM PYIBI, B YCJOBUIX TEKTOHMYECKOTO mojis Hanpskennit [Ilepereres-
CKOrO MECTOPOXKJIEHWSI, MOTYT OBITh YCIIEITHO PeaJn30BaHbl A0 Tiiyoun 1250 u
1500 M coorBercTBeHHO. ObsI3aTEIHLHBIM YCIOBUEM SIBJISETCS KPEIJIeHHue Ha IO-
pusontax ceeime 1000 M 6ypo-I10CTABOYHBIX OPTOB, UX COMPSAXKEHUN C HOCTa-
BOYHBIMU MITPEKAMH U MOIPY309YHBIX 3ae370B. OCBOCHUE MOIPTAXKHOIO 0Oy IIe-
HUsT Ha OOJIBINUX MIyOnHAX TOTPe0yeT mepecMOTpa OCHOBHBIX KOHCTPYKTHUBHBIX
mapaMeTpOB TEXHOJOTHUU, B YaCTHOCTH, BBICOTHI TIOAITAZKA, PACCTOTHUN MEXKTY
OypO-I0CTABOYHBIMHU OPTAMHU M TMOTPY30YHBIMU 3a€31aMH, TOJIIUHBI OTONBAEMO-
ro cnos. IIpu BBICOKOI HAPYIIIEHHOCTH TOPHBIX MTOPOJ IJIOIIAIHO-TOPIIOBAs CXe-
Ma MTOATOTOBKHU CIIOCOOHA THOKO TPAaHC(HOPMUPOBATHCSA B TOPIIOBYIO TEXHOJIOTUIO
BBIILYCKA PY/ibl IIPU HEKOTOPOM YXYZIIEHUU IIOKA3aTesel [MOJHOTHL U KAYeCTBA
M3BJICYEHUST MUHEPATHHOTO CHIPHSI.
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Ananu3 ceificMuiecKux BOJIH,
reHePUPYEMbBIX UMILYJIbCHBIM 3JIEKTPOMATrHUTHBIM
ncTouHukKoM “Enuceit”’, ¢ npuMeHeHuEM
BBICOKOIIPON3BOAUTEIbHBIX BbIYNCJJICHU

B. M. Canoscknit u O. B. Canosckas

Nucruryr Boraucsuresbuoro mogenuposanus CO PAH, Kpacuospck, Poccus
sadov@icm.krasn.ru,o_sadov@icm.krasn.ru

AnHoTanusa PazpaboraHa BbIYUCIATEIbHAS TEXHOJOTHUS sl MOIEJIH-
POBaHUs BOJIHOBbBIX 110J1€H1, FeHEPUPYEMbIX UMILYJIbCHBIM JIEKTPOMATIHUT-
HBIM UCTOYHUKOM CeMCMHUYecKuX Kojebanuit “Enmnceit”, B 67109HO-CIOMC-
TBIX PEOCPeax C PA3IUIHBIMU MEXAHUIECKUMU XaPAKTEPUCTUKAMHU CJIO-
es. K oumcanuio BOJIHOBBIX ILIPOLECCOB LIPUMEHSIOTCH MATEMATUYECKUE
MOJIeJIN NUHAMHUKY YIPYIUX U YIPYTOIUIACTAMECKUX CPEJ, MOPUCTBIX K
coiyunx mMarepuasoB. Ha ocHOBe MeTo/a ABYIMKJIMYECKOTO PACIIeILIe-
HUST TI0 TIPOCTPAHCTBEHHBIM TT€PEMEHHBIM ITOCTPOEHBI AJITOPUTMBI HHC-
JIEHHO¥ peain3anuu Mojesieil. BoraucanrepHbIe SKCIePUMEHTHL Ha MHO-
TONPONECCOPHBIX CUCTEMAX KJACTEPHONM apPXUTEKTYDPhl I[MOKA3aIU, YUTO
TIpe/yIaraeMasi TeXHOJIOTHST TIO3BOJISIET C BBICOKOW CTEIMEHBIO IeTaJIn3a-
WM BOCIIPOW3BECTH CHUCTEMY BOJIH BOJM3m 00J/1acTelt BO30OYKIeHUs Ceii-
cMuYecKuX KoJsiebanwmii. Pe3yabraTsl pacyeToB MOTYT OBITH HMCIIOIH30BaA-
HBI TIpY 0TPabOTKE ONTHUMAJIBHBIX PEKUMOB (DYHKIIMOHUPOBAHUS MUCTOU-
nuka “Ennceil”, korma MexaHndecKue XapaKTePUCTUKU CJI0€B MEHSIIOTCS
B HNIMPOKOM JIMAIA30HE OT TBEPABLIX M MEP3JIbIX I'PYHTOB C BKJ/IIOYEHMUsI-
MM TOPHOM TOPOABI [0 CHIMYYNUX W TJIMHUCTHIX BOJOHACKHIIIEHHBIX CPE/I.
YucsteHHBIM aHAIN3 TIO3BOJISIET TAKKe IOJIYyUUTh YCPEeIHEeHHbIE TaHHbIe,
HeoOXOUMbIE JJIs 3JIEKBATHOIO MO/IEJIUPOBAHUS JIOKAJIM30BAHHOTO UM-
MyJILCHOTO BO3IEHCTBUS OT UCTOYHNUKA TP WCITOIH30BAHNMH YIIPOIIEHHBIX
MaTeMATHIeCKUX MOJeseil s pacdeTa CUHTETHIeCKHX CeficMOrpaMM
OTPaKEHHBIX BOJH HA GOJIBIIOM MPOTAXKEHUU U IJIyOuHe 3ajieranus pas-
HOPOIHBIX CJIOEB B CJIOKHOIIOCTPOEHHBIX TOCPEIAX.

KuaroueBrie cnoBa: Byodno-cioucras reocpema, 37€KTPOMATHUTHBIN
UCTOYHUK CEHCMUYIECKNX KOJIe0aHWil, yIpyrme BOJIHBI, IapaJsijieIbHbII
BBIYMCIUTENbHBINA aIrOPUTM, CyIIePKOMIILIOTEPHOE MO/Ie/IMPOBaHue

Bsenenue

Cesepubie Teppuropun Bocrounoit Cubupu XapakTepusyOTCs TaeKHOW BEIHO-
MEP3JIOTHON CTPYKTYPOIl IOBEPXHOCTHOI'O CJIOS [IOYBBI, 4YTO CHUKAET dPderTus-
HOCTBH Te0JIOTUYECKON DPA3BEJIKM C MCTOJIb30BAHMEM CEHCMUYECKUX MCTOYHWKOB
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B3PBIBHOTO W BUOPAITMOHHOTO THUIIOB. DJIEKTPOMATHUTHBIN UCTOYHUK CEHCMUYec-
Kux Kojiebanuii “Enunceit” npeacrasiiser co00i HEB3PHIBHON MOBEPXHOCTHBIN NM-
MyTBCHBIN CEHCMUYECKUN UCTOYHUK C CHJIOBBIM 3JIEKTPOMATHUTHBIM TTPUBOIOM,
KOTOPBII COZEPIKUT OJINH, ABA WA YEThIPE CHHXPOHHO PADOTAIOIINX KOPOTKOXO-
JIOBBIX JIEKTPOMATrHUTA C ABTOHOMHOM CHCTEMON MUTAHUS OT EMKOCTHOINO HAKO-
MHATEIIsT SJIEKTPUIECKON SHEPTUN U YCTPONCTBA /1715 3apsiaa v paspsna [1,2,3]. Uc-
TOYHUK CYIIECTBYET B KOJIECHOM, CAHHOM, MOOUJIBHOM ¥ BOJHOM BapuUaHTaX (CM.
puc. 1). OH BroJIHE KOHKYPEHTOCIIOCOOEH B CDABHEHUN C UCTOUHUKAMY B3PBIBHO-
o0 U BUOPAIMOHHOTO THIA 0 3P HEKTUBHOCTH U KAYECTBY IPOU3BOICTBA Pa3Be-
JIOYHBIX pAbOT ¥ MMEET HEOCIHOPUMBIE [PEUMYIIECTBA B SKOHOMUYIECKOM U KO-
JIOTHYIECKOM acreKkTax. VIcrnombp30Banye 3TOro NCTOYHNKA, OOXOIUTCS HECPABHUMO
JIEIeBJIe, U OH SABJISETCS €1Ba, JIU HE eMHCTBEHHBIM BO3MOXKHBIM CPEICTBOM MPU
npoBeeHny padoT BOJM3M 3MAHUN U COOPYKEHUI, B BOJOOXPAHHBIX 30HAX U HA,
IJIOMIASX, TJe UMEETCsi DOJIBII0e KOTUIECTBO PEK U o3ep. IIpuMensieTcss Takxke
[0 JIEIOBBIM MOKPBITUSM BOJIOEMOB, HA MEJIKOBOJIbe U Ha mesbdax. B npomecce
CO3aHus, JJOPADOTKU U COBEPIIEHCTBOBAHMS IKCILIYATAIMOHHDIX U TEXHUICCKHUX
XapPaKTEPUCTUK JIEKTPOMATHUTHBIN UMIYIbCHBIH ucTouHuK “Ennceit” O6bu1 mOMI-
BEPIHYT TIIATEJILHOMY 3KCIEPUMEHTAILHOMY aHAJIM3Y W TECTHPOBAHMUIO [4,5].

Pucynok 1. “Ceiicmoucrounuku cepun «Enuceir”: http://gseis.ru/our-business/field-
seismic-works/impulse-technique/.

B nacrosimeit pabore mpeacTaBIeHa BEITUCIUTEIbHAS TEXHOJIOT U, KOHETHOM
I[EJIbI0 KOTOPO# SIBJISIETCS JIETAJIbHOE MATEMaTHUYeCKOe MOJIEINPOBAHME BOJIHO-
BBIX TOJIEl, BO30y:K1aeMbIXx ncTodHKOM “Ennceiti” B 6;109HO-CTONCTBIX Teocpe-
JlaX C PA3JMYHBIMU MEXAaHUYECKUMU XapaKTePUCTUKaMU GJOKOB ([VIMHUCTBIX U
MEpP3JIbIX PYHTAX, CbIIY4YUX, HOPUCTHIX U (DIIOMIOHACHILIEHHBIX cpejax). Pe-
3yJbTATHl MOJIEIUPOBAHUS C WCIOJIH30BAHUEM BBICOKONPOU3BOIUTEIHHBIX BbI-
quCaeHuil OyIyT WCIOIH30BATHCA I ONMTUMUBANUKA DPEXKUMOB (DYHKIIMOHUPO-
BaHWs UCTOYHUKA MPU IPOBEICHUN CEHCMUYIECKUX UCCIIETOBAHMIA.

MaremaTudeckass MOJ€eJb

s 9UCIeHHOro MOENIWPOBAHUS IIPOIECCOB PACHPOCTPAHEHUS BOJH HAIP-
keHuil u gedopmanuii B PEOJIOrHYecKu CJIOXKHBIX CPeIax HaMu pa3paboTaHbl
BBIYUCIUTETbHBIE AJTOPUTMBI M TTPOTPAMMHBIE KOMIIJIEKChI, OPHEHTHPOBAHHBIE
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HA MHOTOTPOIECCOPHBIE BBHIYUCIUTEIbHBIE CHCTEMbI KJIACTEPHON ApXUTEKTYPHI.
[IpumeHsAOTCS MAaTEMATHIECKUE MOIEIH YIPYTOIIACTUIECKUX, CHITYyYnX W IM0-
PUCTBIX CPEJl C Y9eTOM PA3HOTO CONMPOTHUBJIEHUS MATEPUAJIOB DPACTSIKEHUIO U
cxkaruio. Vcnosb3yoTcss TakykKe ypaBHEHWS AUHAMHKH MOMEHTHOTO KOHTHHY-
yma Koccepa, onuchiBaomniye BOJHOBbIE ABUKEHUS CTPYKTYPHO-HEOIHOPOIHBIX
cpejl, B KOTOPBIX HAPSIIY C MOCTYMaTeIbHBIMY CTEIIEHSIMI CBOOOIBI PEATH3YI0TCST
HE3ABUCHUMbIE BPAIIEHNUS MATEPUATbHBIX YACTHII,

IIpennosnaraercs, 9T0 CTPYKTYpPa CPe/bl U3BECTHA M IIPE/ICTABIeHA HADOPOM
13 PA3HOPOIHBIX OJIOKOB C KPUBOJIMHEHHBIMU rpanunamu. KaxKapiit 070K Xxapax-
TepU3yercsi CBOUM OJHOPO/IHBIM MATEPUAJIOM C COOTBETCTBYIOIIUMU OIIPEIeIA0-
[IUMU YPABHEHUSIME. B pOCTEHIeM caydae yrupyroro MaTepuasia, BhITOTHSIETCS
CHCTeMa ypaBHEHMI JMHEHHON ITWHAMHYECKON TEeOpWHM yNpPYyrOCTH, 3alNCAHHAA
JIJIsT BEKTOPA CKOPOCTH U W TEH30DA HAMPSIKEHUN 0

p@zv-a, @:p(cf—203)(V-v)[+pc§(V@+Vv*). (1)
ot ot
311ech p — NIOTHOCTD, €] U Cy — CKOPOCTU IPOAOJBHBIX U IOIEPEYHBIX YIPYTHUX
BOJIH, V — I'DAJIUEHT TIO TPOCTPAHCTBEHHBIM KOOpAWHATAM, | — € IMHUYHBIN TEH-
3op. Touka Haj CHMBOJIOM O3HAYAET MPOU3BOIHYIO MO BPEMEHH, UCIOJIb3YIOTCHA
OO0IeNpUHATHIE 0003HAYEHUST TEH30PHOTO AHAIN3A.

Haganbuble cKOpOCTH ¥ HANIPSIKEHHS CIUTAIOTCHA PaBHbIMU Hys0. Ha gactu
CPAHUIBL 33AI0TCs BHEIIHNE HAIPAKEHU: OT COCPEAOTOYEHHOIO MMILYJILCHOI'O
BO3elicTBusi. Ha TJIOCKOCTSX CHMMETPHH, €CJIM TaKhue WMEIOTCs, (DOPMYIUPY-
IOTCsI YCJIOBUSI CHMMETpUH. JacTh TPAHUIBI MOXKET OBbITh HEOTPAXKAOIIEH MOo-
BEPXHOCTHIO, HA HEil MOJEJINPYIOTCs YCJIOBHS TPOXOXK/IEHHST BOJH 06€3 3aMeTHOro
orpaxkenus. Ha BHyTpEHHUX TPAHUIAX PA3/IeJ1a CTABATCS yCJIOBUS HEIIPEPHIBHO-
CTH BEKTOPOB CKOPOCTEIl M HANPsi?KEHUl HA IJIOIMIAJKAX KOHTAKTA OJIOKOB.

ITpu uncsennoit peasusanuu Mozuesu B GJI0KAX CIPOSATCH HE3ABUCUMbLE (HECO-
[JIACOBAHHBIE) PACYETHBIE CeTKU. [IpuMensaeTcsa aniredpandecKuii MeTos, CoCTOs-
Uil B HAXOXKJIEHWH B3aMMHO-OJHO3HAYHOTO OTOOPAXKEHUS BHIYUCIATEIHHON 00-
JIACTH B BHJE €IMHUIHOTO KyDa ¢ PABHOMEPHOH CETKOM HA (PU3UIECKYTO 00TACTD.

Ucxonnas cucrema ypasuenuii (1) nmpu mocrpoeHun KOHEYHO-PA3HOCTHOMN CXe-
Mbl 3aIIUCHIBAETCA B MATPUYHON hpopme:

3

ou ou

=1

rne U — BekTOp—(yHKIHs, COCTABIEHHAs W3 KOMIIOHEHT BEKTOPA CKOPOCTU U
TeH30pa HampszkeHuil, A; — Marpunbl-Ko3(ddunnenTsl ypapuenuil. s pere-
HUs cucTeMbl (2) NPUMEHSIETCs CXeMa MHTErPUPOBAHMs HA OCHOBE METOJa JIBY-
nukJ/riaeckoro pacuiemienust [6]. TIpu s1om pacuienienue npoussojurcst He B
dusnygeckoM, a B mapaMmerpuwdeckoMm mpocrpaHcTee. Cucrema mpeodpasyercs K
CTIEYIOIIEMY BUIY:

WU S~ U~ o 0

—:ZAi—, Ai:Z Aj . (3)

ot i 651 =1 8.’Ej

=1
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MeTon, paciienieHus IPUBOIUT K CEPUM U3 IIECTH OJTHOMEPHBIX 3aJa4, TPU U3
KOTODBIX PEIIAIOTCs Ha BPEMEHHOM WHTEPBAJE [ty,, t, + 7/2], a ocraabHbIe TPH —
Ha uHTepBase [t, + 7/2,t, + 7] (7 — mwar cerku 1o BpemeHu):

out  — agu™
7 =4 851 ’ U(l)(t”) = U(tn) s
ou®  — gu®
A @ (t,) = UM, 9

6t 2 8§2 ) U ( ) U ( +T/ ) )

B (3)

o _ As ou , UG(t,) =UD(t, +7/2),

ot &5 )
oUW~ U™
BT = A3 96, U@ (th +7/2) = u® (th +7/2),
outd)  — au®
—— =A,——, UO(t, 2) =UW(t,

6t 2 852 9 ( + T/ ) ( + T) )
ou®  — au®
WZAI 651 5 U(G)(tn+7/2):U(5)(tn+T)

Bexkrop-dbynkmus U (t, + 1) npeacrasnsger coboil MCKOMOe pelTeHie Ha Bpe-
MEHHOM cnoe t, + 7. Jljna coxpanenns CBOHCTBa KOHCEPBATMBHOCTH CXEMbI Ha
KPUBOJIMHEHHBIX CETKAX, KOIJIa MATPHUIBI—KO3(h UIMEHThl A; 3aBUCAT OT KOOP-
JWHAT, AMIPOKCHMAIINs OTHOMEPHBIX CHCTEM ypaBHEHHuil Ha Imare “Koppexkrop”
[POU3BOUTCS € [MOMOIIBIO UHTEIPO-UHTEPIOJISIUOHHOIO MeToia. B pesyibrare
UHTErpUPOBaHUs cUCTEMbI (4) Mo KpuBOIMHEHHON sdeiike B dbusndeckoii oba-
CTH C TIOCJIeAYIONNM NpuMeHeHueM (opMmysbl I'prHa TOIyYaeTcs: Ceayrolnee
PABEHCTBO:
— 6
aa—(t] = % ;’yk (nf A1 + nS Ay +nfA5) UF (5)

B KOTOPOM 71; — HAITPABJISIIONIIE KOCHHYCHI BHEITHEH HOPMAJIH, w — 00beM sTIeiiKu,
U — cpejiHee HHTerpaibHOE 3HAYCHHE BEKTOPA-PEIIeHUs, a UHIEKC k OTHOCHTCA
K I'DaHAM f4efikyu, B yacTHOCTH ¥ — miomais coorsercrsyiomeil rpanu. Jdamee
cymMa B 1paBoil yactu (5) pazbuBaercs Ha TPU HAPbL CJAIAEMbIX 110 IIPOTUBOLIO-
JIOKHBIM TPaHAM, KarK/1as U3 KOTOPBIX OTBEYAET ANMPOKCUMAIINN TPOU3BOJHBIX
[0 IPOCTPAHCTBEHHBIM MEPEMEHHBIM B OJHOMEPHBIX cucTeMax (4).

[Ipumensiemas cxema perneHus OTHOMEDPHBIX 33/1a9 sIBJIS€TCS THOPUIHBIM Ba-
PUAHTOM CETOYHO-XaPaKTEePUCTUYECKOHl CXeMbl BTOPOI'O IOPAKA TOYHOCTU HA
MOHOTOHHBIX perienusx. VMeTo By IUKINIECKOrO PACIIEIJIEHUS COXPAHSIET BTO-
poit mopsanok Tounoctu. Kpome TOro, MBOWHOIN MepecdeT OIHON M TOH Ke CH-
CTeMbl YPABHEHUII HA TPETbEM U YeTBEPTOM 3TAalaxX PACIIENJIeHNA rapaHTUPY-
€T YCTONYMBOCTb METO/a TIPU BBITIOJIHEHUU OJHOMepHOTrO ycjosus Kypanta—
Dpuapuxca—J/lesu.

Ounucannpiii ajgropurm 06061IeH Ha ciaydail cbiryyeil cpept [7], nopucroro
marepuada [8], momenrHoro kourunyyma Koccepa u muorobsiounoit cpeast [7,9].
Paspaboranubrii MeTOI pereHnsi peajn30BaH B BUIE MPOIPAMMHOIO KOMILIEKCA,
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HA AJITOPUTMUYIECKOM si3bIKe Fortran ¢ mcmosib30BanneM 6uOINOTEKM OOMEHA, CO-
obmenuamu MPI (Message Passing Interface). Texsosorus pacnapajuiesuBaHust
OCHOBAHA HA PABHOMEDPHOM PACIPEIETEHUN PACIETHON OOIACTH MEXKIy y3IaMu
ksacrepa. Bepudukarims mporpaMMHOTO KOMILIEKCA BBITOTHEHA HA TOUHBIX Pe-
meHngx — GOPMYJIaX FreOMETPUIECKON CeHCMUKHM 1T TOI0IPAdOB OTPAXKEHHBIX
" MIPEJIOMJIEHHBIX BOJIH. KOMHJIGKC TIapaJlJICJIBHBIX TPOTPAaMM 3apETruCTpUpPOBaH
B Pocnarente [10].

Pe3yabTaTsl pacueToB

IIpenBapurenpHas cepusi pacIeTOB MPOBOIMIIACH C TEJIHI0 BAJIHAIAIIUN TPOTPAMM-
HOI'O KOMILJIEKCA 10 OCHOBHBIM [1apaMeTpPaM CeiCMUYEeCKUX BOJIH OT UCTOYHUKA —
YACTOTAM U aMILIUTYaM Kosiebanmii. ComocraBieHne YuCI€HHbIX PE3YJIbTaTOB C
MMEIONIMHUCSA 3KCTIEPUMEHTAIBHBIMA JTAHHBIMH TTOKA3aJI0 Y/IOBJIETBOPUTETIHHOE
KOJIMYECTBEHHOE COOTBETCTBHE.

3ajaua permasach A1 JBYXCIOHHOrO MAaCCHBa, yIPYToit cpeast 60 x 40 x 40 M3,
B JIBYyX BapHaHTaX, KOrja Bepxuuit 10-MeTpoBbIil cjoii siBiasercsa Oosiee momar-
JIUBBIM ¥, HA00OPOT, DOJIee KECTKUM 110 CPABHEHUIO C HIKHUM 50-MeTPOBBIM
OCHOBHBIM cJioeM. [[JIsi AeMOHCTpAINM BO3MOXKHOCTEH TPOTPaMMBbl TDAHUIIA, Pa3-
JieJ1a, MKy CJ0sMU ObLIa NCKPUBJIEHA, KaK 9TO MOKA3aHO HA PUC. 2, TIe pacder-
Has 00/1aCTh PABHOMEPHO pacipeesiena Mex 1y 96 mporeccopamu: 16 B BepxHeM
croe u 80 — B HIKHEM.

PucyHok 2. [Isyxcnoiinas pacuernas 061acTb € KPUBOJMHEHHONH rpanmuedl (Buabl
C pPa3sHBIX CTOPOH). PaBHOMEpHOE pacIpeesIenne BBIMUCTUTETLHON HATPY3KHA MEXK Ty
96 y3maMu KJacTepa.

Kaxxaprit mporeccop KacTepa MpOU3BOINUT BHIUHUCIEHUS B TAPAJIJIETHHOM pe-
xkume. PaznocTras cerka B Bepxuem ciioe maccuBa — 50 x 200 x 200 sueek, a B
HrzkHEeM cytoe — 250 X 200 x 200 gueek, T.e. KaXKIbIM Y3JIOM KJIACTEPA BBIIOJIHSI-
forcsa pacdernl Ha ceTke u3 H0 X 50 x 50 gueek. Iag HAIIATHOCTH PA3HOCTHASA
CeTKa Ha PHUC. 2 MPOpeKeHa B 5 pa3 B KaxKJIOM HAIMPABICHUH.
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Ha Bepxweit rpanuiie pacueTHoil 00JaCTH 3a4aBaJIOCh JIOKAIN30BAHHOE BO3-
efiCTBUE OT KOJIECHOTO MCTOYHWKA, C YeThIPbMs djieKTpomarauramu. C yderom
CHMMETPHUH PACYETHI TPOBOAUINUCH /Il 9YeTBEPTH MACCHUBA, OTPAHUYIEHHON Bep-
THKAJIbHBIMU KOOPIMHATHBIMU IJI0cKOocTsiMu. Ha JsieBoit m mpaBoit rpanumnax ob-
JacTy peienust (M. puc. 26) CTaBUJIUCH YCJIOBUSL CUMMETDUU, ThLIbHbIE [PAHU-
Il 1 HU2KHEe OCHOBAHWE PACCMATPUBAINCH KaK HEOTPAXKAIOIINE TTOBEPXHOCTH.
Ha sTane pemenusi oITHOMEPHBIX CHCTEM METOA PACIIEIJICHUS Ha ITUX TOBEPX-
HOCTSX TIOJIarajIiCh HYJIEBBIMU I'DAHUYHBbIE 3HaYeHNs WHBapuanToB Pumana, co-
OTBETCTBYIOIINX YXOJAIIAM XapaKTEPUCTUKAM, YTO SKBUBAJIEHTHO OTCYTCTBHUIO
OTPaKEeHHBIX BOJIH B OJJHOMEDHBIX 33/1a49aX.

Ha puc. 3 mpusemen rpaduk 3aBUCUMOCTH OT BPEMEHW TaBJIEHUS OT MCTOY-
HIKA B 30HE JOKAJII3AINH, KPyTe IIOMAIbI0 1 M2, paCIIoIoKeHHOM Ha yIAJeHIH
2.5 M m 1.25 M OT JIeBOiT 1 TIpaBoil rpanul, cuMMeTpun. JlaBiieHre B TAKOM BHUJIE
3aJaBAJIOCh HA OCHOBE IKCIEPUMEHTATHHBIX U3MEPEHNH YCKOPEeHUs PeaKTUBHON
Macchl eKTpoMarauTa. [[JI0THOCTH B CI10siX ¥ CKOPOCTH YNIPYTUX BOJIH [IPUBE-
neHbl B Tabsane 1.

p [MPa]

2 4 6 8 10 12 14 16 18 20
t [ms]

Pucynok 3. 3aBuCHMOCTb OT BpeMeHN JABJIEHUS OT MCTOYHUKA B 30HE JIOKAJIUBAINAMN.

BoimmosiHeHbI pacyeTsbt 4718 ABYXCIOMHOTO U TPEXCIONHOIO MACCUBOB YIIPYTOit
cpennt. Ha puc. 4 ¢ m300paskeHbl XapakTepHbIe TTOBEPXHOCTH YPOBHS KACATETHHO-
IO HANPSIXKEHUS Oa3 B CJIy4Yae MOJATIUBOrO BEPXHEro ciod (rauHa), a Ha puc. 4 6
— B CJIy4ae YKeCTKOIO BEpXHero cJiog (TBepuplii rpyHr). Bepxuuii cioit — Boga Ha
puc. 4 8. Bepxuwuii cioit — e, cpegauii ot — Boga Ha puc. 4 2. B kauecrse K-

Tabauna 1. Mexanndeckne mapaMeTpbl MaTEPUAJIOB.

plae/®] | epb/e] | ey /]
e 900 3000 1800
BOZIA 1000 1450 0
TJIMHA 2100 1800 1100
TPYHT 2400 4500 2700
TBepblil rpyHT| 2600 6000 3500
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a 7]

6 2

Pucynok 4. [IoBepXHOCTH ypOBHS KacaTeJLHOTO HaNpsaxkKenus oz3 (t = 18 mc). Hwmxk-
Huil C0# — rPyHT; BepxHUii 10l — rmHa (a), TBepApIi rpyHT (6), Boma (6), m BepxHHUit
csI0ii — nen, cpeaawmii cioit — Boga (2).

HErO CJIOS BCIOAY B3SAT IPYHT ¢ mapamerpamu u3 tabsuibt 1. Tommuna jgeg0Boro
MMOKPOBAa B pacdeTax — 3.5 M, 9YTO XaPaKTEPHO JJisd APKTUIECKOrO IIeIbda.

Ha puc. 5 npuBeeHbl aMIIUTy/IHO-9aCTOTHBIE 3ABUCUMOCTH JJId CKOPOCTH
¥1 YacTull cpe/ibl Ha ruryoune 30 M B cucreMe TOYEK 110, TPACCO, NPOXO/4Iieil B
HAMPABJIEHUN OCH Ty BOJIU3U TJIOCKOCTU cuMMeTpuu. KpacHast TMHUST OTHOCUTCS
K TOYKe, HAXOJSIIEHCS 0/l ICTOYHUKOM, 3eJIeHas JTUHUS — K CPEIUHHOU TOUKE
BJICBO, & CUHAA JIMHUA — K YIJIOBOIl JIEBOU TOYKe.

Dyphe—aHaInu3 CeiicMOrpaMmM CKOPOCTeH MOKa3aJl, YTO OCHOBHAS 9aCTOTA, KO-
TOpas c1ab0 3aBUCUT OT TOYKH PErHCTPAIMH yOPYTUX KOojaebaHwil, HaXOIUTCH B
upegesnax 50— 100 T'u. Bmecre ¢ Tem, B IpUHUMAEMOM CHUTHAJIE COJEPAKATCS BbI-
COKOYACTOTHBIE KOJIeO0AHWS, CTENEHD 3aTyXaHUs KOTOPBIX 10 MEPE MTPOXOXK ICHUST
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PucyHOK 5. AMIIMTYHO-9aCTOTHBIE 3aBUCUMOCTH JIJIsi CKOPOCTH U1 YACTHI] CPEIBI Ha,
rny6une 30 m. Huoxnauit cooit — rpysT; Bepxumii cioii — rmmnua (a), TBepapiii rpyar (6),
BOma (6), W BEpXHUII CJIOI — JIeJ, CpeaHui CJIoi — Boja (2).
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BOJIH 34 CYUET JUCCHUTAINU MEXAHWYECKON SHEPIUU MOXKET OBITH MCCIIETOBAHA C
npuMeHneHuemM OoJjiee OOINUX YPABHEHUN BA3KOYIPYTUX CPE/I.
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Awnnorauss PPa6oTa mocBsimena mocTpoeHnI0 pa3HOMACIITAOHBIX TH -
ponmHAMUYEeCKUX Mozesneii. Paznomacmrabuoll mim rubpumHoit Oymem
Ha3bIBATHb MOJEJIb, B KOTOPOI OJIHOBPEMEHHO LPUCYTCTBYIO PA3HbIE 110
MacmTaby 3JIEMEHTBI — B JAHHOM CJIydae mpocrpancTsernube (3D) m ce-
resbie (Gamancosoe). B paGore mcememoBana akTyaJ bHOCTH MOCTPOEHUS
TaKuX MOJEJIEH m PaCCMOTPEHBI TPH OCHOBHBIX CIIOCO0A MX PeAJIM3allim:
MIPOCTPAHCTBEHHAS W CETEBAsl YaCTU PACCUUTHIBAIOTCS IO OTIAETHHOCTH —
pe3yabTaT pacyéTa OJHON 4aCTh MOJIEIIH AB/IAETCA BXOTHBIM APAMETPOM
[JIsl IPYTOM; TUAPABJIMYECKH €/IMHAs MO/IEJIb: [IPOCTPAHCTBEHHAS U CeTe-
Basl 9aCTHU PACCUMTHIBAIOTCS OJIHOBPEMEHHO — COMPSIKEHWE MEXKIY MO-
JIeJIAMU OCYIIECTBJISIETCS BO BPEMsl PACYéTa; TUIPABINYECKN HE CBI3aH-
Hasl MOJIEJIb — CETEBbIE JJIEMEHTbl <IIPOHU3BIBAIOTY LPOCTPAHCTBEHHYIO
YaCTh — CBA3b MPOUCXOIUT C TMOMOIIHIO WHTETPAJBHBIX XaPAKTEPUCTUK
HA CTeHKaX TPyObI/KaHama. Y KaxKI0ro Crocoba ecTh CBOU JOCTOMHCTBA
¥ HEJIOCTATKHU, KOTOPBIE OKA3aHbl Ha HPAKTUIECCKUX IIPUMEPAX.

KumroueBsbie ciioBa: BrraucinresbHas TUAPOIMHAMUKA, CETEBBIE MOIE-
JI¥l, COTPSIZKEHHBIN TEemI000MeH

Bsenenue

ITpu pemenuu 3a4a9 rUIPOJANHAMUKY, B 3aBUCUMOCTH OT THIA 00BHEKTa (Ccucre-
MbI, YCTPOUCTBA M TaK JaJiee), UCIO/Ib3YIOTCA PA3JIUUHBIE OIXObI MOAEIUPO-
BaHUs: HA OCHOBE METOIOB BBIYUCIUTENBHONW THAPOJIUHAMEUKH - MTPOCTPAHCTBEH-
HOe (OJHO- ABYX- TPeXMepHOE) u cereBoe (OGasancosoe). CereBoe MOLEINPOBAHIE
NPUMEHSIETCS B CIydae, KOrga 00beKT MOYKHO MPEJCTABUTE B BUIE HAOOPa MPOTsI-
JKEHHBIX 97IeMEHTOB (Tpy0 WJId KAHAJIOB), IIPU STOM PACUET UCKOMBIX XapaKTEPH-
CTHK CHCTEMBI (JaBJIeHIEe, CKOPOCTh, TEMIIEPATYPA U TAK JAJIeE) OCYIIECTBIIAETCS
Merogamu Teopun ruapasindeckux cereil [1]. Tuapasiauyueckas cerb cocrout u3
nabopa y3uoB u Berseil (rpad) [2]. B y3nax obecnedunBaiorcs 3aKOHbI COXpaHe-
Hus Maccebl u sHepruu (3akonbl Kupxroda). Ha Berssax obecueudusaercs 3aKoH
KOJINYECTBA, IBUKEHUS, KOTOPBI ONUCHIBAET 3aBUCUMOCTD TIEPENaIa JaBICHU
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0 JJINHE BETBU OT pacxoia. Ilpu HEOOXOAWMOCTH MOJIYyYIHTh TPOCTPAHCTBEH-
HOE PAaCHpEeIeIeHNe XapaKTEPUCTUK TEUEHUsI U TEII000MEHA MPUMEHSIOT MEeTO-
nbt BbraucauTesabHoit ruapogunamuku (CFD) [3]. B ocHoBe naHHBIX METOI0B
JexuT unciennoe perrenue ypasuenuit Hasbe-Crokca. B pesynbrare pacuéra
[OJIy 9AIOTCS [0JIsi XAPAKTEPUCTUK UCCIEAYEMOro 0ObeKTa, pacipeIesiéHHbIe 10
00beMy, HAMPUMED: CKOPOCTh, JABJIEHNE, TEMIEPATYPa, KOHIEHTPAIUU, TYpOy-
JIGHTHBIE XaPAKTEPUCTUKH U Ap. KaxkIpiit u3 9TUX MOAX0I0B MOIEINPOBAHUST 00-
JIAZAeT CBOMMU JOCTOMHCTBAMHU U HemOCTaTKamMu. HeCOMHEHHBIM JOCTOMHCTBOM
CETeBOr0 MOJIETTUPOBAHUS SIBIISIETCS OTHOCUTEIbHAS MPOCTOTA MOCTPOEHHUST TOIO-
JIOTUU MOJIEJTH ¥ HEOOJIbIINE BbIYUCUTEIbHBIE 3aTpaThl. K HejocraTkaM MOXKHO
OTHECTH CUJIBHYIO 3aBUCUMOCTH MOJEIH OT SMIUPUIECKUX JAHHBIX (HAIPUMED,
IUIPABINIECKOrO COMPOTUBJICHNS ), XaPAKTEPU3YIOIIUX CBONCTBA d1eMenTa (y3-
JIa, BETBU), U BO3MOXKHOCTb I10JIyY€HUs TOJBKO OCPETHEHHBIX [0 3JIEMEHTY CETH
xapakTepucTuk cucrembl. CHIbHON croponoii mpoctpatctBenaoro CFD momenu-
pPOBaHUS SABISETCS BO3MOXKHOCTH MOJIETUPOBAHUS OObEKTA CJIOXKHON IeOMeTpUn
C OMMCAHUEM JIETAJIBHON CTPYKTYDPbI HOTOKA, MEHBIIAS 3aBUCUMOCTH MOJIEJIU OT
IMIUPUIECKUX JTAHHBIX, OJHAKO, TAKOE MOIEJINPOBAHNE TPEOYET 3HAUUTEILHBIX
BBIYUCIUTENBHBIX 3aTpar. O0a moaxoaa MOASIMPOBAHNS HAILIN IMTUPOKOE TIPH-
MEHEHUe MMPU PEIeHNH MPAKTHIeCKUX U HaydHbIX 3a1a4d. OJHAKO, BO3HHUKAIOT
CJIydan, KOrJa MOIETuPOoBaHre OObEeKTa UCCIEIOBAHUS B PAMKAX OJHOIO MOIXO0-
J1a 3arpyaauresbao. Hanpumep, npeaver MomeampoBanust OJHOBPEMEHHO COCTO-
UT U3 MPOTSI?)KEHHBIX U 00JIee «KOMIIAKTHBIX» JIEMEHTOB, MTPEICTABIEHIE «KOM-
MAKTHBIX> IJIEMEHTOB HEBO3MOXKHO B BUE HAOOPA BETBEI U Y3JI0B, & MOJIHOCTHIO
MIPOCTPAHCTBEHHBIH PACYET BCEX MPOTSAKEHHBIX JJIEMEHTOB BEJIET K HEOMPAB/IAH-
HO OOJIBINKM BBIYHUCIATEILHBIM 3aTpaTaM. Lorma HeoOXOMuMO MTOCTPOEHNE pPas3-
HoMmacmTabHo# Mozenu. [Ipumepsr TakKux 0OBEKTOB MOJIETHPOBAHUS MOXKHO 00-
HAPYYKUTH B PA3IUIHBIX OOJIACTAX YKUIHU:

— KPOBEHOCHAs CUCTEMa, COCTOAIIAS U3 CEPAEYHOI MBIIIIbBL, A0PThI, KPYIIHBIX
apTepuii M BeH, C OTHON CTOPOHBI, U CETH MEJKNX KPOBEHOCHBIX COCYIOB M
KaIlWJIJIgpOB C APYTOit;

— CHCTeMa TEeIJIO- W BOIOCHADKEHWS, COMEpPKAIAsA JIIMHHBIE YIACTKU TPYyOO-
MTPOBOJIOB U CJIOXKHBIE PETYIUPYIOIINE, PA3JAI0Ine U COOMPAIONINe yCTPOii-
CTBa;

— CHCTEMBI MPUPOTHBIX BOJOEMOB, BKJIOYAIOIINE PYCJIa PEK C MPOTOKaMH U
JeJIbTOH, TUIPOTEXHUYECKHNE COOPYKEHUS.

OcHOBHBIE METOJBI MOCTPOEHUSA PAa3HOMACIITAOHBIX
Mozaeseii

Cy1iecTByer HECKOIBKO CIIOCOO0B PEATIM3aIi PA3HOMACIITAOHBIX MOJIENed, Oc-
HOBHBIE TPU U3 HUX:

1. mosiHOCTBIO pa3jiesiéHHAas MOJE/b: IPOCTPAHCTBEHHAA U CeTeBasd 9aCTH PAc-
CYHUTHIBAIOTCS TIO OT/IETHHOCTH;
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2. TUAPOAMHAMUYECKHN €eINHAsA MOJEJb: MPOCTPAHCTBEHHAS W CeTeBas YacTH
PacCUYUTBHIBAIOTCA O/THOBPEMEHHO;

3. TUIPOAMHAMUYECKH He CBSI3aHHA MO/JIEJb: CeTEBbIe JIEMEHTHI «IIPOHU3bIBA-
FOT» ITPOCTPAHCTBEHHYIO YaCTh, U CBA3b IIPOUCXOJMUT C TTOMOIIHIO MHTErPAJIb-
HBIX XapaKTEePUCTHK HA CTEHKaX TPyObl/KaHaJIA.

PaccymoTrpumM Kazkabrii crmocob GoJiee momapooHo.

ITomHOCTBIO pa3aejieHHad MOeJIb

IIpu mpumeneHnn TAKOTO CIIOCO0A, MPOCTPAHCTBEHHAS W CeTeBas JaCTH 3aJA9h
PacCIUTHIBAIOTCS IO OTJIEJIbHOCTHA B PA3HBIX IMPOrPAMMHBIX MPOIYKTaX, U pe-
3YJBTATHI PACUETa ONHOM W3 YacTell MOIeN ONPEeIeIsioT 3HAUEHNsT BXOIHBIX Ma-
pameTpoB st apyroit. Hambosee spkuit mpuMep TpuMEHEHUs JAHHOTO CIIoco0a,
— 3TO OIpeJe/IeHIe THAPABINIECKOr0 COMPOTUBJIEHNs] HECTAHIAPTHOIO 3JIEMEH-
Ta CEeTEBON MOJEJU IIPOCTPAHCTBEHHbIME Merogamu [4] uiu onpeesieHue BXo/-
HBIX ITAPAMETPOB CJ0KHOTO YCTPOMCTBA, PACCINTAB TOIBOISAIILYIO TPYOOIPOBOI-
Hy}O O6B5{3Ky CETEBBIMU METOJaMU. HeCOMHeHHbIM JOCTOMHCTBAM TAaKOT'O CIIOCO-
6& ABJIAETCA BOSMO?>KHOCTH HUCIIOJIb3OBATH I'OTOBBIE ITPOT'PaMMHBIE HpO,HyKTbI JJIA
pacuéra obenx dacTei 3a7a4un 0e3 KaKuX-JIM00 MOIn(UKAIII, TaK KaK Iepeaa-
ga nHGOPMAIUH MKy YACTIMHU MOJIEH OCYINeCTBsieTcs Bpydnyto. OCHOBHOM
HEeJOCTAaTOK IIOJTHOCTBIO pa3,ﬂ,eﬂeHHOI71 MOJe/In — OrpaHuYeHHad IPUMEHHUMOCTD,
HaIpUMep, IPU OLPEJIEJIeHNN TUAPABINYIECKOTO COIPOTHUBIECHUS JJIEMEHTA, I10-
CPEICTBOM TPEXMEPHBIX PACUYETOB JOJIKHA OBITH BO3MOXKHOCTH MOCTPOEHUS 3a-
BUCUMOCTHU Me}Kﬂy pacxoJaMu B PA3JIUYIHBIX BXO,ZL&X/BI)IXO,I[&X B 9JIEMEHT U IIe-
penajiamMu JaBieHus] MeXKJ/y HUMH, 9TO JJist OOJIBIIOr0 YUC/Ia BXOIOB,/BBIXOJI0B
norpebyer mposejierus MHO)KecTBa 3D pacderoB. OmHaKO, €U TAKyIO 3aBH-
CUMOCTb MOZKHO IIOCTPOUTb, TO IJIA /IaﬂbHefIIHI/IX pacdeTOoB MO2KHO HMCIIOJIb30-
BATh TOJBKO CETEBYIO MOJEJb, & 3HAUYUT W COKPATHTL BpeMs pacuéra. B ka-
YeCTBE MPUMEpPa MPUBEIEHA CUCTEMa CMa3KU y3JI0B TJIAHETaApPHOTO DPEIYKTOPA.
st obecriedeHnst CMa3KK MOANMAITHIKOB CATEIJINTOB HEIMOIBUKHOTO BOIWIIA T
IMOAIIUITHUKOB IIPUBOJIHBIX BaJI-IIIECTEPEH 6bI.T[a CIIDOEKTHPOBAaHA MarucCTrpaJib CHu-
crembl cma3ku (puc. 1) Kosbuesoii MacsionpoBoz ocyecTBiIser moiady CMa3Ku
B IOJUIUITHUKU CATEJIJINTOB, a 6OKOBbIe OTBOAKHM OCYyHIECTBJIAIOT 11OJIa41y MacJjla
B IMMOAMIUITHUKU MMPUBOJHBIX IMECTEPEH CATEIJIUNTOB.

Brina nocrasiena 3a1a4a BHIDABHUBAHKS PACXOI0OB U3 BBIXOIHBIX OTBEPCTHUH.
CereBasi MOIEIb CHCTEMBI CMA3KH mpuBeaeHa Ha puc. 2. OCOOEHHOCTHIO TAH-
HO¥ 3a/a49u ObLJI JJAMUHAPHBIA PEXKUM TedeHus Mmacya. [Ipu mocrpoenHun cere-
BOIl MO/1€JiU HE ObLIO HAN/IEHO TAHHBIX O COPOTUBJIEHUU [TIOBOPOTHOI'O HITYIEPA.
g onpenenenust 3T0# nHdOpMaIMK ObLIa CO3aHa MOJEIb MTyepa (puc. 3 u
nposezena cepusi CFD pacderoB, B KOTOPBIX BapbUPOBAJIOCH 3HAYEHIE PACXOIA
Macsa gepes3 mrynep. JluamMerp BXOZHOrO marpyOKa paBeH 8 MM, THaMETD BbI-
xomuoro oreeperud 6 mum. IlnorHocTs macaa pasua 907 kr/m3, Baskocrs 0,099
ITa-c. Pacxon maciia B maTpyOKe IITyIEepa BAPbUPOBAJICS s duces Peftnonbi-
ca or 50 no 300. Ha Bxome 3ajaBajicsi pa3BuUTbIil JaMuUHAPHBIN HpoduUib, HA
BBIXOJIe TIOCTOSTHHOE faByienne. B pesynbrare npocrpancreenubix CEFD pacueros
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OTIPEIESIAJIN, ITO B CETEBOM MOEN MITYIEP MOYKHO OIMCATH B BUIE TPYOKU qra-
MeTpoM 6 MM, JrHOK 18,5 MM, ¢ KO3 PUITUEHTOM MECTHOIO COIPOTHUBJICHUS 3.
ITonygennnie B pe3ynbrare MPOCTPAHCTBEHHBIX PACYETOB COMPOTUBJICHAS U JIJIH-
HBI 3JIEMEHTOB MCIOIb30BAINCh B KAYECTBE ITAPAMETPOB CETEBOI MOJIENIH CUCTE-
Mbl CMa3K# peayKTopa. Pe3yibrarbl pacdera cereBOil MOIe/In IPeICTABIEHbL HA,
puc. 4. TTo pe3yibraTam pacyera BUIHO, YTO MACJIO B CATEIUTEL (OTBepcTHs 3-9)
pasmaercs npubaAM3uTEIHFHO paBHOMEPHO. OIHAKO PACXO MACAA B OTBEPCTUSAX,
BeJIYIIHUX K IIPUBOJAHBIM miecTepHsaM (orsepcrus 1,2,10,11) B mosTopa pa3a MeHb-
me. /11 KOHCTPYKIuu ObLIa BBHIMOJIHEHA CEPUs PACYETOB C IIEJIHI0 OIPEIeIeHU s
HEOOXOIUMBIX MECTHBIX COIIPOTHUBJIEHN, KOTOPbIE ObI Obecednin HeoOX0 UMbl
YPOBEHb PACXOJIa B y3J1aX CUCTEMbI cMa3Ku (puc. 4). IIpu BHIpABHUBAHUYT PACXO-
JIOB MacJja B CUCTEeMe, 3HaUeHNe PACXOJIOB JIJIsT OTBEPCTUI MTPUBOIHBIX TECTEPEH
3amaBasoch Ha 20% GONBIIMM MO CPABHEHMIO C PACXOMAME B OTBEPCTHSX CATE]-
JINTOB, YTO ODYCJIOBJIEHO 0OJiee BHICOKUM TEILIOBBIAEJIEHUEM COOTBETCTBYIOIINX
mectepen. [loydennbie COIPOTUBIIEHNS HCIIOIB30BAJIACD [1JIsi OLPEIEICHHS U~
MEeTpa PeryIupyonux Iaio.

4+ ]

1. NarpyBok.
2. Kopnyc wryuepa.

3. MonocTtb WTyuepa.
4. bonT Cc oTBEPCTUSAMM

a) 6)

Pucynok 3. Mogenb moBopoTHOrO mrynepa. a) 3cku3, 6) pacueTHas CeTKa

IIpu mocTpoeHnn ceTeBOt MOJEIN C WCIOJb30BAHMEM JAHHBIX MPOCTPAH-
CTBEHHOT'O MOJIEJINPOBAHUS HE ODA3aTETbHO COOTBETCTBYIOIIUN YYIACTOK IIPEsi-
CTaBJIATh B BUJIE O/HOI BeTBU C 33JaHHbiME napamerpamu. Hanpumep, cucrema
TEXHOJIOI'MYECKON BbITAXKKHU [IPOMBILIJIEHHOI'O 3/IaHUs, KOTOpad COCTOUT U3 CU-
CTeMbI BO3/IyXOBOJOB, PA3MEIIEHHBIX BJIOJb KayK/IOTO 3TaxKa 3/IaHUSA, U COCTaB-



Pacuér c10KHBIX THAPOINHAMUYECKAX CUCTEM ... 229

N
L

E=N
|

o
I

AN

7
g
?
?
g
2

AANNOONONOOIRNRNNNN

DONNNNNNNN

Pacxox JI/Mmun
(9%)
--q-
OSSN

1 2 3 4 5 6 7 8 9 10 11
HomMmepa BbIXOIHBIX OTBepPCTHII

El HCBbIPaBHEHHAsA CHCTEMA B BrIpaBHEHHAsA CHCTEMA

PucyHnok 4. PacopeesieHne pacxo/ioB B BBIXOIHBIX OTBEPCTHIX

HOTO CKpyObOepa, mpegHa3HAYEHHOTO Ijis cOOpa M OYNCTKU BO3IyXa, W UMEET
IATh HE3aBUCUMBIX BXOJOB, Ka}KILbeI 13 KOTOPBIX PACIIOJIOXKEH Ha CBOEM dTazKe
(puc. 5). OueBumHO, cereBas MOJEIb CKpyOOepa Tak ke OyJer CoCTOATh U3 Ha-
6opa Berseil u yzsoB (puc. 6). Oupezenenne TUAPABIUYECKOrO CONPOTUBIIEHMS
KaXKJ0r0 3JIEMEHTa MOJETH MOoTpebyeT OUeHb OOJIBIIOr0 KOJTUIECTBA PACIETOB,
1, BOBMOXKHO, TI€JIECOODPA3HO EPEHTU K MOJIEH C OJHOBPEMEHHbBIM PA3PEIeHI-
eM MPOCTPAHCTBEHHBIX U CETEBBIX 00bEeKTOB. OaHAKO, OOMBINIOE BpeMs pacydera
MPOCTPAHCTBEHHON 331a49u JJjisd CKpy0Oepa u HeoOXOAUMOCTDb MPOBEAEHUS OOJIb-
IIIOTO KOJIMYECTBA PACIETOB CETH, COAepzKaIeil 3TOT cKpydbep, Tak Ke Tpedyer
3HAYUTEJIbHBIX BbIYUC/IATEJIbHBIX 3aTpar. HOSTOMY JJIA PEIIeHnA ITOU 3a/1a49H1
OBLIO MPE/JIOKEHO PA3IEUTh MOJIE/b CKpybOepa Ha HECKOJIBKO 30H:

1. Bce BXOIbI, reOMETPHYECKOe T0/100Me KOTOPBIX ITTO3BOJIHUJIO MPEINOI0KNAThH
CYIIIECTBOBAHUE OTHOTO KO3 UIMEHTa MECTHOTO COMPOTUBJIEHUS HA BCEX
y4aCTKax 3TON 30HBI;

2. mogbémHasg Tpyba ¢ 1 mo 4 3rak, Majable CKOPOCTH B KOTOPOMH ITO3BOJININ
[IPE/IIIOJIOKUTh, 9TO BJIMSHAE MECTHOIO CONPOTHUBJICHUS JTAHHBIX yIACTKOB
HAa IIOTOKOPACIIPEIeIeHIne B CKpyOOepe Oyaer HeCyIeCTBEHHBIM U COOTBET-
CTBEHHO TH/IPABIMYECKOE COMPOTHMBJIEHNE 33/1aBAJIOCh paBHBIM ( 11 BCex
Y9IaCTKOB 30HBI;

3. mombémuas Tpyba c 4 Ha 5 ITaxK;

4. BBIXOJ HA BEHTUJISITOP.

COOTBETCTBEHHO 3a/a4a CBOAMJIACH K MOUCKY TPeX KOI(D(DUIMEHTOB MeCT-
HOI'O COIPOTUBJIEHUdA /i 30H 1, 3 U 4 yJI0OBJIETBOPAIONIUX YCAOBUIO MUHUMYMA
OT/IMYWS TIEPEnaa JaBJIeHnsT B CKpybOepe miist cereBbix u 3D pacueros. s ux
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Pucynok 5. Ckpy66ep: a) reomerpusi ) CTATHIECKOE [TABJICHUE B) JITHAU TOKA,

4% aTax
30Ha =1-

31 aTax
30Ha =1-

211 aTax
30Ha =1-

1 aTax
3oHa=1-

Bbixop,
30Ha =4-

3-4
30Ha =2-
2-3
30Ha = 2-
1-2
30Ha =2-

Pucynok 6. Cxpy66ep: a) reomerpus 6) Crarmieckoe JABJIEHUE B) JIMHAU TOKA
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omnpeiesienus ObLIO BBIMOJHEHO TPU TPEXMEPHBIX pacdeTa (TpU UCIBLITAHUS), B
KOTOPBIX BaphbUPOBAJIaCh BEIMYMHA PACXOIOB Ha BXOAAX C Taxkeil. B pesymbra-
Te pacdera M0 W3BECTHBIM PACXOIaM HA BXOAaX ObLIN MOCTPOEHBI 3aBUCAMOCTHU
repenajia JaBjaeHud MeXKJy Pa3/IMYHbIMUA BXOJAMHU U BBIXOJIOM, IIO KOTOPBIM, B
CBOIO O4Yepe/ib, U ObLIM OIPe/ie/IeHbl HEOOXOIMMbIE 3HAYEHUS ['UIPABINIECKOIO
COTIPOTHUBJIEHNS.

TuapoamHaMudecku eIUHAd MOJEJb

Korma HEBO3MOXKHO MOIy9WTH OJHO3HAYHYIO 3aBHCHMOCTDH MapaMeTpOB OIHOMN
YACTH PAZHOMACIITAGHONW MOJENH OT JIPYTroii, Jydile UCHOIb30BATD MHIAPOANHA-
MUYECKU eMHYI0 MOZesb. B aroMm citydae, 06e 9acTu MOJEIN PACCIATHIBAIOTCS
OTHOBPEMEHHO W OOMEH TPAHUYHBIMU YCJIOBUSIMU TTPOUCXOIUT Yepe3 OIHY WU
HECKOJIBKO mTepanmii. TakuM 00pa30M CHMKAETCS BEPOSTHOCTH TOTO, UTO Pa3-
HBIE 9aCTU MOJEIU OyIyT PACCUUTAHBI [T PA3HBIX PEKUMOB TedeHus. B mo-
JABJISAIONIEM OOJIBITUHCTBE CIy9aeB MPUMEHEHUST TAKOTO TOAX0/A, PA3HBIE YACTH
MOJIEJTH PACCYUTHIBAIOTCS B PA3HBIX MTPOrPAMMHBIX IPOAYKTAX, CJI0BATEIHHO,
HEe0OX0auMO pa3paborarh crocod nepeaadn JAHHDIX U3 OJHOM IPOrpaMMBbl B IPY-
I'YI0, HATIPUMED, MPU TIOMOIIN CTOPOHHUX OUONIMOTEK, Tak miist cea3u ANSYS u
Flowmaster ncronb3yercst 6udmnoreka MpCCi [5], npenHasnadeHHast 15 CBSA3N
pazaugHbX mporpaMm depe3 API ¢byHKIMOHAI, ApyTHE aBTOPHI UCITOIB3YIOT JJIsT
obmena sonoaauTesbHbe Gaitinos [6]. Jaxe B ciaydae eciu mporpaMMHbIH KOM-
[JIEKC TI03BOJISIET MOJIEJIUPOBATH 00€ YaCTy MOJIEJIH, TO | TOTJIA BOIIPOC [IE€Pe1adu
FOPHUYHBIX YCIOBHI ocTaeTcs akTyanabHbIM. Hampumep, B padore [7] o momesnn-
POBaHWK KPOBOTOKA BHM3 IO MOTOKY MPEJAIOTCS 3HAYEHWS DPACXOIa, & B BEPX
nmasyrenusi. B mamem mporpammvuoM mpoaykTe SigmaFlow Mbr momumm apyrum
myTeM: s Beeil pacuéTHON 06JACTH CTPOUTCS €IMHOE YPABHEHUE Ha MOMPABKY
JIABJIEHUsI, 9TO TO3BOJISIET TIOJIYYUTh HEPA3PBIBHOE TIOJIE TABJICHUs, & HA TPAHUIIE
[POCTPAHCTBEHHON U CETEBOM PACYETHBIX 00JIACTHAX IIPOMCXOIUT UHTEPIIOJIAIIMSA
pacxomos [8]. Taxoii moxxoz obecreunBaeT GONBIIYI0 CKOPOCTh CXOAUMOCTH IO
CPABHEHWIO C TPAIUIMOHHBIME METOJAMHU ¥ TO3BOJISIET 3apaHee HE 33/aBaTh Ha-
mpasJyieHre pacxoga. B KadecTBe npuMepa MpakTHIeCKOTO UCIOTH30BAHUST TAKO-
PO MOJXO/A TPE/ICTABIEHA 33/a9a O MOJETUPOBAHUN CUCTEMBI YIAJICHWUS AHOJ-
HbBIX ['A30B U3 JIEKTPOJIM3HOIO 1ieXa aaroMuaueBoro 3asoza [9]. Jauunas cucrema
MpPEIHA3HAYEHA JJTsT COOpa BPEIHBIX Ta30B, BBIXOASIINX W3 OPUTa, SJIEKTPOJII3-
HBIX BaHH, U TIEPEJIAYN WX B allapaThl ra3009nucTKr. Bhija mocTrasieHa 3ama4da
O BBIDABHUBAHUHU DACXOJAOB OT KAaXKJOH BAHHBI B 4eThbIpéx Opuragax (l-g u 2-s
Gpurazpbl — 24 Banubl, 3-g 6puraga — 26 Band u 4-a — 20 Baun). IIpeaunonaranocs
OCYIIIECTBUTH BBIPABHUBAHUE PACXOIOB C IOMOIIBIO PErYIUPYIOMIUX 3aCIOHOK, a
TaKKe TTPOBECTH OIEHKY M3MEHEHWs OOIINEro Pa3pesKeHus: B CUCTEME JI0 W MOCJIe
BbIpaBHUBaHUs. [JIaBHON 0COOEHHOCTHIO JAHHOTO Ta30X0/d SIBJISETCS HAJAYNE
[EHTPAJILHOrO COOPHOrO KOJLIEKTOPa (MPOCTPAHCTBEHHAS YACTh MPECTABJIEHA
Ha PHC. 7), NOTEPU JABJIEHHU B KOTOPOM COCTABJISIOT IMPUMEPHO HOJOBHHY OT
o01ieit moTepu JABIEHU B UCCAEAyEMOH 9aCTH CHCTEMBI. B obieM ciydae Mome-
JIUPOBAHUE TAaKOI 33/1a41 B PAMKAX OJHOIO U3 OCHOBHBIX 110JAXOU0B (110JIHOCTHIO
3D uIu HOJIHOCTBIO CETEBLIM METOZOM) HEBO3MOXKHO. Paszmep pacdyérnoil cerku
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JIIST TTIOCTPOEHHUsI MOJHOCTHIO TTPOCTPAHCTBEHHON MOIEN BCEro KOpryca Oyer
CJIMIIIKOM BEJIMK, TAK KaK JJIMHBI HEKOTOPHIX YIACTKOB MMEIOT MPOTIKEHHOCTD
6omee 100m. IIpm mocTpoeHny MOTHOCTHIO CETEBOM MOJETH HEOOXOAMMO OIIpe-
JIETTUTH TUIPABJIMYECKOE COMPOTUBIICHUE KOJLIEKTOPA JJIs PA3HBIX PEXKUMOB €ro
paboThI, 9TO TAKIKE SBJIAETCS JTOCTATOYHO TPYAOEMKOH 3ajaqeit. [Ipumenenne
pa3IeIEHHON MOJIENN JIJIsi OTIPEIETIEHNsT THIPABINIECKOTO COMTPOTUBIIEHUST KAXK-
JTIOTO OTBOJIA KOJIEKTOPA, TaKXKe He MOIXOANT, TaK KAaK €CTh MPE/INOJIOKEeHe,
9TO 70 W TOCJIEe BBIDABHWBAHMS PACXOIOB OHO OyIeT CHUIBHO oTamvarbces. 1lo-
CTPOEHHUE PA3HOMACIITAOHONH MOIETH TO3BOJISIET YCTPAHUTH 3TO MPENSTCTBUE:
[POTSI?)KEHHBIE 3JIEMEHTBI IIPE/ICTABJIEHBI B BUJIE CTH, COOPHBII KOJLJIEKTOD B BH-
Jle TPOCTPAHCTBEHHOTO 3JieMeHTa (CM. pHUC. 7a).

1400
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PucyHok 7. a) Pasnomacmrabnas MOmeab CUCTEMbl BBIHOCHBIX I'a30XO0J0B KOPILyCa:
Nel) Ne2, Ne3) Ned — momepa 6puran, 0—10 momepa BerBeil, KpyroM BbBIIEIEHBI TOTKH
3amepos; 6) Pesysbrarer pacaéra cucTeMbl Ta30yaaIeHust

FeOMeTpI/IH KOJIJIEKTOPa CTpOUIaCh MO YepTezKaM, MOJJYyYeHHBIM OT 3aKa34vU-
ka. CereBble 3JIeMEHTHI FI/I6pI/I,I[HOI71 MOZEJIN MOZKHO PA3JEJIUTh Ha TPU TPYIIIBI:

1. BerBu, mapamMeTpbl KOTOPBIX 33/IAI0TCH UCXO/sl W3 T€OMETPUIECKUX XapaK-
repuctuk (Bersu 2, 9, 10).

2. BerBu, Mogesmpyoiue 061aCTh 110/ BCTABKY Peryjiupylonieil 3acJouku (BeT-
Bu 1,4, 6,8). MunumasibHas JAJIMHA ¥ CONPOTUBIJIEHUE COOTBETCTBYIOT OTKPbI-
TOI 3aCJIOHKE.

3. Bersu, onucsiBaroiue 6puraly moJkopirycHoro rasoxona (sersu 0, 3, 5, 7).

Pesynbrarhl rHOpUIHOTO pacyeTa CPABHUBAJIKMCH C JAHHBIMEU 3KCIIEPUMEHTA,
(puc. 76). PacuerHoe pa3pexkeHue Ha BbIXOJE U3 KOJUIEKTOpa pasuo 2416 Ila.
IMocsie mporeaypbl Onpe/eeHus JOMOJTHATETBHOTO COMTPOTUBIIEHUST PETYIUPYTO-
[UX 3aCJIOHOK ObLIT MPOBEIEH MOBTOPHBIM PAaCYer, Pe3yabTarbl KOTOPOro Mpeji-
craByieHbl Ha puc. 76. OO0iiee paspexenue B cucreme Bbipocso o 2868 ITa, To
ectb HA ~ 20%. PaccMOTpUM rUApaInHAMWYECKH €IUHYI0 Pa3HOMACIITAOHYIO
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MOJIEJTb C COMPSI’KEHWEM TI0 TEIJIOBOM 3a/adue - MOIEJTUPOBAHNE TEIJI000MEHA B
MUKPOTEIJIOOOMEHHUKE, COCTOSAIIEM U3 15 MUKPOKAHAJIOB MPSIMOYTOJHHOTO Ce-
genus. Pa3mepbr MUKPOKAHAIOB ObLIN CJIEAYIOIIMME: BHICOTA KAHATIA — 7 12MKM,
mupuHa — 1100 MM, giauaa — 5000MKM, KOTHYIeCTBO MUKPOKAHAJIOB B OJ10Ke — 15.
CxeMaTuIHO reOMEeTPHI0 PACCMATPUBAEMOrO TEILIIOOOMEHHUKA, MOXKHO BUIETH HA
puc. 8a, Te TPEJICTaBICHO PACTPEIeIEHNe TeMTIEPATYPhl Ha, CTEHKAX JIJIST HC-
sa Peitnosbaca, pasaoro 100. Oxyaxkmaromasi BOAa MOJAETCS Yepe3 KPyTJIblil
KaHaJ IMaMeTpoM HMM . 3aTeM OHA MOJAETCA B PA3JAIONInil KOJIJIEKTOP pa3Me-
pamu 30Mm Ha 15 MM u BeIcOTa 2,5MM. Jlasiee Boia IBUKETCs IO MUKPOKAHAJIAM,
HUZKH$S CTEHKA KOTOPBIX KaCaeTCs OXJIaxK1aeMoii nosepxuocru. [locse sroro na-
rpeTasi BOJA MOCTYMaeT B COOMPAOIINN KOJIJIEKTOP U OTBOIUTCS U€pe3 KPYTJIBIi
kanas. Oxjraxkaemas OBEPXHOCTh mMeeT pa3mepbl 30MM #HA 50 MM, 9TO COOT-
BETCTBYET Pa3MepaM TUMMMIHBIX 3JIEMEHTOB MUKPOCXEM, TIOITOMY TAaKUE CHCTEMBI
YI0OHO HUCIOIB30BATH, HAIPUMED, JJIs OXJIaXKAeHus nporneccopos IBM.

T, °C

36,17
32,13
28,09
20,04

§20,00

v, M/C

P6,19E-3
4 64E-3
3,09E-3
1,55E-3

Jj0.00E-3

Pucynoxk 8. /IBa BapuaHTa IIOCTAaHOBKHM 3aJ1a49d O TEIIOOOMeHe B OJIOKe MHUKPOKAHA-
JIOB: ) MPOCTPAHCTBEHHAS TIOCTAHOBKA (TI0JI€ TE€MIIEpATyphl HA CTEHKAX KaHaJa); 0)
rubpuaHas MOCTAHOBKA (MO/IYJIh CKOPOCTH B IIEHTPAJIHHOM CEIEHUHM MUKPOKAHAJIOB)

DKCIEPUMEHTAITBHOE UCCIIEI0OBAHUE MUKPOTEILIIOOOMEHHUKA TTPOBEJIEHO B Pa-
6ore [10]. JerasnbHo sra 3a/1a4a B LPOCTPAHCTBEHHON LOCTAHOBKE ObLla MCCIe-
nosana B pabore [11]. Brlia npoBe/ieHa cepusi pacyéToB, B KOTOPHIX 4ncyio Peii-
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HOJIBJICA BapbupoBajochk B anamazone oT 100 mo 800. PaccmarpuBaaoch TOIHKO
cranuoHapHoe TedeHune. ducyio PeitHosb/1ca onpe1esiocs 9epe3 pacxo/l BOIbI Ha,
BXO/I€ B TEIJIOOOMEHHUK U JTUAMETD MOABOIAIIEro Kanana. Vccaeayemoit Besiman-
HOI $IBJISJIOCH TIA/IEHUE JABJIEHNS MEXK/y BXOIOM U BBIXO/IOM B TEILJIOOOMEHHUK U
HarpeB BOJbI B TeItooOMeHHuKe. TeMmeparypa Boabl Ha BXOJE B TEILIO0OMEHHUK
3amaBaiack paBHOi 27°. B KaXI0M MUKPOKaHAJIe Ha, HUYKHEH CTeHKe 3a,1aBaslach
[OCTOSIHHAS TIOTHOCTH TEMJIOBOTO MOTOKA, pasHast 10 kBr/mM2. OcrasnbHble cTeH-
KU PACCMATPUBAJINCH KaK aauadbarudeckue. MomennpoBanre ObLIO TPOBEACHO B
paMKax JAMWHAPHOW CTAIMOHAPHON MOCTAHOBKHU. BBIJIO paccamTaHo aBa Bapwu-
aHTa: B LOJIHON LPOCTPAHCTBEHHON nocraHoBke (9a) u rubOpUAHON LOCTAHOBKE
(96). [ns pacuera MPOCTPAHCTBEHHON 3aJa4M WCHOJIb30BAJACH HECTPYKTYDH-
pOBaHHAs TeKCArOHAJbHAsT MHOrODJIOYHAS CeTKa, cocrosimas u3 480000 sdeexk.
Takas meranu3anus ObLIa MOA0OPAHA MCXOAS U3 METOAWIECKUX PAcIeToB. B ru-
OpHIHOM BapHaHTe 9aCTh MUKPOKAHAJIOB ObLIA 3aMEHEeHa CEeTEBLIMU JJIEMEHTaMU
C ocTaBseHreM 00JIACTH BXOJIA M BbIXOA (J1J1st y4era KOPPEKTHOIO YCTAHOBJIEH s
upoduiis ckopocru). Takum 06pa3oM, KOJMYECTBO AY€EK B CETKE yMEHbIIUIJIOChH
1o 400000. ITomydennble pacuéTHbIE JAaHHBIE CPABHUBANCH C SKCTIEPUMEHTAb-
ubiMu [10] 1 Mexkay coboii. Ha puc. 10a mpeacTaBieHO COMOCTAaBIIEHHE PE3yJlb-
TATOB YHUCIEHHOTO MOJEJUPOBaHus ¢ 3kcnepumernToM. CpaBHeHHe TPOBEJIEHO O
BEJINYWHE TIePeraa TaBJIeHUs] MEXK/y BXOIOM W BBIXOJOM B TEIIOOOMEHHUK U
BesinumHe Harpesa BoApl (puc. 9). CpaBHeHue pe3yJibTaToB PACcYeToB B Pa3iidyd-
HBIX TTOCTAHOBKAX U YKCIEPUMEHTOM TOKA3BIBAET, YTO THOPUIHBIN pacyerT, B Ie-
JIOM, XOPOIIIO OIHCHIBAET TIOBEJIEHNE IKCIEPUMEHTA BO BCEM PACCMATPUBAEMOM
nuamnasone wucea PeifHonmbaca. AHajm3 BpeMEHHbBIX 3aTpaT MOKa3al, YTO Pac-
4yer B paMKax rubpuaHoil nocranoBkr Ha 20% ObICTpee aHAJIOTMYIHOrO PACIeTa
B IIPOCTPAHCTBEHHON MOCTAHOBKE. Takoil OTHOCUTENHHO HE OOJIBINON BBIUTPBIIII
00yCJIOBJIEH TEM, YTO MTAHHBIN TErI00OMEHHUK COCTOUT U3 HEOOJIBIIOTO WHCJIA,
kanasioB. C yBeJIMYeHNEM 4YKCJIa BETBEH TEMIOOOMEHHWKA, WJIN KOJIMIECTBA TEl-
JIOOOMEHHWKOB, CBS3aHHBIX B OJHY CHCTEMY, BBHIUTDBIMI TI0 BPEMEHHU OyaeT BO3-
pacrarhb.

rmapoanmHaMmnvYecKn He CBA3aHHad MOJdeJIb

IIpu momemupoBaruu 0OBEKTOB, KOTOPBIX IIPOUCXOJIUT HECBA3AHHOE HJIU CJ1a00-
CBSI3AHHOE TEUEHWNE HECKOJIbKUX KUIKOCTEH, MOXKHO MCIOIb30BATH TPETHIA CITO-
€00 TTOCTpOeHNsT Pa3HOMACIITAOHBIX Mojeseil. B Takoro posa Momesnsx cereBble
9JIEMEHTBI «IIPOHU3BIBAIOT» MPOCTPAHCTBEHHYIO 00JIACTH, & CBA3b MEXKIY ABYMs
YACTIMEU PA3HOMACIITAOHON MOJEN BBIMOJTHEHA Yepe3 HHTerpajibHbIe XapaKTe-
PUCTUKH, KaK [PABHUJIO, JABJEHUE WU TEIJI0BOM 1mOTOK. K mocrpoenuto mpo-
CTPAHCTBEHHOM YaCTH MOIEIN MOYKHO BBIIEIUTD IBA TOIX0A: TEPBIN — pacaér-
Hast 06JIACTH OIMMCHIBAET T€OMETPHIO TPYD WM KaHasoB [12], BTOpoil — ruapas-
JINYECKOEe CONPOTHBJIEHNE ITyYKa TPYO ONMUCBHIBAETCS MOJEJbIO TIOPUCTOIO TEJIa.
B «SigmaFlow» kone peanm3oBaHa BO3MOXKHOCTH 000uX moaxonoB. Hampumep,
[PU PeAU3AIUN 3329l O MOJETUPOBAHUN KOXKYXOTPYOIATOrO Tero00MeHHM-
KA, [IPe/ICTaBIeHHOro Ha puc. 10, Heobxoaumo pa3pemuTsb OoJiee mecTucor Tpyo,
49TO TpedyeT MOCTPOEHNE PACUETHON CETKM TMOPSIKA JECATH MUJIIHOHOB SUEEK.
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Pucynok 9. Cpashenue pe3y/ibraToB pacdera: a) nepera/l jgasjierus (TOYKu- 3KCIepu-
MEHTAJIHHBIE JAHHbIE, CTUIOIIHAS JIMHUS — TPOCTPAHCTBEHHAS TTOCTAHOBKA, ITyHKTUPHAS
JIMHVA — TUOPUIHAA MOCTAHOBKA) ) mepenana TeMrepaTypsl (KBaApPaTHBI MapKep —
TTPOCTPAHCTBEHHAS TIOCTAHOBKA, TPEYTOTHHBIN MapKep — TMOPHUIHAS TIOCTAHOBKA).

I'ubpuaHbIi OIX0, COBMECTHO C MOEJIBIO IIOPUCTOTO TEJIA, TO3BOJISET HE TOJIb-
KO OIIPEJIEJINTh T0JI TEMIIEPATYPHI M CBOWCTB BEIIECTBA, HO U TIEPETIa,, TaBIeHU
B cucreme. Ilpu pacuére Takoro poga Temmo0OMEHHHKA [0 IMITHPUIECKAM (POop-

Pucynoxk 10. ITose TemMmeparypsl B IeHTPAIbHOM CEYeHUH PA3HOMACIITAOHON MOmen
TerI000MEeHHNKA,

MyJIaM BO3HHUKAET psiJL MPOOJIeM, CBI3aHHBIX C HEPABHOMEPHBIM PACTPEICICHUEM
1o 06bEMy TEIIOOOMEHHUKA HE TOJHKO TEMIIEPATYPbI, HO (PU3NYIECKUX CBOWCTB
rerioHocureseii (B maHHoM ciaydae macsao — puc. 11). IIpeneGpexxenue stum
0OCTOATENBCTBOM MOXKET IHPHBECTH HE TOJHKO K HEKOPPEKTHOMY OIIPEICTCHHIO
TEILJIOBOrO HALIOPA, HO M HEKOPPEKTHOMY OIIPEJIEICHUIO [HJIPABIMYECKOrO COPO-
THBJIEHAsT TPYOHOTO MydYKa, YTO B CBOIO OYEpeb, TPUBOIUT K HENPABUILHOMY
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pacuéry obTekaHus TPYOHOrO MydvKa, a, CIEI0BATE]HHO, OMMUOOIHOMY PACIETY
TeIJI000MEHA U Mepenaaa JTaBJICHHs.

==
-5
=

6

2)

Pucynoxk 11. a) Ilone AuHAMUYECKOH BSI3KOCTH B JBYX CEUEHHUSIX TEIJIOOOMEHHWKA,
(cereBast 4acTb 334U <«IIOraLIEHA> )

KoMOnHupOoBaHHBIA MOAXOT,

Bce Boimme ommcasHbIe MOAXOALI MOKHO KOMOMHHPOBATH. IIpuMmepom KoMOuHa-
[IHA BTOPOTO W TPETHErO MOIXOIO0B, SBJISIETCS 337a49a O MOIEJTMPOBAHUU TEll-
JIoOOOMeHa B OJIOKE OXJIAXKIEHWS JIEKTPOHHOTO UHUIIA CHCTEMON DPA3BETBJIEHHBIX
MuKpokaHasos [13] (puc. 12). C ToYKHM 3peHns MOIENTUPOBAHMNS - 9TO COMPSKEH-
HBIH TemnoobMer. KomMOuHAIMA ABYX METOIOB 3aK/II0YAETCA B TOM, UTO YaCTh
MHUKPOKAHAJIOB (I/e CHJIbHOE BJIMsIHUE TeYeHUs Ha TeILIOOOMEH) BBILIOJIHEHA B
[POCTPAHCTBEHHON [TOCTAHOBKE, a JAPYlras — B CETEBOM, U CBA3aHA C YUIIOM TOJIb-
KO uepe3 Temaoobmen KauecTBeHHast OlEHKA PE3yIbTaTOB TPOBOIUIACH HA, OCHO-
Be CpaBHEHUs TTOJIei TeMepaTyp, paccuntanubix Ha ocaoBe CFD u rubpumnoro
moaX0M0B. s KOMuYecTBeHHONW Bepu(bUKAIUU MPECTABICHO PACIpPeIeeHrne
TeMIEepPaTypPbl BIOJb ABYX JuHUI (IlyHKTUPHbIE JuHuM, puc. 138, r). Pesyabrar
CPABHEHHS IIOKA3bIBAET AJEKBATHOCTH MPUMEHEHUs] MHOPUIHOIO MOJAXOMA JIJist
PEIIeHnsT TAKOTO POJIa, 33,1a9.

BoiBoabl

HeCMOTpH Ha 3HAYUTEIbHBII POCT BbIMHUCJ/INTEJIBHBIX MOII_[HOCTeI;'I, MHOTrue CJIOXK-
HBIE 33Ja9H 3aTPATHO PEATM30BATH IMPOCTHIM paclapasuleIuBaHAEM PacdéTa —
SKCTeHCHBHbIH 1oaxoa. OJHUM U3 BHJIOB MHTEHCUBHOI'O IIOAX0/a, sIBJIAETCS IIPH-
MEHEeHUue I‘I/I6pI/I,I[HbIX MO,ILeJ'[eI’I, B KOTOPBIX B 3aBUCUMOCTH OT ypOBHH HeO6XOZLI/I—
MOit mHMOpMAIINY pa3HBIE YACTU MOIEIN PACCIUTHIBAIOT PAZHBIMH IO MACIITA0Y
Mozeaamu. Hambosee mpocToii crmocod mOCTPOeHHST pAa3HOMACIITAOHBIX MOIE IeH
— 9TO IMOJTHOCTBIO Pa3aeieHHad MOJAENb. B ClIy4dae, KOrjga HeBO3MOZKHO IIOJTYyYUTHb
OJTHO3HATHYIO 3aBUCHUMOCTD MEXKY PA3TUIHBIMH TaCTIMUA THOPHUIHON MOIEH,
[IPEIIOYTUTETbHO IPUMEHATh BTOPOl U TPETHil CIIOCOObI IIOCTPOCHHS PA3HOMAC-
IITAOHBIX MOJEJIeH, YTO MO3BOJISIET CYIIIECTBEHHO COKPATUTH PA3MEPHI BhIUMCIIN-



Pacuér c10KHBIX THAPOINHAMUIECKUX CUCTEM ... 237

Pucynoxk 12. Cpasuenne mosieil Temneparypbl B LeHTPaiabHOM cedenuu: a) 3D, b)
I'mGpum; CpaBHEHWE TEMTIEPATYPHI BIOJb JIMHAK: C) B CEYEHUU 2 MM OT JIEBOTO Kpasd,
d) B cewenmm 9 MM oT jeBoro kpaga (cromHaga juHAA — 3D, Mapkepsr — TuGpwm)

TEJILHOIN CeTKu (B CPABHEHWHU C MOJHOCTHIO TPEXMEPHON MOJEIbI0) U U30aB/IAET
OT HEOOXO/IMMOCTH IepPe/IaBaTh PACYETHbIE 3HAYEHHST BPY YHYIO.
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