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Time series in forecasting the volumes of air

transportation in Kazakhstan

J. Jumabayeva, S. Burgumbayeva, and A. Iskakova
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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 �ows. 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 �ights allows you to rationally distribute the company's resources without
a�ecting the interests of the passenger at the same time. Such a policy leads to
the exclusion of unpro�table "idle"�ights and to an increase in the company's
rating due to full compliance with the needs of customers.

Forecasting the volume of tra�c 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 tra�c 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 tra�c is the basis for
solving many problems of optimizing the air transportation system by the criteria
directly related to the pro�tability index (revenues, costs, pro�ts), 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 tra�c, revenue
and pro�tability. Thus, these models will enable the airline management to
make decisions on the number of �ights 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 identi�cation
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 + S + E. (1)

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

1. We align the initial levels of the series using the moving average method.
For these purposes:
1.1. De�ne the moving averages. The values found so aligned now do not contain
the seasonal component.
1.2. De�ne 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 di�erence 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 Si (Table 2). It is assumed that in models with a seasonal component,
seasonal e�ects 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 -61,33 0,5 -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 Si 60,25 69,36 -35,95 -52,14 -48,76 7,25

As a result, in this model we get:
64,111+73,222-32,083-48,278-44,889+11,111=23,194 The correction factor was:
k = 23, 194/6 = 3, 866. Determine the corrected values for the seasonal
component Si 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 �nd the quantities T +S = 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 �nd 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.
Coe�cient of determination R2 = 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. FH = 6, 05, which indicates the statistical signi�cance of the equation.

6. Now let's make a prediction from the obtained model. The predicted
value Yt 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 �rst period is:
T25 = 442, 55+4, 303∗25 = 550, 117. The value of the seasonal component for the
same period is: S1 = 60, 245. Thus, Y25 = T25+S1 = 550, 117+60, 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: T26 =
442, 55 + 4, 303 ∗ 26 = 554, 419. The value of the seasonal component for the
same period is: S2 = 69, 36. Thus, Y26 = T26 +S2 = 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 = T ∗ S ∗ E (3)

According to this model, each level of the time series is represented as a product
of trend (T ), seasonal (S), and random (E) components.

1. Using the moving average method, we perform alignment of the initial
levels of the series for what:
1.1. De�ne 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 de�ned 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 Si
(Table 3). Seasonal e�ects 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 2 3 4 5 6
1 - - - 0,88 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 1,17 1,22 0,95 - - -
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 Si 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 Si 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 + E ). The results of
analytical equalization take the form:

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

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

5. Multiplying the values T by the corresponding values of the seasonal
component, we �nd the levels of the series. Coe�cient of determination R2 =
0, 71 . Thus, we can say that the multiplicative model explains 71% of the total
variation in the levels of the time series. FH = 5, 76 which indicates the statistical
signi�cance of the equation.

6. Let's make a prediction on the constructed multiplicative model. The
predicted value Ft 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:
T25 = 448, 172 + 3, 916 ∗ 25 = 546, 073. The value of the seasonal component
for the corresponding period is: S1 = 1, 113. Thus, F25 = T25 ∗ S1 = 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: T26 = 448, 172+3, 916∗26 = 549, 989. The value
of the seasonal component for the corresponding period is: S2 = 1, 112. Thus,
F26 = T26 ∗ S2 = 549, 989 ∗ 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 speci�cs of the tasks
being solved in the interests of the airline "AirAstana and 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 e�ectiveness 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 e�ciently while not a�ecting the interests of passengers.

References

1. www.kÃ sÃ¥.kz.
2. Kazakhstan in 2017. Statistical yearbook. Astana (2018).
3. Noskov V.P. Econometrics, Vol. 1,2. "�A business"RANH&GS, Moscow (2011).
4. Draper I., Smith G., Applied regression analysis, Vol. 1,2. Finance Statistics,

Moscow (1987).
5. Ferster E., Rents B., Correlation and regression analysis methods. Finance

Statistics. Moscow (1982).
6. Loskutov A.Y., Mikhailov A.S., Fundamentals of the theory of complex systems.

Regular and chaotic dynamics. Moscow (2007)



Conceptual model of information system for

resources storage ?

M. A. Sambetbayeva1, O. A. Fedotova1,2, A. M. Fedotov1,3,
A. G. Batyrkhanov4

1 Novosibirsk State University, Pirogova 1, 630090 Novosibirsk, Russia
2 State Public Scienti�c-Technological Library of SB RAS

Voshod 15, 630102 Novosibirsk, Russia
3 Institute of Computational Technologies of SB RAS
ak. Lavrentieva Ave., 6, 630090 Novosibirsk, Russia

4 L. N. Gumilyov Eurasian National University
Satpaeva 2, 010000 Kazakhstan, Astana

{Madina_jgtu,o4f8,batyr.khan78}@mail.ru

http://www.ict.nsc.ru/

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 classi�cation, abstraction, generalization. The
purpose of Information Systems is to provide the end-user with
necessary information. Depending on speci�c 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
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IS, set the rules and relations (links) between entities. In particular it assumes
the entity classi�cation, 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 identi�cation.
Semantic relations between information resources increase their value and
provide additional opportunities for information retrieval and identi�cation. 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 scienti�c
knowledge. One of the main tasks of integration is to set the links between certain
scienti�c 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 speci�c 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
e�ciency, 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 ful�lment of the data access rules
and regulations), data identi�cation;

� search for information;
� information retrieval and provision to the user (computer application) in the
required format;

� visulization (provision) of the information according to the user's
requirements.

Digital Library Reference Models (DLRM) are of great interest. Let us note
that the Russian term "electronic library"does not quite accurately re�ect the
content of the de�nition, 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 speci�c architecture for subsequent
implementation in the form of a software system.

De�nition of IS

In the case of IS de�nition, 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 di�erent
de�nitions 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 speci�cs 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 de�nitions in the �eld 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
uni�cation 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 signi�cance. 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 de�nitions of basic concepts
"data "information"and "knowledge"are needed.
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Today, there are two de�nitions 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.

Real object Information object

Content object

Annotation object

Metadata objectInformation system

Figure 1. Information Model of IS

The above de�nition 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 identi�er;
� 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.

Information

resource

Identi�er

identi�edBy

Information object

expressedBy

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
so on.

Let us give the de�nitions.
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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Identi�er

Information object
identi�edBy

Metadata

has

Content Annotation

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 scienti�c
information space, such as publication, person, key term or concept, dictionary
entry, fact, function, organization, user, etc., and the links between them [10],[11].

De�nition 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 identi�cation.

Accordingly, the de�nition 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 scienti�c and cultural heritage;
� increase the e�ectiveness of scienti�c research and training.

In most cases, the DL is a website where various texts (literary, scienti�c
and technical, including publications, computer programs, digital maps, etc.)
and media �les are accumulated. The di�erence between DL and the magazine
website is that the DL is not divided into numbers (issues) and is updated as new
materials appear. The di�erence 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 pro�le 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 de�nition of the digital
library fully corresponds to the de�nition 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 speci�c 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 o�ering specialized or enhanced
functionality for creating and managing DL.

In DL each resource is de�ned as follows (see Figure 2):
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� has an identi�er;
� 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.

DLMS

DLS

DL

Information Object
manage

support

deploy

de�nedBy
Content

Domain

consistOf

Ontology

expressedBy

Collection
organizedIn

isa

belongTo

Resource

isa

describedByMetadata

Annotation

has

expressedBy

Resource Identi�er
identi�edBy Quality

Parameters

Policy

has
regulatedBy

Manifestation

Representation

Edition

has

has

has

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
scienti�c research, the following functional requirements for the model of a
scienti�c 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-classi�ers (directories), to
ensure the identi�cation and classi�cation of resources.

� Support for heterogeneous and poorly structured information resources.
� Support of interrelationships of information resources. Identi�cation 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, scienti�c articles, reprints, letters, images
and other materials presented electronically), and providing a clearly speci�ed
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 re�ecting the most essential properties of an information object and
having the most importance from the DL's point of view. Speci�city of words is
determined by the terminology of the speci�c subject area, to which the DL is
devoted. It is necessary to consider di�erent 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 scienti�c school), thematic classi�ers, thesauri, rubricators,
descriptions of the subject area and classi�ers 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, scienti�c result, event, project,
photography, etc.;

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

As a rule, 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;
� scienti�c 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, �rst of all, related to data exchange with
external information systems.

Metadata

Descriptive Structural System

dividedInto

Figure 5. Basic Types of Metadata

Metadata re�ects the most signi�cant properties of the object, which have
the greatest signi�cance 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 modi�cation of the resource, the owner's identi�er, 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 speci�ed 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 de�ne 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 (DCMI) [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 de�ned by the encoding
scheme is a code (symbol) selected from a controlled dictionary (for example,
a classi�cation system index or a value from a set of subject headings) or a
string of a speci�c structure (for example, "2000-01- 01 "as the standard date
designation).

Controlled Vocabulary is a list of prede�ned 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 de�nition.

A particular kind of metadata is metadata that unambiguously characterize
(identify) documents that are necessary for the systematization of documents
and for e�ective 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, classi�cation 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: �rst, authoritative
monitoring must ensure the use of repeated geographical names and the names
of document creators that are written identically, but denote di�erent places
or di�erent 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 is,"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 speci�c goals. In the real world, their number tends to
in�nity. 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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Semantic Thesaurus Associative

has

�

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 speci�c 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 modi�cation 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 de�nitions 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 speci�ed and discussed
in detail. The advantages of this model are the support of multilingual thesaurus
and the ability of using di�erent classi�cation 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 di�erent points of
view making decisions in di�erent 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 de�ned as a side e�ect or consequence
of economic transactions which re�ect 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, speci�cally 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) �nancial, 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 e�ciently 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,
tra�c sheds and street �ow 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 �eld of research since it
allows to more precisely determine district's overall grades.

One of the very relevant work in this �eld 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 o�er an overall measure of the walkability of
a district, as de�ned 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 signi�cantly
di�erent 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 con�rm 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 �t to the data among the presented
models has proved a geographically weighted regression.

Nevertheless, as noted in the work [1], �although very promising, the scienti�c
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 signi�cant 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 �nd the full range of household services, contact the specialists
in housing law and insurance, �nd 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 �rst issue of
the newspaper "Krisha"(Roof). According to attendance the krisha.kz site ranks
�rst 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 e�ective 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

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:

1. acquiring;
2. parsing;
3. �ltering;
4. mining;
5. representing;
6. re�ning;
7. interacting.

Acquiring and parsing

At �rst 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

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;
� �oor � a �oor;
� other secondary �elds.

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

Filtering and mining

Data �ltering 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 �rst 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.

Figure 4. A �ltering code and results of �ltering
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Representing and re�ning

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.

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 6. A pie chart �ads umber by week days�

Figure 7. A histogram �sails by room numbers�
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Figure 8. A boxplot �price by room numbers�

Figure 9. An interactive map of real estate objects
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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.

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-e�ect 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 di�erential 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-e�ect 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 e�ective 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 di�cult 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 uni�ed 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 in�uencing
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on the activity. Despite the fact that indicators and performance criteria designed
to monitor the universities activities play a signi�cant 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.

dy

dx
= 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 �ows
between the levels of the system and re�ect their interaction, and the levels
measure the state of the system, which is achieved as a result of the addition of
factors in�uencing. As decision procedures here are decisions of decision-makers
on changes in the values of factors that a�ect the dynamics of indicators. The
rate is a product of functions that depend on the combinations of the main
variables (2):

y± = g±(y1, y2, ..., yn) = f±(F1, F2, ..., Fk) = f±1 (F1) · f±2 (F2)...f±k (Fk) (2)

where Fi = gi(yi1, yi2, ..., yim) - in�uencing 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 di�erential equations is compiled, from which
the values of the simulated variables yi(t), i = 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 signi�cant factors Fi(t), i = 1, v that
in�uencing the simulated variables yi(t), i = 1, n;

� construct a graph of cause-e�ect relationships G, re�ecting the relationship
between variables yi(t), i = 1, n and factors Fi(t), i = 1, v;

� write the equations of system dynamics, the solution of which allows us to
determine the values of variables yi(t), i = 1, n at di�erent time intervals.

Based on the analysis of the cause-e�ect relationships existing between the
predicted indicators, an oriented graph is developed. Fig. 1 shows an example of a
subgraph that characterizes cause-e�ect relationships that a�ect the magnitude
of the system variable yi(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-e�ect relationships, great di�culties arise
with the de�nition 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 di�erent relationships, both direct and inverse, which can not
be fully accounted for. In connection with this circumstance, only those cause-
e�ect relationships are selected which, in the opinion of experts, signi�cantly
a�ect the magnitude of the simulated variables [4]-[2].

weightweight

Figure 1. Subgraph of cause-e�ect relations

Indicators can be: absolute and relative.
Absolute - an indicator in the form of an absolute value, re�ecting the time

or cost characteristics of processes.
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Relative - economic indicators, de�ned 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 �nal equation for the variable yi(t), i = 1, n takes the form depending on the
value:

For absolute value:

dxi(t)

dt
= xi(t)(x

+
i − x

−
i ) = ·xi(t)(f+

1 (F1) · f+
2 (F2) · ... · f+

k (Fm))−

−xi(t) · (f−1 (F1) · f−2 (F2) · ... · f−k (Fm)) (3)

For relative value:

dxi(t)

dt
= xi(t)(x

+
i − x

−
i ) =

= xi(t) ·
(
Πn

xi(t)
·
(
f+

1 (F1) · f+
2 (F2) · ... · f+

k (Fm)
)
− (4)

− Πk

xi(t)
(f−1 (F1) · f−2 (F2) · ... · f−k (Fm))

)

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
di�erent time intervals.

For e�ective 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-e�ect
relationships used in constructing a mathematical model and, according to the
graph, construct and solve a system of di�erential equations according to the
algorithm described above. The following is an example of constructing a system
of di�erential 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 di�erential equations system

Indicators are used mainly as a basis for making speci�c 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
e�ectiveness 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.

∂X1

∂t
= X1(t)(

(Ob + Sb) · Pb
Pav

· f+
1 (X5)f+

2 (X6)f+
3 (X7)−

− (Oe + Se) · Pe
Pav

· f−4 (X5)f−5 (X6)f−6 (X7)) (5)

∂X2

∂t
= X1(t)(PTb · (f+

7 (X1)f+
8 (X4)f+

9 (X5)f+
10(X7))−

−PTe · (f−11(X1)f−12(X5)f−13(X6))) (6)

∂X3

∂t
=
PTIb
X3(t)

(·f+
14(X1)f+

15(X2)f+
16(X4)f+

17(X5)f+
18(X6))−

−PTIe
X3(t)

(·f−19(X1)f−20(X2)f−21(X4)f−22(X5)f−23(X6)) (7)

where, X1 - average annual volume of scienti�c research, X2 - the amount
of publication, X3 - % of publications indexed in international databases, 4

- number of projects, X5 - number of doctoral students, X6 - % of teaching
sta� with academic degrees, X7 - mid-annual volume of �nancing per unit of
personnel, Ob, Oe - average annual volume of �nancial assets at the beginning
and end of the settlement period, Sb, Se - the amount of �nancial resources for
the development of scienti�c grants at the beginning and end of the calculation
period, Pb, Pe - number of scienti�c and pedagogical personnel at the beginning
and end of the calculation period, PTb, PTe - the total amount of publication
at the beginning and end of the billing period, PTIb, PTIe - 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 di�erential equations based on the use of mathematical
apparatus of cause-e�ect complexes theory and system dynamics of Forrester
was proposed and justi�ed.
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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 �nite 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
�ow, 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 �ow at a
constant angular velocity were obtained. Also shown are the �ow patterns
of two rotating cylinders in the air �ow, 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
�nite 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)

τturb = µturb

(
∇
−→
V +∇

−→
V T

)
− 2

3

(
ρk + µturb∇

−→
V

)
U . (1)

To �nd the turbulent viscosity µturb, we use the k − ε Launder-Spalding model
(2)

µturb = ρCµ
k2

ε
. (2)

Where k is the kinetic energy of turbulent pulsations; ε 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)

∂k

∂n
= 0, εp =

C
3/4
µ · k3/2

p

k · yp
. (4)

where k = 0.4187 is the Karman constant; index P refers to the center of the
wall cell of the di�erence grid.

Boundary conditions at the input (5).

U = Uin; V = 0 . (5)

The turbulent �ow parameters are determined by specifying the intensity of
the turbulent pulsations I and the hydraulic diameter Dhyd (6)

k =
3

2
(I · Vin let)2

; ε = C3/4
µ · k

3/2

`
; ` = 0.07 ·Dhyd · I = 3% . (6)

The boundary conditions at the exit boundary (7)

∂ϕ

∂x
= 0 . (7)

The �rst stage of modeling the �ow around a cylinder is the construction of a
computational grid in the GAMBIT program. In this case, the �ow around the
blade is considered to be a �ow 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 �ow and there was a good resolution for the
resulting vortex zones:

1. the coe�cient of condensation of the �nite-di�erence grid in the radial
direction (the ratio of the dimensions of two neighboring cells) is 0.85;
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2. The size of the �rst 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 �ows, like any other body, with a potential

(irrotational) �ow, the resultant of all forces acting on the streamline body is
zero [7]-[8].

When a real �uid �ows around a rotating cylinder with a real �uid, the
presence of friction forces and positive pressure gradients to the right of the
maximum �ow 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 e�ect of Magnus.

The �ow 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
�ow. At very low Reynolds numbers (Re < 1), the �ow 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 �ow restriction section.

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

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

For modeling, a 3D axisymmetric geometric grid �ow 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 �ow pattern of a two-bladed wind turbine obtained in the
program Ansys Fluent.

Figure 1. The picture of the �ow 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: Fx = 0.1116 ·V 1.5289. As the speed of the oncoming �ow increases, the drag
force increases.

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

The data of the numerical experiment shown in Figure 3 are approximated
by the polynomial dependence: Fy = −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.

Figure 3. Dependence of the lifting force on the air �ow 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 coe�cient 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: Cx = 160.81 ·Re−0.471.
The drag coe�cient decreases with an increase in the Reynolds number.

Figure 4. Dependence of the drag coe�cient on the Reynolds number at an angular
velocity of 1000 rpm.

Figure 5 shows the dependence of the lift coe�cient on the Reynolds number
at a constant angular velocity of 1000 rpm. The data of the numerical experiment
are approximated by the power law: Cy = 3e+ 0.6Re−1.202. The lift coe�cient,
with an increase in the Reynolds number, decreases, but with a further increase
in Re, it can be assumed that the lift coe�cient will reach its minimum value
and will not decrease further.

Figure 5. Dependence of the lift coe�cient on the Reynolds number at an angular
velocity of 1000 rpm.
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It is established that when two rotating cylinders �ow around the air streams,
an area of increased pressure occurs at the point of contact of the pressure
�elds 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 �ow at a constant
angular velocity were obtained. Also shown are the �ow patterns of two rotating
cylinders in the air �ow, 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 domainΩ ⊂ R2, we consider the initial-boundary value problem
for the non-stationary �ow of a viscous incompressible �uid. The problem reduces
to solving a system of nonlinear Navier-Stokes equations [1]

∂v

∂t
+ (v · ∇) v = µ∆v −∇p+ f, (1)

div v = 0, (2)

v
∣∣∣
t=0

= v0 (x) , v
∣∣∣
S

= 0 (3)

where v (x) is a velocity �eld, p (x) is pressure, f (x) is a �eld of mass force,
µ > 0 is a coe�cient of viscosity, div v = 0 is the continuity equation for an
incompressible �uid, for which the velocity �eld is described by a solenoidal
(divergent-free) vector �eld.

The Navier-Stokes equations are a system of partial di�erential equations
describing the motion of a viscous incompressible �uid.

An analytic solution of the system (1)-(3) is conjugate to insurmountable
di�culties. 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, di�erent numerical methods for solving the Navier-Stokes equations
are used.

In this paper, the method of �ctitious domains is used to solve the system
(1)-(3). For simplicity, we assume that v0 (x) = 0. An auxiliary problem with
a parameter ε, corresponding to the method of �ctitious domains, reduces to
solving a system of di�erential equations in D = D1 ∪Ω with boundary S1 [2]:

∂vε

∂t
+ (vε · ∇) vε = div (µε∇vε)−∇pε + f, (4)

div vε = 0, (5)

vε
∣∣∣
t=0

= 0, vε · τ
∣∣∣
S1

= 0, pε
∣∣∣
S1

= 0, (6)
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µε =

{
µ in Ω,
µ
ε in D1,

[(µε∇vε − pε · δ)n]
∣∣∣
S

= 0, [vε]
∣∣∣
S

= 0. (7)

n, τ are the normal and tangent vector to the boundary S1. f is continued
in D1 with the preservation of the norm in L2 (Ω).

We introduce the setM (D) of in�nitely di�erentiable vector-valued functions
v (x) solenoidal in D with tangential components vanishing on S:

M (D) = {v (x) ∈ C∞ (D) , div v = 0, v (x) · τ (x) = 0, x ∈ S}

where τ is the tangent vector to the boundary S. The spaces obtained by the
closure of M (D) in the norms L2 (D) and W̊ 1

2 (D) are denoted by V (D) and
V1 (D), respectively, and their conjugate spaces by V ∗ (D) and V ∗1 (D), and
V (D) and V ∗ (D) are identi�ed.

Let us introduce the following de�nition.
De�nition. A generalized solution of problem (4)-(7) is a function vε of the

class L2 (0, T ; V1 (D)) ∩ L∞ (0, T ; L2 (D)) satisfying the integral identity

−
∫ T

0

(vε, Φt)D dt−
∫ T

0

((vε · ∇)Φ, vε)D dt+

∫ T

0

∫
S1

(vε · Φ) vε · nds dt+

+
µ

ε

∫ T

0

∫
S1

k (x) (v · Φ) ds dt+

∫ T

0

(µε∇vε,∇Φ)D dt =

∫ T

0

(f, Φ)D dt (8)

for any Φ ∈ C1 (0, T ; V1 (D)), Φ (T ) = 0, (u, v)D =
∫
D
u · v dx, where k (x) is a

non-negative function.
Let ω1, ω2, ..., ωN is an arbitrary basis in V1 (D), and vεN is an approximate

solution of the problem (4)-(7):

vεN =

N∑
m=1

αNm (t)ωm. (9)

αNm (t) is found from the system of ordinary di�erential equations with
respect to αNm (t):

d

dt
(vεN (t) , ωj)D + ((vεN · ∇) vεN , ωj)D +

µ

ε

∫
S1

k (x) · (vεN , ωj)D ds+

+ (µε∇vεN , ωj)D = (f, ωj)D , j = 1, 2, ..., N (10)

with initial conditions

vεN (t)
∣∣∣
t=0

= 0, αNm (t)
∣∣∣
t=0

= 0, m = 1, 2, ..., N. (11)

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

max
0≤t≤T

‖vεN (t)‖V (D) ≤ C <∞ (12)
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which is obtained from multiplication of (10) by αNm (t) and summing over
m = 1, 2, ..., N .

Multiply (10) by αNm (t):

d

dt
(vεN (t) , ωm)D αNm (t) + ((vεN · ∇) vεN , ωm)D αNm (t) +

+
µ

ε

∫
S1

k (x) · (vεN , ωm)D dsαNm (t) + (µε∇vεN , ωm)D αNm (t) =

= (f, ωm)D αNm (t) .

Sum the resulting equation over m from 1 to N , taking (9) into account and
applying the Holder inequality:

1

2

d

dt
‖vεN (t)‖2V (D) + ((vεN · ∇) vεN , v

ε
N )D + µ ‖vεNx‖

2
L2(Ω) +

+
µ

ε
‖vεNx‖

2
L2(D1) +

µ

ε

∫
S1

k (x) (vεN (x))
2
ds ≤ ‖f‖V ∗1 (D) · ‖v

ε‖V1(D) . (13)

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

((vεN (t) · ∇) vεN (t) , vεN (t)) dx

∣∣∣∣ =

∣∣∣∣∫
S1

(vεN (t))
2
vεN (t) dS

∣∣∣∣ ≤
≤
∫
S1

|vεN (t)|3 ds ≤ C0 ‖∇vεN (t)‖2L2(D1) ‖v
ε
N‖L2(D1) .

Hence we obtain the inequality

1

2

d

dt
‖vεN (t)‖2L2(D) + µ ‖vεNx‖

2
L2(Ω) +

+
(µ
ε
− ‖vεN (t)‖L2(D1) · C0

)
· ‖∇vεN (t)‖2L2(D1) ≤

≤ ‖f (t)‖V ∗1 (D) ‖v
ε (t)‖V1(D) . (14)

Let µ
2ε − ‖v

ε
N (t)‖L2(D1) C0 ≥ 0. Then we obtain

max
0≤t≤T

‖vεN (t)‖D ≤
∫ T

0

‖f (t)‖V ∗1 (D) dt.

If ε is chosen such that

µ

2ε
− C0

∫ T

0

‖f (t)‖V ∗1 (D) dt ≥ 0 (15)

then the following estimate yields from (14):

max
0≤t≤T

‖vεN (t)‖L2(D) +

∫ T

0

‖∇vεN (t)‖2Ω dt+
1

ε

∫ T

0

‖∇vεN (t)‖2D1
dt+
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+
1

ε

∫ T

0

∫
S1

k (x) |vεN (t)|2 ds dt ≤ C
∫ T

0

‖f (t)‖2V ∗1 (D) dt ≤ C <∞ (16)

where the constant C does not depend on ε.
Let D1/4−k

t vεN (t) is the narrowing of the inverse Fourier transform on (0, T )
by τ from τ1/4−kv̂εN , v̂

ε
N is the Fourier transform of the function ṽεN by t, which

is obtained by extending vεN with zero outside of (0, T ).
Lemma. The estimate∥∥∥D1/4−k

t vεN

∥∥∥
L2(0,T,V (D))

≤ C <∞

holds for any k > 0, C does not depend on ε.
By the de�nition of the generalized derivative [3], we obtain the following

equation for ṽεN (t) from (10):

d

dt
(ṽεN (t) , ωj)D + ((ṽεN (t) · ∇) ṽεN (t) , ωj)D + (µε∇ṽεN (t)∇ωj)D +

+
µ

ε

∫
S1

k (x) (ṽεN (t) , ωj) ds =
(
f̃ , ωj

)
− (ṽN (T ) , ωj) δT

where δT is a Dirac measure concentrated at t = T .
Note that

((ṽεN (t) · ∇) ṽεN (t) , ωj)D ≤ ‖∇ṽ
ε
N (t)‖L2(D) ‖ṽ

ε
N (t)‖L4(D) ‖ωj‖L4(D) ≤

≤ C ‖ṽεN (t)‖V1(D) ‖ωj‖V1(D) . (17)

Hence,
((ṽεN (t) · ∇) ṽεN , ωj)D = (uN (ṽεN ) , ωj)D . (18)

Let uN (ṽεN ) = uN (t), ûN (t) is the Fourier transform of uN (t), v̂εN (t) is the
Fourier transform of ṽεN (t). Then by (17) we have

2πiτ (v̂εN (τ) , ωj)D + (ûN (τ) , ωj)D + (µεv̂εN (τ) , ωj)D +

+
µ

ε

∫
S1

k (x) (v̂ε, ωj) ds =
(
f̂ , ωj

)
D
− (vεN (T )ωj) e

−2πiτT . (19)

However, v̂εN (t) ∈ [ω1, ω2, ..., ωN ], therefore it follows from (19) that

2πiτ ‖v̂εN (τ)‖2L2(D) + (µε∇v̂εN (τ) ,∇v̂εN (τ))D =

=
(
f̂ (τ) , v̂εN (τ)

)
D
− µ

ε

∫
S1

k (x) v̂εN (τ) v̂εN (τ) ds =

= (v̂εN (τ) , v̂εN (τ))D e
−2πi − (û (τ) , v̂εN (τ))D . (20)

Taking the imaginary part of (20) and estimating the right-hand side from
above, we obtain:

|τ | ‖v̂εN (τ)‖2L2(D) ≤ ‖ûN (τ)‖V ∗1 (D) ‖v̂
ε
N (τ)‖V1(D) +

∥∥∥f̂∥∥∥
V ∗1 (D)

‖v̂εN (t)‖V1(D) +
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+ ‖vεN (T )‖L2(D) ‖v̂
ε
N (τ)‖L2(D) . (21)

By the properties (17), (18):∫ ∞
−∞
‖v̂εN (t)‖V ∗1 (D) dτ ≤ C

∫ T

0

‖vεN (t)‖V1(D) dt ≤ C <∞,

‖ûεN (τ)‖V ∗1 (D) ≤ C.

Moreover, it follows from (16) that ‖vεN (T )‖ ≤ C < ∞. Given these
estimates, rewrite the inequality (21) in the form

|τ | ‖v̂εN (τ)‖2V (D) ≤ C ‖v̂
ε
N (τ)‖V1(D) +

∥∥∥f̂ (t)
∥∥∥
V ∗1 (D)

‖v̂εN (t)‖V1(D) +

+C1 ‖v̂εN (τ)‖V (D) .

Let σ be an arbitrary constant and 2σ > 1. Then∫ ∞
−∞

|τ | ‖v̂εN (τ)‖2V (D)

1 + |τ |σ
dτ ≤ C1

∫ ∞
−∞

‖v̂εN (τ)‖V1(D)

1 + |τ |σ
dτ+

+C2

∫ ∞
−∞

∥∥∥f̂ (τ)
∥∥∥
V ∗1 (D)

‖v̂εN (τ)‖V1(D)

1 + |τ |σ
dτ + C3

∫ ∞
−∞

‖v̂εN (τ)‖V ∗(D)

1 + |τ |σ
dτ. (22)

Note that 1
1+|τ |σ ∈ L2 (Rτ ) and v̂εN (τ) ∈ L2 (Rτ , V1 (D)) by (16). Hence,

using the Holder inequality, it can be easily shown that∫ ∞
−∞

‖v̂εN (τ)‖V1(D)

1 + |τ |σ
dτ ≤ C <∞.

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

∫ ∞
−∞

∥∥∥f̂ (τ)
∥∥∥
V ∗1 (D)

‖v̂εN (τ)‖V1(D)

1 + |τ |σ
dτ ≤ C <∞.

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

‖v̂εN (τ)‖V ∗(D)

1 + |τ |σ
dτ ≤

∫ ∞
−∞

‖v̂εN (τ)‖V1(D)

1 + |τ |σ
dτ ≤ C <∞.

Hence, using the lemma of compactness, we have the relations

vεN (t)→ vε (t) ∗ weakly in L∞ (0, T ; V (D)) ,

vεN (t)→ vε (t) weakly in L2 (0, T ; V1 (D)) ,

vεN (t)→ vε (t) strongly in L2 (0, T ; V (D))
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as N →∞. Now, after passing to the limit in (10) and integrating by parts, we
see that vε (t) is a generalized solution of the problem (4)-(7).

The following convergence theorem holds.
Theorem. Let f (t) ∈ L2 (0, T ; V ∗1 (D)), and ε satis�es 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 ε. Therefore, it is
possible to select subsequences {vεi} from the sequence {vε} for which the
following relations hold as εi → 0:

vεi → v ∗ weakly in L∞ (0, T ; V (D)) ,

vεi → v weakly in L2 (0, T ; V1 (D)) ,

vεi → v strongly in L2 (0, T ; V (D)) .

Now we put Φ = 0 in D1 in the integral identity (8), and passing to the limit,
we obtain

−
∫ T

0

(v, Φt)Ω dt−
∫ T

0

[((v · ∇)Φ, v)Ω − µ (∇v,∇Φ)Ω ] dx =

∫ T

0

(f, Φ)Ω dt

for all Φ ∈ C1
(

0, T ; V̊1 (Ω)
)
.

It remains to show that v|S = 0. Let us show that ‖vε‖L2(0,T ;L2(D1)) → 0 as
ε→ 0. To this end, we use the inequality

‖vε‖L2(0,T ;L2(S)) ≤ C
(
‖vεx‖L2(0,T ;L2(D1)) + ‖vε‖L2(0,T ;L2(D1))

)
→ 0

as ε→ 0. The theorem is proved.
Next, a di�erence scheme of the second order of approximation is constructed

for the problem (4)-(7). For a numerical solution of this di�erence 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
�ctitious unknowns method with a two-step iterative process [4] and a method
for solving the Poisson di�erence equation in a square with the right-hand side
di�erent 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].
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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 signi�cantly
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 in�nitely 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 di�cult 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 �elds in recent years, including video
and image processing, computational biology and chemistry, �uid 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 Uni�ed Device Architecture) is a parallel computing
architecture from NVIDIA that can signi�cantly 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 o�cial 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:

A1 +A2 +A3 + ...→ A4 +A5 +A6 + · · · (1)

where A1, A2, A3, ... are the various components involved in the reaction, k is
the rate constant. The reaction rate can be written as follows:

dC1

dt
= −kCa1

1 Ca2
2 Ca3

3 · · · (2)

where C1, C2, C3, ... and a1, a2, a3, ... are the concentrations and orders of the
reaction with respect to the components A1, A2, A3, ..., respectively. Here:

dCk
dt

=

Nr∑
i=1

(ν+
ik[−k+

i

Nc∏
j=1

C
ν+
ij

j +k−i

Nc∏
j=1

C
ν−ij
j ]−ν−ik[−k+

i

Nc∏
j=1

C
ν+
ij

j +k−i

Nc∏
j=1

C
ν−ij
j ]) (3)

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=1

ν
′

kiχk ⇔
K∑
k=1

ν
′′

kiχk (i = 1, · · · , I) (4)

The stoichiometric coe�cients νki are integers and χk is the chemical symbol of
the k-th substance, ν

′

ki are the stoichiometric coe�cients of the reagents, ν
′′

ki are
the stoichiometric coe�cients of the products. Usually, three or four substances
participate in elementary reactions.

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

ωk =

I∑
i=1

ν
′

kiqi (k = 1, · · · ,K) (5)

where νki = ν
′′

ki − ν
′

ki

The rate of change in the course of the reaction of the -th reaction is
determined by the formula
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qi = kfi

K∏
k=1

[Xk]ν
′′
ki − kγi

K∏
k=1

[Xk]ν
′
ki (6)

Kci =
kfi
kγi

(7)

The rate of direct reactions is determined by the Arrhenius formula

Kfi = AiT
βiexp(

−Ei
RcT

) (8)

where R is the universal gas constant; Ai is a pre-exponential factor that does
not depend on temperature, but is determined only by the type of reaction; βi is
temperature exponent, Ei 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 Ei, then the reaction does not occur
in the collision, if the energy exceeds Ei the reaction will occur. The activation
energy does not depend on temperature Fig.1

The graphical dependence of kfi(T ) is as follows:

Figure 1. The graphical dependence kfi(T )

Chemical reactions proceed very slowly at low temperatures. At very high
temperatures, the rate constant tends to the limiting value: kfi → Ai. 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

Kci =
kfi
Kci

(9)



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

Kci = Kpi(
Pfi
Kci

)
∑K
k=1νki (10)

The equilibrium coe�cient Kpi is determined by the following formula

Kpi = exp(
4S0

i

R
− 4H

0
i

RT
) (11)

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

4S0
i

R
=

K∑
k=1

νki
S0
k

R
(12)

4H0
i

RT
=

K∑
k=1

νki
H0
k

RT
(13)

In Chemkin software, these coe�cients 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:

H0
k

RTk
= a1k +

a2k

2
Tk +

a3k

3
T 2
k +

a4k

4
T 3
k +

a5k

5
T 4
k +

a6k

6
, (14)

S0
k

R
= a1kln(Tk) + a2kTk +

a3k

2
T 2
k +

a4k

3
T 3
k +

a5k

4
T 4
k + a7k (15)

The coe�cient ai for the k-th substance is taken from the �le of thermodynamic
data of substances Fig. 2

After determining the rates of changes in substances in the reaction,
the above system of di�erential equations is solved. Solving the system of
di�erential 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



Title Suppressed Due to Excessive Length 63

Figure 2. Location of thermodynamic data in the Chemkin �le

Figure 3. The process of changing OH concentrations by time
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Figure 4. 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:

1. Allocating memory for arrays;
2. Reading the input data of forward and reverse reaction rates, concentrations,

left and right matrix of the reaction mechanism(Fig. 5);
3. Calculation of the change in concentration for each element of the reaction

mechanism at a given time point;
4. Recording new concentration values to the �le;
5. 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. Reading input data from a �le (a �le of direct and reverse reaction rates,
concentrations, the left and right matrix of the reaction mechanism);

2. Memory allocation on the graphic device to copy the input data;
3. Copying data from RAM into the memory of the GPU;
4. The determination of the number of threads on a block and the number of

blocks on the grid;
5. 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 coe�cient 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 coe�cient 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 coe�cient 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 �fth coe�cient 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 �le.

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
di�erent sizes of the input mechanism.

During the calculation in the developed program, the abbreviated �les 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 �les
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Figure 5. The data used in the Aramco mechanism

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 di�erent
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 �le appears in the �Input �le� program area. The
separator between reactions and thermodynamic properties of substances is a
string containing the words "THERM". Reading data from the �Input �le� 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 coe�cients, 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 de�nition of this data is made only with one click of the Read → Read
data from a �le 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
�le 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

�les 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 e�cient 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
e�ective automated visual inspection at various stages of production. Creation
of e�ective 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 signi�cant 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 �eld 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 [8], 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 �rst 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 �nished 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 (�gure 1).

Figure 1. Basic steps of automated quality inspection

It is important to get an image. Any de�ciencies of the original images can
cause great problems with image analysis and interpretation. An example is that
of the detail lack of due to insu�cient 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 classi�cation (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.

Figure 2. The general scheme of the contour analysis

Di�erent 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 bene�ts from the changes
of grey tones in the image [2].

Edge detection is the most familiar approach for detecting signi�cant
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 e�ectiveness 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 di�erent 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 classi�ed based on �rst 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 di�erential expression.

The signi�cantly di�erential 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 Gx, and Gy, 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 Gx and (b) gradient Gy

G [f (x, y)] =
√
G2
x +G2

y. (1)

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

52 =
∂2

∂x2
+

∂2

∂y2
. (2)

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 �ltering, application of �rst-order
di�erential 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 e�ectively
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 de�ned as [19]

A⊕B = {Z | (B̂)z ∩A 6= ∅}. (3)
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In the equation, the re�ection 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 B̂ such
that B̂ 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 �lled
and �lls 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 de�ned as [19]

A	B = {Z | (B)z ⊆ 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 de�ned as [19]

A ◦B = (A	B)⊕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 de�ned as [19]

A •B = (A⊕B)	B (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 �lls 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 �gure 4, Canny result is superior to the other results.
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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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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 �nite 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 de�ned 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
di�erent instants of time, are obtained.
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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 in�uence in
the process of construction or design can be calculated. While dynamic loads can
bring signi�cant �nancial 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 �nite
di�erences [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 �nite width of 2lis considered, which
in a Cartesian coordinate system x1 O x2 occupies an area 0 ≤ x1 ≤ ∞, |x2| ≤ l
(Figure 1).

Figure 1. Study area

In the initial time the body is at the state of rest

vα = σαj = 0 (1)

At any other time tn + τ, (n = 1, 2, ..., N) in section N1 ≤ x1 ≤ N2, x2 = l
of bound of BN a uniformly distributed nonstationary normal load operatesf(t),
changing according to since law, i. e.

σ22 (t) = A sin(ωt), if 0 ≤ t ≤ S1 and 0 if t > S1,

σ12(t) = 0 (2)

Here S1 � load time, in addition ω = π
S1
. The rest of half-strip boundary is

free from any impact:
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σ11(t) = 0, σ12(t) = 0, if x1 = 0 and |x2| ≤ l

σ22(t) = 0, σ12(t) = 0, if0 ≤ x1 ≤ N1, x1 ≥ N2and |x2| ≤ 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]:

v̇1 = σ11,1 + σ12,2

v̇2 = σ21,1 + σ22,2

σ̇11 = v1,1 + γ11v2,2

σ̇22 = γ11v1,1 + v2,2

σ̇12 = γ2
12 (v1,2 + v2,1)

(4)

where (v )α , σαj are components of the velocity and stress tensor; γ11 and

γ12 are calculated by the formula γ12 = c2
c1
, γ11 = 1− 2γ2

12, where c1 =
√

λ+2µ
ρ ,

c2 =
√

µ
ρ 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 �xed [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 ∆x1 = ∆x2 = h. At the nodal points, the values of
function vi, σij is sought at di�erent times with step τ . The spot grid from basis
of which the di�erence 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 E±ij , separated from point O by
distances λijτ 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±ij (for example
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Figure 2. Characteristic cone

Figure 3. Scattering scheme of di�erence equations
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σ±ij), and at the point A (the upper layer of time t0 + τ) 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 vi
and the components of the stress tensor σij at the point A on some time layer
t = t0 + τ , if their values are known on the previous layer t = t0 at the point
O and the adjacent to its points E±ij . Di�erence 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 di�erence equations (4) should lead to a solution that coincides
with the solution of the original system. The general theory of partial di�erential
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]:∣∣∣τcij

h

∣∣∣� 1, (5)

where cij are the coe�cients 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:

max

{∣∣∣∣τλiih ,
τλij
h

∣∣∣∣} ≤ 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 veri�ed that condition ensures the stability of counting for a
large time point [16].

Analysis of results

The propagation of plane elastic waves was investigated for a semiband (steel)
material with properties: c1=5817 m/s, , c2=3109 m/s, with the following values:
A = 0.5, ω = 4.5, τ = 0.0025, h = ∆x1 = ∆x2 = 0.05, l = 5h, L = 70h,
N1 = 10h, N2 = 14h.

Figures 4 � 11 show the results of calculations in the form of isolines,
performed for the time t = 60τ . Considered time corresponds to multiple
re�ections of plane waves from the boundaries AM (0 ≤ x1 ≤ ∞, x2 = −l),
BN (0 ≤ x1 ≤ ∞, x2 = l) and (x1 = 0, |x2| = l). 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 σ(1)
22 and tangent σ(1)

12 stresses,
that correspond to time t = 20τ .

Figure 4. Isolines of tangent stress σ
(1)
12 (10−3) at time t = 20τ

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
axisx1 = 0.5(N1 + N2) = 12h is the axis of symmetry of the wave pattern.
At the same time, normal stresses σ22 are even, and tangent stresses σ12 are
odd function with respect to this axis. It is possible to note areas of stress
concentration near special points x1 = N1, x2 = l X x1 = N2, x2 = l, which are
points of discontinuity of boundary conditions.

Figures 6 � 11 shows isoloines of normal σ(1)
jj , (j = 1, 2) and tangent σ(1)

12

stresses, that correspond to time t = 40τand t = 60τ .
At time t = 40τ (�gures 6 � 8) characteristic for the time t = 20τ the

symmetry of the stress �elds relative to the axisx1 = 0.5(N1 +N2) = 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 in�uence on the character of the stress distribution of
the free end AB in the area x1 ≤ N1 and the absence of similar e�ects in the
area x1 ≥ N2. 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 = 20τ).
When the plane waves are re�ected from the free surface AM, the normal stresses
change sign (become stretching).
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Figure 5. Isolines of normal stress σ
(1)
22 (10−2) at time t = 20τ

Figure 6. Isolines of tangent stresses σ
(1)
12 (10−2) at time t = 40τ
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Figure 7. Isolines of normal stresses σ
(1)
11 (10−2) at time t = 40τ

Figure 8 shows the distribution of normal stresses σ(1)
22 . Unit pull σ

(1)
22 , due to

the re�ection of the wave from the free surface AM, are practically symmetrical
with respect to the loading axis x1 = 0.5(N1 + 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 t = 60τ (Figures 9, 10 and 11), the wave pattern is greatly
complicated due to multiple re�ections from free boundaries, interference and
di�raction 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 σ(1)
jj , (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 σ(1)

22 ,
responsible for phenomena such as "splitting o� expands at time t = 60τ .

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 di�erent 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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Figure 8. Isolines of normal stresses σ
(1)
22 (10−2) at time t = 40τ

Figure 9. Isolines of tangent stresses σ
(1)
12 (10−2) at time t = 60τ
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Figure 10. Isolines of normal stresses σ
(1)
11 (10−2) at time t = 60τ

Figure 11. Isolines of normal stresses σ
(1)
22 (10−2) at time t = 60τ
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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
�nal and di�erential equations to the area of dependence of the initial di�erential
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 di�erent
components of cyber physical system, which di�er in architecture and
software. But all of them can be classi�ed according to di�erent criteria.
Every agent has a di�erent 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 classi�cation of cyber physical systems' agents by the level of
interaction with the systems and other objects. In addition, behavior
patterns were identi�ed based on agents' classi�cation 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, e�ciency and �exibility 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 di�erences 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)
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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' classi�cation 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 di�erences 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, brie�y considered
in [8].

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

Agents classi�cation

�Industry 4.0� program based on recent advances in the �eld 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 �oor
(including sensors, actuators, machine-tools and materials), network (wired or
wireless) and software (cloud computing, big data, monitoring).

Any shop �oor'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 �nish 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 di�erent positions;
� Actuators, change the appearance of things depending on capabilities;
� Containers, temporarily store physical things for identi�cation and
transportation reasons;

� Products, produced thing according to technological map.

According to this classi�cation, all physical agents of shop �oor was classi�ed,
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
Checking the result of process
Processing correcting
Wear identi�cation

Container Identi�cation of nested thing
Replacing of nested thing

Sensor Observation of physical characteristic
Contingency identi�cation
Contingency alert

Product Identi�cation of the next stage of processing
Optimization of processing

Common to all agents Agents information exchanging
Own state evaluation
Own components state evaluation
Self-service requesting
Data processing from the knowledge base
Self-identi�cation

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 di�erent
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 speci�c 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 sta�

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 signi�cant 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 �gure 1.

In general, the process of interaction between agents consists of several steps,
as shown in �gure 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 identi�ers 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

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



Analysis and synthesis of typical behavioral structures for CPS agents 95

Figure 2. Generalized interaction process between two agents (initial and target)
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Conclusion

The agents of multi agent systems classi�cation according to type of interactions
with other agent at the shop �oor of smart manufacturing is presented. The
main functions realized by physical, software and hybrid agents are identi�ed.
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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Ìîäåëèðîâàíèå ñèñòåì âåíòèëÿöèè ìåòîäîì

òåîðèè ãèäðàâëè÷åñêèõ öåïåé

Ä. Â. Áîéêîâ

Ñèáèðñêèé Ôåäåðàëüíûé Óíèâåðñèòåò,
Êðàñíîÿðñê, Ðîññèÿ
dimkadim@yandex.ru

Àííîòàöèÿ Â ñòàòüå ïðåäñòàâëåíà ìàòåìàòè÷åñêàÿ ìîäåëü ïîòîêî-
ðàñïðåäåëåíèÿ ìíîãîêîìïîíåíòíîãî íåèçîòåðìè÷åñêîãî ãàçà â ñèñòå-
ìàõ òðóáîïðîâîäîâ. Ìîäåëü áàçèðóåòñÿ íà òåîðèè ãèäðàâëè÷åñêèõ
öåïåé. Â äàííîé ìîäåëè ïðåäëîæåí ìåòîä ðåøåíèÿ çàäà÷è ïîòîêî-
ðàñïðåäåëåíèÿ ìîäèôèöèðîâàííûì ìåòîäîì ïîóçëîâûõ óâÿçîê äàâ-
ëåíèÿ, â êîòîðîì ðåøàåòñÿ ñèñòåìà óðàâíåíèé íà ïîïðàâêó ñòàòè÷å-
ñêîãî äàâëåíèÿ. Ìåòîä ïîçâîëÿåò ïîëó÷èòü åäèíóþ ñèñòåìó óðàâíå-
íèé íà ïîïðàâêó äàâëåíèÿ äëÿ ãàçîõîäîâ, ðàñõîä â êîòîðûõ çàâèñèò
îò ïåðåïàäà ïîëíîãî äàâëåíèÿ è äëÿ ïðèñîñîâ ÷åðåç íåãåðìåòè÷íîñòü
çàâèñÿùèõ îò ïåðåïàäà ñòàòè÷åñêîãî äàâëåíèÿ. Ïðåäëîæåí àëüòåðíà-
òèâíûé âàðèàíò ãðàíè÷íûõ óñëîâèé, ïîçâîëÿþùèé óïðîñòèòü ìîäåëü
è çàäàíèå èñõîäíûõ äàííûõ. Îïèñàí ìåòîä óïðàâëåíèÿ ñèñòåìîé ÷å-
ðåç îäèíî÷íûå óïðàâëÿþùèå óñòðîéñòâà.

Êëþ÷åâûå ñëîâà: Òåîðèÿ Ãèäðàâëè÷åñêèõ Öåïåé, Ïîòîêîðàñïðå-
äåëåíèå â èíæåíåðíûõ ñåòÿõ

Ââåäåíèå

Ñèñòåìû âåíòèëÿöèè è ãàçîóäàëåíèÿ îáû÷íî ñîñòîÿò èç ïðîòÿæåííûõ è
ñèëüíî ðàçâåòâëåííûõ ñèñòåì òðóáîïðîâîäîâ. Ìîäåëèðîâàíèå òàêèõ ñèñòåì
ìåòîäàìè ïðîñòðàíñòâåííîãî ìîäåëèðîâàíèÿ ïîñðåäñòâîì èñïîëüçîâàíèÿ
óðàâíåíèé Íàâüå-Ñòîêñà îáû÷íî îêàçûâàåòñÿ íåöåëåñîîáðàçíî â âèäó ñëèø-
êîì áîëüøèõ âû÷èñëèòåëüíûõ çàòðàò. Íà ðèñ. 1 ïðèâåäåíà òîïîëîãèÿ ñè-
ñòåìû ãàçîóäàëåíèÿ è ãàçîî÷èñòêè ïðåäïðèÿòèÿ öâåòíîé ìåòàëëóðãèè [1].
Îäíîé èç îñîáåííîñòåé äàííîé ñèñòåìû áûëà êîíñòðóêöèÿ ãàçîõîäîâ â âè-
äå êèðïè÷íûõ òóííåëåé áîëüøîãî ñå÷åíèÿ. Ñóììàðíîå îòíîøåíèå äëèííû ê
ãèäðàâëè÷åñêîìó äèàìåòðó äëÿ äàííîé ñèñòåìû 450 êàëèáðîâ. Ïîñòðîåííàÿ
òðåõìåðíàÿ ñåòêà (ðèñ. 2) ñîäåðæàëà 3 ìëí. ðàñ÷åòíûõ ÿ÷ååê è ìîãëà áûòü
ïîñ÷èòàíà íà îäèíî÷íîì ïðîèçâîäèòåëåí êîìïüþòåðå â òå÷åíèè íåñêîëüêèõ
÷àñîâ(ðèñ. 3).

Åñëè ðàññìîòðåòü áîëåå ðàñïðîñòðàí¼ííûå âàðèàíòû òàêèõ ñèñòåì, òî èõ
ïîëíàÿ äëèíà ìîæåò ñîñòàâèòü òûñÿ÷è è äåñÿòêè òûñÿ÷ êàëèáðîâ. Ðàçìåð
3õ-ìåðíîé ðàñ÷åòíîé ñåòêè áóäåò çàâèñåòü îò äëèíû çàäà÷è ëèíåéíî.
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Ðèñóíîê 1. Ãåîìåòðè÷åñêàÿ ìîäåëü ñèñòåìû ãàçîóäàëåíèÿ

Ðèñóíîê 2. Ôðàãìåíò ðàñ÷åòíîé ñåòêè ñèñòåìû ãàçîóäàëåíèÿ
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Ðèñóíîê 3. Ñêîðîñòè â ñèñòåìå ãàçîóäàëåíèÿ

Õîðîøèì ïîäõîäîì äëÿ ðåøåíèÿ òàêèõ çàäà÷ ÿâëÿþòñÿ ìåòîäû ðàçâèâà-
þùèåñÿ â ðàìêàõ òåîðèè ãèäðàâëè÷åñêèõ öåïåé [2]. Òàêèå ìåòîäû ïîçâîëÿ-
þò ìîäåëèðîâàòü ñ ïðèåìëåìîé òî÷íîñòüþ ïîâåäåíèå ïîòîêà â ñèñòåìå ïðè
ñóùåñòâåííî ìåíüøåì îáúåìå çàòðàò.

Ïðåäñòàâëåíèå ãèäðàâëè÷åñêîé ñåòè íà îñíîâå
îðèåíòèðîâàííîãî ãðàôà

Ðèñóíîê 4. Ýëåìåíòû ãðàôà ãèäðàâëè÷åñêîé ñåòè

Ýëåìåíòû ãðàôà ãèäðàâëè÷åñêîé ñåòè.
Äëÿ ðåøåíèÿ çàäà÷ ïîòîêîðàñïðåäåëåíèÿ, âîçíèêàþùèõ ïðè ðàñ÷åòå òðó-

áîïðîâîäíûõ ñåòåé, âåíòèëÿöèè çäàíèé (ðèñ. 5) è øàõò, ñèñòåì îõëàæäåíèÿ
äâèãàòåëåé è äð., ïðèìåíÿåòñÿ ìîäåëü ãèäðàâëè÷åñêîé öåïè [2]. Ãèäðàâëè-
÷åñêàÿ öåïü ñîñòîèò èç óçëîâ è ñâÿçûâàþùèõ èõ âåòâåé (ðèñ. 4). Óçëû -
ýòî òî÷êè ñîåäèíåíèÿ òðàêòîâ, â êîòîðûõ ñîáëþäàþòñÿ çàêîíû ñîõðàíåíèÿ
ìàññû è ýíåðãèè, âûðàæåííûå â ôîðìå èíòåãðàëüíûõ óðàâíåíèé áàëàíñà
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1. 1-Ãàçîõîäû
2. 2-Âåíòèëÿöèîííûå îêíà

3. 3-Òðîéíèêè
4. 4-Ðåãóëèðóþùèå çàñëîíêè

Ðèñóíîê 5. Âåíòèëÿöèîííàÿ ñåòü â âèäå ãðàôà

ðàñõîäîâ è òåïëîâîé ýíåðãèè. Âåòâè ìîäåëèðóþò ðàçëè÷íûå êîíñòðóêöèè
ãàçîõîäíîãî òðàêòà. Êàæäàÿ âåòâü öåïè õàðàêòåðèçóåòñÿ ñâîèì èíòåãðàëü-
íûì çàêîíîì, ñâÿçûâàþùåé ïåðåïàä äàâëåíèÿ íà äàííîé âåòâè ñ ðàñõîäîì
ãàçà/æèäêîñòè â íåé. Çàêîíû, îïèñûâàþùèå ïîòîêîðàñïðåäåëåíèå â ãèä-
ðàâëè÷åñêîé öåïè, ÿâëÿþòñÿ çàêîíàìè Êèðõãîôà. Äëÿ ïðåäñòàâëåíèÿ ñåòè
èñïîëüçóåòñÿ îðèåíòèðîâàííûé ãðàô, ñîñòîÿùèé èç äâóõ ìíîæåñòâ: ìíî-
æåñòâà óçëîâ N è ìíîæåñòâà âåòâåé U . Ïðè ýòîì êàæäîé âåòâè ñòàâèòñÿ
â îòíîøåíèè ïàðà óçëîâ, îäèí èç êîòîðûõ ÿâëÿåòñÿ íà÷àëüíûì, à âòîðîé
êîíå÷íûé äëÿ äàííîé âåòâè. Oi ÿâëÿåòñÿ ïîäìíîæåñòâîì âåòâåé, íà÷èíàþ-
ùèõñÿ â i-òîì óçëå, à Ii ïîäìíîæåñòâîì âåòâåé, çàêàí÷èâàþùèõñÿ â i-òîì
óçëå. Ìíîæåñòâî Ui äëÿ ëþáîãî , îáîçíà÷àåò ìíîæåñòâî âåòâåé èíöèäåíò-
íûõ ýòîìó óçëó. Äëÿ ïðîèçâîëüíîãî, çàäàííîãî ïîòîêà ul, l ∈ U , íà ãðàôå
ââîäèòñÿ åñòåñòâåííàÿ îðèåíòàöèÿ âåòâåé, ñîîòâåòñòâóþùàÿ ïîòîêó: Oi(u),
Ii(u). Òàêèì îáðàçîì çàäàåòñÿ ìàòðèöà ñâÿçåé óçëîâ è âåòâåé:

∇il =

 1 ifl ∈ Oi
−1 ifif l ∈ Ii
0 otherwise

, i ∈ N (1)

Ìîäåëü ãèäðàâëè÷åñêîé ñåòè

Çàäà÷ó ìîäåëèðîâàíèÿ òå÷åíèÿ ãàçà èëè æèäêîñòè â ãèäðàâëè÷åñêîé ñåòè
ìîæíî ñâåòè ê êîìáèíàöèè çàäà÷ ðàñïðåäåëåíèÿ íåñóùåãî ïîòîêà â âèäå ìàñ-
ñîâîãî ðàñõîäà è ñíîñà ñâîéñòâ ñðåäû (ýíòàëüïèÿ, êîíöåíòðàöèè êîìïîíåíò,
è ò.ä.) ýòèì ïîòîêîì [3]. Íåêîòîðûå õàðàêòåðèñòèêè ñðåäû áóäóò âëèÿòü íà
íåñóùèé ïîòîê ÷åðåç ïëîòíîñòü è âÿçêîñòü. Ïîòîêîðàñïðåäåëåíèå íåñóùåãî
ïîòîêà â òåîðèè ãèäðàâëè÷åñêèõ öåïåé ìîæíî îïèñàòü ñîîòíîøåíèÿìè:
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∑
l∈Uj

∇jlul = qj , j ∈ Ninner, l ∈ U (2)

∑
i∈N
∇ilpi =hl (ul) , i ∈ N, l ∈ U (3)

pi = const, i ∈ Nbdr 6= 0 (4)

ul � ðàñõîä â âåòâè (êã/ñ); hl(ul) � ïîòåðÿ äàâëåíèÿ (Ïà); p � äàâëå-
íèå (Ïà), qj - èñòî÷íèê ìàññû â óçëå (êã/ñ), Ninner � ìíîæåñòâî âíóòðåí-
íèõ/ðàñ÷åòíûõ óçëîâ, Nbdr � ìíîæåñòâî ãðàíè÷íûõ óçëîâ. Óðàâíåíèå ( 2)
çàêîí ñîõðàíåíèÿ äëÿ íåñóùåãî ïîòîêà â óçëå. Âûðàæåíèå ( 3) - â îáùåì
ñëó÷àå íåëèíåéíîå, óðàâíåíèå íà ïîòåðþ äàâëåíèÿ íà âåòâè êàê ôóíêöèþ
ðàñõîäà. Óðàâíåíèå ( 4) çàäàåò óçëû ñ ôèêñèðîâàííûì äàâëåíèåì, äëÿ êî-
òîðûõ íå ðàññ÷èòûâàåòñÿ áàëàíñ ìàññû.

Çàäà÷à ñíîñà ñâîéñòâ ñðåäû íåñóùèì ïîòîêîì îïèñûâàþòñÿ ñëåäóþùèìè
ñîîòíîøåíèÿìè:

∑
l∈U

∇ilxchl =

 qchi , if (qi = 0)
Hch
i · qi if (qi > 0)
ηchi · qi if (qi < 0)

+
∑

l∈Ii(u)

qchl , i ∈ Ninner (5)

xchl = ul · ηchi , l ∈ Oi (u) , i ∈ N (6)

ηchi = const, i ∈ Nbdr (7)

Çäåñü ηchi , Hch
i � õàðàêòåðèñòèêà â óçëå è â èñòî÷íèêå óçëà, qchi , q

ch
l �

èñòî÷íèê ñîîòâåòñòâóþùåé õàðàêòåðèñòèêè â óçëå è íà âåòâè. Óðàâíåíèå
( 5) ýòî çàêîí ñîõðàíåíèÿ óæå äëÿ êîíêðåòíîé õàðàêòåðèñòèêè. Óðàâíå-
íèå ( 6) ñíîñ ýòîé õàðàêòåðèñòèêè èç íà÷àëüíîãî ïî ïîòîêó óçëà. Ïåðâûé
èñòî÷íèêîâûé ÷ëåí óðàâíåíèÿ ( 5) ìåíÿåò ñâîé ñìûñë â çàâèñèìîñòè îò
çíàêà èñòî÷íèêà íåñóùåãî ïîòîêà qi. Êîãäà èñòî÷íèê îòðèöàòåëåí èç óç-
ëà ñåòè óõîäèò ïîòîê ñ ñâîéñâàìè ïîòîêà â äàííîì óçëå. Â äðóãîì ñëó÷àå
ýòè ñâîéñòâà áåðóòñÿ èç èñòî÷íèêà â óçëå. Òàêèì îáðàçîì äëÿ êàæäîãî óç-
ëà â êîòîðîì íàáëþäàåòñÿ íåîòðèöàòåëüíûé èñòî÷íèê íåñóùåãî ïîòîêà â
ýòîé ïîñòàíîâêå èìååòñÿ äâà íàáîðà ñâîéñòâ ïîòîêà. Ïåðâûé â ñàìîì óçëå,
à âòîðîé â èñòî÷íèêå äëÿ óçëà. Êðîìå òîãî, èñòî÷íèê èìååò äâà àëüòåð-
íàòèâíûõ âàðèàíòà îïèñàíèÿ õàðàêòåðèñòèê, öåëåñîîáðàçíîñòü èõ âûáîðà
çàâèñèò îò êîíêðåòíûõ óñëîâèé. Âòîðîé èñòî÷íèê óðàâíåíèÿ ñâÿçàí ñ èçìå-
íåíèåì õàðàêòåðèñòèêè çà âðåìÿ ïðåáûâàíèÿ ïîòîêà â âåòâè (òåïëîîáìåí ñ
îêðóæàþùåé ñðåäîé ÷åðåç ñòåíêó òðóáû äëÿ ýíòàëüïèè è ò.ä.). Îñîáåííîñòè
êîíêðåòíûõ ñâîéñòâ ó÷èòûâàþòñÿ ïðè ðàñ÷åòå ñîîòâåòñòâóþùèõ èñòî÷íèêîâ
qchi , q

ch
l è â çàìûêàþùèõ ñîîòíîøåíèÿõ íà ñâîéñòâà íåñóùåãî ïîòîêà (ñâÿçü

ïëîòíîñòè ñ òåìïåðàòóðîé è ò.ä.).
Àâòîðîì áûëà ïðåäëîæåíà äðóãàÿ ïîñòàíîâêà. Äëÿ ýòîãî âìåñòå ñî ìíî-

æåñòâîì ãðàíè÷íûõ óçëîâ ââåëîñü òàêæå ìíîæåñòâî ãðàíè÷íûõ âåòâåé. Â
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ãðàíè÷íûõ óçëàõ áóäåò ôèêñèðîâàòüñÿ äàâëåíèå äëÿ íåñóùåãî ïîòîêà è õà-
ðàêòåðèñòèêè äëÿ âñåõ îñòàëüíûõ â ãðàíè÷íûõ âåòâÿõ ïîòîêè ñîîòâåòñòâó-
þùåé âåëè÷èíû. Â ýòîì ñëó÷àå ðàñïðåäåëåíèå íåñóùåãî ïîòîêà ñâåäåòñÿ ê
âèäó: ∑

l∈Uj

∇jlul = 0, j ∈ Ninner, l ∈ U (8)

∑
i∈N
∇ilpi =hl (ul) , i ∈ N, l ∈ Uinner (9)

pi = const, i ∈ Nbdr 6= 0 (10)

ul = const, l ∈ Ubdr (11)

Çäåñü Uinner, Ubdr � ìíîæåñòâà ðàñ÷åòíûõ è ãðàíè÷íûõ âåòâåé. Çäåñü
íóæíî ó÷åñòü, ÷òî ãðàíè÷íàÿ ïî ïîòîêó âåòâü ( 11) óáèðàåò ñâÿçü ïî äàâ-
ëåíèþ ìåæäó ñîîòâåòñòâóþùèìè óçëàìè è, åñëè íåò äðóãèõ ïóòåé ìåæäó
ýòèìè óçëàìè, ðàçâÿçûâàåò ñåòü íà äâà ãèäðàâëè÷åñêè íåçàâèñèìûõ ñåãìåí-
òà êàæäûé èç êîòîðûõ ïîòðåáóåò ïî êðàéíå ìåðå îäíîãî ãðàíè÷íîãî óçëà.

Ñâîéñòâà ðàññ÷èòûâàþòñÿ ïî ñëåäóþùèì ñîîòíîøåíèÿì:∑
l∈U

∇ilxchl = qchi +
∑

l∈Ii(u)

qchl , i ∈ N ch
inner (12)

xchl = ul · ηchi , l ∈ Oi(u), l /∈ U chbdr, i ∈ N (13)

ηchi = const, i ∈ Nbdr 6= 0 (14)

xchl = const, l ∈ U chbdr (15)

Ìíîæåñòâà ãðàíè÷íûõ óçëîâ è âåòâåé äëÿ êàæäûõ èç ïîäçàäà÷ N ch
bdr, U

ch
bdr

â äàííîé ïîñòàíîâêå îïðåäåëÿþòñÿ ñàìîñòîÿòåëüíî è íåîáÿçàòåëüíî ñîâïà-
äàþò ìåæäó ñîáîé è ñ ãðàíèöàìè íåñóùåãî ïîòîêà Nbdr, Ubdr. Òàêîé ïîäõîä
îáåñïå÷èâàåò ãèáêîñòü â ïðåäñòàâëåíèè ýëåìåíòîâ ñåòè: óçåë ãðàíè÷íûé äëÿ
íåñóùåãî ïîòîêà è äëÿ ïîòîêà âñåõ õàðàêòåðèñòèê àòìîñôåðà/áåñêîíå÷íûé
ðåçåðâóàð, óçåë ãðàíè÷íûé ïî òåìïåðàòóðå è âíóòðåííèé ïî íåñóùåìó ïî-
òîêó � òåðìîñòàò, âåòâü íà êîòîðîé çàäàåòñÿ ðàñõîä êîìïîíåíòû � ó÷àñòîê â
ðåàëüíîé ñèñòåìå â êîòîðîì ïðîèçâîäèòñÿ çàìåð ðàñõîäà ýòîãî ýòîé êîìïî-
íåíòû è âûøå ïî ïîòîêó ýòîé âåòâè ýòà âåëè÷èíà ïîïðîñòó íåèçâåñòíà. Äëÿ
ðåøåíèÿ íåëèíåéíîé çàäà÷è ïîòîêîðàñïðåäåëåíèÿ íåñóùåãî ïîòîêà àâòîðîì
áûë ðåàëèçîâàí SIMPLE-ïîäîáíûé ìåòîä äàâëåíèé èç òåîðèè ãèäðàâëè÷å-
ñêèõ öåïåé. Â ýòîì ìåòîäå äàâëåíèå èùåòñÿ ÷åðåç èòåðàöèîííûé ïðîöåññ:

pK+1
i = pKi + δpi, i ∈ Ninner (16)



Ìîäåëèðîâàíèå ñèñòåì âåíòèëÿöèè... 103

Åñëè íà êàæäîé èòåðàöèè äëÿ âñåõ ðàñ÷åòíûõ âåòâåé ñîáëþäàåòñÿ óðàâ-
íåíèå: ∑

i∈N
∇ilpKi = hl(u

K
l ), i ∈ N, l ∈ Uinner (17)

Òî ó÷èòûâàÿ ýòî è ïîäñòàâëÿÿ xK+1
l = xKl +δxl , óðàâíåíèå ( 16) â ñèñòåìó

óðàâíåíèé ( 8,9,10,11) ëåãêî ïîëó÷èòü ñèñòåìó ëèíåéíûõ óðàâíåíèé (ÑËÀÓ)
íà ïîïðàâêó äàâëåíèÿ δpi:∑

i∈N
∆ij(a)δpi = −

∑
l∈Uj
∇jlul, j ∈ Ninner, i ∈ N

δpj = 0, j ∈ Nbdr
∆ii(a) =

∑
l∈Ul

al, i ∈ Ninner

∆ij(a) = −
∑
l∈Ul

al, i ∈ Ninner, j ∈ N, i 6= j

al =

{(
∂hl
∂ul

)−1

l ∈ Uinner
0, l ∈ Ubdr

(18)

Òàêèì îáðàçîì, ðåøåíèå çàäà÷è ïîòîêîðàñïðåäåëåíèÿ íåñóùåãî ïîòîêà
ñâîäèòñÿ ê íåëèíåéíîìó èòåðàöèîííîìó öèêëó (âíóòðåííèé èòåðàöèîííûé
öèêë), íà êàæäîé èòåðàöèè êîòîðîãî íåîáõîäèìî ðåøèòü ñèñòåìó ëèíåéíûõ
óðàâíåíèé íà ïîïðàâêó äàâëåíèÿ δp ( 18), à äëÿ åå ïîñòðîåíèÿ íà êàæ-
äîé èòåðàöèè ðåøèòü óðàâíåíèå ( 17) äëÿ âñåõ âíóòðåííèõ âåòâåé. Ðàçìåðû
äàííîé ÑËÀÓ â ïðàêòè÷åñêèõ çàäà÷àõ òàêîâû, ÷òî äîïóñêàþò èñïîëüçîâà-
íèå êàê íåÿâíûõ (ìåòîäà ñîïðÿæåííûõ ãðàäèåíòîâ), òàê è ÿâíûõ ìåòîäîâ
ðåøåíèÿ ÑËÀÓ. Ñõîäèìîñòü èòåðàöèîííîãî öèêëà êîíòðîëèðóåòñÿ ñðåäíå-
êâàäðàòè÷íîé íåâÿçêîé ðàñõîäîâ â óçëàõ:

err =

√√√√√√√√
∑

i∈NInner

( ∑
l∈Ui
∇ilul

)2

∑
l∈U

(ul)
2 (19)

Àíàëîãè÷íî èç ( 12,13,14,15) ïîëó÷àåì ñèñòåìó ëèíåéíûõ àëãåáðàè÷åñêèõ
óðàâíåíèé íà ñâîéñòâî ïîòîêà.∑

j∈N
∆∗ij (u)ηchi = qchi +

∑
l∈Ii(u)

qchl , i ∈ N ch
inner

∆∗ii (u) =
∑

l∈Oi(u)

|ul|, , i ∈ N ch
inner

∆∗ij (u) = −
∑

l∈Ui∩Oj(u)

|ul|, i ∈ Ninner, j ∈ N, i 6= j

(20)

Äàííàÿ ÑËÀÓ áóäåò ðåøàòñÿ ëèáî â äîïîëíèòåëüíîì âíåøíåì öèêëå
äëÿ öèêëà ïî ïîòîêîðàñïðåäåëåíèþ íåñóùåãî ïîòîêà (âíåøíèé èòåðàöèîí-
íûé öèêë), åñëè õàðàêòåðèñòèêè ïîòîêà çàâèñÿò îò ýòîãî ñâîéñòâà èëè ïî
çàâåðøåíèþ ðàñ÷åòà ïîòîêîðàñïðåäåëåíèÿ íåñóùåãî ïîòîêà åñëè ñâîéñòâî
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íà ïîòîê íå âëèÿåò. Â ïåðâîì ñëó÷àå, ïîñëå ðàñ÷åòà ñâîéñòâ ñðåäû ïåðåñ÷è-
òûâàþòñÿ õàðàêåðèñòèêè ïîòîêà â ñåòè, ïðîèñõîäèò ðàñ÷åò âñåõ ðàñõîäîâ
íà âåòâÿõ ( 17) è îïðåäåëÿåòñÿ íåâÿçêà âíåøíåãî öèêëà ( 19), ñõîäèìîñòü
êîíòðîëèðóåòñÿ ïî ýòîé íåâÿçêå. Âî âòîðîì ñëó÷àå ìîæåò ïîòðåáîâàòüñÿ
äîïîëíèòåëüíûé èòåðàöèîííûé öèêë â ðàìêàõ ðåøåíèÿ çàäà÷ ïîòîêîðàñ-
ïðåäåëåíèÿ ñâîéñòâ, åñëè ñâîéñòâà çàâèñÿò äðóã îò äðóãà (òåìïåðàòóðà ÷å-
ðåç òåïëîåìêîñòü çàâèñèò îò êîíöåíòðàöèé êîìïîíåíò) èëè èõ èñòî÷íèêè
çàâèñÿò îò íèõ ñàìèõ (òåïëîâîé ïîòîê ÷åðåç ñòåíêó òðóáû çàâèñèò îò òåì-
ïåðàòóðû ñðåäû â òðóáå).

Ïîòîêîðàñïðåäåëíèÿ íåñóùåãî ïîòîêà äëÿ ñòàòè÷åñêîãî äàâëåíèÿ

Çàâèñèìîñòè ïîòåðü äàâëåíèÿ îò ðàñõîäà ïðèâîäÿòñÿ â ñïðàâî÷íèêàõ [4], [5]
äëÿ ïîëíîãî äàâëåíèÿ:∑

i∈N
∇il

(
pi +

∣∣∣∣ρv2

2

∣∣∣∣
i

)
=

(
ξl +

λl · Ll
dl

)
ul

2

2 · ρl · s2
l

− hl (21)

ãäå pi -ñòàòè÷åñêîå äàâëåíèå,
∣∣∣ρv22

∣∣∣
i
-äèíàìè÷åñêîå äàâëåíèå, λl, ξl � êîýôôè-

öèåíò ëèíåéíîãî è ìåñòíîãî ñîïðîòèâëåíèÿ [4], [5], Dl � äèàìåòð ãàçîõîäà
(ì), Ll � äëèíà ãàçîõîäà(ì), sl � ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ãàçîõîäà,
hl � ôèêñèðîâàííûé íàïîð (Ïà). Â òîì ñëó÷àå åñëè âñå âåòâè èññëåäóåìîé
ñèñòåìû áóäóò îïèñûâàåòñÿ òîëüêî òàêèìè ñîîòíîøåíèÿìè íè÷åãî íå ìåøà-
åò ðåøàòü ýòó ñèñòåìó îòíîñèòåëüíî ïîëíîãî äàâëåíèÿ. Îäíàêî â ïðàêòèêå
âñòðå÷àþòñÿ ñèñòåìû ñ ãàçîõîäàìè, ñîñòîÿíèè êîòîðûõ ïðèâîäèò ê ïðèñîñó
âîçäóõà ÷åðåç ðàçíûå íåïëîòíîñòè. Â îñîáî òÿæåëîì ñëó÷àå, âåëè÷èíà ïðè-
ñîñîâ ñîñòàâèëà òðåòü îò îáùåãî ðàñõîäà ñèñòåìû. Òàêèå ïðèñîñû ìîæíî
îïðåäåëèòü ïî ôîðìóëå:

pl − pwalll = Cf · swalll

(
uwalll

)2
2 · ρ

(22)

Ãäå pl, pwalll � äàâëåíèå ãàçà â òðóáå è âîçäóõà â àòìîñôåðå (Ïà), swalll - ïëî-
ùàäü ñòåíîê òðóáû, uwl all� ïîòîê ÷åðåç ñòåíêó òðóáû, Cf � íåêèé ýìïèðè-
÷åñêèé êîýôôèöèåíò ïðîíèöàåìîñòè ñòåíîê òðóá âåíòèëÿöèîííîé ñèñòåìû,
êîòîðûé îïðåäåëÿåòñÿ ïî äàííûì ýêñïåðèìåíòàëüíûõ çàìåðîâ èññëåäóåìîé
ñåòè.

Ïðåäëîæåííûé àâòîðîì ïîäõîä äëÿ ðåøåíèÿ òàêèõ çàäà÷ ñîñòîÿë â ñëå-
äóþùåì: óðàâíåíèå ( 21) ïðèâîäèòñÿ ê âèäó:∑

i∈N
∇ilpi =

(
ξl +

λl · Ll
dl

)
ul

2

2 · ρl · s2
l

− hl −
∑
i∈N
∇il
∣∣∣∣ρv2

2

∣∣∣∣
i

(23)

Çàäàåòñÿ ìíîæåñòâî äîïîëíèòåëüíûõ ãðàíè÷íûõ óçëîâ è ìíîæåñòâî âåòâåé,
èäóùèõ îò âíóòðåííèõ äëÿ íåñóùåãî ïîòîêà óçëîâ, îïèñûâàþùèõ ïðèñîñû:

∑
i∈N
∇ilpi = Cf

∑
l∈Ui

swalll

2

ul
2

2 · ρ
(24)



Ìîäåëèðîâàíèå ñèñòåì âåíòèëÿöèè... 105

ÑËÀÓ ( 18) ñîäåðæèò îáà òèïà âåòâåé è ïèøåòñÿ óæå îòíîñèòåëüíî ñòà-
òè÷åñêèõ äàâëåíèé. Äèíàìè÷åñêîå äàâëåíèå äëÿ âíóòðåííåãî ïî ïîòîêó óçëà
îïðåäåëÿåòñÿ êàê ñðåäíåìàññîâîå äèíàìè÷åñêîå äàâëåíèå äëÿ âñåõ âåòâåé,
ïðèìûêàþùèõ ê äàííîìó óçëó. Äëÿ ãðàíè÷íîãî ïî ïîòîêó óçëà äèíàìè÷å-
ñêîå äàâëåíèå ðàâíî 0. Äëÿ îáåñïå÷åíèÿ ñõîäèìîñòè ïðè äàííîé ïîñòàíîâêå
äèíàìè÷åñêîå äàâëåíèå ïåðåñ÷èòûâàåòñÿ âî âíåøíåì öèêëå âìåñòå ñ ðåøåíè-
åì ÑËÀÓ íà ñâîéñòâà. Ïðè÷åì íåâÿçêà ðàñõîäîâ äî êîòîðîé ïðåäâàðèòåëüíî
ñáèâàåòñÿ ïîïðàâêà äàâëåíèÿ âî âíóòðåííåì öèêëå δp íå ìîæåò áûòü áîëüøå
÷åì 0.2 îò íåâÿçêè ðàñõîäîâ âî âíåøåíåì öèêëå ïîñëå ïåðåðàñ÷åòà èìïóëüñà
èëè 4-5 âíóòðåííèõ èòåðàöèé ïî äàâëåíèþ. Åñëè ýòî óñëîâèå íå âûïîëíèòü,
òî áóäåò íàáëþäàòüñÿ ¾äðåéô ðåøåíèÿ¿, êîòîðûé, â ëó÷øåì ñëó÷àå, íå ïîç-
âîëèò âíåøíåìó öèêëó ñîéòèñü ñ áîëüøåé òî÷íîñòüþ, à â õóäøåì, ìàëûìè
ïîïðàâêàìè äàâëåíèÿ óâåäåò ðåøåíèå â çàâåäîìî íåôèçè÷íóþ îáëàñòü. Åñëè
çàäà÷à ñõîäèòñÿ, òî ïîëíîå ÷èñëî âíóòðåííèõ èòåðàöèé ñëàáî çàâèñèò îò âû-
áðàííîãî îòíîøåíèÿ òðåáóåìîé îøèáêè âíóòðåííåãî èòåðàöèîííîãî öèêëà
êî âíåøíåé.

Îïèñàíèÿ ñâîéñòâ ïîòîêà

Íàèáîëåå î÷åâèäíîé õàðàêòåðèñòèêîé ñðåäû áóäåò òåìïåðàòóðà/ýíòàëüïèÿ.
Äëÿ ïîñòðîåíèÿ ìîäåëè ðàñïðåäåëåíèÿ õàðàêòåðèñòèêè íåîáõîäèìî çàäàòü
èñòî÷íèê íà âåòâÿõ ñâÿçàííûé ñ òåïëîîáìåíîì:

qheatl = kfl ·
(
tl − twalll

)
(25)

çäåñü ql � èñêîìûé òåïëîâîé ïîòîê, tl, twalll � òåìïåðàòóðà ïîòîêà â âåòâè
è îêðóæàþùåé ñðåäû, kfl � êîýôôèöèåíò òåïëîïåðåäà÷è â îêðóæàþùóþ
ñðåäó íà âåòâè. Ñðåäíåèíòåãðàëüíàÿ òåìïåðàòóðà ïîòîêà íà âåòâè îïðåäå-
ëÿåòñÿ ïî ôîðìóëå:

tl = twalll +
|ul · CpOl(u)|

kfl
·
(
tOl(u) − twalll

)
·

(
1− exp

(
− kfl∣∣ul · CpOl(u)

∣∣
))

(26)

ãäå CpOl(u) -òåïëî¼ìêîñòü ïðè ïîñòîÿííîì äàâëåíèè. Äëÿ çàïèñè ñèñòåìû
óðàâíåíèé îòíîñèòåëüíî òåìïåðàòóðû íåñóùèé ïîòîê óìíîæàåòñÿ íà òåïëî-
åìêîñòü: xheatl = ul · Cpi · ti, l ∈ Oi(u), i ∈ N . Äëÿ ãàçà áóäåò ó÷èòûâàòüñÿ
âëèÿíèå òåìïåðàòóðû íà ïëîòíîñòü ÷åðåç óðàâíåíèå ñîñòîÿíèÿ èäåàëüíîãî
ãàçà.

Êîíöåíòðàöèè êîìïîíåíò ìîãóò âëèÿòü íà ïëîòíîñòü è òåïëîåìêîñòü ïî-
òîêà âíóòðè ñåòè. Ïî ôîðìóëå τl = ρl·Vl

ul
, ãäå Vl � îáúåì âåòâè, ëåãêî îïðå-

äåëèòü âðåìÿ ïðåáûâàíèÿ ïîòîêà â âåòâè è ïî èçâåñòíûì êîíöåíòðàöèÿì
êîìïîíåíò îïðåäåëèòü èñòî÷íèêè íà âåòâè ñâÿçàííûå ñ õèìè÷åñêîé ðåàêöè-
åé. Ïðè ðàñ÷åòå ïûëè è íàëè÷èè îñàæäåíèÿ ïûëè â î÷èñòíûõ óñòàíîâêàõ
èëè ïî äëèíå ãàçîâîé ñåòè ðåøàþòñÿ ÑËÀÓ íà âñå ôðàêöèîííûå ñîñòàâû
è ÑËÀÓ íà âñå ôðàêöèîííûå ñîñòàâû è íà âñå çíà÷èìûå êîìïîíåíòíûå
ñîñòàâû. Èñòî÷íèê íà âåòâè (òî÷íåå ãîâîðÿ ñòîê) äëÿ ÑËÀÓ íà êîìïîíåí-
òó è ôðàêöèþ áóäåò ðàâåí ïðîèçâåäåíèþ ñòîêà ñîîòâåòñòâóþùåé ôðàêöèè
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íà êîíöåíòðàöèþ êîìïîíåíòû â ýòîé ôðàêöèè. Åñëè ýòî íå ó÷èòûâàòü, òî
ìîæíî áóäåò ëåãêî ïîëó÷èòü ñèòóàöèþ ãäå äðàãîöåííûé ìåòàë îáðàçóåò-
ñÿ èñêëþ÷èòåëüíî â âèäå ìåëêîé ôðàêöèè ïûëè, êîòîðóþ íå óëàâëèâàþò
î÷èñòíûå ñîîðóæåíèÿ, îäíàêî ìîäåëü ïîêàæåò ïî÷òè ïîëíîå óëàâëèâàíèå
ýòîãî ìåòàëëà ïîñêîëüêó ïåðåä î÷èñíîé óñòàíîâêîé ñìåøèâàåòñÿ ñ íàìíîãî
áîëüøèì êîëè÷åñòâîì ïûëè áîëåå êðóïíîãî ôðàêöèîííîãî ñîñòàâà è èíôîð-
ìàöèÿ î íàëè÷èè äðàãìåòàëëà â òîëüêî â ìåëêîé ôðàêöèè áóäåò óòåðÿíà.

Îáúåêòû

Â ðåàëüíûõ ãèäðàâëè÷åñêèõ ñåòÿõ áóäóò âñòðå÷àòüñÿ îáúåêòû, êîòîðûå ïî-
òðåáóþò áîëåå ñëîæíîãî îïèñàíèÿ ïî ñðàâíåíèþ ñ ïðèâåäåííûì âûøå. Òà-
êèå îáúåêòû ìîãóò îêàçûâàòü âëèÿíèå êàê íà çàäà÷ó ïîòîêðàñïðåäåëåíèÿ
íåñóùåãî ïîòîêà, òàê è íà çàäà÷ó ðàñïðåäåëåíèÿ õàðàêòåðèñòèê. Âëèÿíèå
îáúåêòîâ íà ïîòîêîðàñïðåäåëåíèå íåñóùåãî ïîòîêà ìîæåò îñóùåñòâëÿòüñÿ,
êàê â ïðåäåëàõ âíóòðåííåãî öèêëà ïðè ôîðìèðîâàíèè ÑËÀÓ (), òàê è âî
âíåøíåì èòåðàöèîííîì öèêëå ïðè ïåðåñ÷åòå õàðàêòåðèñòèê è äèíàìè÷åñêî-
ãî äàâëåíèÿ. Äëÿ çàäà÷è ïîòîêîðàñïðåäåëåíèÿ õàðàêòåðèñòèêè îáúåêòû áó-
äóò âëèÿòü ÷åðåç èñòî÷íèêè íà âåòâÿõ èëè ÷åðåç õàðàêòåðèñòèêè â óçëàõ.

Â êà÷åñâå ïðèìåðà îáúåêòà ðààññìàðòèâàåñÿ âåíòèëÿòîð. Äëÿ îïèñàíèÿ
âåíòèëÿòîðà èñïîëüçóåòñÿ ôóíêöèÿ çàâèñèìîñòè ðàçâèâàåìîãî íàïîðà îò
ðàñõîäà (ðàñõîäíàÿ õàðàêòåðèñòèêà). Â çàâèñèìîñòè îò êîíñòðóêöèè âåí-
òèëÿòîðà ìîæíî âûäåëèòü äâà ñóùåñòâåííî ðàçëè÷íûõ âàðèàíòà ðàñõîäíîé
õàðàêòåðèñòèêè. Â ïåðâîì ñëó÷àå (Ðèñ. 6) ðàçâèâàåìûé íàïîð ïàäàåò ñ
ðîñòîì ðàñõîäà âî âñåì ðàáî÷åì äèàïàçîíå. Òàêîé âåíòèëÿòîð îïèñûâàåòñÿ
ôóíêöèåé, êîòîðàÿ ðåøàåòñÿ âî âíóòðåííåì öèêëå. Áîëåå òîãî, òàêîé âåíòè-
ëÿòîð èíîãäà ìîæíî îïèñàòü óðàâíåíèåì ( 21) ÷åðåç ýôôåêòèâíóþ âåëè÷èíó
ôèêñèðîâàííîãî íàïîðà hl è âåëè÷èíó êîýôôèöèåíòà ìåñòíîãî ñîïðîòèâëå-
íèÿ ξl (êðèâàÿ àïïðîêñèìàöèÿ íà ðèñ 6). Âî âòîðîì ñëó÷àå (ðèñ 7) íàïîð
â ðàáî÷åé çîíå âåíòèëÿòîðà ñ ðîñòîì ðàñõîäà ðàñòåò. Òàêîé âåíòèëÿòîð óæå
ïåðåñ÷èòûâàåòñÿ íà âíåøíåì èòåðàöèîííîì öèêëå ãäå ïî òåêóùåìó ðàñõîäó
îïðåäåëÿåòñÿ ôèêñèðîâàííûé íàïîð (òàêæå hl èç 21).

Çàñëîíêà - ýòî ïîâîðîòíûé äèñê ðàçìåùåííûé âíóòðè òðóáû êîòîðûé â
çàâèñèìîñòè îò óãëà ïîâîðîòà ìîæåò îòêðûâàòü èëè çàêðûâàòü òðóáó à òàê
æå ðåãóëèðîâàòü ðàñõîä ïðè íåïîëíîì çàêðûòèè. Çàñëîíêà ñîçäàåò ìåñòíîå
ñîïðîòèâëåíèå, îïðåäåëÿåìîå ïî ôîðìóëå [4]:

ξvalve ≈

(
1.56

1− (Dd)
2 · sin (α)− 1

)2

(27)

ãäå Dd � îòíîøåíèå äèàìåòðà çàñëîíêè ê äèàìåòðó òðóáû, α � óãîë ïîâîðîòà
çàñëîíêè. Äëÿ çàñëîíêè áûëî ðåàëèçîâàíî òðè ðåæèìà ðàáîòû: íåóïðàâëÿ-
åìàÿ, óïðàâëÿåìàÿ ïî äàâëåíèþ â óçëå, óïðàâëÿåìàÿ ïî ðàñõîäó íà âåòâè.
Â ïåðâîì ñëó÷àå â âåòâè ñ çàñëîíêîé ïåðåä ðàñ÷åòîì îïðåäåëÿåòñÿ ìåñòíîå
ñîïðîòèâëåíèå ( 27). Âî âòîðîì ñëó÷àå çàñëîíêå ñòàâèòñÿ â ñîîòâåòñòâèå êîí-
òðîëüíûé óçåë, ïðè÷åì óçåë ìîæåò áûòü âûáðàí òîëüêî òàêîé, ÷òî çàêðûòèå
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Ðèñóíîê 6. Ðàñõîäíàÿ õàðàêòåðèñòèêà âåíòèëÿòîðà ÂÖÒ-20

Ðèñóíîê 7. Õàðàêòåðèñòèêà âåíòèëÿòîðà ÂÖ-280
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çàñëîíêè ðàñõîä ÷åðåç âåòâè, ïðèìûêàþùèå ê ýòîìó óçëó óìåíüøèò äî 0. Íà
âíåøíåé èòåðàöèè íîâîå ìåñòíîå ñîïðîòèâëåíèå ñ÷èòàåòñÿ ðàâíûì ñòàðîìó
óìíîæåííîìó íà îòíîøåíèå ðàñ÷åòíîãî äàâëåíèÿ â êîíòðîëüíîì óçëå ê òðå-
áóåìîìó ξNewvalve = ξOldvalve ·

Psolve
Pfix

è ñâåðÿåòñÿ ñ äîïóñòèìûì äèàïàçîíîì (òàê æå
ïî ôîðìóëå27). Ìåñòíîå ñîïðîòèâëåíèå çàñëîíêè è óãîë ðåãóëèðîâêè áóäåò
óõîäèòü çà äîïóñòèìûé äèàïàçîí, òî áóäåò âûáðàí ïðåäåëüíî äîïóñòèìûé
óãîë. Ñ ðàñõîäîì âñå ïîëíîñòüþ àíàëîãè÷íî, âêëþ÷àÿ òðåáîâàíèÿ ïî êîí-
òðîëüíîé âåòâè, òîëüêî â êà÷åñòâå ìíîæèòåëÿ äëÿ ìåñòíîãî ñîïðîòèâëåíèÿ

áóäåò êâàäðàò îòíîøåíèÿ ðàñõîäîâ ξNewvalve = ξOldvalve ·
(
usolve
ufix

)2

. Òàêîé ïîäõîä

ê ðåãóëèðîâêå ïðîñò â ðåàëèçàöèè, îäíàêî òðåáóåò ãðàìîòíîãî âûáîðà êîí-
òðîëüíûõ óçëîâ/âåòâåé.

Äðóãèå îáúåêòû (ýëåêòðîôèëüòðû è ò.ä.), íà ïîòîêîðàñïðåäåëåíèå íåñó-
ùåãî ïîòîêà áóäóò âëèÿòü ÷åðåç ìåñòíîå ñîïðîòèâëåíèå, à íà ðàñïðåäåëåíèå
õàðàêòåðèñòèê ÷åðåç èñòî÷íèê íà âåòâè.

Ïðèìåðû èñïîëüçîâàíèÿ cåòåâîãî ìîäåëèðîâàíèÿ

Îïèñàííûå àëãîðèòìû àâòîðîì áûëè ðåàëèçîâàíû â ïðîãðàììå ñåòåâîé ãèä-
ðîãàçîäèíàìèêè sigmaNet. Ýòà ïðîãðàììà ïðèìåíÿëàñü äëÿ ðÿäà ïðèêëàä-
íûõ èñëåäîâàíèé ãàçîõîäîâ ïðîìûøëåííûõ ïðåäïðèÿòèé. Ïåðâûé ïðèìåð
óæå ïðèâåäåííàÿ âíà÷àëå ñòàòüè ñèñòåìà ãàçîóäàëåíèÿ è ãàçîî÷èñòêè ïðî-
èçâîäñòâ öâåòíîé ìåòàëëóðãèè. Ìîäåëü ýòîé ñèñòåìû ó÷èòûâàëà âðåäíûõ
ãàçîâ è âèäå ìàëûõ ïðèìåñåé ñ óïðîùåííîé ìîäåëüþ õèìè÷åñêîãî ðåàãèðî-
âàíèÿ (âçàèìíîé íåéòðàëèçàöèåé) ïåðåíîñ ïûëè ñ îñàæäåíèåì â î÷èñòíûõ
óñòàíîâêàõ. Ðàñõîäíàÿ õàðêòåðèñòèêà óñòàíîâëåííûõ âåíòèëÿòîðîâ ïðèâå-
äåíà íà ðèñ. 6. Èñïîëüçîâàëñÿ ïåðâûé ñïîñîá îïèñàíèÿ âåíòèëÿòîðà â ñåòè
(ò.å ÷åðåç ìåñòíîå ñîïðîòèâëåíèå è íàïîð). Íàñòðîåííàÿ ìîäåëü ïî ðåàêöèÿì
íà óïðàâëåíèå ñîâïàäàëà ñ äàííûìè òåëåìåòðèè óñòàíîâëåííîé â ñóùåñòâó-
þùåé ñåòè. Ìîäåëü â äàëüíåéøåì èñïîëüçîâàëàñü äëÿ âûðàáîòêè ñòðàòåãèè
ïî óïðàâëåíèþ ãàçîî÷èñòêîé ïðè ðåêîíñòðóêöèè ïðåäïðèÿòèÿ.

Âòîðîé ïðèìåð ñèñòåìà ãàçîóäàëåíèÿ ëàáîðàòîðíîãî çäàíèÿ (ðèñ. 10). Â
ñèñòåìå óñòàíîâëåíû âåíòèëÿòîðû ÂÖ-280 (ðèñ. 7)è óïðàâëÿþùèå çàñëîí-
êè. Ìîäåëü ïîêàçàëà ñîâïàäåíèå ñ äàííûìè ìîíèòîðèíãà ïî äàâëåíèþ ïðè
óïðàâëåíèè ñèñòåìîé âåíòèëÿòîðàìè è çàñëîíêàìè. Àâòîìàòè÷åñêè âûáè-
ðàåìûé óãîë ðåãóëèðóþùèõ çàñëîíîê â ðåàëüíîé ñèñòåìå è â ìîäåëè òàêæå
ñîâïàäàëè.

Ñïèñîê ëèòåðàòóðû
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Ðèñóíîê 8. Ðàñõîäû è ðàçðåæåíèÿ ñèñòåìû ãàçîî÷èñòêè

Ðèñóíîê 9. Ðàñïðåäåëåíèå ýíåðãåòè÷åñêèõ çàòðàò ïî çîíàì ñèñòåìû ãàçîî÷èñòêè
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Àäàòïà Á´ë ìà©àëàäà áåëãiëi áið ïºíäiê àéìà© ³øií, ôîðìàëüäi
ò³ñiíiê íåãiçiíäå, Áóòñòðàïïèíã òåõíîëîãèÿñû àð©ûëû áåðiëãåí ñ°é-
ëåì iøiíåí ò³ñiíiêòåðäi àëó êîìáèíàöèÿñûíû æàà òºñiëi æàéûí-
äà. Ôîðìàëüäi ò³ñiíiê òåîðèÿñû àâòîìàòòû ò³ðäå ïºíäiê àéìà© ³øií
ò³ñiíiêòåðäi àëó¡à àðíàë¡àí ìû©òû àïïàðàò, áiðà© êiðiñ äåðåê íåãiçií-
äå ïºíäiê àéìà© äåðåêòåð ©îðû òîëû©, íà©òû ºði ©óûñ áîëìàóû êå-
ðåê. Áåðiëãåí ñ°éëåì iøiíåí ïºíäiê àéìà© íåãiçiíäå ì´íäàé òîëû©
äåðåêòåð ©îðûí àëó °òå ©èûí, ñåáåái ñ°éëåì iøiíåí êåéáið ò³ñiíiê-
òåð ³øií ñèðåêòiëiê áàé©àëàäû, ÿ¡íè áàñòàï©û äåðåêòåð ©îðûíäà áîñ
©óûñòû© áàé©àëàäû. Îñû¡àí ñºéêåñ, Âåáòåãi ôðàãìåíòòåëãåí à©ïà-
ðàòòàðäû èíòåëëåêòóàëäû içäåñòiðóäi ©àìòàìàñûç åòå îòûðûï, Áóò-
ñòðàïïèíã òåõíîëîãèÿñûí ©îëäàíó àð©ûëû áàñòàï©û äåðåêòåð ©îðû-
íû ñàïàñûí æà©ñàðòó¡à áîëàäû.

Êiëòòiê ñ°çäåð: îíòîëîãèÿ, ôîðìàëüäi ò³ñiíiêòåð àíàëèçû, êëà-
ñòåðëåó, ò³ñiíiêòåð àëó, ìºëiìåòòåð ©îðû, áóòñòðàïïèíã

Êiðiñïå

Îíòîëîãèÿ áåëãiëi áið áiëiì ñàëàñûí ñèïàòòàéòûí ñïåöèôèêàöèÿíû ôîð-
ìàëüäi åðåêøåëiêòåði ìåí ©àðûì-©àòûíàñòàðäû ðåñìè íà©òûëàó ³øií ïàé-
äàëàíûëàäû. Áåëãiëi áið áiëiì ñàëàñûí ´ñûíó ³øií îíòîëîãèÿíû àðòû©-
øûëû¡û � ôîðìàëüäi ©´ðûëûì [4]. Ôîðìàëüäi ©´ðûëûì � èíôîðìàòèêà
ñàëàñûíäà à©ïàðàòòû °äåóäi îàéëàòàäû.

Îíòîëîãèÿ áåëãiëi áið ïºíäiê àéìà©òà áiëiìäi æèíà©òàó, ©àéòà ïàéäàëàíó
ì³ìêiíäiãi, ìîäåëü æàñàó ³øií ïàéäàëàíûëóû ì³ìêií. Á´ë áið ïºíäiê àéìà©
áîéûíøà ìàìàíäàð¡à áiëiìií æà©ñàðòó¡à, æàà ³ëãiëåðäi òàáó¡à, òºæiðèáå
àëìàñó¡à ì³ìêiíäiê áåðåäi.

Ñî¡û óà©ûòòà îíòîëîãèÿ ©´ðó ìºñåëåñiíå ê°ïòåãåí çåðòòåóëåð æ³ðãiçië-
äi. Àëàéäà, îíòîëîãèÿíû àâòîìàòòàíäûðûë¡àí ò³ðäå ©´ðó ìºñåëåñi ©àçiðãi
óà©ûòòà ©àíà¡àòòàíàðëû© øåøiìãå èå åìåñ. Áåëãiëi áið ïºíäiê àéìà© îíòîëî-
ãèÿñûí àâòîìàòòû ò³ðäå ©´ðó øåøiìäåðiíi áiði � áàñòàï©û êiðiñ äåðåêòåð
©îðûíà ïºíäiê àéìà© ìºòiíäåð êîðïóñûí ©îëäàíûï, Bootstrapping òåõíîëî-
ãèÿñûí êîíöåïòóàëäû ìîäåëäåó ³ëãiñi ðåòiíäå ïàéäàëàíûï, ïºíäiê àéìà©
îíòîëîãèÿñûíû èåðàðõèÿñûí ©´ðó.
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Ïºíäiê àéìà© îíòîëîãèÿñûíû ©´ðûëóû

�àçiðãi óà©ûòòà îíòîëîãèÿëû© èíæèíåðèíã ñàëàñûíäà îíòîëîãèÿíû êîíöåï-
òóàëèçàöèÿëû© åðåêøåëiê ðåòiíäå ê°ðñåòåòií åêi ò³ðëi ïîëÿðëû© ê°ç©àðàñ
áàð. Àë¡àø©û ê°ç©àðàñ � îíòîëîãèÿíû ñèìóëÿöèÿëàí¡àí ñóáúåêòiëåðäi ©à-
ñèåòòåði ìåí ©àðûì-©àòûíàñòàðûíû äºë ìàòåìàòèêàëû© ò´æûðûìäàìà-
ëàðûí áåðóãå òûðûñàòûí ðåñìè òåîðèÿ ðåòiíäå ê°ðñåòó. Ì´íäàé ôîðìàëüäi
òåîðèÿëàð, ºäåòòå, ìàòåìàòèêàëû© àêñèîìàòòàð¡à íåãiçäåëãåí æºíå ºðò³ðëi
ëîãèêàëû© ôîðìàëèçìäåðäi ïàéäàëàíàäû, ìûñàëû, ïðåäèêàòòàðäû åñåïòåó.
Åêiíøi ê°ç©àðàñ � îíòîëîãèÿíû ñåìàíòèêàëû© æåëi ðåòiíäå ê°ðñåòó. Ì´í-
äàé ê°ç©àðàñòû ©´ðûëûìûí ñèïàòòàó °òå îàé: îíû òîðàáû � ïºíäiê àé-
ìà© ò³ñiíiãi, àë äî¡àëàð � òàêñîíîìèêàëû© ©àòûíàñòàð áîëûï òàáûëàòûí
ò³ñiíiêòåð àðàñûíäà¡û áàéëàíûñòàð áîëûï òàáûëàäû.

Îñûëàéøà, åêiíøi òèïòåãi æåië îíòîëîãèÿ � áiðiíøi òèïòåãi àóûð ñàë-
ìà©òû ôîðìàëüäi îíòîëîãèÿ¡à ©àðà¡àíäà åëåóëi àðòû©øûëû¡û áàð: îëàðäû
îàé æîáàëàó¡à áîëàäû. Á³ãiíãi òàäà ìåäèöèíà, ëèíãâèñòèêàäà ñàëàñûíäà,
ýëåêòðîíäû êîììåðöèÿäà æºíå ò.á. ©àçiðãi çàìàí¡û êå àó©ûìäû ïºíäiê àé-
ìà© ³øií ©îëäàíûëàòûí ¾°òå ³ëêåí ðåñóðñòàð¿ æåië îíòîëîãèÿ íåãiçiíäå
©´ðàëàäû [1].

Ñòàòèñòèêàëû© ºäiñòåð íåãiçiíäå ïºíäiê àéìà©
îíòîëîãèÿñû

Ïºíäiê àéìà© îíòîëîãèÿñûí ìîäåëäåó ©´ðûëó æîëû, äàìûòó, à©ïàðàòòû
°äåó ïðîöåññòåðiíåí ©´ðûëàäû. Æàëïû ïºíäiê àéìà© îíòîëîãèÿñûí ©´ðó
êåëåñiäåé àëãîðèòìíåí ò´ðàäû: áàñòàï©û êiðiñ äåðåêòåð ©îðûí æèíàó, ³ëãi
áîéûíùà ñ°ç òiðêåñòåðií àëó, îáúåêò-©àòûíàñ êåñòåñûí ©´ðó, ñî¡û ýòàïòà
îáúåêòåðäåí ò³ñiíiêòåðäi àëó íåìåñå èåðàðõèÿñûí ©´ðó.

Îíòîëîãèÿíû ©´ðóäû ºäiñòåðiíi áiði áåëãiëi áið ïºíäiê àéìà© ³øií îáú-
åêòiëåðäi òiêåëåé æèíàó áîëûï òàáûëàäû. Ì´íäàé ºäiñïåí ïºíäiê àéìà©
îíòîëîãèÿñûí ©´ðó æîëû áàñòàï©ûäà êiðiñ äåðåêòåð ©îðûíàí îáúåêòiëåð
øû¡àðûëûï, ò³ñiíiêòåð àëûíàäû. Ò³ñiíiêòåð àëûí¡àí ñî, ©àéòàäàí ñèðåê-
òiëiêòi æîþ ³øií òîëû©òûðóëàð æ³ðãiçiëåäi. Ñºéêåñiíøå, ´ñûíûë¡àí ìà©ñàò
áîéûíøà êåëåñi îðûíäàëàòûí æ´ìûñòàð ìûíàäàé ©àäàìäàðìåí îðûíäàëà-
äû. Àë¡àø©û á°ëiìäå ¾ôîðìàëüäi àíàëèç ò³ñiíiíi¿ íåãiçãi åðåæåëåði êåë-
òiðiëåäi. Êåëåñi á°ëiìäåðäå áåëãiëi áið ïºíäiê àéìà© ³øií æåië ñàëìà©òû
îíòîëîãèÿ ©´ðó àëãîðèòìi ñèïàòòàëàäû:

� Ôîðìàëüäi ò³ñiíiêòåð àíàëèçû;
� Ïºíäiê àéìà©©à ©àòûñòû êîðïóñ æèíàó;
� Êiðiñ äåðåêòåð ©îðû íåãiçiíäå ñ°éëåì iøiíåí òåðìèíäåðäi àëó
� Îáúåêò-©àñèåò êåñòåñiíäå ©óûñòàðäû ©àëïûíà êåëòiðó
� Îáúåêò-©àñèåò êåñòåñiíåí ò³ñiíiêòåðäi àëó
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Ôîðìàëüäi ò³ñiíiê àíàëèçûíû íåãiçãi ýëåìåíòòåði

Ôîðìàëüäi ò³ñiíiêòåð àíàëèçû àëãåáðàëû© òiëäiê òåîðèÿíû ©îëäàíáàëû
ñàëàñû áîëûï òàáàëàäû, àë îíû øåáåðiíäå àëãåáðà òiëiíäå ´¡ûìäàðäû
ò³ñiíiãi ìåí èåðàðõèÿñûí ñèïàòòàéòûí ìàòåìàòèêàëû© ôîðìàëèçì ´ñûíû-
ëàäû [2].

Îíòîëîãèÿ ©´ðó êåçiíäå ôîðìàëüäi ò³ñiíiêòåð àíàëèçûí ©îëäàí¡àí êåçäå
òåê îíòîëîãèÿ ©à©àñûí ©´ðàñòûðà àëàìûç, ÿ¡íè ïºíäiê àéìà© ³øií ê°ï-
òåãåí ò³ñiíiêòåðäi àðàñûíäà¡û áàéëàíûñòàð àíû©òàëàäû. Ì´íäàé ºäiñïåí
îáúåêò-©àñèåò áàéëàíûñû ©´ðûëàäû. Îáúåêò-©àñèåò áàéëàíûñû àð©ûëû
ôîðìàëüäi ò³ñiíiêòåð òîðûí ©´ðàñòûðà àëàìûç. Ôîðìàëüäi ò³ñiíiêòåð àíà-
ëèçûíû ìàòåìàòèêàëû© íåãiçãi èäåÿñû � êåç-êåëãåí áèíàðëû ©àòûíàñ òî-
ðûí ©´ðó æºíå îáúåêò-©àñèåò ò³ñiíiêòåðií àëó.

Ôîðìàëüäi ò³ñiíiêòåð àíàëèçû ³øií ïºíäiê àéìà© îíòîëîãèÿñûíà áàñòà-
ï©û êiðiñ äåðåêòåði íåãiçiíäå îáúåêò-©àñèåò øàáëîíû ©îëäàíûëàäû, ì´í-
äà¡û îáúåêò äåï ïºíäiê àéìà© êëàññûí æàò©ûçñà©, ©àñèåò � îáúåêòiíi ©à-
ñèåòi áîëûï òàáûëàäû.

Êiðiñ äåðåêòåð ©îðû ³øií ôîðìàëüäi ò³ñiíiêòåð àíàëèçi � ïºíäiê àéìà©
íåãiçiíäå ©àñèåòòåðäi á°ëóãå àðíàë¡àí. Ôîðìàëüäi ò³ñiíiêòåð àíàëèçû äåï
êåëåñi ³øòiê êîíòåêñòií àéòàìûç:

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

G � îáúåêòiëåð æèûíòû¡û,M � ©àñèåòòåð æèûíòû¡û, I � G ìåíM íi àðà-
ñûíäà¡û ©àòûíàñ: gIm äåãåíiìiç, g ∈ G îáúåêòiñi m ∈ M ©àñèåòiíå èå áîëà
àëàäû. Åíäiãi ìºñåëå êiðiñ äåðåêòåð ©îðû ³øií ïºíäiê àéìà© íåãiçiíäå îáú-
åêòiëåð ìåí ©àñèåòòåðäi àëûíó æîëû. Áåðiëãåí êîíòåêñò iøiíåí ôîðìàëüäi
ò³ñiíiêòåðäi àëûíóû ôîðìóëà íåçiíäå ê°ðñåòåéiê.

1-ñóðåòòå Õàññå äèàãðàììàñû ñóðåòòåëãåí. Îë ò³ñiíiêòåðäi åêi òîðû-
íàí ò´ðàäû. Îëàð °ç êåçåãiíäå ©àðàñòûðûëûï îòûð¡àí ôîðìàëüäi êîíòåêñò
íåãiçiíäå ©´ðàñòûðûë¡àí. �àáûëäàï àë¡àí èåðàðõèÿëàð ìåí îáúåêòiëåð êëà-
ñòàðûí àíàëèç æàñàé îòûðûï îñû ñàëàíû ýêñïåðòi îëàðäû ©àòåëiêòåðií
áàé©àéòûí åäi. Ìûñàëû: êðåàòàíèí ìåí ìî÷åâèíà åðèòií çàòòàð áîëà ò´ðà,
¾åðèòií çàòòàð¿ ò³ñiíiêòåðiíåí á´ðûñ øû¡àðûë¡àí. Á´ë ôîðìàëäû ò³ñiíiê-
òåðäi àíàëèçäåóäi íåãiçãi ïðîáëåìàñû áîëûï òàáûëàäû åãåð êîíòåêñò ñè-
ðåòiëãåí æºíå øåêòåëãåí (©´ðàìûíäà ©óûñòàð áàð) áîëñà, îíäà àëûíàòûí
ò³ñiíiêòåð æºíå ºñiðåñåñ îëàðäû èåðàðèõèÿñû á´ðûñ ©àëûïòàñàòûí áîëà-
äû.

Òàáè¡è òiëäå ñ°éëåì iøiíåí ©´ðûëûìäàëìà¡àí ñ°éëåìäåðãå ôîðìàëüäi
ò³ñiíiêòåð àíàëèçû ïºíäiê àéìà© îíòîëîãèÿñûí ©´ðó¡à ©îëäàíàìûç. Ôîð-
ìàëüäi ò³ñiíiêòåð àíàëèçûí ì´íäàé òºñiëìåí ©îëäàíó ìîäåëüäåó ³øií áið-
ò´òàñ áà¡ûò ©îëäàíàäû. Ì´íäàé áà¡ûò áàñ©à òºñiëäåðãå ©àðà¡àíäà áàñûì-
äûëû©òû áiëäiðåäi.

Ïºíäiê àéìà©©à ©àòûñòû êîðïóñ æèíà©òàó

Ïºíäiê àéìà© ³øií êiðiñ äåðåêòåð ©îðû íåãiçiíäå ¾Áîëüøîé ìåäèöèíñêîé ýí-
öèêëîïåäèè¿ ñàéòûíàí 13000 ìåäèöèíàëû© ìà©àëàñû àëûíäû [3]. Áàñòàï©û
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Ñóðåò 1. Õàññå äèàãðàììàñû

êiðiñ äåðåêòåð êîðïóñû ³øií æèíàë¡àí ìà©àëàëàð åíãiçiëåäi. Ìåäèöèíàëû©
à©ïàðàòòàð êîðïóñû ©àðàïàéûì ò³ðäå ©´ðûëûìäû åìåñ ò³ðäå ñà©òàëûí¡àí.
Êiðiñ äåðåêòåð ©îðûí æèíà©òàó Java òiëií ©îëäàíó àð©ûëû, ¾áìý.îðã¿ ñàé-
òûíàí ºðáið ìà©àëà¡à ïàðñèíã æàñàëàíûëàäû.

Ñóðåò 2. Áåðiëãåí ñiëòåìåíi êîíòåêñií ïàðñèíã æàñàó¡à àðíàë¡àí êîä

Ìà©àëà òîëû© æèíàë¡àííàí êåéií ìºòiíäåð àëäûí àëà °äåóäi æ³çåãå
àñûðûëàäû. Àòàï àéò©àíäà, ìåäèöèíàëû© ìà©àëàëàðäàí ñ°éëåì iøiíåí æå-
êå ñ°çäåðãå á°ëiíiï, ºð ñ°ç °çiíi ëåììàñûíà àóûñòûðàëàäû. Àðòû© ñ°çäåð
àëûï òàñòàëûíàäû. Êåëåñi ©àäàì æèíàë¡àí à©ïàðàòòàðäû êiðiñ äåðåêòåð ©î-
ðû íåãiçiíäå ïàéäàëàíûï, ñ°éëåì iøiíåí îáúåêò-©àñèåò íåãiçiíäå ò³ñiíiêòåðäi
àëó¡à æiáåðiëåäi.
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Êiðiñ äåðåêòåð ©îðû íåãiçiíäå ñ°éëåì iøiíåí òåðìèíäåðäi àëó

Àâòîìàòòû ò³ðäå áàñòàï©û êiðiñ äåðåêòåð ©îðû íåãiçiíäå ïºíäiê àéìà©
ò³ñiíiêòåðií àëó ³øií ìºòiíäåð êîðïóñûíäà æàëïûëàìà ëèíãâèñòèêàëû©
àíàëèçûí (shallow linguistic analysis) ©îëäàíàìûç. Æàëïûëàìà ëèíãâèñòè-
êàëû© àíàëèç � ìºòiíäåð àíàëèçiíäå ©îñûìøà ©´ðàñòûðó ³øií ì´íäàé °äåó
°òå òàíûìàë òºñië áîëûï òàáûëàäû.

Áiçäi ©àðàñòûðûëûï îòûð¡àí åñåïêå ñºéêåñ ìàûçäû à©ïàðàò ¾ìåäèöè-
íàëû©¿ îáúåêòiëåðìåí îëàðäû áåëãiëåði áîëûï òàáûëàäû. ¾ìåäèöèíàëû©¿
îáúåêòi äåï, ìåäèöèíà ñàëàñûíäà ©îëäàíûëàòûí ìåäèöèíàëû© àòàóëàð ìåí
©´áûëûñòàðäû (àóðó ò³ðëåði, äèàãíîçäàð, åìäåóäi àòàóëàðû, äºði-äºðìåê
àòàóëàðû, àäàìíû à¡çàëàðû) ò´ñïàëäàíàäû.

Ì´íäàé òºñiëäi àðòû©øûëû¡û � ê°ðñåòiëãåí îáúåêòiëåð ìåí îëàðäû
áåëãiëåðií (©àñèåòåðií) êîðïóñòà áåðiëãåí ñ°éëåì iøiíåí æàëïûëàìà ëèíã-
âèñòèêàëû© ³ëãi ¾Ñóùåñòâèòåëüíîå + Ñóùåñòâèòåëüíîå â ðîäèòåëüíîì ïà-
äåæå¿ áîéûíøà içäåéìiç. Áàñ©àøà àéò©àíäà, áàñòàï©û ºðòåêòåñ îáúåê-
òiëåð ìåí áåëãiëåðií (©àñèåòòåðií) ³ëãi áîéûíøà ©àíà¡àòòàðäûðàòûí ñ°ç
òiðêåñòåðií àëàìûç. Òºæiðèáå æ³çiíäå îáúåêòiëåð ìåí ©àñèåòòåðäi ñ°éëåì
iøiíåí àëó ³øií êåëåñiäåé Pullenti àøû© êîäûí ©îëäàíàìûç.

Ñ°éëåì iøiíåí îáúåêòåðëåðìåí æºíå îíû ©àñèåòòåðií àëó SDK Pullenti
æ³éåñiíäå ©àëàé æ³çåãå àñàòûíäû¡û ê°ðñåòiëãåí. SDK ³øií ìºòií ðåòiíäå
êåëåñi ñ°éëåì áåðiëäi: ¾Îáû÷íî ãàéìîðèò � ýòî ñëåäñòâèå îñëîæíåíèé ïîñëå
èíôåêöèîííîãî çàáîëåâàíèÿ, íàïðèìåð, ñêàðëàòèíû, ãðèïïà, ïðîñòóäû. Îñ-
íîâíûå ñèìïòîìû ãàéìîðèòà � çàòðóäíåííîå äûõàíèå, ïîñòîÿííûé íàñìîðê,
çàëîæåííîñòü íîñà è ãîëîâíàÿ áîëü¿. Á´ë ñ°éëåìíåí êåëåñiäåé îáúåêò-©àñèåò
æ´ïòàðû àëûíäû: ¾ñèìïòîì ãàéìîðèòà¿, ¾çàëîæåííîñòü íîñà¿, ¾ñëåäñòâèå
îñëîæíåíèÿ¿, ¾ñëåäñòâèå çàáîëåâàíèÿ¿.

SDK Pullenti äå ñ°éëåì iøiíåí îáúåêòåðëåðìåí æºíå îíû ©àñèåòòåðií
àëó ìûñàëû êåëòiðiëãåí. Ì´íäà¡û îáúåêòiëåð ìåí îíû ©àñèåòòåði áåðië-
ãåí ñ°éëåì ôðàãìåíòiíåí àëûíàäû. ¾Ñèíäðîì Ëåìüåðà � ðåäêîå, íî ñå-
ðüåçíîå îñëîæíåíèå ãíîéíîé àíãèíû, èíîãäà åå íàçûâàþò ïîñòàíãèíàëüíûì
ñåïñèñîì¿. Êåëòiðiãåí ôðàãìåíò iøiíåí êåëåñiäåé ñ°ç òiðêåñi àëûíäû: ¾ñèí-
äðîì Ëåìüåðà¿ æºíå ¾îñëîæíåíèå àíãèíû¿. Ê°ðiï îòûð¡àíìûçäàé áåðiëãåí
ôðàãìåíòòå ¾àíãèíà¿ îáúåêòiñiíi àëäûíäà ¾ãíîéíàÿ¿ ñ°çi æîëû¡ûï ò´ð,
àë ¾îñëîæíåíèå¿ ñ°çiíi àëäûíäà ¾ñåðüåçíîå¿ ñ°çi êåëiï ò´ð, áiðà© SDK
Pullenti ³øií ä´ðûñ îáúåêò-©àñèåòií àíû©òàó¡à êåäåðãi êåëòiðìåéäi.

�ðáið ìà©àëàäàí ñ°ç òiðêåñòåði áið ³ëêåí ôàéë¡à æèíà©òàëàäû. Æè-
íàë¡àí ñ°ç òiðêåñi áàñòàï©û êiðiñ äåðåêòåð ©îðû íåãiçiíäå îáúåêò-©àñèåò
êåñòåñií ©´ðó¡à æiáåðiëåäi. Æàëïû áàñòàï©û êiðiñ äåðåêòåð ©îðû ³øií àëû-
í¡àí ñ°ç òiðêåñòåð ñàíû øàìàìåí 300 ìû.

Êåëåñi ©àäàì áàñòàï©û äåðåê ©îðû íåãiçiíäå ñ°éëåì iøiíåí ¾îáúåêò-
©àñèåò¿ êåñòåñií ©´ðó áîëûï òàáûëàäû. Æèíàë¡àí ñ°ç òiðêåñiíåí á³êië
îáúåêò àòàóëàðû ©àòàð áîéûíøà ©àéòàëàóñûç, àë ©àñèåò àòàóëàðû äºë ñî-
ëàé áà¡àí áîéûíøà ©àéòàëàóñûç æàçûëàäû. �ðáið àëûí¡àí ¾îáúåêò-©àñèåò¿
æ´ïòàðû ³øií, êåñòåíi áà¡àí æºíå ©àòàð áîéûíøà ©èûëûñ©àí æåðiíå 1
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Ñóðåò 3. C°éëåì iøiíåí àëûí¡àí ñ°ç òiðêåñòåð ôðàãìåíòi

æàçûëàäû. Êåñòåäåãi ©àë¡àí ¾îáúåêò-©àñèåò¿ æî© ýëåìåíòòåð °çãåðóñiç ©à-
ëàäû, ÿ¡íè 0.

Á´ë ïðàêòèêàëû© æ´ìûñòà ïºíäiê àéìà©©à ©àòûñòû êëàñòåðëåó Óîðäè
òºñiëií ©îëäàíó àð©ûëû, k-means àëãîðèòìi ïàéäàëàíûëäû. 4-ñóðåòòå êëà-
ñòåðëåíãåí îáúåêò-©àñèåò êåñòåñiíi èåðàðõèÿ íºòèæåñi ê°ðñåòiëãåí. Áiðiíøi
êëàñòåðãå ìåäèöèíàëû© àóðó àòàóëàðû êiðñå, åêiíøi êëàñòåðãå à¡çàëàðäû
àòàóëàðû êiðãåí. Åêiíøi êëàñòåð iøiíäå êåëåñiäåé îáúåêòiëåð ¾ãàéìîðîâà
ïàçóõà¿, ¾ïå÷åíü¿ æåêå áið ñóáêëàñòåð ðåòiíäå á°ëiêòåíãåí, ñåáåái ôîðìàëü-
äi êîíòåêñòå ¾ëå÷åíèå¿ äåãåí ©àñèåòïåí áiðãå æîëû©©àí. ¾Ëå÷åíèå¿ � á´ë
ãèáðèäòi ©àñèåòêå èå, ñåáåái á´ë ñ°ç àóðó ò³ðëåðiìåíäå, ºði à¡çàëàðìåí áiðãå
ñ°ç òiðêåñi ðåòiíäå æîëû¡àäû. (ëå÷åíèå ãåïàòèòà æºíå ëå÷åíèå ïå÷åíè).

Ñóðåò 4. Êëàñòåðëåíãåí îáúåêòiëåð
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Îáúåêò-©àñèåò êåñòåñiíäå ©óûñòàðäû ©àëïûíà êåëòiðó

Ïºíäiê àéìà© íåãiçiíäåãi êðiñ äåðåêòåð ©îðûíà êëàñòåðëåó æàñàëûí¡àí
ñî, êëàñòåðëåð iøiíåí áiðòåêòåñ ýëåìåíòòåðäåí ©´ðàë¡àí êëàñòåð àëûíàäû.
Àëûí¡àí êëàñòåð òåðìèíäåðiíäåãi ©óûñòàðäû òîëû©òûðó ìà©ñàòûíäà ºëñiç
¾machine learning¿ òºñië ©îëäàíäàíûï, ©àëïûíà êåëòiðó æ´ìûñû îðûíäàëà-
äû. ß¡íè áåðiëãåí êåñòåäåãi ºðáið îáúåêò ³øií ³ëãi áîéûíøà æàà ©àñèåòòåð
òàáó. Îë ³øií òàäàëûï àëûí¡àí êëàñòåð iøiíåí ºðáið îáúåêò ³øií ©àñèåò-
òåðäi áàéëàíûñòûðûï øû¡àìûç.

5-ñóðåòòå êåëòiðiëãåí êîä áîéûíøà àëûí¡àí êëàñòåðäåí îáúåêò ³øií
áàðëû© ì³ìêií áîëàòûí ©àñèåòòåðäi ©àðàñòûðûï øû¡àìûç. Àëûí¡àí òåð-
ìèíäåðäi Âåá ðåñóðñòàðûí ïàéäàëàíûï òåêñåðåìiç. Åãåð Âåá ðåñóðñòàðûíäà
æåòêiëiêòi ò³ðäå ñ°ç òiðêåñiíå à©ïàðàò òàáûëñà, îíäà êåñòåäå òåêñåðiëãåí
îáúåêò ïåí ©àñèåò ©èûëûñû 1 ãå àóûñòûðûëàäû.

Ñóðåò 5. ¾Îáúåêò-©àñèåò¿ êåñòåñiíäå ©óûñòàðäû òîëû©òûðó¡à àðíàë¡àí êîä

Ì´íäàé ìàøèíàëû© î©ûòó èòåðàòèâòi ò³ðäå îðûíäàëàäû, ÿ¡íè ºðáið
îáúåêò ³øií êëàñòåðäåãi ©àñèåòòåðìåí ©îñûëûï, Âåá ðåñóðñûíûíà ñ´ðàíûñ
áåðiï, àëûí¡àí íºòèæåëåðiíå ©àðàé, ì´íäàé òåðìèí áàð æî¡ûí àíû©òàéäû.

Îáúåêò-©àñèåò êåñòåñiíåí ò³ñiíiêòåðäi àëó

�àëûï©à êåëòiðiëãåí êåñòå iøiíåí ïºíäiê àéìà© íåãiçiíäå ò³ñiíiêòåðäi àëó
æºíå àëûí¡àí ò³ñiíiêòåðäåí èåðàðõèÿ ©´ðó. Àëäà¡û îðûíäàëàòûí ©àäàì
ìåäèöèíàëû© ìºòiíäåðäåí ò³ñiíiêòåðäi èåðàðõèÿëû© òîðëàðûí ôîðìàëüäi
òîðëàð ©´ðó áîëûï òàáûëàäû. Ìåäèöèíàëû© ìºòiíäåðäåí àâòîìàòòû ò³ðäå
ìåäèöèíàëû© ©´ðûëûìûí ©´ðó ©èûí åñåï áîëûï òàáûëàäû. Æàñàëûí¡àí
æ´ìûñòà êëàñòåðëåó, ôîðìàëüäi àíàëèç ò³ñiíiêòåð íåãiçiíäå ¾Statistical Text
Mining¿ ©îëäàíûï ì´íäàé åñåïòåðäi øû¡àðó æîëûí ê°ðñåòåìiç. 6-ñóðåòòå
êiøi êëàñòåðäi äåíäîãðàìàñû ê°ðñåòiëãåí.

Ôîðìàëüäi êîíòåêñò òîðûí ©´ðó ìîäóëi ¾îáúåêò-©àñèåò¿ êåñòåñiíi ©´ðû-
ëûñ ìîäóëiìåí æàñàë¡àí ôîðìàëüäi êîíòåêñòi ïàéäàëàíàäû. Ìîäóëü ôîð-
ìàëüäi ò´æûðûìäàìàëàð òîðûí ©´ðàñòûðàäû. �éòêåíi, ôîðìàëüäi ò´æû-
ðûìäàìà åêi æèûí áîëûï òàáûëàäû: îáúåêòiëåð æèûíòû¡û æºíå ©àñèåò-
òåð æèûíòû¡û, á´ë ôîðìàëüäi ò´æûðûìäàìàñû áàð îíòîëîãèÿ êëàññ àòàóû
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Ñóðåò 6. Êëàñòåð äåíäîãðàìàñûíû ôðàãìåíòi

òåê ñàðàïøû ¡àíà áåðå àëàäû. Àâòîìàòòû ò³ðäå îíòîëîãèÿ àëóäû åêiíøi
êåçåiíäå Concept Explorer áà¡äàðëàìàñû àð©ûëû òàäàëûí¡àí êëàñòåðäåí
ò³ñiíiêòåðäi àëó áîëûï òàáûëàäû. 7-ñóðåòòå ìåäèöèíà ñàëàñûíäà êiøi êëà-
ñòåð ³øií êîíöåïöèÿñû ê°ðñåòiëãåí. Îñûëàéøà, îñû êåçåäå áà¡äàðëàìà îí-
òîëîãèÿëû© òàêñîíîìèÿëû© ÿäðî êëàññòàðûíà ñºéêåñ êåëåòií ò´æûðûìäà-
ìàëàð ôîðìàëüäi êîíòåêñò òîðûí ©´ðàñòûðàäû.

Ñóðåò 7. Êëàñòåðäåí ò³ñiíiêòåðäi àëó ôðàãìåíòi
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Ê°ðñåòiëãåí íºòèæåãå ©àðàï, ¾ëå÷åíèå¿, ¾òåðàïèÿ¿, ¾èññëåäîâàíèå¿
îáúåêòiëåði êîíöåïòå ê°ðñåòiëãåí ©àñèåòòåðãå æà©ûí åêåíäiãií ê°ðñåòåäi.
Á´ë æ´ìûñòû êåëåñi ©àäàìäàðû îáúåêòiëåðäi ºðò³ðëi ©àñèåò ò³ðëåðií
àëó ºäiñòåðií çåðòòåóãå æºíå æ³éåíi ôóíêöèîíàëäû¡ûí îñûíäàé ©àðûì-
©àòûíàñòàðäû àëó ì³ìêiíäiãiíå êååéòóãå áàéëàíûñòû áîëìà©.
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Íåôòÿíîé êîìïëåêñ Êàçàõñòàíà ÿâëÿåòñÿ îòðàñëüþ, êîòîðàÿ îáåñïå÷è-
âàåò æèçíåäåÿòåëüíîñòü ïðîèçâîäñòâà è íàñåëåíèÿ è âî ìíîãîì îïðåäåëÿåò
ýêîíîìè÷åñêóþ íåçàâèñèìîñòü Ðåñïóáëèêè Êàçàõñòàí. Ñåãîäíÿ Êàçàõñòàí �
ñòðàíà, êîòîðàÿ íå òîëüêî ñïîñîáíà îáåñïå÷èòü âíóòðåííèå ïîòðåáíîñòè â
ñûðîé íåôòè, íî è îñóùåñòâèòü å¼ ýêñïîðò. Ïðè ýòîì ïî çàïàñàì óãëåâî-
äîðîäíîãî ñûðüÿ ðåñïóáëèêà âõîäèò â äåñÿòêó íàèáîëåå êðóïíûõ ìèðîâûõ
äåðæàâ è èìååò ðåàëüíóþ âîçìîæíîñòü â íåäàë¼êîì áóäóùåì ïî îáú¼ìàì
äîáû÷è è ýêñïîðòà íåôòè âîéòè â ÷èñëî âåäóùèõ ñòðàí ìèðà. Íåôòÿíîé
êîìïëåêñ Êàçàõñòàíà ÿâëÿåòñÿ êðóïíåéøèì ðûíêîì òðóäà ñ ïîñòîÿííûì
ïðèðîñòîì íîâûõ ðàáî÷èõ ìåñò.

Ñåãîäíÿ ìîæíî âûäåëèòü ÷åòûðå îñíîâíûõ ñòðàòåãè÷åñêèõ íàïðàâëå-
íèÿ ïîâûøåíèÿ ýôôåêòèâíîñòè íåôòåãàçîâîé îòðàñëè, íà êîòîðûõ äîëæíû
áûòü ñêîíöåíòðèðîâàíû îñíîâíûå ìàòåðèàëüíûå è èíòåëëåêòóàëüíûå ðå-
ñóðñû. Ýòî èíôîðìàöèîííûå òåõíîëîãèè íà áàçå âûñîêîïðîèçâîäèòåëüíûõ
âû÷èñëèòåëüíûõ ñèñòåì è ïîñëåäíèõ äîñòèæåíèé ìàòåìàòèêè, ìåõàíèêè è
ãåîôèçèêè; òåõíîëîãèè íà îñíîâå ïðîòÿæ¼ííûõ ãîðèçîíòàëüíûõ ñêâàæèí;
ìåòîä ãèäðîâçðûâà äëÿ ñîçäàíèÿ áîëüøèõ òðåùèí â ïëàñòå; ìåõàíè÷åñêèå
è õèìè÷åñêèå ìåòîäû îáðàáîòêè ïðèñêâàæèííîé çîíû è ïëàñòà.

Ðàçðàáîòàííûå íà îñíîâå ìàòåìàòè÷åñêèõ ìîäåëåé íîâûå èíôîðìàöèîí-
íûå òåõíîëîãèè â íåôòåãàçîäîáûâàþùåé ïðîìûøëåííîñòè ïîçâîëÿåò íà êà-
÷åñòâåííî áîëåå âûñîêîì óðîâíå îñóùåñòâëÿòü òîìîãðàôèþ ïëàñòîâ è âûÿâ-
ëÿòü ìàëîðàçìåðíûå çîíû ñêîïëåíèÿ óãëåâîäîðîäîâ, çîíû ïîâûøåííîé ïðî-
íèöàåìîñòè. Áëàãîäàðÿ ýòîìó óäà¼òñÿ îïòèìèçèðîâàòü ñåòêó ñêâàæèí, ðåç-
êî ñîêðàòèòü ÷èñëî ìàëîäåáèòíûõ ñêâàæèí, òåì ñàìûì ñîêðàòèòü îáú¼ìû
íåýôôåêòèâíîãî áóðåíèÿ, îïðåäåëÿþùåãî îñíîâíûå çàòðàòû â íåôòåãàçîäî-
áûâàþùåé ïðîìûøëåííîñòè. Íîâûå òåõíîëîãèè ïîçâîëÿþò êîíòðîëèðîâàòü,
îïòèìèçèðîâàòü è óâåëè÷èâàòü îòäà÷ó ïëàñòîâ, ïðèâëåêàòü èíîñòðàííûé êà-
ïèòàë, ñîõðàíÿÿ êîíòðîëü íàä íàöèîíàëüíûìè ðåñóðñàìè.

Ýôôåêòèâíîå ðåøåíèå âîïðîñîâ ïðîåêòèðîâàíèÿ, àíàëèçà è êîíòðîëÿ,
óïðàâëåíèÿ è ðåãóëèðîâàíèÿ ïðè ðàçðàáîòêå íåôòÿíûõ è ãàçîâûõ ìåñòîðîæ-
äåíèé íåìûñëèìî áåç èñïîëüçîâàíèÿ àâòîìàòèçèðîâàííûõ ñèñòåì, è ìîù-
íûõ âû÷èñëèòåëüíûõ ðåñóðñîâ. Ðîëü âûñîêîïðîèçâîäèòåëüíûõ âû÷èñëåíèé
â äàííîé ñôåðå ðàñòåò ñ êàæäûì ãîäîì, òàê êàê ñðåäíèå ïîêàçàòåëè âûðà-
áîòêè ìåñòîðîæäåíèé ñíèæàþòñÿ, à òðåáîâàíèÿ ê ýôôåêòèâíîñòè èõ èñïîëü-
çîâàíèÿ ñòàíîâÿòñÿ âñå áîëåå ñòðîãèìè. Â ÷àñòíîñòè, íà ñòàðûõ, èñòîùåí-
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íûõ ìåñòîðîæäåíèÿõ ìåòîäû âûñîêîòî÷íîãî ãèäðîäèíàìè÷åñêîãî ìîäåëè-
ðîâàíèÿ ïîçâîëÿþò ñóùåñòâåííî ïîâûñèòü êîýôôèöèåíò íåôòåèçâëå÷åíèÿ.

Îñíîâîé èíôîðìàöèîííûõ òåõíîëîãèé, ïðåäíàçíà÷åííûõ äëÿ ðåøåíèÿ
ïðîáëåì íåôòåãàçîâîé îòðàñëè, ÿâëÿþòñÿ ìàòåìàòè÷åñêèå ìîäåëè îäíî- è
ìíîãîôàçíûõ ïîòîêîâ æèäêîñòè â ïîðèñòûõ ñðåäàõ. Â íàèáîëåå çàêîí÷åí-
íîì âèäå òåîðèÿ ôèëüòðàöèè ðàçðàáîòàíà â ðàáîòàõ Ñ. Í. Àíòîíöåâà, Â.
Í. Ìîíàõîâà, À. Í. Êîíîâàëîâà, Ã. È. Áàðåíáëàòòà, Ê. Ñ. Áàñíèåâà, Â. Ì.
Åíòîâà, Â. Ì. Ðûæèêà, Þ. Ï. Æåëòîâà, È. À. ×àðíîãî, À. Â. Êàæèõîâà,
Ø. Ñ. Ñìàãóëîâà, Á. Ò. Æóìàãóëîâà, Ê. Ó. Óòåãåíîâà, Í. Â. Çóáîâà, Ì.
À. Ìåéðìàíîâà, Ì. Á. Ãàááàñîâà, Ó. Ê. Æàïáàñáàåâà, Í. Ì. Òåìèðáåêîâà è
äðóãèõ. Òåîðèÿ íåèçîòåðìè÷åñêîãî äâèæåíèÿ ìíîãîôàçíîé æèäêîñòè áûëà
ðàçâèòà â ðàáîòàõ È. À. ×àðíîãî, À. Ô. Çàçîâñêîãî, K. M. Ôåäîðîâà, Â. Ì.
Åíòîâà, Ý. Á. ×åêàëþêà, À. À. Áîêñåðìàíà, Ñ. È. ßêóáû, Í. Ê. Áàéáàêîâà,
À. Å. Sheidegger, N. D. Shutler, Y. C. Yortsos è äðóãèõ. Òåîðèÿ íåðàâíîâåñíîé
ôèëüòðàöèè äâóõôàçíîé æèäêîñòè ðàçâèâàëàñü â ðàáîòàõ Ã. È. Áàðåíáëàò-
òà, À. Ï. Âèíè÷åíêî, À. À. Ãèëüìàíà, Ì. Á. Ãàááàñîâà, Ê. Ê. Øàêåíîâà, Ò.
Ê. Åðìàãàìáåòîâà è äðóãèõ.

Ñóùåñòâóåò äîâîëüíî áîëüøîå êîëè÷åñòâî ïðîãðàììíûõ ïàêåòîâ, íà-
ïðàâëåííûõ íà ðåøåíèå ïðàêòè÷åñêèõ ïðîáëåì â íåôòåãàçîâîé îòðàñëè. Âå-
äóùèìè ïðîåêòàìè â ýòîé îáëàñòè ÿâëÿþòñÿ êîìïëåêñû ïðîãðàìì äëÿ ãèä-
ðîäèíàìè÷åñêîãî ìîäåëèðîâàíèÿ Eclipse è Intersect êîìïàíèè Schlumberger,
tNavigator êîìïàíèè Rock Flow Dynamics, Tempest êîìïàíèè Roxar, Time-
ZYX ãðóïïû êîìïàíèé Trust è äðóãèå.

Íà ïðîòÿæåíèè ïîñëåäíèõ òðèäöàòè ëåò ó÷åíûìè ÑÍÃ ïðîâîäÿòñÿ èñ-
ñëåäîâàíèÿ ïî ðàçðàáîòêå èíôîðìàöèîííûõ òåõíîëîãèé â íåôòåãàçîäîáû-
âàþùåé ïðîìûøëåííîñòè. Îäíîé èç ïåðâûõ ðàçðàáîòîê â äàííîé îáëàñòè
ÿâëÿåòñÿ ñèñòåìà àâòîìàòèçèðîâàííîãî àíàëèçà ðàçðàáîòêè íåôòåãàçîâûõ
ìåñòîðîæäåíèé, ñîçäàííàÿ êîëëåêòèâîì ó÷åíûõ Êàçàõñòàíà è Ðîññèè. Ïåð-
âîíà÷àëüíî ñèñòåìà èìåëà íàçâàíèå ÈÑÀÐ (èíôîðìàöèîííàÿ ñèñòåìà àíà-
ëèçà, êîíòðîëÿ è ïðîãíîçà íåôòåãàçîâûõ ìåñòîðîæäåíèé), àááðåâèàòóðà êî-
òîðîé áûëà ââåäåíà ÷ëåí-êîððåñïîíäåíòîì ÐÀÍ, ïðîôåññîðîì Â. Í. Ìîíàõî-
âûì. Îñíîâíîé öåëüþ ÈÑÀÐ ÿâëÿåòñÿ îöåíêà ýôôåêòèâíîñòè ðåàëèçóåìîé
íà äàííîì îáúåêòå òåõíîëîãèè, êîòîðàÿ ïðîâîäèòñÿ ïóòåì èçó÷åíèÿ òåõ-
íîëîãè÷åñêèõ è òåõíèêî�ýêîíîìè÷åñêèõ ïîêàçàòåëåé ðàçðàáîòêè íà îñíîâå
ìíîãîâàðèàíòíûõ ìàòåìàòè÷åñêèõ ðàñ÷åòîâ. ÈÑÀÐ ïðåäñòàâëÿåò ñîáîé îò-
êðûòóþ ñèñòåìó, ïîñòðîåííàÿ ïî ìîäóëüíîìó ïðèíöèïó èìååò âîçìîæíîñòü
ïðîâîäèòü ðàñ÷åòíûå ïðîöåäóðû ñ âûäà÷åé ãðàôè÷åñêîé, òàáëè÷íîé è òåê-
ñòîâîé äîêóìåíòàöèè, à òàêæå ïîçâîëÿåò ïðîèçâîäèòü àâòîíîìíûé ðàñ÷åò
ëþáîãî ýëåìåíòà èëè ãðóïïû ýëåìåíòîâ.

Â îñíîâó ñèñòåìû ïîëîæåíû ìàòåìàòè÷åñêèå ìîäåëè ôèëüòðàöèîííûõ
ïðîöåññîâ â íåôòÿíûõ ïëàñòàõ, êîòîðûå ïîäðîáíî îïèñàíû â ðàáîòå [1]. Ñ
ó÷¼òîì ïîäìîäåëåé è êîìáèíèðîâàííûõ ìîäåëåé áàíê ñîäåðæèò ñâûøå 30
ðàçëè÷íûõ ìàòåìàòè÷åñêèõ ìîäåëåé íåôòÿíîãî ïëàñòà. Îñíîâíûìè ãèäðî-
äèíàìè÷åñêèìè ðàñ÷¼òíûìè ìîäåëÿìè ÿâëÿþòñÿ ìîäåëü Áàêëåÿ�Ëåâåðåòòà,
õàðàêòåðíîé îñîáåííîñòüþ êîòîðîé ÿâëÿåòñÿ ðàâåíñòâî ôàçîâûõ äàâëå-
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íèé; ìîäåëü Ìàñêåòà�Ëåâåðåòòà, â êîòîðîé ó÷èòûâàåòñÿ êàïèëëÿðíûé ñêà-
÷îê ôàçîâûõ äàâëåíèé; òåïëîâàÿ ìîäåëü Ìàñêåòà�Ëåâåðåòòà, ó÷èòûâàþùàÿ
òåìïåðàòóðíûå âçàèìîäåéñòâèÿ æèäêîñòåé è ïîðèñòîé ñðåäû; ìîäåëü Íàâüå-
Ñòîêñà è ìîäåëü Äàðñè-Æóêîâñêîãî, ñïåöèàëüíûì îáðàçîì âêëþ÷àþùàÿ ñè-
ëû ñîïðîòèâëåíèÿ ïîðèñòîé ñðåäû. Â ÈÑÀÐ áàíê ìàòåìàòè÷åñêèõ ìîäåëåé
ïîäðàçäåëÿåòñÿ íà òðè ìîäóëÿ:

� îäíîôàçíûå ìîäåëè Äàðñè è êîíòàêòíûå ìîäåëè;
� äâóõôàçíûå ìîäåëè (íàïðèìåð, Ìàñêåòà�Ëåâåðåòòà);
� êîìáèíèðîâàííûå ìîäåëè (íàïðèìåð, äâóõ íåîäíîðîäíûõ æèäêîñòåé).
Íàðÿäó ñ îáùåïðèíÿòûìè ìîäåëÿìè Äàðñè è Ìàñêåòà�Ëåâåðåòòà, òåïëî-

âîé ìîäåëüþ Ìàñêåòà�Ëåâåðåòòà (â ôîðìå Áî÷àðîâà Î.Á., Ìîíàõîâà Â.Í.
[2,3] â ÈÑÀÐ àêòèâíî èñïîëüçóþòñÿ ìîäåëè Íàâüå�Ñòîêñà è Æóêîâñêîãî
äëÿ îïòèìèçàöèè ïðîöåññîâ ðåãóëèðîâàíèÿ è ïðîãíîçîâ íåôòåäîáû÷è íåô-
òÿíûõ ìåñòîðîæäåíèé. Ñëåäóåò òàêæå îòìåòèòü îðèãèíàëüíûå ìîäåëè, îïè-
ñûâàþùèå ïðîöåññ "ïåíîîáðàçîâàíèÿ" â íåôòÿíûõ ïëàñòàõ è ñîïðÿæåíèå
ôèëüòðàöèîííîãî òå÷åíèÿ ñ ïîòîêîì æèäêîñòè â ñêâàæèíå.

Â ðàáîòå Àíòîíöåâà Ñ.Í. è Ìîíàõîâà Â.Í. [4] áûëà ïðåäëîæåíà îáùàÿ
ìîäåëü ôèëüòðàöèè íåôòÿíîãî ïëàñòà, ñîäåðæàùàÿ íåêîòîðîå êîëè÷åñòâî
ôóíêöèîíàëüíûõ ïàðàìåòðîâ, ïðè ñïåöèàëüíîì âûáîðå êîòîðûõ ìîãóò áûòü
ïîëó÷åíû ìíîãèå èç ìîäåëåé, ñîäåðæàùèåñÿ â áàíêå ìîäåëåé.

ÈÑÀÐ îáúåäèíÿåò àâòîìàòèçèðîâàííûå ðàáî÷èå ìåñòà ãåîëîãà, òåõíîëî-
ãà, ðàçðàáîò÷èêà, äèñïåò÷åðà è ñîñòîèò èç èç îñíîâíûõ òðåõ áëîêîâ: áëî-
êà ãåîëîãî�ïðîìûñëîâûõ äàííûõ, áëîêà èíæåíåðíûõ ìîäåëåé è áëîêà ìà-
òåìàòè÷åñêèõ ìîäåëåé. Ðàçâèòèå óêàçàííûõ áëîêîâ ïðîèçâîäèëîñü â äâóõ
íàïðàâëåíèÿõ. Ïåðâîå íàïðàâëåíèå ñâÿçàíî ñ èññëåäîâàíèåì ñòðîãèõ ìà-
òåìàòè÷åñêèõ ìîäåëåé, íàèáîëåå ïîëíî îïèñûâàþùèõ çàêîíû ôèëüòðàöèè
ìíîãîôàçíûõ æèäêîñòåé â ïîðèñòûõ ñðåäàõ. Äàííîå íàïðàâëåíèå ïðèâîäèò
ê ïîñòàíîâêàì ñëîæíûõ ïðîñòðàíñòâåííûõ çàäà÷ ìíîãîôàçíîé (ìíîãîêîì-
ïîíåíòíîé) ôèëüòðàöèè â íåôòÿíûõ ïëàñòàõ, êîòîðûå çàòåì ðåàëèçóåòñÿ
÷èñëåííûìè ìåòîäàìè. Âòîðîå íàïðàâëåíèå ñâÿçàíî ñ èññëåäîâàíèåì èíæå-
íåðíûõ ìîäåëåé ïî óïðîùåííûì ñõåìàì ôèëüòðàöèè.

Ãðóïïîé ñîòðóäíèêîâ èíñòèòóòà ìåõàíèêè è ìàòåìàòèêè Êàçàõñêîãî íà-
öèîíàëüíîãî óíèâåðñèòåòà èìåíè àëü-Ôàðàáè àíàëèçèðóåòñÿ ðÿä èçâåñòíûõ
ìàòåìàòè÷åñêèõ ìîäåëåé ôèëüòðàöèè îäíîðîäíûõ è íåîäíîðîäíûõ æèäêî-
ñòåé â ïîðèñòûõ ñðåäàõ è ïðåäëàãàþòñÿ íîâûå ìîäåëè. Îñíîâíûå íàïðàâ-
ëåíèÿ èññëåäîâàíèé èíñòèòóòà â îáëàñòè íåôòåïðîìûñëîâîé òåìàòèêè ñâÿ-
çàíû ñ ìàòåìàòè÷åñêèì ìîäåëèðîâàíèåì è ÷èñëåííûì ïðîãíîçîì ïðîöåññîâ
âûòåñíåíèÿ íåôòè è ãàçà âîäîé ñ ó÷åòîì òåïëîâûõ è ôèçèêî�õèìè÷åñêèõ
ýôôåêòîâ â ïðèñêâàæèííîé çîíå ïëàñòà (ïîä ðóêîâîäñòâîì ïðîôåññîðà Í.
Ò. Äàíàåâà, à íûíå åãî ó÷åíèêàìè), êîìïüþòåðíûì ìîäåëèðîâàíèåì ãåîôè-
çè÷åñêèõ èññëåäîâàíèé (ïîä ðóêîâîäñòâîì ïðîôåññîðà Ì. Ê. Îðóíõàíîâà),
çàäà÷àìè ôîðìèðîâàíèÿ ñîëåíûõ êóïîëîâ è îïòèìàëüíûé ïðîãíîç íåôòå-
äîáû÷è (ïîä ðóêîâîäñòâîì ÷ëåí-êîððåñïîíäåíòà ÍÀÍ ÐÊ, ïðîôåññîðà Ê.À.
Êàñûìîâà) è äðóãèìè.
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Ïðè ñîçäàíèè ÈÑÀÐ îãðîìíûé âêëàä âíåñåí ñîòðóäíèêàìè Èíñòèòóòà
ãèäðîäèíàìèêè ÑÎ ÐÀÍ èì. Ì. À. Ëàâðåíòüåâà (ïîä ðóêîâîäñòâîì ÷ëåí-
êîððåñïîíäåíòà ÐÀÍ, ïðîôåññîðà Â.Í. Ìîíàõîâà), ¾ÐîñÍÈÏÈòåðìíåôòü¿
(ïîä ðóêîâîäñòâîì Í. Â. Çóáîâà), Èíæåíåðíîé àêàäåìèè ÐÊ (ïîä ðóêîâîä-
ñòâîì ïðîôåññîðà Á. Ò. Æóìàãóëîâà) è Êàçàõñêîãî íàöèîíàëüíîãî óíèâåð-
ñèòåòà èìåíè àëü-Ôàðàáè (ïîä ðóêîâîäñòâîì àêàäåìèêà ÈÀ ÐÊ, ïðîôåññîðà
Ø. Ñ. Ñìàãóëîâà). Ïðè ñîçäàíèè ÈÑÀÐ ïîëó÷åíû íîâûå íàó÷íûå ðåçóëü-
òàòû è ðàçðàáîòàíû ìàòåìàòè÷åñêèå ìîäåëè ñ ïðèìåíåíèåì ìåòîäà ôèê-
òèâíûõ îáëàñòåé (Ø. Ñ. Ñìàãóëîâ); ôàçîâûõ ïåðåõîäîâ íåèçîòåðìè÷åñêîé
ôèëüòðàöèè æèäêîñòè â ïîðèñòîé ñðåäå (Ñ. Ò. Ìóõàìáåòæàíîâ); èäåíòèôè-
êàöèÿ ïàðàìåòðîâ íåôòÿíîãî ïëàñòà (Ñ. Ò. Ìóõàìáåòæàíîâ, Ø. Æ. Ìóñè-
ðàëèåâà); ñ ïðèìåíåíèåì îäíîìåðíûõ ãðàôîâ (Ñ. Ò. Ìóõàìáåòæàíîâ, Ê. Ì.
Áàéìèðîâ); ïîëóîáðàòíûå çàäà÷è òåîðèè ôèëüòðàöèè (Ñ. Ò. Ìóõàìáåòæà-
íîâ, Ì. À. Áåêòåìåñîâ); âûòåñíåíèÿ íåôòè ñ ó÷åòîì ÏÀÂ (Ñ. Ò. Ìóõàìáåò-
æàíîâ, Í. Øûãàíàêîâ); ñ ðàñùåïëåíèåì ïî ôèçè÷åñêèì ïðîöåññàì â ñèñòå-
ìå ¾íåôòü-âîäà¿ è ¾íåôòü-ãàç¿ (Ñ. Ò. Ìóõàìáåòæàíîâ, Ò. Ó. Æóìàøåâà).
Íàó÷íûìè ðóêîâîäèòåëÿìè îòäåëüíûõ íàó÷íûõ ïðîåêòîâ ñôîðìóëèðîâàíû
ðÿä îñíîâíûõ òðåáîâàíèé ê ôåíîìåíîëîãè÷åñêèì ìîäåëÿì ôèëüòðàöèè:

1. Ýêñïåðèìåíòàëüíàÿ çàìêíóòîñòü ìîäåëè, ò.å. âîçìîæíîñòü ýêñïåðè-
ìåíòàëüíîãî îïðåäåëåíèÿ âñåõ âõîäÿùèõ â íåå ïàðàìåòðîâ áåç ïðèâëå÷åíèÿ
äîïîëíèòåëüíûõ òåîðèé. Óñòîé÷èâàÿ âîñïðîèçâîäèìîñòü ýêñïåðèìåíòîâ.

2. ×åòêîå âûäåëåíèå ãèïîòåç, ïîëîæåííûõ â îñíîâàíèå ìîäåëè è îïðå-
äåëåíèå ãðàíèö èçìåíèìîñòè ýòîé ìîäåëè êàê êà÷åñòâåííûõ (êàêèå ôèçè÷å-
ñêèå ýôôåêòû ìîãóò áûòü îïèñàíû), òàê è êîëè÷åñòâåííûõ.

3. Âëîæèìîñòü â ìîäåëè áîëåå âûñîêîãî óðîâíÿ, ó÷èòûâàþùèå íîâûå
ôèçè÷åñêèå ôàêòîðû.

4. Ìàòåìàòè÷åñêàÿ äîñòóïíîñòü è êîððåêòíîñòü ìîäåëè.
5. Àäàïòèðóåìîñòü ìàòåìàòè÷åñêèõ ìîäåëåé äëÿ êîíêðåòíûõ ìåñòîðîæ-

äåíèé.
Ðÿä ïîëó÷åííûõ ðåçóëüòàòîâ ïî ñîçäàíèþ ÈÑÀÐ âíåäðåíû íà íåôòÿíûõ

ìåñòîðîæäåíèÿõ Êàðàæàíáàñ (ñ ó÷åòîì ÏÒÂ è ÏÒÎÑ) è Êóìêîëü-Ëóêîéë.
Íàðÿäó ñ ÈÑÀÐ ðàçðàáîòàíû äðóãèå àâòîìàòèçèðîâàííûå ñèñòåìû:

¾Ïðèñêâàæèííàÿ çîíà ïëàñòà¿ (ïîä ðóêîâîäñòâîì ïðîôåññîðà Í. Ò. Äà-
íàåâà) è ïî ïðîáëåìàì òðàíñïîðòèðîâêè íåôòè è ãàçà (ïîä ðóêîâîäñòâîì
ïðîôåññîðà Á. Ò. Æóìàãóëîâà).

Èññëåäîâàíèå âîïðîñîâ ïî ðàçðàáîòêå èíôîðìàöèîííûõ òåõíîëîãèé â
íåôòåãàçîäîáûâàþùåé ïðîìûøëåííîñòè ïðîâîäÿòñÿ â Êàçàõñòàíå è ïî ñåé
äåíü. Êàçàõñòàíñêèì ÍÈÈ ìàòåìàòèêè è ìåõàíèêè íà áàçå ìàòåìàòè-
÷åñêèõ è êîìïüþòåðíûõ ìîäåëåé äâèæåíèÿ æèäêîñòè â ïîðèñòîé ñðåäå
ñ ó÷åòîì ïðîöåññîâ òåïëî- è ìàññîïåðåíîñà ðàçðàáîòàíà ðàñïðåäåëåííàÿ
èíôîðìàöèîííî-âû÷èñëèòåëüíàÿ ñèñòåìà àíàëèçà ðàçðàáîòêè íåôòÿíûõ ìå-
ñòîðîæäåíèé ÈÑÀÐ-II, îñîáåííîñòüþ êîòîðîé ÿâëÿåòñÿ òî, ÷òî âñå ðàñ÷åòû
÷èñëåííûõ ìîäåëåé ïðîèçâîäÿòñÿ íà ðàñïðåäåëåííûõ âûñîêîïðîèçâîäèòåëü-
íûõ âû÷èñëèòåëüíûõ ðåñóðñàõ, îðãàíèçóåòñÿ ðàñïðåäåëåííàÿ îáðàáîòêà è
õðàíåíèå äàííûõ, à ïîëüçîâàòåëü â ïðîìûñëîâûõ óñëîâèÿõ ÷åðåç Èíòåðíåò,
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âêëþ÷àÿ ìîáèëüíûå ïëàòôîðìû, ïîëó÷àåò äîñòóï ê àâòîìàòèçèðîâàííîìó
ðàáî÷åìó ìåñòó òåõíîëîãà-àíàëèòèêà [5]. Ìîäóëü âèçóàëèçàöèè ïðåäñòàâ-
ëåí â âèäå Web-ìîäóëÿ, èñïîëíÿþùåãîñÿ íà ñåðâåðå (êëàñòåðå) è èñïîëü-
çóþùåãî àïïàðàòíûå ñðåäñòâà ãðàôè÷åñêîé ïîäñèñòåìû (GPU) ñî ñòîðîíû
êëèåíòà. Ïðè ðàçðàáîòêå ïðîãðàììû èñïîëüçîâàíà ãèáðèäíàÿ òåõíîëîãèÿ
îðãàíèçàöèè ïàðàëëåëüíûõ âû÷èñëåíèé OpenMP è MPI. Âîïðîñàì ñîçäà-
íèÿ ðàñïðåäåëåííûõ èíôîðìàöèîííî-âû÷èñëèòåëüíûõ ñèñòåì äëÿ ðàñ÷åòà
çàäà÷ íåôòåãàçîâîé îòðàñëè, à òàêæå ðàñïàðàëëåëèâàíèÿ àëãîðèòìîâ ñ èñ-
ïîëüçîâàíèåì òåõíîëîãèé MPI, OpenMP, CUDA ïîñâÿùåíû ðàáîòû Ä. Æ.
Àõìåä-Çàêè [6,7], Á. Ò. Æóìàãóëîâà, Í. Ò. Äàíàåâà, Ò. Ñ. Èìàíêóëîâà, Ò. Ò.
Áåêèáàåâà [8,9,10]. Â ðàáîòàõ Ó. Ê. Æàïáàñáàåâà, È. Ê. Áåéñåìáåòîâà, Á. Ê.
Êåíæàëèåâà, Á. Ê. Àñèëáåêîâà ïðèâîäÿòñÿ ðåçóëüòàòû èññëåäîâàíèé ïðè-
ìåíèìîñòè òåõíîëîãèè CUDA äëÿ ðàñïàðàëëåëèâàíèÿ ãèäðîäèíàìè÷åñêèõ
ðàñ÷åòîâ òðåõìåðíûõ çàäà÷ ôèëüòðàöèè.

Ïðèâåäåì îáçîð ðÿäà îðèãèíàëüíûõ ìåòîäîâ ðåøåíèÿ çàäà÷ ìíîãîôàç-
íîé ôèëüòðàöèè. Îäíà èç îñíîâíûõ ïðîáëåì ìîäåëèðîâàíèÿ äâèæåíèÿ ìíî-
ãîôàçíîãî ïîòîêà ÷åðåç ïîðèñòóþ ñðåäó ìíîãîêîìïîíåíòíûõ ÷àñòè÷íî ñìå-
øèâàþùèõñÿ æèäêîñòåé ñâÿçàíà ñ ïîÿâëåíèåì îäíîôàçíûõ çîí, çàíÿòûõ íà-
ñûùåííîé (èëè íåäîíàñûùåííîé) æèäêîñòüþ, ò. å. çíà÷èòåëüíî óäàëåííîé îò
ðàâíîâåñíîé äâóõôàçíîé îáëàñòè. Â ïåðåíàñûùåííîé çîíå óðàâíåíèÿ äâóõ-
ôàçíîãî òå÷åíèÿ âûðîæäàþòñÿ è áîëüøå íå ìîãóò áûòü èñïîëüçîâàíû, ÷òî
âûçûâàåò ñåðüåçíûå ïðîáëåìû â ÷èñëåííûõ ðàñ÷åòàõ. Â ðàáîòå [11] ïðåä-
ëàãàåòñÿ îïèñàòü äâóõôàçíóþ è ïåðåíàñûùåííóþ îäíîôàçíóþ çîíó åäèíîé
ñèñòåìîé êëàññè÷åñêèõ äâóõôàçíûõ óðàâíåíèé, ðàñøèðÿÿ ïîíÿòèå ôàçîâî-
ãî íàñûùåíèÿ òàê, ÷òîáû îíî áûëî îòðèöàòåëüíûì è ïðåâûøàëî åäèíèöó.
Ôèçè÷åñêè ýòî îçíà÷àåò, ÷òî ðàññìàòðèâàþòñÿ ïåðåíàñûùåííûå îäíîôàç-
íûå ñîñòîÿíèÿ êàê ïñåâäî-äâóõôàçíûå ñîñòîÿíèÿ, êîòîðûå õàðàêòåðèçóþò-
ñÿ îòðèöàòåëüíûì íàñûùåíèåì ìíèìîé ôàçû. Òàêîå ðàñøèðåíèå ïîíÿòèÿ
ôàçîâîãî íàñûùåíèÿ òðåáóåò ðàçðàáîòêè íåêîòîðûõ óñëîâèé êîíñèñòåíöèè,
îáåñïå÷èâàþùèõ ýêâèâàëåíòíîñòü ìåæäó ïñåâäî-äâóõôàçíûìè óðàâíåíèÿ-
ìè è èñòèííîé ìîäåëüþ îäíîôàçíîãî ïîòîêà â ïåðåíàñûùåííûõ çîíàõ. Ýòîò
ìåòîä ïîçâîëÿåò èñïîëüçîâàòü ñóùåñòâóþùèå ÷èñëåííûå ñèìóëÿòîðû äâóõ-
ôàçíîãî ïîòîêà äëÿ ìîäåëèðîâàíèÿ îäíîôàçíûõ çîí ïóòåì äîáàâëåíèÿ ïðî-
ñòîãî ïëàãèíà áåç èçìåíåíèÿ ñòðóêòóðû ñèìóëÿòîðîâ. Ýòîò ìåòîä èëëþñòðè-
ðóåòñÿ íåñêîëüêèìè ïðèìåðàìè ïîòîêà âîäû â âèäå âîäîðîäà â ðàäèîàêòèâ-
íîì õðàíèëèùå îòõîäîâ è çàêà÷êè CO2 â íåôòÿíîé ïëàñò.

Ïîäõîä îòðèöàòåëüíûõ íàñûùåííîñòåé áûë îáîáùåí äëÿ íåèçîòåðìè÷å-
ñêîãî ñëó÷àÿ â ðàáîòå [12]. Äàííûé ðåøåíèÿ ýôôåêòèâíî ðåøàåò ëþáóþ ïðî-
áëåìó íåèçîòåðìè÷åñêîãî êîìïîçèöèîííîãî ïîòîêà, êîòîðàÿ âêëþ÷àåò â ñåáÿ
èñ÷åçíîâåíèå ôàçû, ïîÿâëåíèå ôàçû è ôàçîâûé ïåðåõîä. Ïðåèìóùåñòâî ïîä-
õîäà ðåøåíèÿ çàêëþ÷àåòñÿ â òîì, ÷òî îí îáõîäèò ñ ïîìîùüþ ðàçíûõ óðàâíå-
íèé äëÿ îäíîôàçíûõ è äâóõôàçíûõ îáëàñòåé è ïîñëåäóþùåé íåóñòîé÷èâîé
ïðîöåäóðû. Äàííûé ïîäõîä ìîæåò áûòü ýôôåêòèâíî ðåàëèçîâàí â ÷èñëî-
âûõ ñèìóëÿòîðàõ äëÿ ðåøåíèÿ ïðîáëåì ìîäåëèðîâàíèÿ ñìåøàííîé çàêà÷êè
CO2-âîäû â ãåîòåðìàëüíûõ ïëàñòàõ, ïðîöåññîâ òåðìè÷åñêîé ðåãåíåðàöèè è
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äëÿ ìíîãîêîíòàêòíîãî ñìåøèâàþùåãîñÿ è íåñìåøèâàþùåãîñÿ ãàçà â íåôòÿ-
íûõ ïëàñòàõ.

Ñëåäóþùèé ðÿä ðàáîò ïîñâÿùåí ðåøåíèþ çàäà÷ ìíîãîôàçíîé ôèëüòðà-
öèè ñ ó÷åòîì êàïèëëÿðíûõ ñèë. Â ðàáîòå Ñ. Í. Àíòîíöåâà è Â. Í. Ìîíàõîâà
[13], à çàòåì â ðàáîòå G. Chavent, J. Ja�re [14] ïðåäëîæåí ïîäõîä ðåøåíèÿ
çàäà÷è äâóõôàçíîé èçîòåðìè÷åñêîé ôèëüòðàöèè. Èäåÿ èõ ìåòîäîâ ñîñòîèò
âî ââåäåíèè íîâîé ïåðåìåííîé - �ãëîáàëüíîãî� (�ïðèâåäåííîãî�) äàâëåíèÿ ïî
ôîðìóëå

p = po −
∫ 1

sw

λw
λw + λo

∂pc
∂sw

dξ, λα =
kα
µα
. (1)

Â ðàáîòå [14] äàííûé ïîäõîä îáîáùåí äëÿ äâóõôàçíîãî ñæèìàåìîãî ïîòî-
êà, òðåõôàçíîãî èçîòåðìè÷åñêîãî ñëó÷àÿ è äëÿ ìîäåëè Black Oil. Íåñìîòðÿ
íà òî, ÷òî ãëîáàëüíîå äàâëåíèå íå èìååò ÿâíîãî ôèçè÷åñêîãî ñìûñëà, ââå-
äåíèå ýòîé çàìåíû ïîçâîëèëî ïîëó÷èòü íîâûå ìàòåìàòè÷åñêèå ðåçóëüòàòû.
Îáçîð ðàáîò ïî äàííîé òåìàòèêå ïðèâåäåí â ðàáîòå [15]. Èñïîëüçóÿ êîíöåï-
öèþ ãëîáàëüíîãî äàâëåíèÿ, â ðàáîòå [14] äîêàçàíî ñóùåñòâîâàíèå ðåøåíèÿ
çàäà÷è ôèëüòðàöèè íåñæèìàåìîé æèäêîñòè äëÿ âûðîæäåííîãî è íåâûðîæ-
äåííîãî ñëó÷àåâ è äîêàçàíà åäèíñòâåííîñòü çàäà÷è â îäíîì ÷àñòíîì ñëó÷àå.
Íàïðèìåð, â ðàáîòå [16] äîêàçûâàåòñÿ ñóùåñòâîâàíèå ñëàáîãî ðåøåíèÿ óðàâ-
íåíèé ñæèìàåìûõ íåñìåøèâàþùèõñÿ æèäêîñòåé. Â ðàáîòå [17] óñòàíîâëåíî
ñóùåñòâîâàíèå ðåøåíèÿ çàäà÷è äâóõôàçíîé ôèëüòðàöèè â �ãëîáàëüíîé� ïî-
ñòàíîâêå. Â ðàáîòå [18] äîêàçûâàåòñÿ ñóùåñòâîâàíèå ñëàáûõ ðåøåíèé çàäà-
÷è äâóõôàçíîé ôèëüòðàöèè íåñæèìàåìûõ æèäêîñòåé â ðàìêàõ óïðîùåí-
íîé ìîäåëè äâîéíîé ïîðèñòîñòè. Â ðàáîòå [19] óñòàíîâëåíî ñóùåñòâîâàíèå
ñëàáûõ ðåøåíèé çàäà÷è äâóõôàçíîé ôèëüòðàöèè íåñìåøèâàþùèõñÿ ñæè-
ìàåìûõ æèäêîñòåé äëÿ ñëó÷àÿ ñðåäû ñ ðàçíûìè ïîðîäàìè. Â ðàáîòå [20]
äîêàçàíî ñóùåñòâîâàíèå, åäèíñòâåííîñòü è ðåãóëÿðíîñòü ñëàáîãî ðåøåíèÿ
çàäà÷è äâóõôàçíîé ôèëüòðàöèè íåñæèìàåìûõ æèäêîñòåé. Â ðàáîòå Ò. Ê.
Åðìàãàìáåòîâà [21] äîêàçàíà ðàçðåøèìîñòü çàäà÷è äâóõôàçíîé íåðàâíîâåñ-
íîé ôèëüòðàöèè. Â ðàáîòå [22] äîêàçàíà ðàçðåøèìîñòü çàäà÷è òðåõôàçíîé
ôèëüòðàöèè â èçîòåðìè÷åñêîì ñëó÷àå íà îñíîâå ââåäåíèÿ ãëîáàëüíîãî äàâ-
ëåíèÿ. Â ðàáîòå [23] íà ïðèìåðå ìîäåëüíûõ çàäà÷ òðåõôàçíîé èçîòåðìè÷å-
ñêîé ôèëüòðàöèè ïîêàçàíî, ÷òî ñ âû÷èñëèòåëüíîé òî÷êè çðåíèÿ ðåøåíèå
äàííîé çàäà÷è ñ èñïîëüçîâàíèåì ãëîáàëüíîãî äàâëåíèÿ ÿâëÿåòñÿ áîëåå ýô-
ôåêòèâíûì, ÷åì ðåøåíèå çàäà÷è â �ôàçîâîé� ïîñòàíîâêå. Â ðàáîòå [24] èñ-
ñëåäîâàíà çàäà÷à î äâèæåíèè äâóõôàçíîãî ìíîãîêîìïîíåíòíîãî ïîòîêà íà
îñíîâå ââåäåíèÿ ãëîáàëüíîãî äàâëåíèÿ. Â ðàáîòå [25] äàííûé ïîäõîä îáîá-
ùàåòñÿ íà ñëó÷àé ïîðèñòîé ñðåäû ñ ðàçðûâîì. Â ðàáîòå [26,15] óêàçàííûé
ïîäõîä îáîáùåí äëÿ çàäà÷è òðåõôàçíîé íåèçîòåðìè÷åñêîé ôèëüòðàöèè.

Îäíèì èç ìíîãîîáåùàþùèõ íàïðàâëåíèé â òåîðèè ôèëüòðàöèè ÿâëÿþòñÿ
çàäà÷è îïðåäåëåíèÿ îïòèìàëüíûõ ïàðàìåòðîâ çàêà÷êè âûòåñíÿþùåãî àãåí-
òà äëÿ ïîâûøåíèÿ íåôòåîòäà÷è èëè ïîëó÷åíèÿ æåëàåìûõ ñâîéñòâ ïëàñòà.
Äàííûå çàäà÷è èçó÷àëèñü â ðàáîòàõ êàçàõñòàíñêèõ ìàòåìàòèêîâ. Íàïðè-
ìåð, â ðàáîòå [27] áûëà èçó÷åíà çàäà÷à îïðåäåëåíèÿ ñêîðîñòè çàêà÷êè âî-
äû â ïëàñò äëÿ äîñòèæåíèÿ æåëàåìîãî ãèäðîäèíàìè÷åñêîãî ñîñòîÿíèÿ ïëà-



Ñîâðåìåííûå ìàòåìàòè÷åñêèå ìîäåëè, ÷èñëåííûå ìåòîäû... 127

ñòà. Ðàáîòà [28] ïîñâÿùåíà ÷èñëåííîìó ðåøåíèþ çàäà÷è îïðåäåëåíèÿ îïòè-
ìàëüíîãî äàâëåíèÿ ïàðà íà íàãíåòàòåëüíîé ñêâàæèíå äëÿ äîñòèæåíèÿ ïðåä-
îïðåäåëåííîé òåìïåðàòóðû âäîëü ïëàñòà. Â ðàáîòå [29,31] èçó÷àåòñÿ çàäà-
÷à îïòèìàëüíîãî óïðàâëåíèÿ äëÿ óðàâíåíèé òðåõôàçíîé íåèçîòåðìè÷åñêîé
ôèëüòðàöèè, êîòîðàÿ çàêëþ÷àåòñÿ â ìèíèìèçàöèè îòêëîíåíèÿ òåìïåðàòóðû
ïëàñòà îò çàäàííîãî ðàñïðåäåëåíèÿ òåìïåðàòóðû ê îïðåäåëåííîìó âðåìåíè
ðàçðàáîòêè, ïîñðåäñòâîì óïðàâëåíèÿ ìàññîâîãî ðàñõîäà òåïëîíîñèòåëÿ íà
íàãíåòàòåëüíûõ ñêâàæèíàõ.

Èçó÷åíèå äèôôåðåíöèàëüíûõ ñâîéñòâ ñèñòåì óðàâíåíèé ìîäåëåé ôèëü-
òðàöèè, îïðåäåëåíèå ïîðÿäêà àïïðîêñèìàöèé, óñòîé÷èâîñòè è ñõîäèìîñòè
ðàçíîñòíûõ ñõåì íóæíû òîëüêî ìàòåìàòèêàì. Èññëåäîâàâ äèôôåðåíöèàëü-
íûå óðàâíåíèÿ è ñîîòâåòñòâóþùèå ðàçíîñòíûå ñõåìû ìàòåìàòèêè ñòðîÿò
àëãîðèòìû äëÿ ÷èñëåííîãî ðåøåíèÿ ýòèõ çàäà÷ íà êîìïüþòåðå. Øèðîêîìó
êðóãó ïîëüçîâàòåëåé íóæåí êîíå÷íûé ðåçóëüòàò: ïàêåòû ïðèêëàäíûõ ïðî-
ãðàìì, êîììåð÷åñêèå ãèäðîäèíàìè÷åñêèå ñèìóëÿòîðû è èíôîðìàöèîííûå
ñèñòåìû.

Â ñâÿçè ñ ýòèì íà ñåãîäíÿøíèé äåíü ÿâëÿåòñÿ àêòóàëüíûì ñîâåðøåíñòâî-
âàíèÿ ãèäðîäèíàìè÷åñêèõ ñèìóëÿòîðîâ íà âûñîêîïðîèçâîäèòåëüíûõ êîì-
ïüþòåðàõ. Êàê óæå áûëî îòìå÷åíî èìåþòñÿ ñîâðåìåííûå ñèìóëÿòîðû òèïà
tNavigator îò Rock�ow Dinamics, Schlumberger Eclipse 300 è äðóãèå. Åñëè
ðàíüøå ïàêåòû ïðèêëàäíûõ ïðîãðàìì îöåíèâàëèñü ìåíüøèì êîëè÷åñòâîì
ñ÷åòíîãî âðåìåíè, òî â íàñòîÿùåå âðåìÿ ãèäðîäèíàìè÷åñêèå ñèìóëÿòîðû îò-
ëè÷àþòñÿ êîëè÷åñòâîì âèçóàëèçèðóåìûõ êàäðîâ â ñåêóíäó. Íàïðèìåð âèçó-
àëèçàòîð tNavigator îò Rock�ow Dinamics îòîáðàæàåò íà ýêðàí êîìïüþòåðà
37,2129 êàäðîâ â ñåêóíäó ïðè êîëè÷åñòâå 44 ìëí. ïîëèãîíîâ.

Òàêèì îáðàçîì, àêòóàëüíûì ÿâëÿåòñÿ ñîçäàíèÿ ãèäðîäèíàìè÷åñêèõ ñè-
ìóëÿòîðîâ ñïîñîáíûõ ìîäåëèðîâàòü ïðîöåññ ôèëüòðàöèè ñ îòîáðàæåíèåì
íà ýêðàí â ðåæèìå ðåàëüíîãî âðåìåíè. Áîëüøèå çàäà÷è ôèëüòðàöèè ðàñ-
ñ÷èòûâàþòñÿ íà ìîùíûõ êëàñòåðàõ, áîëüøîå çíà÷åíèå ïðèîáðåòàåò èíòåð-
àêòèâíûé èíòåðôåéñ äëÿ ðàáîòû ñ ðåçóëüòàòàìè ðàñ÷åòîâ. Îñíîâíàÿ ñëîæ-
íîñòü çàêëþ÷àåòñÿ â âèçóàëèçàöèè áîëüøèõ äàííûõ íà ñðåäíèõ è ñëàáûõ
êëèåíòñêèõ óñòðîéñòâàõ ñ òîé æå ñêîðîñòüþ ñ êîòîðîé ïðîèñõîäèò ðàñ÷åò
íà ñóïåðêîìïüþòåðå. Ïî ýòîé ïðè÷èíå ìíîãî âíèìàíèÿ óäåëÿåòñÿ ìîäóëþ
âûñîêîïðîèçâîäèòåëüíîé âèçóàëèçàöèè ðåçóëüòàòîâ ðàñ÷åòà â ðåæèìå ðå-
àëüíîãî âðåìåíè äëÿ îïåðàòèâíîãî îòñëåæèâàíèÿ ñîñòîÿíèÿ ñèìóëÿöèè è
âîçíèêàþùèõ îøèáîê, ïîñêîëüêó âðåìÿ ðàáîòû ìîæåò áûòü äîâîëüíî äî-
ðîãèì. Îñíîâíûì ôàêòîðîì êà÷åñòâåííîé âèçóàëèçàöèè ÿâëÿåòñÿ óäîáíîå
ïðåäñòàâëåíèå äàííûõ , ïîýòîìó ýòî íàïðàâëåíèå äîëæíî ðàçâèâàòüñÿ â ñòî-
ðîíó óïðîùåíèÿ âèçóàëüíîãî âîñïðèÿòèÿ èíôîðìàöèè. Ñëåäóþùèì øàãîì
â äàííîì íàïðàâëåíèè ìîæíî íàçâàòü ïðåäñòàâëåíèÿ ðåçóëüòàòîâ ðàñ÷åòîâ
â â âèðòóàëüíîé ðåàëüíîñòè ñ ýôôåêòîì ïðèñóòñòâèÿ.

Ñåãîäíÿ ïåðåä íåôòåãàçîâîé îòðàñëüþ ñòîèò âàæíåéøàÿ ïðîáëåìà, êî-
òîðóþ íåîáõîäèìî íåçàìåäëèòåëüíî ðåøàòü. Îíà çàêëþ÷àåòñÿ â íîâîì , íå
ôîðìàëüíîì , ðàáîòàþùåì ïîäõîäå ê ïîäãîòîâêå è àòòåñòàöèè ñïåöèàëèñòîâ
îïàñíûõ ïðîèçâîäñòâåííûõ îáúåêòîâ. Ýòî, ïðåæäå âñåãî, ïåðåäà÷à ïðîôåñ-
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ñèîíàëüíûõ çíàíèé, îïûòà, ðàçâèòèå òåõíè÷åñêîé èíòóèöèè, à òàêæå ëîãèêè.
È ñàìîå ãëàâíîå � ýòî óìåíèå èñïîëüçîâàòü âñå ýòè ÷åëîâå÷åñêèå êà÷åñòâà íå
òîëüêî â íåäîïóùåíèè àâàðèé è ÷ðåçâû÷àéíûõ ñèòóàöèé íà îïàñíûõ ïðîèç-
âîäñòâåííûõ îáúåêòàõ, íî è ïðåäîòâðàùåíèè èõ ïîñëåäñòâèé. Íî äëÿ ýòîãî
íóæíû ïîñòîÿííûå òðåíèíãè, íà êîòîðûõ îòðàáàòûâàþòñÿ âñåâîçìîæíûå
èçìåíåíèÿ ðåæèìîâ è òåõíè÷åñêèå èíöèäåíòû, êîòîðûå ìîãóò ïðîèçîéòè
íà ïðåäïðèÿòèÿõ íåôòåãàçîâîé îòðàñëè. Íåìàëîâàæíûì ôàêòîðîì ÿâëÿåò-
ñÿ íàãëÿäíîñòü è ¾öèôðîâàÿ¿ ïðîäâèíóòîñòü îáó÷àþùèõ ñèñòåì � ìîëîäûå
ëþäè ïîãðóæåíû â öèôðîâûå òåõíîëîãèè, ¾ýêðàíîçàâèñèìû¿ è ìàëî ïîä-
âåðæåíû òðàäèöèîííîìó íàñòàâíè÷åñòâó.

Ñîçäàíèå è âíåäðåíèå òðåíàæåðîâ � ýòî ïðîöåññ, ïîçâîëÿþùèé óæå â
ïðîöåññå ðàçðàáîòêè ôîðìàëèçîâàòü è àêêóìóëèðîâàòü ÷àñòî ðàçðîçíåííûå
çíàíèÿ, îáëàäàòåëè êîòîðûõ ðàçáðîñàíû ïî ðàçíûì îáúåêòàì, âûÿâèòü è
ïðåîäîëåòü íåêîìïåòåíòíîñòü îòäåëüíûõ ñðåäíèõ ðóêîâîäèòåëåé, ðàáîòàþ-
ùèõ ïîä äåâèçîì ¾íè÷åãî ìåíÿòü íå íàäî¿ êîãäà âñå âîêðóã ìåíÿåòñÿ.

Ïîýòîìó íåîáõîäèìî ñîçäàâàòü êðóïíûå ìîäåëèðóþùèå êîìïëåêñû íåô-
òåãàçîâûõ îáúåêòîâ ñ èñïîëüçîâàíèåì ñîâðåìåííûõ äîñòèæåíèè âèçóàëüíîãî
ïðîãðàììèðîâàíèÿ. Èíòåðàêòèâíûå ïàíåëè ïîäêëþ÷åííûå ê êîìïüþòåðíîé
ñåòè òðåíàæåðà âêëþ÷àþùèé â ñåáå âèðòóàëüíûå ïîëèãîíû, ñîâìåùàþùèå
ìîäåëè ïðîöåññîâ, SCADA è 3D � îáúåêòû äëÿ îòðàáîòêè òðåíèíãîâ è àò-
òåñòàöèè ñïåöèàëèñòîâ íåôòåãàçîâîé îòðàñëè. Ðàçðàáàòûâàòü ó÷åáíî- òðå-
íèðîâî÷íûå êîìïëåêñû â îñíîâå êîòîðîé ëåæèò ïîäðîáíàÿ ìàòåìàòè÷åñêàÿ
ìîäåëü ðåàëüíîãî ôðàãìåíòà íåôòå-ãàçîòðàíñïîðòíîé ñåòè. Ïðîãðàììíîå
îáåñïå÷åíèå äîëæíà ñîäåðæàòü ÑÀÏÐ, ïîçâîëÿþùèå äîñòàòî÷íî îïåðàòèâ-
íî ìåíÿòü è ðàñøèðÿòü ìîäåëü ñåòè, îáîðóäîâàíèÿ è àâòîìàòèêè. Óïðàâëå-
íèå ó÷åáíîé íåôòåãàçîòðàíñïîðòíîé ñåòüþ îñóùåñòâëÿåòñÿ ñ ÀÐÌ ïîäðîáíî
èìèòèðóþùèõ ðåàëüíûå ÀÐÌ ñïåöèàëèñòîâ. Ïàðàìåòðû ðàáîòû ðåàëüíîãî
îáîðóäîâàíèÿ çàâîäÿòñÿ îáðàòíî â ìàòåìàòè÷åñêóþ ìîäåëü ïî ïðèíöèïó îá-
ðàòíîé ñâÿçè. Òàêîå ðåøåíèå äàåò áîëåå øèðîêèå âîçìîæíîñòè äëÿ ïðàêòè-
÷åñêîãî îáó÷åíèÿ ñïåöèàëèñòîâ.

Òàêèì îáðàçîì, â äàííîé ðàáîòå ïðîâåäåí îáçîð ïîñëåäíèõ ðàáîò, âûïîë-
íåííûõ ïðè èçó÷åíèè ìîäåëåé ìíîãîôàçíîãî ïîòîêà æèäêîñòè â ïîðèñòîé
ñðåäå, à òàêæå îáçîð ïîñëåäíèõ äîñòèæåíèé â îáëàñòè ðàçðàáîòêè àâòîìà-
òèçèðîâàííûõ èíôîðìàöèîííûõ ñèñòåì ìîäåëèðîâàíèÿ íà îñíîâå ýòèõ ìî-
äåëåé.

Ñïèñîê ëèòåðàòóðû

1. Æóìàãóëîâ, Á. Ò., Çóáîâ, Í. Â., Ìîíàõîâ, Â. Í., Ñìàãóëîâ, Ø. Ñ.: Íîâûå êîì-
ïüþòåðíûå òåõíîëîãèè â íåôòåäîáû÷å. Àëìàòû, Ãûëûì (1996)

2. Áî÷àðîâ, Î.Á., Ìîíàõîâ, Â.Í.: Êðàåâûå çàäà÷è íåèçîòåðìè÷åñêîé äâóõôàçíîé
ôèëüòðàöèè â ïîðèñòûõ ñðåäàõ. Äèíàìèêà ñïëîøíîé ñðåäû 88. Íîâîñèáèðñê
(1988)

3. Áî÷àðîâ, Î.Á., Ìîíàõîâ, Â.Í.: Íåèçîòåðìè÷åñêàÿ ôèëüòðàöèÿ íåñìåøèâàþ-
ùèõñÿ æèäêîñòåé ñ ïåðåìåííûìè îñòàòî÷íûìè íàñûùåííîñòÿìè (1988)



Ñîâðåìåííûå ìàòåìàòè÷åñêèå ìîäåëè, ÷èñëåííûå ìåòîäû... 129

4. Àíòîíöåâ Ñ.Í., Ìîíàõîâ Â.Í. Î íåêîòîðûõ çàäà÷àõ ôèëüòðàöèè äâóõôàçíîé
íåñæèìàåìîé æèäêîñòè. Äèíàìèêà ñïëîøíîé ñðåäû, 156�167 (1969)

5. Æóìàãóëîâ, Á. Ò., Äàíàåâ, Í.Ò.: Ðàñïðåäåëåííàÿ èíôîðìàöèîííàÿ ñèñòåìà àíà-
ëèçà ðàçðàáîòêè íåôòåãàçîâûõ ìåñòîðîæäåíèé - ÈÑÀÐ II. Ïîëèìåðíîå çàâîäíå-
íèå. Îáðàáîòêà ïðîñòðàíñòâåííûõ äàííûõ è äèñòàíöèîííûé ìîíèòîðèíã ïðè-
ðîäíîé ñðåäû è ìàñøòàáíûõ àíòðîïîãåííûõ ïðîöåññîâ (DPRS 2013). � Áàðíàóë,
Ñ.126-134 (2013)

6. Àõìåä-Çàêè, Ä. Æ., Àéäàðîâ, Ê. À.: Ðàñïðåäåëåííàÿ âû÷èñëèòåëüíàÿ ñèñòåìà
íà îñíîâå òåõíîëîãèè MPI ñ èíòåðôåéñîì WEB 2.0. Ìàòåðèàëû êîíôåðåíöèè
¾Âû÷èñëèòåëüíûå è èíôîðìàöèîííûå òåõíîëîãèè â íàóêå, òåõíèêå è îáðàçîâà-
íèè 2013¿, Óñòü-Êàìåíîãîðñê. - Ñ.56-60 (2013)

7. Àõìåä-Çàêè, Ä. Æ., Áîðèñåíêî, Ì. Á.: Ðàçðàáîòêà âûñîêîïðîèçâîäèòåëüíûõ
ïðèëîæåíèé ñ èñïîëüçîâàíèåì ãèáðèäíûõ òåõíîëîãèé ïàðàëëåëüíûõ âû÷èñëå-
íèé � MPI/OpenMP/Cuda. Âåñòíèê ÊàçÍÓ. Ñåðèÿ ìàòåìàòèêà, ìåõàíèêà, èí-
ôîðìàòèêà, �3 (78). � Ñ.33-39 (2013)

8. Äàíàåâ, Í. Ò.: Ïðîãðàììíàÿ ðåàëèçàöèÿ çàäà÷ ÷èñëåííîãî ìîäåëèðîâàíèÿ îñå-
ñèììåòðè÷íîé äâóõôàçíîé ôèëüòðàöèè. Âåñòíèê Èíæåíåðíîé àêàäåìèè Ðåñ-
ïóáëèêè Êàçàõñòàí, �2 (10). � Ñ.45-49 (2003)

9. Æóìàãóëîâ, Á. Ò., Äàíàåâ, Í. Ò., Àõìåä-Çàêè, Ä. Æ., Òóðàð, Î. Í.: Ðàçðàáîò-
êà ìîäóëÿ âèçóàëèçàöèè äëÿ Web ãèäðîäèíàìè÷åñêîãî ñèìóëÿòîðà ÈÑÀÐ-II ñ
ïðèìåíåíèåì CUDA òåõíîëîãèè. Âåñòíèê ÊàçÍÓ. Ñåðèÿ ìàòåìàòèêà, ìåõàíèêà,
èíôîðìàòèêà, �3(78). � Ñ.48-55 (2013)

10. Áåêèáàåâ, Ò. Ò., Àñèëáåêîâ, Á. Ê., Æàïáàñáàåâ, Ó. Ê., Áåéñåìáåòîâ, È.Ê., Êåí-
æàëèåâ, Á. Ê.: Ïðèìåíåíèå CUDA äëÿ ðàñïàðàëëåëèâàíèÿ òðåõìåðíîé çàäà÷è
ôèëüòðàöèè íåôòè. Âåñòíèê ÊàçÍÓ, ñåðèÿ Ìàòåìàòèêà, ìåõàíèêà, èíôîðìà-
òèêà, �1 (72). � Ñ.65-78 (2012)

11. Abadpour, A., Pan�lov, M.: Method of Negative Saturations for Modeling Two-
phase Compositional Flow with Oversaturated Zones. Transport in Porous Media
79, 197�214 (2009).

12. Salimi, H., Wolf, K., Bruining, J. Negative Saturation Approach for Non-Isothermal
Compositional Two-Phase Flow Simulations. Transport in Porous Media 91, 391�422
(2012).

13. Àíòîíöåâ, Ñ.Í., Ìîíàõîâ, Â.Í.: Êðàåâûå çàäà÷è äëÿ íåêîòîðûõ âûðîæäàþ-
ùèõñÿ óðàâíåíèé ìåõàíèêè ñïëîøíîé ñðåäû. Íîâîñèáèðñêèé ãîñóäàðñòâåííûé
óíèâåðñèòåò (1977)

14. Chavent, G., Ja�re, J.: Mathematical models and �nite elements for reservoir
simulation. North Holland (1986)

15. Áàéãåðååâ, Ä. Ð. Ýêîíîìè÷íûå ðàçíîñòíûå ñõåìû äëÿ çàäà÷è òðåõôàçíîé
íåèçîòåðìè÷åñêîé ôèëüòðàöèè â ïåðåìåííûõ �ãëîáàëüíîå äàâëåíèå, íàñûùåí-
íîñòü, òåìïåðàòóðà�. Äèñ. ... PhD (2017)

16. Amirat, Y., Shelukhin, V.: Global weak solutions to equations of compressible
miscible �ows in porous media , SIAM Journal of Mathematical Analysis 38 (6),
1825�1846 (2007)

17. Amaziane, B., Jurak, M., Vrbaski, A.: Existence for a global pressure formulation
of water-gas �ow in porous media, Electronic Journal of Di�erential Equations 102,
1�22 (2012)

18. Arbogast, T: The existence of weak solutions to single porosity and simple dual-
porosity models of two-phase incompressible �ow. Nonlinear Analysis: Theory,
Methods & Applications. Vol. 19, Issue 11, 1009-1031 (1992)



130 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

19. Amaziane, B., Pankratov, L., Piatnitski, A.: The existence of weak solutions to
immiscible compressible two-phase �ow in porous media: the case of �elds with
di�erent rock-types. Discrete and continuous dynamical systems Series B (2013)

20. Chen, Z: Degenerate two-phase incompressible �ow I: Existence, uniqueness and
regularity of a weak solution. Journal of Di�erential Equations 171, 203�232 (2001)

21. Åðìàãàìáåòîâ, Ò.Ê.: Ðàçðåøèìîñòü è ÷èñëåííîå èññëåäîâàíèå ìîäåëè íåðàâíî-
âåñíîé ôèëüòðàöèè äâóõôàçíîé íåñæèìàåìîé æèäêîñòè ñ îáîáùåííûì çàêîíîì
íåðàâíîâåñíîñòè. Äèñ.... êàíä. ôèç.-ìàò. íàóê. Àëìàòû (2010)

22. Fabrie, P., Saad, M.: Existence de solutions faibles pour un mod�ele d'�ecoulement
triphasique en milieu poreux. Annales de la facult�e des sciences de Toulouse 6 e
s�erie 2(3), 337�373 (1993)

23. Chen, Z., Ewing, R.: Comparison of various formulation of three-phase �ow in
porous media. Journal of Computational Physics (1997)

24. Amaziane, B., Jurak, M., Keko, A.: Modeling compositional compressible two-
phase �ow in porous media by the concept of the global pressure. Computational
Geoscience. Vol. 18, Issue 3-4, 297�309 (2014)

25. Bastian, P.: Numerical Computation of Multiphase Flows in Porous Media.
Christian-Albrechts-Universit�at Kiel (1999)

26. Temirbekov N.M., Baigereyev D.R.: Modeling of three-phase non-isothermal �ow
in porous media using the approach of reduced pressure. Mathematical modeling
of technological processes. Series of Communications in Computer and Information
Science 549 ,Springer. P.166-176 (2015)

27. Ìóêèìáåêîâ Ì. Æ.: Îïòèìèçàöèÿ òåõíîëîãè÷åñêèõ ïàðàìåòðîâ âîçäåéñòâèÿ
íà ïëàñò. Âåñòíèê Êàðàãàíäèíñêîãî óíèâåðñèòåòà. �3 (59). � Ñ. 42-46 (2010)

28. Àáäðàìàíîâà Ì. Á. ×èñëåííîå ìîäåëèðîâàíèå ïðîöåññà âûòåñíåíèÿ íåôòè ïà-
ðîì. Âåñòíèê ÊàçÃÓ. Ñåðèÿ ìàòåìàòèêà, ìåõàíèêà, èíôîðìàòèêà �10. Ñ. 3-10
(1998)

29. Æóìàãóëîâ Á.Ò., Òåìèðáåêîâ Í.Ì., Áàéãåðååâ Ä.Ð. Ìîäåëèðîâàíèå òðåõôàç-
íîãî íåèçîòåðìè÷åñêîãî òå÷åíèÿ â ïîðèñòîé ñðåäå ñ èñïîëüçîâàíèåì êîíöåïöèè
ãëîáàëüíîãî äàâëåíèÿ è óïðàâëåíèå òåõíîëîãè÷åñêèìè ïàðàìåòðàìè íàãíåòà-
íèÿ ïàðà. Èçâåñòèÿ Êûðãûçñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêîãî óíèâåðñèòåòà
èì. È. Ðàççàêîâà �3 (39), ×. 1, Ñ. 71-76 (2016)

30. Temirbekov N.M., Baigereyev D.R.: Numerical solution of an optimal control
problem governed by three-phase non-isothermal �ow equation. AIP Conference
Proceedings 1759. � P. 020140-1 � 020140-5 (2016)

31. Áàéãåðååâ Ä. Ð. Î çàäà÷å îïòèìàëüíîãî óïðàâëåíèÿ äëÿ óðàâíåíèé òðåõôàçíîé
íåèçîòåðìè÷åñêîé ôèëüòðàöèè. Âåñòíèê ÊàçÍÈÒÓ �4. Ñ. 577-581 (2016)



Êîìïüþòåðíîå ìîäåëèðîâàíèå

ðàñïðîñòðàíåíèÿ òðåùèíû èç âåðøèíû îñòðîãî

v-îáðàçíîãî âûðåçà ïðè àíòèñèììåòðè÷íîì

èçãèáå

Â. Êóðãóçîâ

Èíñòèòóò ãèäðîäèíàìèêè èì. Ì.À. Ëàâðåíòüåâà ÑÎ ÐÀÍ
Íîâîñèáèðñê, Ðîññèÿ

kurguzov.hydro.nsc.ru

Àííîòàöèÿ Ïðîâåäåíî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå çàðîæäå-
íèÿ òðåùèíû â âåðøèíå îñòðîãî V-îáðàçíîãî âûðåçà. Ðàññìîòðåí àí-
òèñèììåòðè÷íûé èçãèá ïëîñêîãî îáðàçöà ïðÿìîóãîëüíîãî ïîïåðå÷íî-
ãî ñå÷åíèÿ, îñëàáëåííîãî V-îáðàçíûì âûðåçîì, ò.å. ïðè íàãðóæåíèè
ïî ÷èñòîé II ìîäå. Ïðîâåäåíû ýêñïåðèìåíòû ïî ðàçðóøåíèþ îáðàç-
öîâ ñ V-îáðàçíûì âûðåçîì èç îðãñòåêëà è ýáîíèòà. Ïîëó÷åíû çàâèñè-
ìîñòè êðèòè÷åñêîé íàãðóçêè îò ëîêàöèè, ãëóáèíû è ñõåìû íàãðóæå-
íèÿ V-îáðàçíîãî âûðåçà. Ìåòîäîì êîíå÷íûõ ýëåìåíòîâ ñ èñïîëüçî-
âàíèå äàííûõ ýêñïåðèìåíòîâ ïîëó÷åíû êðèòè÷åñêèå êîýôôèöèåíòû
èíòåíñèâíîñòè íàïðÿæåíèé ïî I è II ìîäàì ðàçðóøåíèÿ. Ïðîâåäåíî
êîìïüþòåðíîå ìîäåëèðîâàíèå çàðîæäåíèÿ è ðàçâèòèÿ òðåùèíû èç
âåðøèíû V-îáðàçíîãî âûðåçà. Âûïîëíåíî ÷èñëåííîå ìîäåëèðîâàíèå
ðàñïðîñòðàíåíèÿ òðåùèí â ïëîñêèõ îáðàçöàõ ïðè êâàçèñòàòè÷åñêîì
íàãðóæåíèè. Â îêðåñòíîñòè âåðøèíû âûðåçà âîçíèêàþò áîëüøèå äå-
ôîðìàöèè, ïîýòîìó çàäà÷à ðåøàëàñü â òåêóùåé ëàãðàíæåâîé ïîñòà-
íîâêå ñ ó÷åòîì ôèçè÷åñêîé è ãåîìåòðè÷åñêîé íåëèíåéíîñòè íà îñíîâå
îáùèõ óðàâíåíèé ìåõàíèêè äåôîðìèðóåìîãî òâåðäîãî òåëà ñ èñïîëü-
çîâàíèåì â êà÷åñòâå ìåðû íàïðÿæåíèé òåíçîðà íàïðÿæåíèé Êîøè,
à â êà÷åñòâå ìåðû äåôîðìàöèé � òåíçîðà ëîãàðèôìè÷åñêèõ äåôîð-
ìàöèé Ãåíêè. Ïîëó÷åíî êà÷åñòâåííîå ñîîòâåòñòâèå äàííûõ ýêñïåðè-
ìåíòà è ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ.

Êëþ÷åâûå ñëîâà: óãëîâîé âûðåç, êðèòåðèé ðàçðóøåíèÿ, êîìïüþ-
òåðíîå ìîäåëèðîâàíèå, ìåòîä êîíå÷íûõ ýëåìåíòîâ

Ââåäåíèå

Â êëàññè÷åñêîé ìåõàíèêå ðàçðóøåíèÿ ñèëîâûå è äåôîðìàöèîííûå êðèòå-
ðèè ðàçðóøåíèÿ îðèåíòèðîâàíû íà èõ ïðèìåíåíèå ê îáëàñòÿì, ñîäåðæàùèì
òðåùèíû. Îöåíêå õðóïêîé ïðî÷íîñòè îáëàñòåé ñ òðåùèíàìè ïðè íàãðóæåíè-
ÿõ, ñîîòâåòñòâóþùèõ òðåì êëàññè÷åñêèì òèïàì òðåùèí, ïîñâÿùåíî áîëüøîå
êîëè÷åñòâî ðàáîò. Â òî æå âðåìÿ âëèÿíèå óãëîâûõ âûðåçîâ íà âåëè÷èíó ðàç-
ðóøàþùåé íàãðóçêè èçó÷åíî íåäîñòàòî÷íî. Ýòî îáúÿñíÿåòñÿ ïðåæäå âñåãî
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òåì îáñòîÿòåëüñòâîì, ÷òî âñå èçâåñòíûå êðèòåðèè ðàçðóøåíèÿ íå ïðèñïî-
ñîáëåíû ê óãëîâûì òî÷êàì. Ñëåäóåò îòìåòèòü, îäíàêî, ÷òî â èíæåíåðíîé
ïðàêòèêå òàêîãî ðîäà ïðîáëåìàòèêà âñòðå÷àåòñÿ äîñòàòî÷íî ÷àñòî [1].

Â ýëåìåíòàõ êîíñòðóêöèè íåðåäêè ñëó÷àè, êîãäà òðåùèíà ðàñïîëàãàåòñÿ
â ïîëå íàïðÿæåíèé îò âíåøíåé íàãðóçêè òàê, ÷òî îíà ðàáîòàåò íå òîëüêî
íà îòðûâ (òèï I), íî è íà ïîïåðå÷íûé ñäâèã (òèï II). Â ñâÿçè ñ ýòèì äëÿ
îïðåäåëåíèÿ íåñóùåé ñïîñîáíîñòè ýëåìåíòà êîíñòðóêöèè, à òàêæå òðåùè-
íîñòîéêîñòè ìàòåðèàëà â êîíêðåòíûõ óñëîâèÿõ íåîáõîäèìû ìåòîäû îöåíêè
ñîîòâåòñòâóþùèõ õàðàêòåðèñòèê òðåùèíîñòîéêîñòè. Ïðîèçâåñòè ðàçäåëüíîå
è íåçàâèñèìîå îïðåäåëåíèå êðèòè÷åñêèõ çíà÷åíèé êîýôôèöèåíòîâ èíòåí-
ñèâíîñòè íàïðÿæåíèé (ÊÈÍ) KIc è KIIc ìåòîäè÷åñêè äîñòàòî÷íî ñëîæíî.
Èçâåñòíî íåñêîëüêî òèïîâ îáðàçöîâ, ïîçâîëÿþùèõ ïðîèçâîäèòü èñïûòàíèÿ
ñ îïðåäåëåíèåì KIc è KIIc. Ýòî ïëîñêèå îáðàçöû ñ íàêëîííîé òðåùèíîé ïðè
ðàñòÿæåíèè è îáðàçåö òèïà êîìïàêòíîãî.

Ýêñïåðèìåíòàëüíîå îïðåäåëåíèå êðèòè÷åñêîãî ÊÈÍ

Íèæå ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ êðèòè÷å-
ñêîãî ÊÈÍ äëÿ òðåùèí ïîïåðå÷íîãî ñäâèãà è óãëîâûõ âûðåçîâ ïî ñõåìå
÷åòûðåõòî÷å÷íîãî àíòèñèììåòðè÷íîãî èçãèáà. Íà ðèñ. 1, 2 ïîêàçàíû ñõåìû
êëàññè÷åñêîãî òðåõòî÷å÷íîãî èçãèáà äëÿ îïðåäåëåíèÿ ÊÈÍ KIc ïî I ìîäå
è ÷åòûðåõòî÷å÷íîãî àíòèñèììåòðè÷íîãî èçãèáà äëÿ îïðåäåëåíèÿ ÊÈÍ KIIc

ïî II ìîäå. Íàãðóçêè Pa è Pb íå ìîãóò áûòü ïðîèçâîëüíûìè: èç óñëîâèÿ
áàëàíñà ñèë è ìîìåíòîâ ïîëó÷àåì Pa · a = Pb · b. Ìîìåíò â ñåðåäèíå áàëêè
îáðàùàåòñÿ â íóëü, ò.å. ðåàëèçóåòñÿ ñîñòîÿíèå ÷èñòîãî ñäâèãà è ïðîèñõîäèò

ðàçðóøåíèå ïî II ìîäå, ïåðåðåçûâàþùàÿ ñèëà Q = P
a− b
a+ b

, ãäå P = Pa +Pb.

Ðèñóíîê 1. Òðåõòî÷å÷íûé èçãèá.
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Ðèñóíîê 2. ×åòûðåõòî÷å÷íûé àíòèñèììåòðè÷íûé èçãèá.

Áûëè ïðîâåäåíû ýêñïåðèìåíòû ïî ðàçðóøåíèþ áàëîê èç îðãñòåêëà è ýáî-
íèòà. Èñïûòûâàëèñü áàëêè äëèíîé L = 80 ìì, øèðèíîé w = 20 ìì, òîëùè-
íîé t = 10 ìì. Ãëóáèíà ðàçðåçà d = 9 ìì. Ðàçìåðû áàëîê ñîîòâåòñòâîâàëè
ÃÎÑÒó íà òðåõòî÷å÷íûé èçãèá. Ïðè îïðåäåëåíèè ðàçðóøàþùåé íàãðóçêè
èñïûòûâàëèñü ïî 3 îáðàçöà, ïðè ýòîì âàðüèðîâàëèñü ðàññòîÿíèÿ îò ñåðå-
äèíû îáðàçöà äî ìåñòà ïðèëîæåíèÿ íàãðóçîê a è b. Ñíà÷àëà ðàññìîòðèì
îáðàçöû ñ òðåùèíàìè, ýòî ÷àñòíûé ñëó÷àé óãëîâîãî âûðåçà ñ óãëîì 0 ãðà-
äóñîâ. Ðåçóëüòàòû èñïûòàíèé ïðåäñòàâëåíû â òàáëèöå 1.

Òàáëèöà 1. Êðèòè÷åñêàÿ íàãðóçêà.

a, ìì b, ìì Pc, êÍ
30 10 4.0, 3.9, 4.4
25 15 9.6, 10.1, 9.8
20 20 16.9, 18.1, 17.5

Êàê âèäíî èç ïðèâåäåííûõ ðåçóëüòàòîâ, êðèòè÷åñêàÿ íàãðóçêà ðàñòåò ñ
óâåëè÷åíèåì ðàññòîÿíèÿ b, ýòî áëèæàéøàÿ ê ñåðåäèíå áàëêè òî÷êà ïðèëî-
æåíèÿ ñèë. Ðàçáðîñ çíà÷åíèé ðàçðóøàþùåé íàãðóçêè Pc íå ïðåâûøàë 5-10
% îò ñðåäíåãî çíà÷åíèÿ ïî òðåì èñïûòàíèÿì äëÿ êàæäîé ïàðòèè îáðàçöîâ.
Ðàçáðîñ çíà÷åíèé Pc â îñíîâíîì ñâÿçàí ñ íåòî÷íîñòüþ óñòàíîâêè îáðàçöîâ
íà îïîðû è ìåñò ïðèëîæåíèÿ íàãðóçîê.

Íà ðèñ. 3 ïðåäñòàâëåíà ôîòîãðàôèÿ ðàçðóøåííûõ îáðàçöîâ. Ðàçðóøåíèå
îáðàçöîâ êàê èç îðãñòåêëà, òàê è èç ýáîíèòà, ïðîèñõîäèò ïî êðèâîé òðàåêòî-
ðèè, íà÷èíàÿ îò âåðøèíû ðàçðåçà è êîí÷àÿ áëèæàéøåé òî÷êîé ïðèëîæåíèÿ
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íàãðóçêè. Íà÷èíàÿ ñ íåêîòîðîãî çíà÷åíèÿ ïàðàìåòðà b, õàðàêòåð ðàçðóøå-
íèÿ îáðàçöîâ ìåíÿåòñÿ.

Ðèñóíîê 3. Ôîòîãðàôèÿ ðàçðóøåííûõ îáðàçöîâ.

Âîñïîëüçóåìñÿ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ äëÿ íàõîæäåíèÿ êðèòè÷å-
ñêèõ ÊÈÍ KIc è KIIc íà îñíîâàíèè ïîëó÷åííûõ â ýêñïåðèìåíòàõ çíà÷åíèé
êðèòè÷åñêîé íàãðóçêè. Ðàñ÷åòíàÿ îáëàñòü è ñõåìà íàãðóæåíèÿ ïîêàçàíû íà
ðèñ. 4. Ðàñ÷åòíàÿ îáëàñòü ïîêðûâàëàñü ðàâíîìåðíîé ñåòêîé, ñîäåðæàùåé
160000 ÷åòûðåõóçëîâûõ ÷åòûðåõóãîëüíûõ ýëåìåíòîâ ñ ëèíåéíîé àïïðîêñè-
ìàöèåé ñìåùåíèé, ðàçìåð ýëåìåíòà 0,1 ìì. Ìàòåðèàë áàëêè � èçîòðîïíûé
ëèíåéíî óïðóãèé, ñ ìîäóëåì Þíãà E = 3200 ÌÏà, êîýôôèöèåíòîì Ïóàññî-
íà ν = 0.33. Íàãðóçêà ïðèíèìàëàñü ðàâíîé ñðåäíåé êðèòè÷åñêîé íàãðóçêå,
íàéäåííîé â ýêñïåðèìåíòå.

Ðàñ÷åò íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ áàëêè âûïîëíÿëñÿ â
ïàêåòå êîíå÷íîýëåìåíòíîãî àíàëèçà MSC.Marc 2017 [3]. Êîýôôèöèåíòû èí-
òåíñèâíîñòè íàïðÿæåíèé KI è KI âû÷èñëÿëèñü ñ ïîìîùüþ èíâàðèàíòíîãî
J-èíòåãðàëà, êîòîðûé â ñëó÷àå ïëîñêîé äåôîðìàöèè ñâÿçàí ñ KI, KII ñîîò-
íîøåíèåì JE′ = K2

I + K2
II, ãäå E

′ = E/(1 − ν2). Ðàçäåëåíèå J-èíòåãðàëà
íà I è II ìîäû â ïàêåòå MSC.Marc áàçèðóåòñÿ íà ìåòîäå Äåëîðåíçè (äðóãîå
íàçâàíèå � ìåòîä èíòåãðèðîâàíèÿ ïî îáëàñòÿì), ñîãëàñíî êîòîðîìó êîíòóð-
íûé èíòåãðàë ïðåîáðàçóåòñÿ â èíòåãðàë ïî ïëîùàäè, èíòåãðèðîâàíèå âå-
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äåòñÿ ïî êîëüöó ýëåìåíòîâ, îêðóæàþùèõ âåðøèíó òðåùèíû, íàïðÿæåíèÿ
âû÷èñëÿþòñÿ âíóòðè ýëåìåíòîâ â òî÷êàõ ãàóññîâûõ êâàäðàòóð. Â ðàñ÷åòå
èñïîëüçîâàëèñü 4 êîíòóðà èíòåãðèðîâàíèÿ, ðåçóëüòàòû äëÿ 3 è 4 êîíòóðîâ
îòëè÷àëèñü íåçíà÷èòåëüíî. Ðåçóëüòàòû ðàñ÷åòîâ ïðèâåäåíû â òàáëèöå 2.

Ðèñóíîê 4. Ðàñ÷åòíàÿ îáëàñòü è ñõåìà íàãðóæåíèÿ.

Òàáëèöà 2. Êðèòè÷åñêèå ÊÈÍ.

a, ìì b, ìì KIc, ÌÏà ·
√
ì KIIc, ÌÏà ·

√
ì

40 40 1.088 10−7

30 10 0.230 1.866
25 15 0.310 2.330
25 20 0.213 1.810

Âî âòîðîé ñòðîêå ïðèâåäåíû çíà÷åíèÿ êðèòè÷åñêèõ ÊÈÍ äëÿ òðåõòî-
÷å÷íîãî èçãèáà, â ñïðàâî÷íèêå [2] ïðèâåäåíî çíà÷åíèå 1,05 ÌÏà ·

√
ì, ò.å.

ïîëó÷åíî õîðîøåå ñîâïàäåíèå. Â ñëåäóþùèõ ñòðîêàõ ïðåäñòàâëåíû ðåçóëü-
òàòû ïî àíòèñèììåòðè÷íîìó èçãèáó. Êàê âèäíî, ÷èñòûé ñäâèã îêàçàëñÿ íå
ñîâñåì ÷èñòûì, ðàçäåëèòü ìîäû ðàçðóøåíèÿ, òàê ÷òîáû ïåðâàÿ îêàçàëàñü
áëèçêà ê íóëþ, íå óäàåòñÿ, ïîãðåøíîñòü ñîñòàâëÿåò ïðèìåðíî 11%.
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Êîìïüþòåðíîå ìîäåëèðîâàíèå ðàñïðîñòðàíåíèÿ
òðåùèíû

Ïåðåõîäèì ê êîìïüþòåðíîìó ìîäåëèðîâàíèþ ðàñïðîñòðàíåíèÿ òðåùèíû
ïðè àíòèñèììåòðè÷íîì èçãèáå. Ðàññìîòðèì ðåøåíèå êîíòàêòíîé çàäà÷è,
ñõåìà íàãðóæåíèÿ áàëêè ïðåäñòàâëåíà íà ðèñ. 5. Áàëêà � äåôîðìèðóåìîå
òåëî, ïîëóîêðóæíîñòè � æåñòêèå òåëà, êîòîðûå ìîäåëèðóþò îïîðíûå öè-
ëèíäðû è íàãðóçî÷íûå öèëèíäðû, êîòîðûå ïåðåäàþò âîçäåéñòâèå òðàâåðñû
èñïûòàòåëüíîé ìàøèíû íà áàëêó. Òèï êîíòàêòà � êàñàíèå, ò.å. âîçìîæíî
ïðîñêàëüçûâàíèå áåç òðåíèÿ. Çàäà÷à ðåøàëàñü â òåêóùåé ëàãðàíæåâîé ïî-
ñòàíîâêå ñ ó÷åòîì ôèçè÷åñêîé è ãåîìåòðè÷åñêîé íåëèíåéíîñòè íà îñíîâå
îáùèõ óðàâíåíèé ìåõàíèêè äåôîðìèðóåìîãî òâåðäîãî òåëà [4] ñ èñïîëüçîâà-
íèåì â êà÷åñòâå ìåðû íàïðÿæåíèé òåíçîðà íàïðÿæåíèé Êîøè, à â êà÷åñòâå
ìåðû äåôîðìàöèé � òåíçîðà ëîãàðèôìè÷åñêèõ äåôîðìàöèé Ãåíêè.

Ðèñóíîê 5. Ðàñ÷åòíàÿ îáëàñòü è ñõåìà íàãðóæåíèÿ â êîíòàêòíîé çàäà÷å.

Ïðîöåññ ðàñïðîñòðàíåíèÿ òðåùèíû â ëèíåéíî óïðóãîì èçîòðîïíîì òåëå
ìîæíî õàðàêòåðèçîâàòü èíòåíñèâíîñòüþ îñâîáîæäåíèÿ óïðóãîé ýíåðãèè G,
êîòîðàÿ â ìåòîäå êîíå÷íûõ ýëåìåíòîâ âû÷èñëÿåòñÿ ñ ïîìîùüþ ìåòîäèêè
âèðòóàëüíîãî çàêðûòèÿ òðåùèíû VCCT (Virtual Crack Closure Technique).
Êîíöåïöèÿ êâàçèõðóïêîãî ðàçðóøåíèÿ Ãðèôôèòñà îñíîâàíà íà ýíåðãåòè÷å-
ñêîì áàëàíñå ýíåðãèè äåôîðìàöèè òåëà è ðàáîòîé, çàòðà÷èâàåìîé íà îáðà-
çîâàíèå íîâîé ïîâåðõíîñòè. Ýíåðãåòè÷åñêèé êðèòåðèé Ãðèôôèòñà ìîæíî
çàïèñàòü â âèäå

G = −dW
dl
≤ Gc,

ãäå W � ýíåðãèÿ äåôîðìàöèè, l � äëèíà òðåùèíû. Ïàðàìåòð Gc íàçûâà-
åòñÿ âÿçêîñòüþ ðàçðóøåíèÿ è ÿâëÿåòñÿ õàðàêòåðèñòèêîé ìàòåðèàëà, îïðå-
äåëÿåìîé èç ýêñïåðèìåíòîâ. Äëÿ èçîòðîïíîãî ëèíåéíî óïðóãîãî ìàòåðèàëà
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Gc = Jc = 0.3 Í/ìì, ò.å. ðàâåí êðèòè÷åñêîìó çíà÷åíèþ J-èíòåãðàëà, íàé-
äåííîìó èç ýêñïåðèìåíòîâ.

Ðåçóëüòàòû ðàñ÷åòà ïðåäñòàâëåíû íà ðèñ. 6, 7. Öâåòîì ìàäæåíòà ïîêà-
çàíà íà÷àëüíàÿ êîíôèãóðàöèÿ. Íà ðèñ. 6 ðàññòîÿíèå äî íàãðóçî÷íîãî öè-
ëèíäðà 10 ìì, íà ðèñ. 7 � 15 ìì. Íàáëþäàåòñÿ êà÷åñòâåííîå ñîâïàäåíèå ñ
ðåçóëüòàòàìè ýêñïåðèìåíòà.

Ðèñóíîê 6. Ðàñïðîñòðàíåíèå òðåùèíû èç âåðøèíû ðàçðåçà, b = 10 ìì

Ðàññìîòðèì òåïåðü ðåçóëüòàòû èñïûòàíèÿ íà àíòèñèììåòðè÷íûé èçãèá
áàëîê ñ äâóìÿ êðàåâûìè ðàçðåçàìè äëèíîé 3 ìì. Äâå ñõåìû íàãðóæåíèÿ ñ
îäíîñòîðîííèìè è äâóñòîðîííèìè îïîðàìè ïîêàçàíû íà ðèñ. 8, 9. Ýòè ñõåìû
íà ïåðâûé âçãëÿä âûãëÿäÿò ýêâèâàëåíòíûìè, ïîñêîëüêó ñèëó ìîæíî çàìå-
íèòü ðåàêöèåé îïîðû è íàîáîðîò, ðåàêöèþ îïîðû ìîæíî çàìåíèòü ñèëîé.
Îäíàêî â êîìïüþòåðíîé ìîäåëè âîçíèêàåò ðàçëè÷èå.

Ðàçìåðû îáðàçöîâ òå æå ñàìûå, ðàññòîÿíèÿ äî íàãðóçî÷íûõ öèëèíäðîâ
20 è 10 ìì, 25 è 15 ìì. Ôîòîãðàôèÿ îáðàçöà ñ óãëîâûì âûðåçîì ïîñëå ðàç-
ðóøåíèÿ ïîêàçàíà íà ðèñ. 10. Âèäíî, ÷òî âîçíèêàþò äâå àíòèñèììåòðè÷íûå
òðåùèíû, êîòîðûå ðàñïðîñòðàíÿþòñÿ îò âåðøèíû âûðåçà ê ìåñòó ïðèëîæå-
íèÿ íàãðóçêè. Ñ óâåëè÷åíèåì ðàññòîÿíèÿ îò âûðåçà äî òî÷êè ïðèëîæåíèÿ
áëèæàéøåé íàãðóçêè (10 ìì è 15 ìì) êðèòè÷åñêàÿ íàãðóçêà çíà÷èòåëüíî
âîçðàñòàåò îò 5.2 êÍ äî 14.6 êÍ. Ìàëåéøàÿ íåòî÷íîñòü ïðè óñòàíîâêå íèæ-
íèõ îïîðíûõ è âåðõíèõ çàãðóçî÷íûõ öèëèíäðîâ, à òàêæå ðàçëè÷èå â ãëóáèíå
âûðåçîâ ñ òî÷íîñòüþ äî ñîòûõ äîëåé ìèëëèìåòðà, ïðèâîäèò ê íåñèììåòðè÷-
íîìó ðàçðóøåíèþ îáðàçöà. Èç 9-òè èñïûòàííûõ îáðàçöîâ ñèììåòðè÷íûå
òðåùèíû âîçíèêàëè òîëüêî â 2-õ ñëó÷àÿõ.

Ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ ïîêàçàíû íà ðèñ. 11, 12.



138 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

Ðèñóíîê 7. Ðàñïðîñòðàíåíèå òðåùèíû èç âåðøèíû ðàçðåçà, b = 15 ìì

Ðèñóíîê 8. Ñõåìà íàãðóæåíèÿ ñ îäíîñòîðîííèìè îïîðàìè.
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Ðèñóíîê 9. Ñõåìà íàãðóæåíèÿ ñ äâóõñòîðîííèìè îïîðàìè.

Ðèñóíîê 10. Ôîòîãðàôèÿ ðàçðóøåííîãî îáðàçöà: äâå àíòèñèììåòðè÷íûå òðåùè-
íû.
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Ðèñóíîê 11. Íàãðóæåíèå ïî ñõåìå 1, îäíîñòîðîííèå îïîðû, ðàññòîÿíèÿ 20 è 10
ìì, íåñèììåòðè÷íûå òðåùèíû.

Ðèñóíîê 12. Íàãðóæåíèå ïî ñõåìå 2, äâóñòîðîííèå îïîðû, ðàññòîÿíèÿ 20 è 10 ìì,
òðåùèíû ðàñïðîñòðàíÿþòñÿ ñèììåòðè÷íî.
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Èñïûòàíèÿ íà àíòèñèììåòðè÷íûé èçãèá áàëîê ñ
óãëîâûì âûðåçîì

Ðàññìîòðèì òåïåðü ðåçóëüòàòû èñïûòàíèÿ íà àíòèñèììåòðè÷íûé èçãèá áà-
ëîê ñ óãëîâûì âûðåçîì ñ óãëîì ðàñòâîðà 90◦ ãëóáèíîé 8 ìì. Ðåçóëüòàòû èñ-
ïûòàíèé ïðåäñòàâëåíû íà ðèñ. 13. Ïðè îïðåäåëåíèè ðàçðóøàþùåé íàãðóçêè
èñïûòûâàëèñü ïî òðè îáðàçöà îäèíàêîâûõ ðàçìåðîâ, íî ñ ðàçíûì ðàñïîëî-
æåíèåì íàãðóçî÷íûõ öèëèíäðîâ, b = 10 ìì, 15 ìì è 20 ìì. Ðàçðóøåíèå
îáðàçöà âñåãäà íà÷èíàëîñü â âåðøèíå âûðåçà è ïðîäîëæàëîñü äî ìåñòà ïðè-
ëîæåíèÿ áëèæàéøåé íàãðóçêè. Ñ óâåëè÷åíèåì ðàññòîÿíèÿ b ðàçðóøàþùàÿ
íàãðóçêà óâåëè÷èâàåòñÿ. Ðàçáðîñ çíà÷åíèé êðèòè÷åñêîé íàãðóçêè íå ïðåâû-
øàåò 10% îò ñðåäíåãî çíà÷åíèÿ è çàâèñèò îò òî÷íîñòè óñòàíîâêè îïîðíûõ
öèëèíäðîâ.

Ðåçóëüòàòû êîìïüþòåðíîãî ìîäåëèðîâàíèÿ, ïîêàçàííûå íà ðèñ. 14, 15,
îáíàðóæèâàþò êà÷åñòâåííîå ñîâïàäåíèå ñ ýêñïåðèìåíòàëüíûìè äàííûìè.

Ïîëó÷åíèå êðèòè÷åñêîãî ÊÈÍ äëÿ áàëîê èç îðãñòåêëà
ñ óãëîâûì âûðåçîì

Ðàññìîòðèì îñòðûé óãëîâîé âûðåç â áåñêîíå÷íîì òåëå. Ââåäåì äåêàðòîâó è
ïîëÿðíóþ ñèñòåìû êîîðäèíàò ñ íà÷àëîì â âåðøèíå âûðåçà, êàê ïîêàçàíî íà
ðèñ. 16.

Àñèìïòîòèêà ïîëÿ íàïðÿæåíèé è ñìåùåíèé â îêðåñòíîñòè âåðøèíû âû-
ðåçà èìååò âèä

σαβ =
Kn

I

(2πr)1−λ1
f1
αβ(θ) +

Kn
II

(2πr)1−λ2
f2
αβ(θ),

uα =
Kn

I r
λ1

(2π)1−λ1
g1
α(θ) +

Kn
IIr

λ2

(2π)1−λ2
g2
α(θ).

Êîýôôèöèåíòû ïðè ãëàâíûõ ÷ëåíàõ àñèìïòîòè÷åñêèõ ðàçëîæåíèé ïîëÿ íà-
ïðÿæåíèé íàçûâàþòñÿ îáîáùåííûìè êîýôôèöèåíòàìè èíòåíñèâíîñòè íà-
ïðÿæåíèé è îáîçíà÷àþòñÿ Kn

I (ðàçðóøåíèå ïî I ìîäå), Kn
II (ðàçðóøåíèå ïî

II ìîäå). Ïîêàçàòåëè ñòåïåíè λ1 è λ2 îïèñûâàþò ñèíãóëÿðíîñòè ïîëÿ íàïðÿ-
æåíèé â îêðåñòíîñòè âåðøèíû âûðåçà è ÿâëÿþòñÿ êîðíÿìè õàðàêòåðèñòè-
÷åñêèõ óðàâíåíèé

λ1 sin 2α+ sin 2λ1α = 0,

λ2 sin 2α+ sin 2λ2α = 0.

Çàâèñèìîñòü ïîêàçàòåëåé ñèíãóëÿðíîñòè λ1 è λ2 îò óãëà ω (â ðàäèàíàõ)
ïðåäñòàâëåíà íà ðèñ. 17. Çàìåòèì, ÷òî λ2 íå ÿâëÿåòñÿ ñèíãóëÿðíûì äëÿ
óãëîâ âûðåçà ω áîëüøèõ 102.6◦, â òî âðåìÿ êàê λ1 ñèíãóëÿðíî äëÿ âñåõ
ω < 180◦.



142 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

Ðèñóíîê 13. Ðåçóëüòàò èñïûòàíèÿ íà àíòèñèììåòðè÷íûé èçãèá áàëîê ñ óãëîâûì
âûðåçîì: îáðàçöû 1-3 b = 10 ìì, îáðàçöû 4-6 b = 15 ìì, îáðàçöû 7-8 b = 20 ìì,
ñïðàâà óêàçàíà êðèòè÷åñêàÿ íàãðóçêà â êÃ.
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Ðèñóíîê 14.Îäíîñòîðîííèå îïîðû, òðåùèíà ïðîäâèãàåòñÿ ñ èçëîìîì òðàåêòîðèè.

Ðèñóíîê 15. Äâóñòîðîííèå îïîðû, îòëè÷èÿ îò ïðåäûäóùåãî ðèñóíêà íåçíà÷è-
òåëüíû.
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Ðèñóíîê 16. Ñèñòåìà êîîðäèíàò â îêðåñòíîñòè V-îáðàçíîãî âûðåçà.

Ðèñóíîê 17. Çàâèñèìîñòü ïàðàìåòðà λ îò óãëà ω (â ðàäèàíàõ).
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Äëÿ ω = 180◦ ïîêàçàòåëè ñèíãóëÿðíîñòè λ1 = 0.5445, λ2 = 0.9085, ïîýòî-
ìó ñèíãóëÿðíîñòü ïîëÿ íàïðÿæåíèé 1−λ2 = 0.0915 íàìíîãî ñëàáåå ÷åì äëÿ
òðåùèíû.

Êðèòè÷åñêèé îáîáùåííûé ÊÈÍ äëÿ óãëîâîãî âûðåçà Kn
IIc íàéäåì ñîâ-

ìåñòíûì èñïîëüçîâàíèåì àñèìïòîòèêè ïîëÿ íàïðÿæåíèé è ñìåùåíèé â
îêðåñòíîñòè âåðøèíû âûðåçà, ìåòîäà êîíå÷íûõ ýëåìåíòîâ è ýêñïåðèìåí-
òàëüíûõ çíà÷åíèé ðàçðóøàþùåé íàãðóçêè. Ïîëó÷åííûå ðåçóëüòàòû ñâåäåíû
â òàáëèöó 3.

Òàáëèöà 3. Êðèòè÷åñêèå ÊÈÍ.

a, ìì b, ìì Pc, êÍ Kn
IIc, ÌÏà · ì0.0915

30 10 2.93 13.039
25 15 8.87 19.740
25 20 14.2 14.044

Ðèñóíîê 18. Ðàñòÿæåíèå ïëàñòèíû ñ äâóìÿ ñèììåòðè÷íûìè óãëîâûìè âûðåçàìè.

Çàêëþ÷åíèå

1. Ïîëó÷åíû çíà÷åíèÿ êðèòè÷åñêîãî ÊÈÍ ïîïåðå÷íîãî ñäâèãà äëÿ îðãñòåê-
ëà êàê äëÿ òðåùèíû ω = 0◦, òàê è äëÿ óãëîâîãî âûðåçà ω = 90◦.

2. Ïðîâåäåíî êîìïüþòåðíîå ìîäåëèðîâàíèå çàðîæäåíèÿ è ðàçâèòèÿ òðå-
ùèíû èç âåðøèíû V-îáðàçíîãî âûðåçà. Ïîëó÷åíî êà÷åñòâåííîå ñîîòâåò-
ñòâèå äàííûõ ýêñïåðèìåíòà è ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ.

3. Ñôåðà ïðèìåíåíèÿ: ôîðìóëèðîâêà êðèòåðèÿ ðàçðóøåíèÿ ïî ñìåøàí-
íîé ìîäå äëÿ ïðåäñêàçàíèÿ êðèòè÷åñêîé íàãðóçêè ïðè ðàñòÿæåíèè Ò-
îáðàçíûõ êîíñòðóêöèé â ìèêðîýëåêòðîìåõàíè÷åñêèõ ñèñòåìàõ (ÌÝÌÑ).
Òàêèå êîíñòðóêöèè ÷àñòî îáëàäàþò îñòðûìè óãëàìè, âñëåäñòâèå èçãî-
òîâëåíèÿ ïóòåì àíèçîòðîïíîãî õèìè÷åñêîãî òðàâëåíèÿ (ðèñ. 18).
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Èñïîëüçîâàíèå ìåòîäà êîíå÷íûõ îáúåìîâ äëÿ

ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà èçëó÷åíèÿ â

ïðèêëàäíûõ çàäà÷àõ

Ê. Ëèòâèíöåâ

Èíñòèòóò òåïëîôèçèêè èì. Ñ.Ñ. Êóòàòåëàäçå ÑÎ ÐÀÍ,
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Àííîòàöèÿ Â ïðîöåññå ðàçðàáîòêè â Êðàñíîÿðñêîì ôèëèàëå ÈÒ
ÑÎ ÐÀÍ êîìïëåêñà ïðîãðàìì ¾SigmaFlow¿, ïðåäíàçíà÷åííîãî äëÿ
ðåøåíèÿ çàäà÷ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè è òåïëîîáìåíà, áûëè
ðåàëèçîâàíû ìàòåìàòè÷åñêèå ìîäåëè ïåðåíîñà èçëó÷åíèÿ, îñíîâàí-
íûõ íà èñïîëüçîâàíèè P1 ïðèáëèæåíèÿ è ìåòîäà êîíå÷íûõ îáúåìîâ
(ÌÊÎ). Ðåàëèçîâàííûé ÌÊÎ ïîääåðæèâàåò ìíîãîïîòî÷íûå âû÷èñ-
ëåíèÿ íà îñíîâå ïðîñòðàíñòâåííîé äåêîìïîçèöèè ðàñ÷åòíîé îáëàñòè
íà íåñòðóêòóðèðîâàííûõ ñåòêàõ è óãëîâóþ ìíîãîáëî÷íîñòü (íåîäíî-
ðîäíàÿ ïî ïðîñòðàíñòâó óãëîâàÿ äèñêðåòèçàöèÿ). Äëÿ ðåøåíèè ñè-
ñòåìû ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé, ïîëó÷åííûõ ñ èñïîëüçî-
âàíèåì ÌÊÎ, áûëè ðàññìîòðåíû êàê ñòàíäàðòíûå ìåòîäû, èñïîëü-
çóåìûå ïðè ðåøåíèè óðàâíåíèé ãèäðîäèíàìèêè (BiCGSTAB, DILU,
CS è ò.ä.), òàê è ñõåìà �áåãóùåãî ñ÷åòà�.
Íà áàçå êîìïëåêñà ïðîãðàìì "SigmaFlow áûë ðåøåí ðÿä ïðèêëàä-
íûõ çàäà÷, â êîòîðûõ îäíèì èç îñíîâíûõ ìåõàíèçìîâ ïåðåíîñà òåïëà
ÿâëÿëîñü èçëó÷åíèå: ìîäåëèðîâàíèå ãàçîâîé òîïî÷íîé êàìåðû, ãîðå-
ëî÷íîãî óñòðîéñòâà è âàêóóìíîé ýëåêòðîïå÷è.

Êëþ÷åâûå ñëîâà: Ïåðåíîñ èçëó÷åíèÿ, ìåòîä êîíå÷íûõ îáúåìîâ,
÷èñëåííîå ìîäåëèðîâàíèå

Ââåäåíèå

Ïðè èñïîëüçîâàíèè ÷èñëåííîãî ìîäåëèðîâàíèÿ äëÿ ðåøåíèÿ øèðîêîãî êëàñ-
ñà ïðèêëàäíûõ çàäà÷ áîëüøîå çíà÷åíèå èìååò âîçìîæíîñòü íàñòðîéêè è
àäàïòàöèè ìàòåìàòè÷åñêèõ ìîäåëåé äëÿ îïèñûâàåìûõ ïðîöåññîâ, êîòîðûå
ïîçâîëÿëè áû óìåíüøàòü âû÷èñëèòåëüíûå çàòðàòû, ïîêàçûâàÿ ïðè ýòîì
ïðèåìëåìóþ òî÷íîñòü. Îñîáåííî ýòî âàæíî ïðè ðåøåíèè çàäà÷è ïåðåíîñà
èçëó÷åíèÿ, êîòîðàÿ ìîæåò ïðåäúÿâëÿòü çíà÷èòåëüíûå òðåáîâàíèÿ ê âû÷èñ-
ëèòåëüíûì ðåñóðñàì âñëåäñòâèå íåîáõîäèìîñòè ó÷åòà àíèçîòðîïèè ðàñïðî-
ñòðàíåíèÿ èçëó÷åíèÿ ïî ðàçíûì íàïðàâëåíèÿì è çàâèñèìîñòè îïòè÷åñêèõ
ñâîéñòâ ñðåäû îò ÷àñòîòû èçëó÷åíèÿ. Â Êðàñíîÿðñêîì ôèëèàëå ÈÒ ÑÎ
ÐÀÍ ïðè ðàçðàáîòêå êîìïëåêñà ïðîãðàìì ¾SigmaFlow¿ [1], ïðåäíàçíà÷åííî-
ãî äëÿ ðåøåíèÿ çàäà÷ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè è òåïëîîáìåíà, áûëè
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ðåàëèçîâàíû ìàòåìàòè÷åñêèå ìîäåëè ïåðåíîñà èçëó÷åíèÿ, îñíîâàííûå íà èñ-
ïîëüçîâàíèè P1 ïðèáëèæåíèÿ è ìåòîäà êîíå÷íûõ îáúåìîâ (ÌÊÎ), êîòîðûå
ðàçâèâàëèñü ïðè ðåøåíèè ïðèêëàäíûõ çàäà÷. Òàêæå äëÿ ïðîâåäåíèÿ ñðàâ-
íèòåëüíûõ ðàñ÷åòîâ áûë ðåàëèçîâàí äèñêðåòíî-îðäèíàòíûé ìåòîä (ÄÎÌ)
íà îñíîâå Sn êâàäðàòóð [2].

Åñëè P1 ïðèáëèæåíèå èñïîëüçóåòñÿ óæå äîñòàòî÷íî äàâíî, òî ìåòîä êî-
íå÷íûõ îáúåìîâ (ÌÊÎ) äëÿ ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà èçëó÷åíèÿ (ÓÏÈ)
ïîÿâèëñÿ è ñòàë àêòèâíî ðàçâèâàòüñÿ òîëüêî â 90-ûõ ãîäàõ ïðîøëîãî âåêà,
íî ê íàñòîÿùåìó âðåìåíè ïîëó÷èë äîñòàòî÷íî øèðîêîå ðàñïðîñòðàíåíèå [3].
Îñîáåííî ìîæíî îòìåòèòü åãî èñïîëüçîâàíèå â ñâîáîäíî ðàñïðîñòðàíÿåìûõ
ïðîãðàììàõ OpenFOAM è FDS, ïðåäíàçíà÷åííûõ äëÿ ÷èñëåííîãî ìîäåëè-
ðîâàíèè ïðîöåññîâ, ñâÿçàííûõ ñ ãèäðî-ãàçîäèíàìèêîé è ñëîæíûì òåïëîìàñ-
ñîïåðåíîñîì. ÌÊÎ îáëàäàåò ðÿäîì ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ äðóãèìè
ìåòîäàìè ðåøåíèÿ óðàâíåíèÿ ïåðåíîñà òåïëîâîãî èçëó÷åíèÿ. Òàê ÌÊÎ íå
èìååò îãðàíè÷åíèé ïî îïòè÷åñêèì ñâîéñòâàì ñðåäû (íåîäíîðîäíîñòü, àíèçî-
òðîïíîñòü, ðàññåÿíèå) â îòëè÷èå îò Pn ïðèáëèæåíèé (îñîáåííî P1), ìåòîäà
äèñêðåòíûõ íàïðàâëåíèé èëè ñïåöèàëüíûõ òðåáîâàíèé ê ðàñ÷åòíîé îáëà-
ñòè â îòëè÷èå îò ïîòîêîâûõ ìåòîäîâ. Ïî òî÷íîñòè ÌÊÎ óñòóïàåò ëó÷åâûì
ìåòîäàì (íàïðèìåð, Ìîíòå-Êàðëî), îäíàêî, òðåáîâàíèÿ ê âû÷èñëèòåëüíûì
ðåñóðñàì äëÿ íåãî çíà÷èòåëüíî íèæå. Ïðè ñðàâíåíèè ñ ÄÎÌ ÌÊÎ ÿâëÿåò-
ñÿ íåìíîãî áîëåå ðåñóðñîåìêèì, íî êîððåêòíåå îïèñûâàåò ðàññåÿíèå èçëó÷å-
íèÿ. Ê äîñòîèíñòâó ÌÊÎ òàêæå ìîæíî îòíåñòè åãî îòíîñèòåëüíî ïðîñòîé è
íàãëÿäíûé âûâîä äëÿ ÓÏÈ [4].

Ìàòåìàòè÷åñêàÿ ìîäåëü ïåðåíîñà èçëó÷åíèÿ

Óðàâíåíèå ïåðåíîñà èçëó÷åíèÿ îïèñûâàåò áàëàíñ ýíåðãèè ïðè äàííîé ÷àñòî-
òå èçëó÷åíèÿ, ïîñòóïàþùåãî âäîëü íàïðàâëåíèÿ s â ìàëûé ýëåìåíò îáúåìà
ïîãëîùàþùåé, èñïóñêàþùåé è ðàññåèâàþùåé ñðåäû:

dIν (r, s)

ds
= −βν (r) Iν (r, s) + κν (r) Ibν (r) +

σν (r)

4π

∫
4π

Iν (r, s′)Φν (s′, s) dΩ′

(1)
ãäå Iν � èíòåíñèâíîñòü èçëó÷åíèÿ; ãäå Ibν - èíòåíñèâíîñòü èçëó÷åíèÿ àá-
ñîëþòíî ÷åðíîãî òåëà; βν � êîýôôèöèåíò çàòóõàíèÿ (βν = σν + κν); κν �
êîýôôèöèåíò ïîãëîùåíèÿ; σν - êîýôôèöèåíò ðàññåÿíèÿ; Ω � òåëåñíûé óãîë;
r � ðàäèóñ-âåêòîð; s � íàïðàâëåíèå ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ; Φν � ôóíê-
öèÿ ðàññåÿíèÿ.

Äëÿ îïèñàíèÿ êîýôôèöèåíòà ïîãëîùåíèÿ ñðåäû èñïîëüçîâàëèñü ìîäåëè
¾ñåðîãî ãàçà¿, WSGG (Weighted Sum of Gray Gases) ìîäåëè è ïîëîñíûå ìîäå-
ëè, ñîçäàííûå íà îñíîâå îòêðûòîé áàçû äàííûõ ñïåêòðàëüíûõ ñâîéñòâ ãàçîâ
HITRAN (HIgh-resolution TRANsmission molecular absorption database) [5].
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Ìåòîä êîíå÷íîãî îáúåìà äëÿ óðàâíåíèÿ ïåðåíîñà èçëó÷åíèÿ

ÌÊÎ îñíîâàí íà äèñêðåòèçàöèè ïðîñòðàíñòâåííîãî è óãëîâîãî ðàñïðåäåëå-
íèÿ èíòåíñèâíîñòè èçëó÷åíèÿ - ðàçáèåíèè íà êîíòðîëüíûå îáúåìû è êîí-
òðîëüíûå (òåëåñíûå) óãëû (Ðèñ. 1). Äèñêðåòíûé àíàëîã ÓÏÈ äëÿ ÌÊÎ ïî-
ëó÷àåòñÿ èíòåãðèðîâàíèåì óðàâíåíèÿ (1) ïî êîíòðîëüíîìó îáúåìó è êîí-
òðîëüíîìó óãëó [4].

à) á)

Ðèñóíîê 1. Ïðîñòðàíñòâåííàÿ è óãëîâàÿ äèñêðåòèçàöèÿ ÓÏÈ: à) êîíòðîëüíûé
óãîë; á) êîíòðîëüíûé îáúåì è îðèåíòàöèÿ êîíòðîëüíîãî óãëà.

Â èòîãå äèñêðåòíûé âèä óðàâíåíèÿ (1) äëÿ ïðîèçâîëüíûõ ïðîñòðàíñòâåí-
íûõ ñåòîê ïðè l-îì íàïðàâëåíèè ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ ìîæåò áûòü
çàïèñàí ñëåäóþùèì îáðàçîì:∑

nb

I lnbAnbD
l
nb =

(
−βI lp + Sl

)
∆V∆Ωl, (2)

ãäå

Sl = κIb + σ
4π

L∑
l′=1

I l
′
Φ̄l
′l∆Ωl

′
;

Dl
nb =

∫
∆Ωl

(
sl · nnb

)
dΩ;

∆Ωl - êîíòðîëüíûé òåëåñíûé óãîë; ïîäñòðî÷íûé èíäåêñ nb � ãðàíü êîí-
òðîëüíîãî îáúåìà ñ óçëîâîé òî÷êîé P; Φ̄l

′l - óñðåäíåííàÿ ôóíêöèÿ ðàññåè-
âàíèÿ èç êîíòðîëüíîãî óãëà l′ â êîíòðîëüíûé óãîë l.

Ïðè èñïîëüçîâàíèè ïðîòèâîïîòî÷íîé ñõåìû àïïðîêñèìàöèè, çíà÷åíèå
èíòåíñèâíîñòè â êîíòðîëüíîì îáúåìå ñíîñèòñÿ íà ãðàíè, ðàñïîëîæåííûå
ïî õîäó ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ â òåêóùåì íàïðàâëåíèè. Äèñêðåòíàÿ
ôîðìà ÌÊÎ äëÿ ïðîòèâîïîòî÷íîé ñõåìû àïïðîêñèìàöèè äëÿ ïðîèçâîëüíûõ
ñåòîê çàïèñûâàåòñÿ ñëåäóþùèì îáðàçîì:

alP I
l
P =

∑
nb

alnbI
l
nb + bl, (3)

ãäå
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alnb = max
(
−AnbDl

nb, 0
)
,

alP =
∑
nb

max
(
AnbD

l
nb, 0

)
+ βP∆VP∆Ω

l,

bl = SlP∆VP∆Ω
l.

Äëÿ óìåíüøåíèÿ îøèáêè, âíîñèìîé ïåðåñå÷åíèåì ãðàíåé êîíòðîëüíûõ
îáúåìîâ ñ êîíòðîëüíûìè òåëåñíûìè óãëàìè, òåëåñíûé óãîë Ωl ìîæíî ðàç-
áèòü ïëîñêîñòüþ ãðàíè íà äâà òåëåñíûõ óãëà Ω+ è Ω−, ñîîòâåòñòâóþùèõ
âõîäÿùåìó è âûõîäÿùåìó èçëó÷åíèþ (Ðèñ. 2). Â ýòîì ñëó÷àå óðàâíåíèå (3)
ìîäèôèöèðóåòñÿ ñëåäóþùèì îáðàçîì [6]:

alnb = −AnbDl+
nb

Dl±
nb =

∫
∆Ωl±

(
sl · nnb

)
dΩ

alP =
∑
nb

AnbD
l−
nb + βP∆VP∆Ω

l (4)

Íàäñòðî÷íûå èíäåêñû ¾+¿ è ¾-¿ ñîîòâåòñòâóþò âõîäÿùåìó è èñõîäÿùå-
ìó ïîòîêàì èçëó÷åíèÿ â êîíòðîëüíûé îáúåì P.

Äàííóþ ìîäèôèêàöèþ öåëåñîîáðàçíî èñïîëüçîâàòü ïðè ãðóáîé óãëîâîé
äèñêðåòèçàöèè, â ïðîòèâíîì ñëó÷àå âëèÿíèå äàííîé îøèáêè ìèíèìàëüíî.

Ðèñóíîê 2. Ïðèìåð ïåðåñå÷åíèÿ êîíòðîëüíîãî óãëà ñ ãðàíüþ êîíòðîëüíîãî îáú-
åìà.

Äëÿ ñòðóêòóðèðîâàííûõ ñåòîê â ÌÊÎ áûëà ðåàëèçîâàíà ïîääåðæêà óã-
ëîâîé ìíîãîáëî÷íîñòè, êîòîðàÿ ïîçâîëÿåò çàäàâàòü ðàçíóþ óãëîâóþ äèñ-
êðåòèçàöèþ â ïðîñòðàíñòâå. Äàííûé ïîäõîä ïîçâîëÿåò ïðè íåîáõîäèìîñòè
ëîêàëüíî ðàçðåøàòü óãëîâîå ðàñïðåäåëåíèå èçëó÷åíèÿ. Äàííûé ïîäõîä ïî-
êàçàë ñâîþ ýôôåêòèâíîñòü äëÿ òåñòîâûõ çàäà÷ [6], îäíàêî, ïðè ðåøåíèè
ïðèêëàäíûõ çàäà÷ ñ èñïîëüçîâàíèåì ¾SigmaFlow¿ íå èñïîëüçîâàëñÿ.
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Â êà÷åñòâå ãðàíè÷íûõ óñëîâèé áûëè ðåàëèçîâàíû ïåðèîäè÷åñêèå ãðà-
íè÷íûå óñëîâèÿ è äèôôóçèîííîå èçëó÷åíèå íåïðîçðà÷íîé ïîâåðõíîñòè. Ïðè
ïåðèîäè÷åñêèõ ãðàíè÷íûõ óñëîâèÿõ ñâÿçûâàþòñÿ äâå ãðàíèöû, íà êîòîðûõ
çàäàåòñÿ óñëîâèå ðàâåíñòâà ðàñïðåäåëåíèÿ âõîäÿùåé, äëÿ îäíîé ãðàíèöû, è
èñõîäÿùåé, äëÿ äðóãîé ãðàíèöû, èíòåíñèâíîñòè èçëó÷åíèÿ. Ñëîæíîñòü ðåà-
ëèçàöèè ïåðèîäè÷åñêèõ ãðàíè÷íûõ óñëîâèé äëÿ ÌÊÎ âîçíèêàåò èç-çà íåâîç-
ìîæíîñòè îäíîçíà÷íîé ñâÿçè ìåæäó äâóìÿ äèñêðåòíûìè òåëåñíûìè óãëàìè
íà ðàçíûõ ïåðèîäè÷åñêèõ ãðàíèöàõ. Ïîýòîìó äëÿ ïåðèîäè÷åñêèõ ãðàíè÷íûõ
óñëîâèé êàæäûé äèñêðåòíûé òåëåñíûé óãîë ìîæåò áûòü ñâÿçàí ñ íåñêîëü-
êèìè òåëåñíûìè óãëàìè íà äðóãîé ãðàíèöå ñ çàäàííûì âåñîì. Ãðàíè÷íîå
óñëîâèå â âèäå äèôôóçèîííîãî èçëó÷åíèÿ íàèáîëåå ÷àñòî âñòðå÷àåòñÿ ïðè
ðåøåíèè ïðèêëàäíûõ çàäà÷, êàê â ñëåäñòâèå ïðåîáëàäàíèÿ ïîâåðõíîñòåé ñî
ñòåïåíüþ ÷åðíîòû áëèçêîé ê åäèíèöå, òàê è â ñëåäñòâèè îòñóòñòâèÿ äàííûõ
ïî èíäèêàòðèñå îòðàæåíèÿ è èñïóñêàíèÿ.

Äëÿ ðåøåíèÿ ÑËÀÓ (3,4) ìîæíî ïðèìåíÿòü êàê ñòàíäàðòíûå ìåòîäû,
èñïîëüçóåìûå ïðè ðåøåíèé óðàâíåíèé ãèäðîäèíàìèêè (BiCGSTAB, DILU,
CS è ò.ä), òàê è ñõåìó ¾áåãóùåãî ñ÷åòà¿ [7]. Ïðåèìóùåñòâî ïåðâûõ ìåòî-
äîâ çàêëþ÷àåòñÿ â òîì, ÷òî îíè óæå áûëè ðåàëèçîâàíû äëÿ ðåøåíèÿ çàäà÷
ãèäðîäèíàìèêè è òåïëîîáìåíà.

Ñóòü ñõåìû ¾áåãóùåãî ñ÷åòà¿ çàêëþ÷àåòñÿ â ïîñëåäîâàòåëüíîì ðàñ÷åòå
èíòåíñèâíîñòè èçëó÷åíèÿ â êîíòðîëüíûõ îáúåìàõ â âûáðàííîì íàïðàâëå-
íèè (Ðèñ. 3) [5]. Äëÿ ëþáîé ñåòêè ñ âûïóêëûìè ÿ÷åéêàìè ìîæíî ïîñòðîèòü
òàêóþ ïîñëåäîâàòåëüíîñòü îáõîäà êîíòðîëüíûõ îáúåìîâ â ïðîèçâîëüíîì íà-
ïðàâëåíèè ðàñïðîñòðàíåíèÿ èçëó÷åíèÿ, ÷òî èçëó÷åíèå, ïîñòóïàþùåå â òå-
êóùèé êîíòðîëüíûé îáúåì, áóäåò âñåãäà èçâåñòíî.

Ðèñóíîê 3. Äåìîíñòðàöèÿ îáõîäà êîíòðîëüíûõ îáúåìîâ äëÿ ñõåìû ¾áåãóùåãî ñ÷å-
òà¿.

Ïðèìåðû çàäà÷ ñîâìåñòíîãî èñïîëüçîâàíèÿ ÌÊÎ è P1

ïðèáëèæåíèÿ

Äëÿ ìíîãèõ ïðèêëàäíûõ çàäà÷, â êîòîðûõ ïðèñóòñòâóåò òåïëîîáìåí èçëó-
÷åíèåì, äî ñèõ ïîð èñïîëüçóåòñÿ P1 ïðèáëèæåíèå äëÿ ðåøåíèÿ ÓÏÈ. Ýòî
îïðàâäàíî, êîãäà ìîæíî èñïîëüçîâàòü ïðèáëèæåíèå ¾ñåðîãî¿ ãàçà è ñðåäà
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ÿâëÿåòñÿ îïòè÷åñêè òîëñòîé èëè, åñëè íå èíòåðåñóåò êîððåêòíîñòü ðàñïðåäå-
ëåíèÿ ïîòîêà èçëó÷åíèÿ íà ãðàíèöå ðàñ÷åòíîé îáëàñòè. Â ýòîì ñëó÷àå ìîæ-
íî ñóùåñòâåííî ñîêðàòèòü âû÷èñëèòåëüíûå è âðåìåííûå çàòðàòû íà ðàñ÷åò
ïîëÿ èçëó÷åíèÿ. Êîãäà æå íåîáõîäèìî ó÷èòûâàòü çàâèñèìîñòü îïòè÷åñêèõ
ñâîéñòâ ñðåäû îò ÷àñòîòû èçëó÷åíèÿ, èñïîëüçîâàíèå P1 ïðèáëèæåíèÿ ïðè-
âîäèò ê ñóùåñòâåííûì îøèáêàì, è â ýòîì ñëó÷àå íåîáõîäèìî èñïîëüçîâàòü
áîëåå òî÷íûå, íî è áîëåå çàòðàòíûå ìåòîäû ðåøåíèÿ ÓÏÈ, â äàííîì ñëó-
÷àå ÌÊÎ. Îäíàêî, âîçìîæíîñòü èñïîëüçîâàòü äîñòîèíñòâà P1 ïðèáëèæåíèÿ
îñòàþòñÿ è â ýòîì ñëó÷àå. Äëÿ ýòîãî ìîæíî èñïîëüçîâàòü òî, ÷òî ïðè ÷èñ-
ëåííîì ìîäåëèðîâàíèè ïåðåíîñà èçëó÷åíèÿ ñ èñïîëüçîâàíèåì WSGG èëè
ïîëîñíûõ ìîäåëåé, ôàêòè÷åñêè, ÓÏÈ ðåøàåòñÿ äëÿ íàáîðà ñðåä ñî ñâîèì
¾ñåðûì¿ ãàçîì. Ýòî ïîçâîëÿåò ïðèìåíÿòü êîìáèíèðîâàííûé ïîäõîä, êîãäà
äëÿ ðàñ÷åòà îïòè÷åñêè òîëñòûõ ¾ñåðûõ¿ ñðåä èñïîëüçóåòñÿ P1 ïðèáëèæåíèå,
à äëÿ îñòàëüíûõ � ÌÊÎ. Òàêèì îáðàçîì, ñóììàðíîå çíà÷åíèå ïëîòíîñòè
ýíåðãèè èçëó÷åíèÿ ìîæíî îïèñàòü ñëåäóþùèì âûðàæåíèåì:

E =

N∑
i

EÌÊÎ
i +

N∑
i

EP1
i (5)

ãäå Ni è Nj � ¾ñåðûå¿ ãàçû, ðàññ÷èòàííûõ ÌÊÎ è P1 ïðèáëèæåíèåì
ñîîòâåòñòâåííî; E - ïëîòíîñòü ýíåðãèè èçëó÷åíèÿ (Âò/ì2).

Îïèñàííûé ïîäõîä îñîáåííî õîðîøî ñåáÿ ïîêàçûâàåò ïðè èñïîëüçîâàíèè
WSGG ìîäåëåé, â êîòîðûõ ìîæíî ëåãêî âûäåëèòü îïòè÷åñêè òîëñòóþ ñðåäó
äëÿ îäíîãî èç ¾ñåðûõ¿ ãàçîâ. Íàïðèìåð, äëÿ WSGG ìîäåëè, ïðåäëîæåííîé
â ðàáîòå [8], çíà÷åíèÿ óäåëüíûõ êîýôôèöèåíòîâ ïîãëîùåíèÿ ¾ñåðûõ¿ ãàçîâ
ñîñòàâëÿþò: äëÿ ïåðâîãî � 131.9 ì−1Àòì−1, äëÿ âòîðîãî � 6.516 ì−1Àòì−1,
äëÿ òðåòüåãî � 0.4201 ì−1Àòì−1, äëÿ ÷åòâåðòîãî � 0.0 ì−1Àòì−1. Ïåðâûé
¾ñåðûé¿ ãàç â ïîäàâëÿþùåì áîëüøèíñòâå ñëó÷àåâ ìîæíî ðàññ÷èòûâàòü P1

ïðèáëèæåíèåì, äëÿ âòîðîãî ãàçà íåîáõîäèìî áîëåå àêêóðàòíî îöåíèâàòü ðàñ-
ïðåäåëåíèå êîíöåíòðàöèé ðåïåðíûõ ãàçîâ (CO2 è H2O) è õàðàêòåðíûé ìàñ-
øòàá çàäà÷è.

Ïðåäñòàâëåííûå äàëåå â äàííîé ãëàâå çàäà÷è ðåøàëèñü íà ñòðóêòóðèðî-
âàííûõ íåîðòîãîíàëüíûõ ñåòêàõ.

Çàìêíóòûé öèëèíäð, çàïîëíåííûé ñìåñüþ ãàçîâ

Ðàññìîòðèì ïðèìåíåíèå êîìáèíèðîâàííîãî ïîäõîäà íà ïðèìåðå òåñòîâîé çà-
äà÷è, ïðåäñòàâëåííîé â ðàáîòå Yu M.J., â êîòîðîé äëÿ ðàñ÷åòà ïîëÿ èçëó-
÷åíèÿ èñïîëüçîâàëñÿ ÄÎÌ ñ 96 íàïðàâëåíèÿìè ñîâìåñòíî ñ WSGG ìîäå-
ëüþ êîýôôèöèåíòà ïîãëîùåíèÿ [9]. Çàäà÷à ïðåäñòàâëÿåò ñîáîé çàêðûòûé
öèëèíäð, çàïîëíåííûé ãàçîâîé ñìåñüþ (H2O � 20%, CO2 - 10%, N2 - 70%.)
ñ îäíîðîäíîé òåìïåðàòóðîé (Ðèñ. 4à).

Ðåøåíèå ÓÏÈ ïðîâîäèëîñü íà áàçå ÌÊÎ ñ 96 äèñêðåòíûìè íàïðàâëåíè-
ÿìè, äëÿ ðàñ÷åòà êîýôôèöèåíòà ïîãëîùåíèÿ èñïîëüçîâàëàñü òà æå WSGG
ìîäåëü [8], êàê â ðàáîòå Yu M.J. Ñðàâíåíèå ðåçóëüòàòîâ ïðîâîäèëîñü ïî
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à)
á)

Ðèñóíîê 4. Çàìêíóòûé öèëèíäð, çàïîëíåííûé ñìåñüþ èçëó÷àþùèõ ãàçîâ: à) îïè-
ñàíèå çàäà÷è; á) Ðàñïðåäåëåíèå ïîòîêà èçëó÷åíèÿ íà áîêîâóþ ãðàíü öèëèíäðà: 1
� Yu M.J. et al [9]; 2 � ÊÎÌ; 3 � ÊÎÌ è P1 äëÿ îäíîãî ¾ñåðîãî¿ ãàçà, 4 � ÊÎÌ
è P1 äëÿ äâóõ ïåðâûõ ¾ñåðûõ¿ ãàçîâ.

ïîòîêó èçëó÷åíèÿ íà áîêîâóþ ñòåíêó öèëèíäðà. Ðåøåíèå, ïîëó÷åííîå c èñ-
ïîëüçîâàíèåì P1 ïðèáëèæåíèÿ äëÿ ïåðâîãî ¾ñåðîãî¿ ãàçà WSGG ìîäåëè
è ÌÊÎ äëÿ îñòàëüíûõ, ïðàêòè÷åñêè ñîâïàäàåò ñ ðåøåíèåì, èñïîëüçóþùèì
òîëüêî ÌÊÎ, è ðåçóëüòàòàìè, ïðåäñòàâëåííûìè â ðàáîòå Yu M.J. (Ðèñ. 4á).
Êîãäà íà îñíîâå P1 ïðèáëèæåíèÿ ðàññ÷èòûâàåòñÿ ïîëå èçëó÷åíèÿ äëÿ äâóõ
ïåðâûõ ¾ñåðûõ¿ ãàçîâ, íàáëþäàþòñÿ îòêëîíåíèÿ âáëèçè òîðöîâ öèëèíäðà
(Ðèñ. 4á), òî åñòü äëÿ âòîðîãî ¾ñåðîãî¿ ãàçà ñðåäà íå ÿâëÿåòñÿ äîñòàòî÷íî
îïòè÷åñêè òîëñòîé.

Òàêèì îáðàçîì, äëÿ äàííîé çàäà÷è óäàëîñü ñîêðàòèòü âðåìÿ, çàòðà÷è-
âàåìîå íà ðàñ÷åò ïîëÿ èçëó÷åíèÿ, ïðèìåðíî íà 25% áåç ïîòåðè òî÷íîñòè
ðåøåíèÿ.

Ãîðåëî÷íîå óñòðîéñòâî äëÿ ñæèãàíèÿ àíîäíûõ ãàçîâ

Êîìáèíèðîâàííûé ïîäõîä ïðèìåíÿëñÿ ïðè ìîäåëèðîâàíèè ðàáîòû ðåàëü-
íîãî òåõíîëîãè÷åñêîãî îáîðóäîâàíèÿ, è â ïåðâîì òàêîì ïðèìåðå ðàññìàò-
ðèâàåòñÿ ãîðåëî÷íîå óñòðîéñòâî (Ðèñ. 5), ïðåäíàçíà÷åííîå äëÿ ñæèãàíèÿ
àíîäíîãî ãàçà ýëåêòðîëèçíîãî ïðîèçâîäñòâà. Àíîäíûå ãàçû, âûäåëÿþùèåñÿ
â ïðîöåññå ýëåêòðîëèçíîãî ïðîèçâîäñòâà àëþìèíèÿ, ñîñòîÿò â îñíîâíîì èç
CO è CO2. Â ãîðåëî÷íîå óñòðîéñòâî àíîäíûå ãîðþ÷èå ãàçû ïîñòóïàþò ñíè-
çó, à âîçäóõ � ÷åðåç áîêîâûå ùåëè èç îêðóæàþùåé ñðåäû [10]. Ðàñ÷åòíàÿ
ñåòêà äëÿ ãîðåëî÷íîãî óñòðîéñòâà ñîñòîÿëà èç 50000 êîíòðîëüíûõ îáúåìîâ.

Íåîáõîäèìîñòü èñïîëüçîâàíèÿ ñïåêòðàëüíûõ ìîäåëåé êîýôôèöèåíòà ïî-
ãëîùåíèÿ ñâÿçàíà ñ ñóùåñòâåííûì çàíèæåíèåì òåìïåðàòóðû ïðè èñïîëüçî-
âàíèè ïðèáëèæåíèÿ ¾ñåðîãî¿ ãàçà (Ðèñ. 6á, Ðèñ. 7à). Èñïîëüçîâàíèå WSGG
ìîäåëè äëÿ êîýôôèöèåíòà ïîãëîùåíèÿ ïðèâåëî ê óâåëè÷åíèþ âðåìåíè ðàñ-
÷åòà, ïðàêòè÷åñêè ïðîïîðöèîíàëüíî ÷èñëó ¾ñåðûõ¿ ãàçîâ â ìîäåëè. Ïðè
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à) á) â)

Ðèñóíîê 5. Ãîðåëî÷íîå óñòðîéñòâî: à) ñåòêà; á) ãåîìåòðèÿ; â) òî÷êè ýêñïåðèìåí-
òàëüíûõ çàìåðîâ òåìïåðàòóðû.

ñîâìåñòíîì èñïîëüçîâàíèè ÌÊÎ è P1 ïðèáëèæåíèÿ äëÿ îäíîãî ¾ñåðîãî¿
ãàçà, â äàííîé çàäà÷å íàáëþäàþòñÿ îòëè÷èÿ îò âàðèàíòà ñ èñïîëüçîâàíèåì
òîëüêî ÌÊÎ â çîíå ñìåøåíèÿ õîëîäíîãî âîçäóõà ñ àíîäíûì ãàçîì (Ðèñ. 6à,á,
Ðèñ. 7á). Â ýòîé îáëàñòè ñðåäíÿÿ òåìïåðàòóðà ïî ñðàâíåíèþ ñ ðàñ÷åòîì, èñ-
ïîëüçóþùèì òîëüêî ÌÊÎ, ñíèæàåòñÿ íà 80 0Ñ. Ýòî ñâÿçàíî ñ òåì, ÷òî â
ýòîé çîíå âûñîêîòåìïåðàòóðíàÿ èçëó÷àþùàÿ îáëàñòü èìååò ìàëûé õàðàê-
òåðíûé ðàçìåð, è, òàêèì îáðàçîì, íåñìîòðÿ íà âûñîêîå çíà÷åíèå êîýôôè-
öèåíòà ïîãëîùåíèÿ äëÿ ïåðâîãî ¾ñåðîãî¿ ãàçà â WSGG ìîäåëè, ñðåäà äëÿ
P1 ïðèáëèæåíèÿ íå ÿâëÿåòñÿ äîñòàòî÷íî îïòè÷åñêè òîëñòîé. Íî ïîñêîëüêó
äàííàÿ îáëàñòü ãîðåíèÿ äîñòàòî÷íî ìàëà, òî âûøå çîíû ñìåøåíèÿ ðàçëè÷èÿ
ïî òåìïåðàòóðå íå ñòîëü âåëèêè, íå áîëåå 20 0Ñ (Ðèñ. 6, Ðèñ. 6à).

Òàêèì îáðàçîì, ñîâìåñòíîå èñïîëüçîâàíèå ÌÊÎ è P1 ïðèáëèæåíèÿ (äà-
æå äëÿ îäíîãî ¾ñåðîãî¿ ãàçà) â äàííîé çàäà÷å ìîæåò âëèÿòü íà ðåçóëüòàòû
÷èñëåííîãî ìîäåëèðîâàíèÿ ãîðåíèÿ â îáëàñòè ñìåøåíèÿ.

Êðîìå ýòîãî äëÿ ãîðåëî÷íîãî óñòðîéñòâà áûëî ïðîâåäåíî ñðàâíåíèå 15-
òè ïîëîñíîé ìîäåëè, ñîçäàííîé íà îñíîâå äàííûõ áàçû HITRAN, è WSGG
ìîäåëè êîýôôèöèåíòà ïîãëîùåíèÿ. Ðàññ÷èòàííûå ïîëÿ òåìïåðàòóð ñ èñ-
ïîëüçîâàíèåì 15-òè ïîëîñíîé è WSGG ìîäåëåé îêàçàëèñü áëèçêè, ðàçíèöà
â ñðåäíåì ñîñòàâëÿåò âåëè÷èíó ïîðÿäêà 100Ñ (Ðèñ. 6, Ðèñ. 7à). Îñíîâíûå
îòëè÷èÿ íàáëþäàþòñÿ âáëèçè âõîäà â ãîðåëêó, â ýòîé îáëàñòè òåïëîâûå ïî-
òåðè èçëó÷åíèåì ñ 15-òüþ ïîëîñíîé ìîäåëüþ âûøå. Ýòî ñâÿçàíî ñ òåì, ÷òî â
WSGG ìîäåëè êîýôôèöèåíò ïîãëîùåíèÿ ðàññ÷èòûâàåòñÿ ïî êîíöåíòðàöèÿì
ÑÎ2 è Í2Î, òàêèì îáðàçîì, íå ó÷èòûâàåòñÿ íàëè÷èå áîëüøîãî êîëè÷åñòâà
ÑÎ â àíîäíîì ãàçå, ÷òî ïðèâîäèò ê çàíèæåíèþ êîýôôèöèåíòà ïîãëîùåíèÿ
è, â êîíå÷íîì ñ÷åòå, íåìíîãî áîëüøåé ñðåäíåé òåìïåðàòóðå â ãîðåëêå ïî
ñðàâíåíèþ ñ ïîëîñíîé ìîäåëüþ.
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à) á) â)

Ðèñóíîê 6. Ïîëå òåìïåðàòóðû â âåðòèêàëüíîì ñå÷åíèè, 0Ñ: à) ÌÊÎ, WSGG; á)
ÌÊÎ, 15-òè ïîëîñíàÿ ìîäåëü; â) ÌÊÎ ñîâìåñòíî ñ Ð1, WSGG.

à) á)

Ðèñóíîê 7. Ðàñïðåäåëåíèå óñðåäíåííîé ïî ñå÷åíèþ ãîðåëêè òåìïåðàòóðû âäîëü
îñè z: à) äëÿ ðàçëè÷íûõ ìåòîäîâ ðåøåíèÿ ÓÏÈ è ìîäåëåé êîýôôèöèåíòà ïîãëî-
ùåíèÿ; á) äëÿ ÊÎÌ è ÊÎÌ ñîâìåñòíî ñ P1 ïðèáëèæåíèåì äëÿ ïåðâîãî ¾ñåðîãî¿
ãàçà â WSGG ìîäåëè.

Â Òàáëèöå 1 ïðèâåäåíû ðåçóëüòàòû ñðàâíåíèÿ äàííûõ íàòóðíûõ èçìå-
ðåíèé (Ðèñ. 7â) ñ äàííûìè ðàñ÷åòîâ ñ èñïîëüçîâàíèåì ðàçëè÷íûõ ìîäåëåé
êîýôôèöèåíòà ïîãëîùåíèÿ.

Â öåëîì âèäíî, ÷òî èñïîëüçîâàíèå íå ¾ñåðûõ¿ ìîäåëåé êîýôôèöèåíòà ïî-
ãëîùåíèÿ ïðè ðàñ÷åòå ãîðåëî÷íîãî óñòðîéñòâà ïîçâîëÿåò ïîëó÷àòü óðîâåíü
òåìïåðàòóð, ñîîòâåòñòâóþùèé äàííûì èçìåðåíèé. Ðàñõîæäåíèÿ â òåìïåðà-
òóðíûõ äèàïàçîíàõ â ýêñïåðèìåíòå è ðàñ÷åòàõ ñâÿçàíû ñ òåì, ÷òî ðàñ÷åò íå
îõâàòûâàåò âñåõ ðåæèìîâ ðàáîòû ãîðåëêè, òàê, íàïðèìåð, ïðè óâåëè÷åíèè
îáùåãî ðàñõîäà íà 15% òåìïåðàòóðà â ñðåäíåì âûðàñòàåò íà 20-300Ñ. Íàè-
áîëüøåå ðàñõîæäåíèå ñ äàííûìè èçìåðåíèé íàáëþäàåòñÿ â òî÷êå çàìåðîâ 1
(Ðèñ. 5â), ÷òî ñâÿçàíî ñ îñîáåííîñòüþ ïðîâåäåíèÿ çàìåðîâ â äàííîé òî÷êå,
êîòîðàÿ îáóñëîâëåíà ñèëüíîé íåðàâíîìåðíîñòüþ ïîëÿ òåìïåðàòóð è ñêîðî-
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ñòåé ïî ñå÷åíèþ ãîðåëêè. Òàê êàê âûñîêàÿ òåìïåðàòóðà íàáëþäàåòñÿ ïî öåí-
òðó ãîðåëî÷íîãî óñòðîéñòâà, êîòîðàÿ â ïåðâóþ î÷åðåäü îòñëåæèâàåòñÿ ïðè
ïðîâåäåíèè ñåðèè òî÷å÷íûõ çàìåðîâ, òî ïîëó÷åííàÿ ñðåäíÿÿ òåìïåðàòóðà
ïðè èçìåðåíèè ïîëó÷àåòñÿ âûøå èñòèííîé ñðåäíåé òåìïåðàòóðû. Â ñëó÷àå
æå èñïîëüçîâàíèÿ ïðèáëèæåíèÿ ¾ñåðîãî¿ ãàçà òåìïåðàòóðà â ãîðåëî÷íîì
óñòðîéñòâå ñóùåñòâåííî íèæå ïî ñðàâíåíèþ ñ äàííûìè èçìåðåíèé.

Òàáëèöà 1. Ñðàâíåíèå ðàññ÷èòàííûõ è îñðåäíåííûõ ïî ãîðèçîíòàëüíîìó ñå÷åíèþ
òåìïåðàòóð (0Ñ) ñ äàííûìè íàòóðíûõ èçìåðåíèé â òî÷êàõ çàìåðîâ.

Òî÷êè
çàìåðîâ

WSGG ìîäåëü 15-òè ïîëîñíàÿ
ìîäåëü

Ïðèáëèæåíèå
¾ñåðîãî¿ ãàçà

Äàííûå íàòóð-
íûõ èçìåðåíèé

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

Ãàçîâûé êîòåë

Â äàííîé çàäà÷å ðàññìàòðèâàåòñÿ ãàçîâûé êîòåë ìîùíîñòüþ 250 ÌÂò [12].
Ðàñ÷åòíàÿ ñåòêà ñîñòîèò èç 160 000 êîíòðîëüíûõ îáúåìîâ (Ðèñ. 8).

Ïðè èñïîëüçîâàíèè ïðèáëèæåíèÿ ¾ñåðîãî¿ ãàçà ÓÏÈ ðàññ÷èòûâàëîñü
äâóìÿ ìåòîäàìè: ÌÊÎ è P1 ïðèáëèæåíèåì. Â ñëó÷àå P1 ïðèáëèæåíèÿ òåì-
ïåðàòóðà â ÿäðå ãîðåíèÿ è â îáëàñòè âûøå ìåñò ïîäà÷è âîçäóõà íåìíîãî
áîëüøå, ÷åì ïðè èñïîëüçîâàíèè ÌÊÎ, íî áëèæå ê âûõîäó èç òîïî÷íîé êà-
ìåðû ðàçíèöà â òåìïåðàòóðå óìåíüøàåòñÿ (Ðèñ. 9á). Åäèíñòâåííîå ñóùå-
ñòâåííîå îòëè÷èå íàáëþäàåòñÿ â íèæíåé ÷àñòè òîïêè, â êîòîðóþ ïîñòóïàåò
âîçäóõ, âñëåäñòâèå ÷åãî ñðåäà òàì îïòè÷åñêè ïðîçðà÷íàÿ è P1 ïðèáëèæåíèå
ðàáîòàåò íå êîððåêòíî.

Ïðè èñïîëüçîâàíèè WSGG ìîäåëè [8], îòëè÷èÿ íå ñòîëü ñèëüíûå, ïî
ñðàâíåíèþ ñ ïðåäûäóùèì ïðèìåðîì (Ðèñ. 7), íî è â äàííîì ñëó÷àå ó÷åò
ñåëåêòèâíîñòè ñðåäû ïðèâîäèò ê ðîñòó òåìïåðàòóðû â òîïî÷íîé êàìåðå è
èçìåíåíèþ ðàñïðåäåëåíèÿ ïîëÿ òåìïåðàòóð ïî ñðàâíåíèþ ñ ïðèáëèæåíèåì
¾ñåðîãî¿ ãàçà, íàèáîëåå çàìåòíî ïàäåíèå òåìïåðàòóðû â íèæíåé ÷àñòè òîï-
êè è ðîñò òåìïåðàòóðû â ÿäðå ãîðåíèÿ ïðè èñïîëüçîâàíèè WSGG ìîäåëè
ïî ñðàâíåíèþ ñ ïðèáëèæåíèåì ¾ñåðîãî¿ ãàçà (Ðèñ. 9). Ïðè àíàëèçå ðàñïðå-
äåëåíèÿ óñðåäí¼ííîé ïî ãîðèçîíòàëüíîìó ñå÷åíèþ òåìïåðàòóðû ïî âûñîòå
òîïêè âèäíî, ÷òî èñïîëüçîâàíèå ìîäåëè ¾ñåðîãî¿ ãàçà ïðèâîäèò ê çàíèæå-
íèþ óñðåäíåííîé òåìïåðàòóðû ìàêñèìàëüíî íà 100 0Ñ äëÿ ÌÊÎ è íà 140 0Ñ
äëÿ P1 ïðèáëèæåíèÿ (Ðèñ. 9á) ïî ñðàâíåíèþ ñ WSGG ìîäåëüþ. Ðåçóëüòàòû
àíàëèçà ðàñ÷åòîâ ïîêàçûâàþò íåîáõîäèìîñòü ó÷åòà ñåëåêòèâíîñòè èçëó÷å-
íèÿ äëÿ ìîäåëèðîâàíèÿ ãàçîâîé òîïêè.

Ñîâìåñòíîå èñïîëüçîâàíèå ÌÊÎ è P1 ïðèáëèæåíèÿ ñ WSGG ìîäåëüþ
êîýôôèöèåíòà ïîãëîùåíèÿ (äëÿ ïåðâîãî ¾ñåðîãî¿ ãàçà) ïîçâîëÿåò ïîëó-
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Ðèñóíîê 8. Ãàçîâûé êîòåë. Ãåîìåòðèÿ è ñåòêà.

à) á)

Ðèñóíîê 9. Ãàçîâûé êîòåë. Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ: à) ïîëå òåì-
ïåðàòóð: ñëåâà � ìîäåëü ¾ñåðîãî¿ ãàçà, P1 ïðèáëèæåíèå; ñïðàâà � WSGG ìîäåëü,
ÊÎÌ; á) Ðàñïðåäåëåíèå óñðåäíåííîé ïî ñå÷åíèþ òåìïåðàòóðû âäîëü îñè z äëÿ
ðàçëè÷íûõ ìåòîäîâ ðåøåíèÿ ÓÏÈ è ìîäåëåé êîýôôèöèåíòà ïîãëîùåíèÿ.

÷èòü ïðàêòè÷åñêè èäåíòè÷íîå ðåøåíèå, êàê ïðè èñïîëüçîâàíèè òîëüêî ÌÊÎ
(Ðèñ. 9á). Òàêîé ðåçóëüòàò ñâÿçàí êàê ñ íàëè÷èåì ñóùåñòâåííûõ êîíöåíòðà-
öèé èçëó÷àþùèõ ãàçîâ (ñìåñü H2O è CO2 � äî 30%), òàê è ñ áîëüøèìè
ãåîìåòðè÷åñêèìè ðàçìåðàìè òîïî÷íîé êàìåðû (â îòëè÷èå îò ïðåäûäóùåé
çàäà÷è ñ ãîðåëî÷íûì óñòðîéñòâîì).

Èñïîëüçîâàíèÿ ñõåìû ¾áåãóùåãî ñ÷åòà¿ äëÿ ÌÊÎ íà
íåñòðóòóðèðîâàííûõ ñåòêàõ

Äëÿ ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ãåîìåòðè÷åñêè ñëîæíûõ òåõíîëîãè÷å-
ñêèõ óñòðîéñòâ â ¾SigmaFlow¿ èñïîëüçóþòñÿ íåñòðóêòóðèðîâàííûå ñåòêè
êàê ñîçäàííûå íà îñíîâå ñîáñòâåííîãî ãåíåðàòîðà ñåòîê, òàê è èìïîðòèðî-
âàííûå èç ñòîðîííèõ ïðîãðàìì. Äëÿ ðåøåíèÿ ÓÏÈ â ïîäîáíûõ çàäà÷ ñî
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ñëîæíîé ãåîìåòðèåé áûë ðåàëèçîâàí ÌÊÎ äëÿ íåñòðóêòóðèðîâàííûõ ñå-
òîê. Êðîìå ýòîãî áûëà ðåàëèçîâàíà ïîääåðæêà ìíîãîïîòî÷íûõ âû÷èñëåíèé
íà îñíîâå ïðîñòðàíñòâåííîé äåêîìïîçèöèè ðàñ÷åòíîé îáëàñòè. Îñîáåííîñòè
ðåàëèçàöèè ÌÊÎ ïðåäñòàâëåíû íà ïðèìåðå ðåøåíèÿ çàäà÷è ìîäåëèðîâàíèÿ
ñîïðÿæåííîãî òåïëîîáìåíà â âàêóóìíîé ýëåêòðîïå÷è ñîïðîòèâëåíèÿ.

Îïòèìèçàöèÿ ìàòåìàòè÷åñêîé ìîäåëè ðàñ÷åòà ïåðåíîñà

èçëó÷åíèÿ äëÿ âàêóóìíîé ýëåêòðîïå÷è.

Âàêóóìíàÿ ýëåêòðîïå÷ü ñîïðîòèâëåíèÿ ïðåäñòàâëÿåò ñîáîé îáúåêò ñ îáú-
åìîì ðàáî÷åãî ïðîñòðàíñòâà 14,7 ì3, èìåþùèé îìè÷åñêèå íàãðåâàòåëüíûå
ýëåìåíòû â (âèäå íàáîðà êîëîí), ôóòåðîâêó è âíóòðåííþþ îñíàñòêó, âûïîë-
íåííûå èç óãëåðîäíûõ ìàòåðèàëîâ. Âíóòðè ïå÷è ïîìåùåíû äâå ðåòîðòû �
âíåøíÿÿ è âíóòðåííÿÿ (Ðèñ. 10).

à) á)

Ðèñóíîê 10. Òåïëîîáìåí â âàêóóìíîé ýëåêòðîïå÷è ñîïðîòèâëåíèÿ (ñåòêà 5 · 106
ÿ÷ååê): à) ïîëå òåìïåðàòóð, Ê; á) ïîëå ïëîòíîñòè ïîòîêà èçëó÷åíèÿ, Âò/ì2.

Âíóòðè ìåíüøåé ðåòîðòû ïðîèñõîäèò îñíîâíîé òåõíîëîãè÷åñêèé ïðî-
öåññ. Õàðàêòåðíîå âðåìÿ öèêëà ðàáîòû ïå÷è ñîñòàâëÿåò íåñêîëüêî ñóòîê,
ìàêñèìàëüíàÿ òåìïåðàòóðà íàãðåâà âíóòðè ðàáî÷åé îáëàñòè ñîñòàâëÿåò îêî-
ëî 1800 0Ñ. Äàâëåíèå â ïå÷è ïîääåðæèâàåòñÿ íà óðîâíå íåñêîëüêèõ ñîòåí
Ïà. Ìåõàíèçì ïåðåíîñà òåïëà èçëó÷åíèåì â ýëåêòðîïå÷è ÿâëÿåòñÿ äîìè-
íèðóþùèì. Îñíîâíûå ïðîáëåìû ïðè ìîäåëèðîâàíèè òåïëîîáìåíà â äàííîé
ïå÷è ñâÿçàíû ñ äëèòåëüíîñòüþ òåõíîëîãè÷åñêîãî ïðîöåññà è ðàçíîìàñøòàá-
íîñòüþ ýëåìåíòîâ (îò íåñêîëüêèõ ìèëëèìåòðîâ äî ìåòðîâ), êîòîðûå ïðèâî-
äÿò ê äëèòåëüíûì âðåìåíàì ñ÷åòà â âèäó íåîáõîäèìîñòè ðåøåíèÿ çàäà÷à íà
ïåðñîíàëüíûõ êîìïüþòåðàõ, à íå íà ìîùíûõ âû÷èñëèòåëüíûõ êëàñòåðàõ.

Ïðè ÷èñëåííîì ìîäåëèðîâàíèè çàäà÷è ðàáîòû ýëåêòðîïå÷è îñíîâíîå âðå-
ìÿ òðàòèòñÿ íà ðàñ÷åò ïîëÿ èçëó÷åíèÿ, ïîýòîìó äëÿ óìåíüøåíèÿ âðåìåííûõ
çàòðàò â ïåðâóþ î÷åðåäü áûëà ïðîâåäåíà îïòèìèçàöèÿ ìàòåìàòè÷åñêîé ìî-
äåëè ïåðåíîñà èçëó÷åíèÿ, îñíîâàííîé íà èñïîëüçîâàíèè ÌÊÎ.



Èñïîëüçîâàíèå ÌÊÎ äëÿ ðåøåíèÿ ÓÏÈ â ïðèêëàäíûõ çàäà÷àõ 159

Âî-ïåðâûõ, äëÿ ñîêðàùåíèÿ âðåìåíè ðàñ÷åòà áûëà ðåàëèçîâàíà FTn ìî-
äèôèêàöèÿ ÌÊÎ äëÿ óãëîâîãî ðàçáèåíèÿ òåëåñíîãî ïðîñòðàíñòâà, êîòîðàÿ
ïîçâîëÿåò îáåñïå÷èòü áîëåå ðàâíîìåðíîå ðàçáèåíèå òåëåñíîãî ïðîñòðàíñòâà,
ïî ñðàâíåíèþ ñî ñòàíäàðòíûì ïîäõîäîì (Ðèñ. 1à), îñíîâàííûì íà ðàâíîìåð-
íîé äèñêðåòèçàöèè ïî ñôåðè÷åñêèì óãëàì (Ðèñ. 11) [13]. FTn ìîäèôèêàöèÿ
ÌÊÎ ïîçâîëÿåò èñïîëüçîâàòü ìåíüøåå êîëè÷åñòâî äèñêðåòíûõ òåëåñíûõ óã-
ëîâ ïî ñðàâíåíèþ ñî ñòàíäàðòíûì óãëîâûì ðàçáèåíèåì. Â äàííîé çàäà÷å ýòî
ïîçâîëèëî ïåðåéòè îò ðàçáèåíèÿ óãëîâîãî ïðîñòðàíñòâà íà 32 äèñêðåòíûõ
òåëåñíûõ óãëà ê 24 áåç çíà÷èìîãî èçìåíåíèÿ ðàñ÷åòíîãî ïîëÿ èçëó÷åíèÿ.

Ðèñóíîê 11. Äèñêðåòèçàöèÿ òåëåñíîãî ïðîñòðàíñòâà äëÿ FTn ìîäèôèêàöèè ÌÊÎ

Äàëåå â ðàìêàõ ðåøåíèÿ çàäà÷è áûëî ïðîâåäåíî ñðàâíåíèå ìåòîäîâ ðå-
øåíèÿ ÑËÀÓ, ðåàëèçîâàííûõ â ¾SigmàFlow¿ äëÿ ðåøåíèÿ çàäà÷ ãèäðîäèíà-
ìèêè è òåïëîîáìåíà, òàêèõ êàê ìåòîä íåïîëíîé LU-ôàêòîðèçàöèè (DILU),
ñòàáèëèçèðîâàííûì ìåòîä áèñîïðÿæåííûõ ãðàäèåíòîâ (BiCGSTAB), ìåòîä
ñîïðÿæåííûõ ãðàäèåíòîâ (CG) è ñõåìû ¾áåãóùåãî ñ÷åòà¿, ðåàëèçîâàííîé
äëÿ íåñòóêòóðèðîâàííûõ ñåòîê [6], [15] [16]. Äàííîå ñðàâíåíèå âêëþ÷àëî â
ñåáÿ è ìíîãîïîòî÷íûå âû÷èñëåíèÿ íà îñíîâå ïðîñòðàíñòâåííîé äåêîìïîçè-
öèè ðàñ÷åòíîé îáëàñòè.

Ïðîöåññ ïîñòðîåíèÿ íåñòðóêòóðèðîâàííîé ñåòêè ñ èñïîëüçîâàíèåì ñîá-
ñòâåííîãî ãåíåðàòîðà ñåòîê ¾SigmaFlow¿ îñíîâàí íà ïðåäâàðèòåëüíîì âîñü-
ìåðè÷íîì ðàçáèåíèè ïðîñòðàíñòâà ãåîìåòðèè ñ ðàçëè÷íîé äåòàëèçàöèåé ðàñ-
÷åòíîé îáëàñòè (ñîãëàñíî ãåîìåòðèè) � ïîñòðîåíèå îêòîäåðåâà. Èòîãîâàÿ ñåò-
êà ñòðîèòñÿ íà îñíîâå ïîñòðîåííîãî îêòîäåðåâà ïóòåì ïðîåöèðîâàíèÿ âåð-
øèí ïðåäâàðèòåëüíîé ñåòêè íà ãðàíèöû îáúåêòà è ôîðìèðîâàíèÿ ÿ÷ååê,
ñâÿçûâàþùèõ îáëàñòè ñ ðàçëè÷íîé äèñêðåòèçàöèåé (ïåðåõîäíûå îáëàñòè).
Â ðåçóëüòàòå ôîðìèðóåòñÿ íåñòðóêòóðèðîâàííàÿ ãèáðèäíàÿ ñåòêà, âêëþ÷à-
þùàÿ â ñåáå øåñòèãðàííûå (â îñíîâíîì) è ÷åòûðåõ- è ïÿòèãðàííûå êîí-
òðîëüíûå îáúåìû (â ïåðåõîäíûõ îáëàñòÿõ è íà ãðàíèöàõ îáúåêòà). Ïðè êîð-
ðåêòíîì ïîñòðîåíèå ñåòêè íà îñíîâå äàííîãî ïîäõîäà âñå êîíòðîëüíûå îáú-
åìû (ÿ÷åéêè) ïîëó÷àþòñÿ âûïóêëûìè, ÷òî ïîçâîëÿåò íàéòè ýôôåêòèâíóþ
ñõåìó îáõîäà äëÿ ¾áåãóùåãî ñ÷åòà¿. Ýôôåêòèâíàÿ ñõåìà îáõîäà ïðåäïîëà-
ãàåò, ÷òî ïðè óñëîâèè ðàâåíñòâà ñòåïåíè ÷åðíîòû äëÿ âñåõ ãðàíèö åäèíèöå
è îòñóòñòâèè ðàññåèâàíèÿ, ïîëå èçëó÷åíèÿ ðàññ÷èòûâàåòñÿ çà îäèí ïðîõîä.
Òåñòîâûå ðàñ÷åòû ïîêàçàëè, ÷òî ïðè óñëîâèè ðåàëèçàöèè ýôôåêòèâíîé ñõå-
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ìû îáõîäà ìàêñèìàëüíîå ïðåâîñõîäñòâî âî âðåìåíè ñ÷åòà íàä ñòàíäàðòíû-
ìè ìåòîäàìè ðåøåíèÿ ÑËÀÓ, ðåàëèçîâàííûìè â ¾SigmaFlow¿, äîñòèãàåò 11
ðàç â óñëîâèÿõ îïòè÷åñêè òîíêîé ñðåäû. Êðîìå ýòîãî îêàçàëîñü, ÷òî ìåòîä
BiCGSTAB è äðóãèå ìåòîäû êðûëîâñêîãî òèïà (CRES, CG) ìîãóò íå íà-
õîäèòü ðåøåíèÿ ÑËÀÓ ñ íóëåâîé ïðàâîé ÷àñòüþ, ò.å. êîãäà ñðåäà ÿâëÿåòñÿ
îïòè÷åñêè ïðîçðà÷íîé, ïîýòîìó äëÿ ðàñ÷åòîâ ïåðåíîñà èçëó÷åíèÿ â ýëåê-
òðîïå÷è ñõåìà ¾áåãóùåãî ñ÷åòà¿ ñðàâíèâàëàñü ñ DILU [7].Îòðèöàòåëüíîé
îñîáåííîñòüþ ñõåìû ¾áåãóùåãî ñ÷åòà¿ ÿâëÿåòñÿ òî, ÷òî äëÿ ãåîìåòðè÷åñêè
ñëîæíûõ îáúåêòîâ, ïðè èñïîëüçîâàíèè ïðîöåäóðû óìåíüøåíèÿ îøèáêè, ñâÿ-
çàííîé ñ óãëîâûì ïåðåêðûòèåì, è äëÿ ìíîãîïîòî÷íûõ âû÷èñëåíèé, îñíîâàí-
íûõ íà ïðîñòðàíñòâåííîé äåêîìïîçèöèè, îíà ñòàíîâèòñÿ èòåðàöèîííîé è åå
ýôôåêòèâíîñòü ïàäàåò. ×èñëåííîå ìîäåëèðîâàíèå ñîïðÿæåííîãî òåïëîîáìå-
íà â ýëåêòðîïå÷è ÿâëÿåòñÿ çàäà÷åé, â êîòîðîé äàííûå óñëîâèÿ âûïîëíÿþòñÿ.

Ïðîâåäåííûå ðàñ÷åòû ïîëÿ èçëó÷åíèÿ äëÿ ýëåêòðîïå÷è ïîêàçàëè, ÷òî
ñõåìà ¾áåãóùåãî ñ÷åòà¿ îáåñïå÷èâàåò óñêîðåíèå ðàñ÷åòà ïîëÿ èçëó÷åíèÿ
ïðèìåðíî â 5,5 ðàç ïî ñðàâíåíèþ ñ DILU äëÿ îäíîïîòî÷íîãî ðàñ÷åòà. Ïðè
èñïîëüçîâàíèè ìíîãîïîòî÷íûõ ðàñ÷åòîâ äàííîå ñîîòíîøåíèå èçìåíÿåòñÿ è
ìîæåò êàê óìåíüøàòüñÿ, òàê è óâåëè÷èâàòüñÿ. Ýòî ñâÿçàíî ñ òåì, ÷òî â
ðàñ÷åòå ïðèñóòñòâóþò òâåðäûå òåëà, â êîòîðûõ ïðè èñïîëüçîâàíèè ñõåìû
¾áåãóùåãî ñ÷åòà¿ ðàñ÷åò íå âåäåòñÿ, è ïîýòîìó ýôôåêòèâíîñòü ìíîãîïîòî÷-
íûõ âû÷èñëåíèé ñèëüíî çàâèñèò îò äåêîìïîçèöèè ðàñ÷åòíîé îáëàñòè, ò.å.
íàñêîëüêî ðàâíîìåðíî ðàñïðåäåëåíà ïî ïîòîêàì ãàçîâàÿ îáëàñòü. Ýòî õîðî-
øî âèäíî, åñëè ñðàâíèòü ðàñ÷åòû, â êîòîðûõ ïîëå èçëó÷åíèå ðàññ÷èòûâàåòñÿ
âî âñåé ðàñ÷åòíîé îáëàñòè, ñ ðàñ÷åòàìè, â êîòîðûõ îíî ðàññ÷èòûâàåòñÿ òîëü-
êî â ÷àñòè ðàñ÷åòíîé îáëàñòè. Åñëè ðàñ÷åòíàÿ îáëàñòü ÿâëÿåòñÿ ïîëíîñòüþ
ïðîíèöàåìîé äëÿ èçëó÷åíèÿ, òî êîýôôèöèåíò ýôôåêòèâíîñòè ìíîãîïîòî÷-
íûõ âû÷èñëåíèé áëèçîê ê åäèíèöå, íî â äàííîé çàäà÷å ñ òâåðäûìè òåëàìè
åãî çíà÷åíèå ñóùåñòâåííî íèæå åäèíèöû è çàìåòíî âàðüèðóåòñÿ â çàâèñèìî-
ñòè îò ¾êà÷åñòâà¿ ðàçáèåíèÿ. Òàê ïðè äåêîìïîçèöèè íà 2-6 ÷àñòåé çíà÷åíèå
êîýôôèöèåíò ýôôåêòèâíîñòè èçìåíÿåòñÿ îò 0,57 äî 0,62.

Çàêëþ÷åíèå

Ðåàëèçîâàííûå ìåòîäû ðåøåíèÿ ÓÏÈ â êîìïëåêñå ïðîãðàìì ¾SigmaFlow¿
ïðîäåìîíñòðèðîâàëè âîçìîæíîñòü èõèñïîëüçîâàíèÿ äëÿ ïðèêëàäíûõ çàäà÷.
Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïîêàçûâàåò, ÷òî ïðåäñòàâëåííûå ïîäõîäû
ìîæíî â äàëüíåéøåì ðàçâèâàòü äëÿ ïîâûøåíèÿ èõ ýôôåêòèâíîñòè. Ýòî
êàñàåòñÿ: âîçìîæíîñòè ðàñøèðåíèÿ ñîâìåñòíîãî ïðèìåíåíèÿ P1 ïðèáëèæå-
íèÿ è ÌÊÎ, êîãäà âûäåëÿþòñÿ íå òîëüêî ðàçëè÷íûå ¾ñåðûå¿ ñðåäû, íî è
èñïîëüçóåòñÿ âîçìîæíîñòü ïðîñòðàíñòâåííîãî ðàçäåëåíèÿ; ñîçäàíèÿ áîëåå
ñëîæíîãî ðàçáèåíèÿ óãëîâîãî ïðîñòðàíñòâà; ðàçðàáîòêè áîëåå ýôôåêòèâ-
íûõ àëãîðèòìîâ ïðîñòðàíñòâåííîé äåêîìïîçèöèè äëÿ çàäà÷ ñ ñîïðÿæåííûì
òåïëîîáìåíîì.

Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ, Ïðàâèòåëü-
ñòâà Êðàñíîÿðñêîãî êðàÿ, Êðàñíîÿðñêîãî êðàåâîãî ôîíäà ïîääåðæêè íà-
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Àííîòàöèÿ ¾SigmaFlow¿ � ýòî íåêîììåð÷åñêèé êîìïëåêñ ïðîãðàìì
äëÿ ðåøåíèÿ øèðîêîãî êëàññà çàäà÷ ãèäðîäèíàìèêè, òåïëîìàñîîîá-
ìåíà è ãîðåíèÿ, ðàçâèâàåìûé ñïåöèàëèñòàìè Êðàñíîÿðñêîãî ôèëèà-
ëà Èíñòèòóòà òåïëîôèçèêè ÑÎ ÐÀÍ è êàôåäðû Òåïëîôèçèêè Ñèáèð-
ñêîãî ôåäåðàëüíîãî óíèâåðñèòåòà. Êîìïëåêñ ïðîãðàìì ¾SigmaFlow¿
ïîçâîëÿåò ìîäåëèðîâàòü: ñòàöèîíàðíûå è íåñòàöèîíàðíûå, ëàìèíàð-
íûå è òóðáóëåíòíûå òå÷åíèÿ; íåíüþòîíîâñêèå æèäêîñòè; ïðîöåññû
ñìåøåíèÿ è äèôôóçèè íåîäíîðîäíûõ ãàçîâûõ ñìåñåé; õèìè÷åñêèå
ðåàêöèè â ïîòîêå, ãîðåíèå ãàçîîáðàçíîãî, æèäêîãî è òâåðäîãî òîï-
ëèâà; êîíâåêòèâíûé è ñîïðÿæåííûé òåïëîîáìåí, òåïëîïðîâîäíîñòü;
ïåðåíîñ èçëó÷åíèÿ; äâèæåíèå äèñïåðñíîé ôàçû â ïîòîêå ãàçà; ïðî-
öåññû ñ ôàçîâûìè ïåðåõîäàìè; òå÷åíèÿ ñî ñâîáîäíîé ïîâåðõíîñòüþ;
òå÷åíèÿ ãàçà è æèäêîñòè ñ ïîäâèæíûìè òâåðäûìè òåëàìè. Êðîìå
ýòîãî ¾SigmaFlow¿ èìååò ñîáñòâåííûå èíñòðóìåíòû äëÿ ïîñòðîåíèÿ
è èìïîðòà ñåòêè è äëÿ àíàëèçà ðåçóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâà-
íèÿ.

Êëþ÷åâûå ñëîâà: Ïðîãðàììíûé êîìïëåêñ, ÷èñëåííîå ìîäåëèðî-
âàíèå, ïàðàëëåëüíûå âû÷èñëåíèÿ

Ââåäåíèå

Êîìïëåêñ ïðîãðàìì ¾SigmaFlow¿ � ýòî óíèâåðñàëüíûé íåêîììåð÷åñêèé
ïðîãðàììíûé ïðîäóêò äëÿ ðåøåíèÿ øèðîêîãî êëàññà çàäà÷ ãèäðîäèíà-
ìèêè, òåïëîìàñîîîáìåíà è ãîðåíèÿ, ðàçâèâàåìûé ñïåöèàëèñòàìè Êðàñíî-
ÿðñêîãî ôèëèàëà Èíñòèòóòà òåïëîôèçèêè ÑÎ ÐÀÍ è êàôåäðû Òåïëîôè-
çèêè Ñèáèðñêîãî ôåäåðàëüíîãî óíèâåðñèòåòà. ¾SigmaFlow¿ ÿâëÿåòñÿ ðàç-
âèòèåì ïðîãðàììû ¾AeroChem¿, ðàçðàáîòêà êîòîðîé íà÷àëàñü â 1993 ãî-
äó. Ñïåöèàëèçèðîâàííûå âåðñèè ïðîãðàììû èñïîëüçóþòñÿ ðÿäîì íàó÷íî-
èññëåäîâàòåëüñêèõ è ïðîåêòíûõ îðãàíèçàöèé è â ó÷åáíîì ïðîöåññå. Ðàçâè-
òèå ïðîãðàììû ïðîèñõîäèò â ðàìêàõ âûïîëíåíèÿ ïðîåêòîâ ïî ãðàíòàì è
äîãîâîðàì íà âûïîëíåíèå ÍÈÐ.
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Â êîìïëåêñå ïðîãðàìì ¾SigmaFlow¿ áûëè ðåàëèçîâàíû ìàòåìàòè÷åñêèå
ìîäåëè, êîòîðûå ïîçâîëÿþò ìîäåëèðîâàòü: ñòàöèîíàðíûå è íåñòàöèîíàðíûå,
ëàìèíàðíûå è òóðáóëåíòíûå òå÷åíèÿ; íåíüþòîíîâñêèå æèäêîñòè; ïðîöåññû
ñìåøåíèÿ è äèôôóçèè íåîäíîðîäíûõ ãàçîâûõ ñìåñåé; õèìè÷åñêèå ðåàêöèè â
ïîòîêå, ãîðåíèå ãàçîîáðàçíîãî, æèäêîãî è òâåðäîãî òîïëèâà; êîíâåêòèâíûé
è ñîïðÿæåííûé òåïëîîáìåí, òåïëîïðîâîäíîñòü; ïåðåíîñ èçëó÷åíèÿ; äâèæå-
íèå äèñïåðñíîé ôàçû â ïîòîêå ãàçà; ïðîöåññû ñ ôàçîâûìè ïåðåõîäàìè; òå-
÷åíèÿ ñî ñâîáîäíîé ïîâåðõíîñòüþ; òå÷åíèÿ ãàçà è æèäêîñòè ñ ïîäâèæíûìè
òâåðäûìè òåëàìè [1],[2],[3],[4].Ðåàëèçàöèÿ ÷èñëåííûõ ìîäåëåé îñíîâàíà íà
ñîâðåìåííûõ ìåòîäàõ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè íåñæèìàåìîé æèä-
êîñòè. Äëÿ äèñêðåòèçàöèè óðàâíåíèé ãèäðîäèíàìèêè ïðèìåíÿåòñÿ øèðîêî
èçâåñòíûé ìåòîä êîíòðîëüíîãî îáúåìà [5], â êîòîðîì ðàñ÷åòíàÿ îáëàñòü ðàç-
áèòà íà íåïåðåñåêàþùèåñÿ îáúåìíûå ìíîãîãðàííèêè � êîíòðîëüíûå îáúåìû
èëè ÿ÷åéêè. ×èñëåííûé ìåòîä îñíîâàí íà èñïîëüçîâàíèè íåñòðóêòóðèðî-
âàííûõ ñåòîê, ñîãëàñîâàííûõ ñ ãðàíèöàìè ðàñ÷åòíîé îáëàñòè. Äëÿ ñâÿçûâà-
íèÿ ïîëåé ñêîðîñòè è äàâëåíèÿ ïðèìåíÿåòñÿ SIMPLE-ïîäîáíûé àëãîðèòì.
Ïîëó÷àåìûå â ðåçóëüòàòå äèñêðåòèçàöèè ñèñòåìû ëèíåéíûõ óðàâíåíèé ðå-
øàþòñÿ ñ ïîìîùüþ òàêèõ ìåòîäîâ, êàê ìåòîäû íåïîëíîé ôàêòîðèçàöèè,
âàðèàöèîííûå ìåòîäû è ìíîãîñåòî÷íûå ìåòîäû [6], [7]. ¾SigmaFlow¿ ñîäåð-
æèò ïðîãðàììíûé ìîäóëü, ïîçâîëÿþùèé ôîðìèðîâàòü ãåîìåòðèþ ðàñ÷åò-
íîé îáëàñòè èëè èìïîðòèðîâàòü åå èç ñòîðîííèõ CAD ñèñòåì, ñîçäàâàòü
ðàñ÷åòíûå ñåòêè (ìíîãîáëî÷íûå ñòðóêòóðèðîâàííûå íà îñíîâå ãåêñà ÿ÷ååê
è íåñòðóêòóðèðîâàííûå íà îñíîâå îêòî ðàçáèåíèÿ) èëè èìïîðòèðîâàòü ãî-
òîâûå. Êðîìå ýòîãî ñóùåñòâóåò ðàçâèòûé ïðîãðàììíûé ìîäóëü àíàëèç ðå-
çóëüòàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì ñðåäñòâ èíæåíåðíîé
ãðàôèêè. Ïðîãðàììà ïîçâîëÿåò âûïîëíÿòü âûñîêîïðîèçâîäèòåëüíûå ïàðàë-
ëåëüíûå âû÷èñëåíèÿ, â òîì ÷èñëå äëÿ ðÿäà çàäà÷ â ãåòåðîãåííûõ êëàñòåð-
íûõ ñèñòåìàõ (CPU+GPU), ïîä óïðàâëåíèåì Windows èëè Linux îïåðàöè-
îííûõ ñèñòåì. Â íàñòîÿùåå âðåìÿ â ¾SigmaFlow¿ ïîÿâèëèñü íîâûå âîçìîæ-
íîñòè, îáóñëîâëåííûå: ðàçâèòèåì èíñòðóìåíòîâ ïîñòðîåíèÿ ðàñ÷åòíîé ñåò-
êè; ðàçâèòèåì ìàòåìàòè÷åñêèõ ìîäåëåé äèñïåðñíûõ ñðåä; ðàçâèòèåì âåð-
ñèè ïðîãðàììû äëÿ ðàñ÷åòà íà GPU êëàñòåðíûõ ñèñòåìàõ; âîçìîæíîñòüþ
ïåðåäà÷è ãåîìåòðèè ðàñ÷åòíîé îáëàñòè èç ñòîðîííèõ CAD ïðîãðàìì è ïî-
ñòðîåíèþ íà åå îñíîâå ðàñ÷åòíîé ñåòêè; ðàçâèòèåì âîçìîæíîñòåé ìîäåëèðî-
âàíèÿ äâóõôàçíûõ ëàìèíàðíûõ è òóðáóëåíòíûõ òå÷åíèé, ñîïðÿæåííîãî è
ðàäèàöèîííîãî òåïëîîáìåíà; ðàçðàáîòêîé ìåòîäîâ ãèáðèäíîãî ìîäåëèðîâà-
íèÿ CFD-ãèäðàâëè÷åñêèå ñåòè. Íà îñíîâå ïðîãðàììíîãî ÿäðà ¾SigmaFlow¿
áûëè ñîçäàíû ñâîáîäíî ðàñïðîñòðàíÿåìàÿ âåðñèÿ ïðîãðàììû ¾SigmaFW¿
è ñïåöèàëèçèðîâàííûå ïðîãðàììû äëÿ ðàñ÷åòà: óãîëüíûõ òîïî÷íûõ êàìåð,
õèìè÷åñêîãî ðåàêòîðà, ðàçâèòèÿ ïîæàðîâ â çäàíèè, òå÷åíèÿ áóðîâûõ ðàñ-
òâîðîâ [8], [9].
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Ïîñòðîåíèå ñåòêè íà îñíîâå îêòî ðàçáèåíèÿ

Ïðè ñîçäàíèè ñåòîê äëÿ îòíîñèòåëüíî ãåîìåòðè÷åñêè ïðîñòûõ îáúåêòîâ
â ¾SigmaFlow¿ èñïîëüçóåòñÿ ñîáñòâåííûé ïîñòðîèòåëü ãåîìåòðèè ðàñ÷åò-
íîé îáëàñòè, íà îñíîâå ðåçóëüòàòîâ ðàáîòû êîòîðîãî ñòðîèòñÿ áëî÷íî-
ñòðóêòóðèðîâàííàÿ ñåòêà. Îäíàêî, ñòðîèòü ñåòêè äëÿ ãåîìåòðè÷åñêè
ñëîæíûõ îáúåêòîâ ñ êðèâîëèíåéíûìè ïîâåðõíîñòÿìè ñ èñïîëüçîâàíèåì
áëî÷íî-ñòðóêòóðèðîâàííîãî ïîäõîäà äîñòàòî÷íî ñëîæíî. Ïîýòîìó â ðàìêàõ
¾SigmaFlow¿ ðàçâèâàåòñÿ ïîäõîä, ïðåäïîëîãàþùèé èñïîëüçîâàíèå íåñòðóê-
òóðèðîâàííûõ ñåòîê. Â ýòîì ñëó÷àå äèñêðåòèçàöèÿ ðàñ÷åòíîé îáëàñòè ïðî-
âîäèòñÿ íà áàçå ñòîðîííåé (èìïîðòèðóåìîé) ãåîìåòðèè (Ðèñ. 1).

Ïåðâûé øàã â ñîçäàíèè ðàñ÷åòíîé ñåòêè � ýòî ïîäãîòîâêà ãåîìåòðèè ðàñ-
÷åòíîé îáëàñòè íà îñíîâå îáðàáîòêè èìïîðòèðóåìîé ãåîìåòðèè. Îáëàñòè äëÿ
ïîñòðîåíèÿ ñåòêè îïðåäåëÿþòñÿ çàìêíóòûìè ïîâåðõíîñòÿìè, êîòîðûå èì-
ïîðòèðóþòñÿ èç ôàéëîâ â stl ôîðìàòå, ïðåäâàðèòåëüíî ïîäãîòîâëåííûõ âî
âíåøíèõ CAD ïðîãðàììàõ. Ïðè ñîçäàíèè ñåòêè äëÿ çàäà÷, â êîòîðûõ íåîá-
õîäèìî âûäåëåíèå íåñêîëüêèõ îáëàñòåé ñ ðàçëè÷íûìè ñâîéñòâàìè, ïðåäó-
ñìîòðåíà âîçìîæíîñòü èìïîðòà íåñêîëüêèõ stl ôàéëîâ, êàæäûé èç êîòîðûõ
áóäåò õàðàêòåðèçîâàòü ñâîþ ãåîìåòðè÷åñêóþ îáëàñòü. Ïîñêîëüêó ôîðìàò
ôàéëîâ stl íå ïîçâîëÿåò ãðóïïèðîâàòü è ìàðêèðîâàòü ãåîìåòðè÷åñêèå ýëå-
ìåíòû îáúåêòà (ãðàíèöû èëè çàìêíóòûå îáëàñòè) â èíòåðôåéñå ïîëüçîâàòå-
ëÿ ïðåäîñòàâëåíà âîçìîæíîñòü çàäàâàòü óíèêàëüíûå íîìåðà íàáîðó ãðàíåé,
à òàêæå àññîöèèðîâàòü íàáîð ãðàíèö ñ âûäåëåííîé îáëàñòüþ. Äàííàÿ ìàð-
êèðîâêà ïîçâîëÿåò â ïîñëåäñòâèè çàäàâàòü íåîáõîäèìóþ äåòàëèçàöèþ ñåòêè
â âûáðàííûõ îáëàñòÿõ, à òàêæå ìîäèôèöèðîâàòü ãîòîâóþ ñåòêó, íàïðèìåð,
äîáàâëÿÿ ïðèñòåíî÷íûå ñëîè íà íóæíîé ãðàíèöå. Ñëåäóþùèì ýòàïîì ïîñëå
ïîäãîòîâêè ãåîìåòðèè ÿâëÿåòñÿ ïðåäâàðèòåëüíîå ðàçáèåíèå ñåòêè. Ïðîöåññ
ãåíåðàöèè ñåòêè îñíîâàí íà âîñüìåðè÷íîì ðàçáèåíèè ïðîñòðàíñòâà ãåîìåò-
ðèè (îêòî ðàçáèåíèå). Ñíà÷àëà íà îñíîâå ðàçìåðîâ ãåîìåòðè÷åñêîãî îáúåêòà
ñòðîèòñÿ îäèí ïðîñòðàíñòâåííûé ýëåìåíò (êóá), â êîòîðîé çàêëþ÷åí îáúåêò.
Ýòîò ýëåìåíò â ñâîþ î÷åðåäü, ðàçáèâàåòñÿ íà âîñåìü ýëåìåíòîâ (êóáîâ) è äà-
ëåå ïðîöåññ ïîâòîðÿåòñÿ äëÿ êàæäîãî ýëåìåíòà. Ìîìåíò, íà êîòîðîì ïîëó÷åí
ïåðâûé ýëåìåíò áóäåò ñîîòâåòñòâîâàòü ïåðâîìó óðîâíþ ðàçáèåíèÿ, Âîñåìü
ýëåìåíòîâ, ïîëó÷èâøèõñÿ â ïðîöåññå ðàçáèåíèÿ ïåðâîãî ýëåìåíòà ñîîòâåò-
ñòâóþò âòîðîìó óðîâíþ è ò.ä. Âûáèðàÿ ÷àñòè äëÿ ïîñëåäóþùåãî ðàçáèåíèÿ
è ìîìåíò ïðåêðàùåíèÿ ðàçáèåíèÿ äëÿ ýëåìåíòà, ìîæíî äîáèòüñÿ íóæíîé
äåòàëèçàöèè áóäóùåé ñåòêè â íåîáõîäèìûõ îáëàñòÿõ ãåîìåòðè÷åñêîãî îáú-
åêòà. Â ïðîöåññå âûïîëíåíèÿ ðàçáèåíèÿ ñîáëþäàåòñÿ ïðàâèëî, ïðè êîòîðîì
÷èñëî ñîñåäåé ñ êàæäîé ñòîðîíû ýëåìåíòà íå äîëæíî áûòü áîëüøå ÷åòûðåõ.

Â ïðîöåññå ðàçáèåíèÿ ýëåìåíòû äåëÿòñÿ íà òðè ãðóïïû: âûõîäÿùèå çà
ãðàíèöó îáúåêòà, ðàñïîëàãàþùèåñÿ âíóòðè îáúåêòà è ïåðåñåêàåìûå âíåø-
íèìè è âíóòðåííèìè ãðàíèöàìè îáúåêòà. Ýëåìåíòû, âûõîäÿùèå çà ãðàíèöó,
â ãåíåðàöèè èòîãîâîé ñåòêè íå ó÷àñòâóþò. Íà îñíîâå ïîëó÷èâøåãîñÿ ïðî-
ñòðàíñòâåííîãî ðàñïðåäåëåíèÿ ýëåìåíòîâ äàëåå ñòðîèòñÿ êîíå÷íàÿ ñåòêà.

Èòîãîâàÿ ñåòêà ñòðîèòñÿ íà îñíîâå ðàñïðåäåëåíèÿ ýëåìåíòîâ, ïîëó÷åí-
íûõ íà ïðåäûäóùåì øàãå. Ïðè ýòîì âåðøèíû èòîãîâîé ñåòêè ñîâïàäàþò
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ñ âåðøèíàìè ýëåìåíòîâ ïðåäâàðèòåëüíîãî ðàçáèåíèÿ. Äëÿ âåðøèí ñåòêè,
êîòîðûå ïðèíàäëåæàò ýëåìåíòàì, ïðîõîäÿùèì ÷åðåç ãðàíèöû îáúåêòà, âû-
ïîëíÿåòñÿ ïðîöåäóðà ïðîåöèðîâàíèÿ íà ãðàíèöû îáúåêòà.

Â ðåçóëüòàòå ôîðìèðóåòñÿ íåñòðóêòóðèðîâàííàÿ ãèáðèäíàÿ ñåòêà, âêëþ-
÷àþùàÿ â ñåáå øåñòèãðàííûå êóáè÷åñêèå ÿ÷åéêè â îñíîâíîì âíóòðè îáëàñòè
îáúåêòà è ìíîãîãðàííûå ýëåìåíòû (ïèðàìèäû ïðèçìû òåòðàýäðû), íàõîäÿ-
ùèåñÿ â ïåðåõîäíûõ îáëàñòÿõ (ãäå ñîñåäíèå ýëåìåíòû ïðåäâàðèòåëüíîãî ðàç-
áèåíèÿ èìåþò ðàçíóþ ãëóáèíó ðàçáèåíèÿ) è íà ãðàíèöàõ îáúåêòà (Ðèñ. 1).
Â ñåòêè, ñîçäàâàåìûå äëÿ ðàñ÷åòà çàäà÷ ñîïðÿæåííîãî òåïëîîáìåíà, êîòî-
ðûå ñîäåðæàò íåñêîëüêî îáëàñòåé äëÿ òâåðäûõ òåë è ãàçà (æèäêîñòè), òàêæå
äîáàâëÿþòñÿ ïðèçìàòè÷åñêèå ñëîè íà ãðàíèöó ðàäåëà ìåæäó íèìè.

Ðèñóíîê 1. Ñîçäàíèå èç CAD ãåîìåòðèè ïðåäâàðèòåëüíîãî ðàçáèåíèÿ ðàñ÷åòíîé
îáëàñòè è ïåðåõîä ê ïîñòðîåíèþ èòîãîâîé ñåòêè.

Îñíîâíûå ïðîáëåìû ïðè ïîñòðîåíèè ñåòêè íà îñíîâå îêòî ðàçáèåíèÿ ñâÿ-
çàíû ñ ïðîåöèðîâàíèåì âåðøèí ïðåäâàðèòåëüíûõ ÿ÷ååê íà ãðàíèöû, êîãäà
ìîãóò ïîÿâëÿòüñÿ ¾ïëîõèå¿ ÿ÷åéêè, íàïðèìåð, âûðîæäåííûå ÿ÷åéêè. Íà
äàííûé ìîìåíò îñíîâíàÿ ðàáîòà âåäåòñÿ â íàïðàâëåíèè ìèíèìèçàöèè ïîÿâ-
ëåíèÿ ïîäîáíûõ ÿ÷ååê, àëãîðèòìîâ èõ îáíàðóæåíèÿ è èñïðàâëåíèÿ. Êðîìå
ýòîãî, íåîáõîäèìî çàìåòèòü, ÷òî íà èòîãîâîå êà÷åñòâî ñåòêè âëèÿåò êà÷åñòâî,
èìïîðòèðóåìîé ãåîìåòðèè, â ÷àñòíîñòè ðàçìåð ïîëèãîíîâ.

Ãåòåðîãåííûå (CPU/GPU) ïàðàëëåëüíûå âû÷èñëåíèÿ.

Ìîäåëèðîâàíèå ôèçè÷åñêèõ ÿâëåíèé è òåõíîëîãè÷åñêèõ ïðîöåññîâ òðåáó-
åò ïîñòîÿííîãî ðîñòà ïðîèçâîäèòåëüíîñòè âû÷èñëèòåëüíûõ ìàøèí. Â ïî-
ñëåäíåå âðåìÿ ïðîèçâîäèòåëüíîñòü ãðàôè÷åñêèõ ïðîöåññîðîâ âîçðîñëà íà-
ñòîëüêî, ÷òî îíè ñòàëè ïðèâëåêàòåëüíû äëÿ íàó÷íîãî è èíæåíåðíîãî ìî-
äåëèðîâàíèÿ. Êàê ðåçóëüòàò, ïîÿâèëèñü òåõíîëîãèè íåãðàôè÷åñêèõ ðàñ÷å-
òîâ íà ãðàôè÷åñêèõ ïðîöåññîðàõ � GPGPU (General-Purpose computation on
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GPUs). Íà áàçå ¾SigmaFlow¿ âåäåòñÿ ðàçðàáîòêà âåðñèè ïðîãðàììû, ïîç-
âîëÿþùåé èñïîëüçîâàòü äëÿ ðàñ÷åòîâ ãèáðèäíûå CPU/GPU ñèñòåìû [10].
Â GPU-âåðñèè êîäà âñå îñíîâíûå îïåðàöèè ïî îáðàáîòêå ðàñ÷¼òíûõ äàííûõ
âûïîëíÿëèñü íà ãðàôè÷åñêîì ïðîöåññîðå: ðàñ÷¼ò ãðàäèåíòîâ ïîëåé ñêîðîñòè
è äàâëåíèÿ, äèñêðåòèçàöèÿ óðàâíåíèÿ äâèæåíèÿ è óðàâíåíèÿ íà ïîïðàâêó
äàâëåíèÿ, ðåøåíèå ñèñòåì ëèíåéíûõ óðàâíåíèé è êîððåêòèðóþùèå îïåðà-
öèè ïðîöåäóðû SIMPLE. Äëÿ èõ ðåàëèçàöèè èñïîëüçîâàëàñü àðõèòåêòóðà
CUDA (Compute Uni�ed Device Architecture) ïîêîëåíèÿ 2.0. Â ïîäàâëÿþ-
ùåì áîëüøèíñòâå ðåàëèçîâàííûõ CUDA-ÿäåð òðåáóåòñÿ âûïîëíèòü íåêóþ
îïåðàöèþ íàä êàæäûì óçëîì èëè ãðàíüþ ñåòêè, îïåðèðóÿ çíà÷åíèÿìè ñ ñî-
ñåäíèõ ñ íèì/íåé óçëîâ. Òàêèì îáðàçîì, ñòðóêòóðó ïîäîáíûõ ÿäåð ìîæíî
îïèñàòü ñëåäóþùèì îáðàçîì. Èìååòñÿ ìàññèâ ðàçìåðà, ðàâíîãî êîëè÷åñòâó
êîíòðîëüíûõ îáúåìîâ èëè ãðàíåé ñåòêè. Äëÿ êàæäîãî ýëåìåíòà íåîáõîäè-
ìî ïðî÷èòàòü çíà÷åíèÿ èç ýòîãî æå ìàññèâà ïî èçâåñòíûì èíäåêñàì è ïî-
äàòü èõ íà âõîä íåêîé ôóíêöèè, êîòîðàÿ âûïîëíÿåòñÿ â îòäåëüíîé íèòè
CUDA íà GPU ÿäðå. Òàê æå, êàê è â CPU-âåðñèè, èñïîëüçîâàëàñü äåêîì-
ïîçèöèÿ ðàñ÷¼òíîé îáëàñòè � â ýòîì ñëó÷àå ðîëü ÿäðà CPU, íà êîòîðîì
âûïîëíÿåòñÿ îòäåëüíûé ïîòîê, èãðàåò âåñü ãðàôè÷åñêèé ïðîöåññîð. Òàêèì
îáðàçîì, îñóùåñòâëÿåòñÿ ðàçáèåíèå çàäà÷è ìåæäó íåñêîëüêèìè GPU. GPU-
âåòêà ïðîãðàììíîãî êîìïëåêñà ïîçâîëÿåò ïðîâîäèòü ðàñ÷åòû ñòàöèîíàðíî-
ãî è íåñòàöèîíàðíîãî ëàìèíàðíîãî è òóðáóëåíòíîãî òå÷åíèÿ íåñæèìàåìîé
æèäêîñòè. Ïðè ðàñ÷åòå òóðáóëåíòíîñòè èñïîëüçóþòñÿ RANS ìîäåëè òóð-
áóëåíòíîñòè (k − ω, k − ω SST ), âàðèàíò ìåòîäà ìîäåëèðîâàíèÿ êðóïíûõ
âèõðåé LES WALE, à òàêæå ãèáðèäíûå ìåòîäû DES è DDES íà îñíîâå ìî-
äåëè k − ω SST . Ïðè ìîäåëèðîâàíèè òå÷åíèÿ âáëèçè ñòåíêè ìîãóò èñïîëü-
çîâàòüñÿ êàê ïðèñòåíî÷íûå ôóíêöèè, òàê è ðàçðåøåíèå ïîãðàíè÷íîãî ñëîÿ
äî ñòåíêè. Òåñòîâûå ðàñ÷åòû ïîêàçûâàþò ñîîòâåòñòâèå ðåçóëüòàòîâ íà GPU
ýêñïåðèìåíòàëüíûì äàííûì è ðåçóëüòàòàì äðóãèõ ðàñ÷åòîâ äëÿ ðàçëè÷íûõ
çàäà÷: ñòàöèîíàðíîå ëàìèíàðíîå òå÷åíèå, íåñòàöèîíàðíîå ëàìèíàðíîå òå÷å-
íèå, òóðáóëåíòíîå òå÷åíèå â êàâåðíå è òóðáóëåíòíîå òå÷åíèå â ÷àñòè ïðîòî÷-
íîãî òðàêòà ãèäðîòóðáèíû [10]. Äëÿ îáåñïå÷åíèÿ âûñîêîé ïðîèçâîäèòåëüíî-
ñòè âñå íåîáõîäèìûå ïîëÿ õðàíèëèñü â ïàìÿòè ãðàôè÷åñêîãî óñêîðèòåëÿ è
âñå îïåðàöèè àëãîðèòìà SIMPLEC âûïîëíÿëèñü òàê æå íà GPU. Ðåçóëüòà-
òû ðàñ÷åòîâ ïîêàçàëè âûñîêóþ ïðîèçâîäèòåëüíîñòü ãðàôè÷åñêèõ óñêîðèòå-
ëåé. Ñîâðåìåííûå GPU ïîçâîëÿþò óâåëè÷èòü ïðîèçâîäèòåëüíîñòü ðàñ÷¼òîâ
çàäà÷ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè â 2 � 3 ðàçà ïî ñðàâíåíèþ ñ ñîâðå-
ìåííûìè 6-ÿäåðíûìè CPU. Êðîìå ýòîãî, íåîáõîäèìî îòìåòèòü, ÷òî ìîùíûå
ïîëüçîâàòåëüñêèå ãðàôè÷åñêèå óñêîðèòåëè ïîêàçûâàþò áëèçêèå ðåçóëüòàòû
ïî ñðàâíåíèþ ñ ïðîôåññèîíàëüíûìè äëÿ âû÷èñëåíèé ñ îäèíàðíîé òî÷íîñòüþ
(Ðèñ. 2), ÷òî ïîçâîëÿåò ñòðîèòü ñóùåñòâåííî áîëåå äåøåâûå ãèáðèäíûå âû-
÷èñëèòåëüíûå êëàñòåðû . Îãðàíè÷åíèÿ íà îáú¼ì ïàìÿòè íà îäíîì ãðàôè÷å-
ñêîì ïðîöåññîðå ìîæíî îáîéòè èñïîëüçîâàíèåì ïàðàëëåëüíûõ âû÷èñëåíèé
ñ ðàçäåëåíèåì çàäà÷è ìåæäó íåñêîëüêèìè GPU.
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Ðèñóíîê 2. Ðåçóëüòàòû ðàñ÷åòà äëÿ çàäà÷è îáòåêàíèÿ öèëèíäðà [11]. Ñåòêà: 1,5
ìëí. ÿ÷ååê, îäèíàðíàÿ òî÷íîñòü.

Äâóõôàçíûå òå÷åíèÿ

Ðàçðàáàòûâàþòñÿ ìîäåëè äëÿ ðàñ÷åòà òå÷åíèé ñ äèñïåðñíîé ôàçîé: êàâèòè-
ðóþùèõ òå÷åíèé, òå÷åíèé ñ ìåëêîäèñïåðñíîé ïðèìåñüþ ÷àñòèö è êàïåëü è
òå÷åíèé âûñîêîêîíöåíòðèðîâàííûõ ñóñïåíçèé. Äàííûå òå÷åíèÿ ìîäåëèðó-
þòñÿ ñ èñïîëüçîâàíèåì âàðèàíòîâ äèôôóçèîííî-èíåðöèîííîé ìîäåëè äâè-
æåíèÿ ÷àñòèö [12], [13], êîòîðàÿ ÿâëÿåòñÿ óïðîùåíèåì äâóõæèäêîñòíîé ìî-
äåëè äèñïåðñíûõ ïîòîêîâ. Â ýòîì ñëó÷àå óðàâíåíèÿ ïåðåíîñà äèñïåðñíîé
ôàçû â ïðåäïîëîæåíèè ìàëîñòè îòêëîíåíèé ñêîðîñòåé ÷àñòèö îò ñêîðîñòè
íåñóùåé ôàçû ðåäóöèðóåòñÿ ê îäíîìó óðàâíåíèþ äèôôóçèîííîãî òèïà äëÿ
êîíöåíòðàöèè ïðèìåñè. Äèôôóçèîííî-èíåðöèîííàÿ ìîäåëü ïîçâîëÿåò ïðî-
âåñòè ðàñ÷åò ðàñïðîñòðàíåíèÿ ïðèìåñè â òóðáóëåíòíûõ ïîòîêàõ ñ ó÷åòîì
òóðáóëåíòíîé äèôôóçèè ÷àñòèö è ìèãðàöèè â ðåçóëüòàòå òóðáîôîðåçà, äåé-
ñòâèÿ ìàññîâûõ ñèë è èíåðöèîííûõ ýôôåêòîâ, îáóñëîâëåííûõ îòêëîíåíèåì
òðàåêòîðèé ÷àñòèö îò ëèíèé òîêà ãàçà ïðè èõ èñêðèâëåíèè è èç-çà íåñòàöè-
îíàðíîñòè ïîòîêà.

Â ðàáîòå [14] áûëî ïðîèçâåäåíî èññëåäîâàíèå ïðåäñêàçàòåëüíîé ñèëû
òðàåêòîðíîãî ïîäõîäà è èíåðöèîííî-äèôôóçèîííîé ìîäåëè íà ðÿäå çàäà÷
î äèñïåðñíûõ äâóõôàçíûõ òóðáóëåíòûõ òå÷åíèé. Ïîêàçàíî ïðåèìóùåñòâî
ýéëåðîâà ïîäõîäà äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ òóðáóëåíòíûõ òå÷åíèé ñ
ìåëêîäèñïåðñíûìè ÷àñòèöàìè.

Ïðîâîäèëèñü ÷èñëåííûå èññëåäîâàíèÿ êàâèòàöèîííûõ òóðáóëåíòíûõ òå-
÷åíèé. Ñðàâíåíèå ÷èñëåííûõ ðåçóëüòàòîâ ñ äàííûìè ýêñïåðèìåíòà î êàâèòà-
öèîííîì îáòåêàíèè ãèäðîïðîôèëÿ NACA0015 ïîêàçûâàþò, ÷òî óæå â ñëó÷àå
íåáîëüøîé ïàðîâîé êàâåðíû àêêóðàòíîå îïèñàíèå ïðèñîåäèíåíèÿ ïîòîêà çà
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íåé òðåáóåò ïðèâëå÷åíèÿ ìåòîäà çàìûêàíèÿ âòîðîãî ïîðÿäêà � äèôôåðåí-
öèàëüíîé ìîäåëè ïåðåíîñà ðåéíîëüäñîâûõ íàïðÿæåíèé [15]. Ìîäåëèðîâàíèå
ñ ïîìîùüþ âèõðåðàçðåøàþùèõ ìåòîäîâ ïðåäñêàçûâàåò íèçêî÷àñòîòíóþ ïå-
ðèîäè÷åñêóþ äèíàìèêó ïàðîâîé êàâåðíû (Ðèñ. 3, 4).

Äëÿ èññëåäîâàíèé ëàìèíàðíûõ òå÷åíèé âûñîêîêîíöåíòðèðîâàííûõ ñóñ-
ïåíçèé ïðåäëîæåíà ìîäåëü íà îñíîâå ìîäåëè ñìåñè ñ ó÷¼òîì ìåæôàçíîãî
ñêîëüæåíèÿ è ìåæ÷àñòè÷íûìè âçàèìîäåéñòâèÿìè [16]. Ñîïîñòàâëåíèå ÷èñ-
ëåííûõ ðåçóëüòàòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè äåìîíñòðèðóåò õîðî-
øóþ ïðåäñêàçàòåëüíóþ ñïîñîáíîñòü ìîäåëè, êàê â îòíîøåíèè ðàñïðåäåëåí-
íûõ ïîëåâûõ âåëè÷èí, òàê è â îòíîøåíèè èíòåãðàëüíûõ ïàðàìåòðîâ.

a) b)

c) d)

Ðèñóíîê 3. Êàâèòàöèîííîå îáòåêàíèå ãèäðîïðîôèëÿ NACA0015. Ñðåäíåå çíà÷å-
íèå ïðîäîëüíîé êîìïîíåíòû ñêîðîñòè è åå ïóëüñàöèé: à) ïîëå ñðåäíåé ñêîðîñòü,
ýêñïåðèìåíò (PIV); á) ïîëå ïóëüñàöèé ñêîðîñòè, ýêñïåðèìåíò (PIV); â)ïîëå ñðåä-
íåé ñêîðîñòü, ðàñ÷åò (DES); ã)ïîëå ïóëüñàöèé ñêîðîñòè, ðàñ÷åò (DES).

à) á)

Ðèñóíîê 4. Êàâèòàöèîííîå îáòåêàíèå ãèäðîïðîôèëÿ NACA0015. Îáëàñòü îáðà-
çîâàíèÿ ïàðà: à) ýêñïåðèìåíò; á) ðàñ÷åò.

Ãèáðèäíûé ìåòîä ðåøåíèÿ ïðîñòðàíñòâåííî-ñåòåâûõ çàäà÷.

Ãèáðèäíûé ìåòîä, îñíîâàííûé íà ñîâìåñòíîì èñïîëüçîâàíèè ìåòîäîâ âû-
÷èñëèòåëüíîé ãèäðîäèíàìèêè è òåîðèè ãèäðàâëè÷åñêèõ ñåòåé, èñïîëüçóåòñÿ
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ïðè ðåøåíèè çàäà÷, ñîäåðæàùèõ ñóùåñòâåííî ïðîòÿæåííûå (ñåòåâûå) è ïðî-
ñòðàíñòâåííûå ýëåìåíòû. Â ïðåäñòàâëåííîì ãèáðèäíîì ìåòîäå ñâÿçü ìåæäó
ðàçëè÷íûìè ÷àñòÿìè ìîäåëè (ñåòåâîé è ïðîñòðàíñòâåííîé) îñóùåñòâëÿåòñÿ
çà ñ÷¼ò ïîñòðîåíèÿ åäèíîãî óðàâíåíèÿ äëÿ ðàñ÷¼òà ïîëÿ äàâëåíèÿ. Òàêîé
ïîäõîä îáåñïå÷èâàåò âûñîêóþ ñõîäèìîñòü ïî ñðàâíåíèþ ñ òðàäèöèîííûìè
ìåòîäàìè ðåøåíèÿ ãèáðèäíûõ çàäà÷, ïðåäïîëàãàþùèìè ðàçäåëüíîå ðåøå-
íèå ïðîñòðàíñòâåííîé è ñåòåâîé ÷àñòåé [17].

Â äàííîì ãèáðèäíîì ìåòîäå èñõîäíàÿ çàäà÷à ðàçáèâàåòñÿ íà ïðîñòðàí-
ñòâåííóþ è ñåòåâóþ ÷àñòè, âçàèìîäåéñòâèå ìåæäó êîòîðûìè îñóùåñòâëÿåòñÿ
íà îñíîâå ðåøåíèÿ îáùåãî óðàâíåíèÿ íà ïîïðàâêó äàâëåíèÿ. Âçàèìîñâÿçü
ïîëÿ ñêîðîñòè è äàâëåíèÿ â ïðîñòðàíñòâåííîé è ñåòåâîé ÷àñòè îñóùåñòâëÿë-
ñÿ ïðè ïîìîùè SIMPLE-ïîäîáíîé ïðîöåäóðû. Ìåõàíèçì îáúåäèíåíèÿ äâóõ
÷àñòåé çàäà÷è îñóùåñòâëÿåòñÿ ïðè ïîìîùè ñòûêîâî÷íûõ âåòâåé (Ðèñ. 5).

Ðèñóíîê 5. Ìåõàíèçì îáúåäèíåíèÿ äâóõ ÷àñòåé çàäà÷è: 1 � ïðîñòðàíñòâåííàÿ
÷àñòü çàäà÷è, 2 � ãðàíèöà ïðîñòðàíñòâåííîé îáëàñòè, 3 è 4 � âåòâü è óçåë ñåòåâîé
÷àñòè çàäà÷è, 5 � ñòûêîâî÷íàÿ âåòâü, 6 � ñòûêîâî÷íàÿ ãðàíü, 7 � ñòûêîâî÷íûé
êîíòðîëüíûé îáúåì.

Ïîñëå ðàñ÷¼òà óðàâíåíèé ñîõðàíåíèÿ èìïóëüñà äëÿ ðàçíûõ ÷àñòåé çàäà-
÷è, ïðîâîäèì ïðîöåäóðó ñâÿçè ðàñõîäîâ ÷åðåç ãðàíè÷íóþ âåòâü 3 è âõîäíóþ
ãðàíèöó ïðîñòðàíñòâåííîé îáëàñòè 2. Äëÿ ýòîãî îò ñòûêîâî÷íîãî óçëà 4 â
êàæäûé ãðàíè÷íûé êîíòðîëüíûé îáúåì ïðîñòðàíñòâåííîé îáëàñòè 7 ñòðî-
èòñÿ ñòûêîâî÷íàÿ âåòâü 5 (Ðèñ. 5). Îñîáåííîñòü äàííûõ âåòâåé â òîì, ÷òî
çíà÷åíèå ðàñõîäà íà íèõ íå ðàññ÷èòûâàåòñÿ, à çàäàåòñÿ ïóòåì èíòåðïîëÿöèè
èçâåñòíûõ ðàñõîäîâ íà ãðàíèöå, îäíàêî â óðàâíåíèÿõ íà ïîïðàâêó äàâëåíèÿ
è â óðàâíåíèè ñîõðàíåíèÿ ýíåðãèè ñòûêîâî÷íàÿ âåòâü ó÷àñòâóåò êàê îáû÷íà
âåòâü ñåòè.

Òàêîé ïîäõîä ïîçâîëÿåò ñîõðàíèòü ïðîôèëü ñêîðîñòè íà ãðàíèöå ïðî-
ñòðàíñòâåííîé îáëàñòè, ÷òî èñêëþ÷àåò èç ðåçóëüòàòîâ ðåøåíèÿ ïîòåðþ äàâ-
ëåíèÿ íà âîññòàíîâëåíèå ôîðìû ïîòîêà ïîñëå óäàðíîãî ïðîôèëÿ. Ïîëó÷åí-
íûé â ñòûêîâî÷íîé âåòâè ðàñõîä ïåðåõîäèò â ïðàâóþ ÷àñòü óðàâíåíèÿ íà
ïîïðàâêó äàâëåíèÿ êàê äëÿ ñòûêîâî÷íîãî óçëà, òàê è äëÿ êàæäîãî ãðàíè÷-
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íîãî êîíòðîëüíîãî îáú¼ìà. Ïîñëå ðåøåíèÿ óðàâíåíèé íà ïîïðàâêó äàâëåíèÿ
íà ñòûêîâî÷íûõ ãðàíÿõ çàäà¼òñÿ ñðåäíåå çíà÷åíèå ïîïðàâêè äàâëåíèÿ.

Â êà÷åñòâå ïðèìåðà ðàáîòû ãèáðèäíîãî ìåòîäà ïðåäñòàâëåíà ÷èñëåííîå
ìîäåëèðîâàíèå óçëà ñáîðà àíîäíûõ ãàçîâ îò îäíîãî èç êîðïóñîâ Êðàñíî-
ÿðñêîãî àëþìèíèåâîãî çàâîäà. Îñíîâíîé öåëüþ ðàáîòû áûëî îïðåäåëåíèå
âîçìîæíîñòè ðåãóëèðîâàíèÿ ðàñõîäîâ îò êàæäîé áðèãàäû êîðïóñà, èñõîäÿ
èç çàäàííîãî äèàïàçîíà ðàñõîäà îò îäíîé ýëåêòðîëèçíîé âàííû. Ýëåêòðî-
ëèçíûå âàííû â êîðïóñå ðàçäåëåíû íà ÷åòûðå áðèãàäû. Íà êàæäóþ áðèãàäó
ïðèõîäèòñÿ ðàçíîå êîëè÷åñòâî âàíí (îò 20 äî 24). Âûðàâíèâàíèå ðàñõîäîâ
îñóùåñòâëÿëîñü ñ ïîìîùüþ ðåãóëèðóþùèõ çàñëîíîê.

Ãëàâíîé îñîáåííîñòüþ äàííîãî âûíîñíîãî ãàçîõîäà ÿâëÿåòñÿ íàëè÷èå
öåíòðàëüíîãî ñáîðíîãî êîëëåêòîðà (ïðîñòðàíñòâåííàÿ ÷àñòü ïðåäñòàâëåíà
íà Ðèñ. 3à), ïîòåðè äàâëåíèÿ â êîòîðîì ñîñòàâëÿþò ïðèìåðíî ïîëîâèíó îò
îáùåé ïîòåðè äàâëåíèÿ â èññëåäóåìîé ÷àñòè ñèñòåìû. Ðàçìåð ðàñ÷¼òíîé
ñåòêè äëÿ ïîñòðîåíèÿ ïîëíîñòüþ ïðîñòðàíñòâåííîé ìîäåëè âñåãî êîðïóñà
áóäåò ñëèøêîì âåëèê, òàê êàê äëèíû íåêîòîðûõ ó÷àñòêîâ áîëüøå 100 ì. Â
òî æå âðåìÿ, ïðè ïîñòðîåíèè ïîëíîñòüþ ñåòåâîé ìîäåëè íåîáõîäèìî îïðå-
äåëèòü ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå êîëëåêòîðà äëÿ ðàçíûõ ðåæèìîâ åãî
ðàáîòû, ÷òî ÿâëÿåòñÿ äîñòàòî÷íî òðóäîåìêîé çàäà÷åé. Ïðè èñïîëüçîâàíèè
ãèáðèäíîãî ìåòîäà ïðîòÿæåííûå ýëåìåíòû áûëè ïðåäñòàâëåíû â âèäå ñåòè,
ñáîðíûé êîëëåêòîð â âèäå ïðîñòðàíñòâåííîãî ýëåìåíòà (Ðèñ. 6à), ÷òî ïîç-
âîëèëî ìèíèìèçèðîâàòü òðåáóåìûå âû÷èñëèòåëüíûå ðåñóðñû ñ êîððåêòíûì
ó÷åòîì ñîïðîòèâëåíèÿ, âíîñèìûì ïðîñòðàíñòâåííûì ýëåìåíòîì � ñáîðíûì
êîëëåêòîðîì.

Äëÿ îïðåäåëåíèÿ òåêóùåãî ñîñòîÿíèÿ ñèñòåìû, à òàêæå êîððåêòíîãî çà-
äàíèÿ ïàðàìåòðîâ è âåðèôèêàöèè ãèáðèäíîé ìîäåëè, áûë ïðîâåäåí ðÿä çà-
ìåðîâ íà âûõîäå âûíîñíûõ ãàçîõîäîâ áðèãàä èç-ïîä êîðïóñà. Òî÷êè çàìåðîâ
óêàçàíû íà ðèñóíêå 6à.

à) á)

Ðèñóíîê 6. Ïðèìåð ïîñòðîåíèÿ ãèáðèäíîé ìîäåëè äëÿ ñèñòåìû âûíîñíûõ ãàçî-
õîäîâ ýëåêòðîëèçíîãî êîðïóñà: à) ðàñ÷åòíàÿ îáëàñòü, �1 - 4 íîìåðà áðèãàä, 0
�10 íîìåðà âåòâåé ñåòè, êðóãîì âûäåëåíû òî÷êè çàìåðîâ á) ñðàâíåíèå ðàñ÷¼òíûõ
ðàñõîäîâ ïî áðèãàäàì ñ äàííûìè çàìåðîâ: 1 � äàííûå èçìåðåíèé, 2 - ðåçóëüòàòû
ðàñ÷¼òà.
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Íà ðèñóíêå 6á ïîêàçàíî ñðàâíåíèå ðàññ÷èòàííûõ è èçìåðåíèíûõ ðàñõî-
äîâ. Ìàêñèìàëüíîå îòêëîíåíèå íàáëþäàåòñÿ äëÿ ÷åòâåðòîé áðèãàäû è ñî-
ñòàâëÿåò ïðèìåðíî 6%, ÷òî ìåíüøå ïîãðåøíîñòè ñðåäñòâ èçìåðåíèÿ îáúåì-
íîãî ðàñõîäà ãàçîâ, êîòîðàÿ ñîñòàâëÿåò ±10%.

Cïåöèàëèçèðîâàííûå ïðîãðàììíûå êîìïëåêñû

Êîìïëåêñ ïðîãðàìì ¾SigmaFlow¿ èñïîëüçóåòñÿ íå òîëüêî äëÿ ðåøåíèÿ èñ-
ñëåäîâàòåëüñêèõ è ïðèêëàäíûõ çàäà÷, íî è äëÿ ñîçäàíèÿ ñïåöèàëèçèðîâàí-
íûõ ïðîãðàììíûõ êîìïëåêñîâ êàê äëÿ îòäåëüíûõ ïðåäïðèÿòèé, òàê è äëÿ
îòðàñëåé ïðîìûøëåííîñòè. Ïðè ñîçäàíèè ñïåöèàëèçèðîâàííûõ ðàñ÷åòíûõ
ïðîãðàìì, êàê ïðàâèëî, òðåáóåòñÿ ðàçðàáîòêà íîâûõ èëè ñîâåðøåíñòâîâàíèå
ñóùåñòâóþùèõ ìàòåìàòè÷åñêèõ ìîäåëåé, ðàçðàáîòêà íîâûõ èíñòðóìåíòîâ
îïèñàíèÿ çàäà÷è è àíàëèçà ðåçóëüòàòîâ ðàñ÷åòà. Ïîëó÷åííûå òàêèì îáðà-
çîì íàðàáîòêè ìîãóò âõîäèòü â ñîñòàâ ¾SigmaFlow¿. Çà âðåìÿ ñóùåñòâîâà-
íèÿ ïðîãðàììû ¾SigmaFlow¿.íà åå áàçå áûë ñîçäàí ðÿä ñïåöèàëèçèðîâàííûõ
ïðîãðàììíûõ êîìïëåêñîâ, ÷àñòü èç êîòîðûõ ïðåäñòàâëåíà äàëåå.

Ïðîãðàììíûé êîìïëåêñ ¾SigmaFlame¿.

Ñïåöèàëèçèðîâàííàÿ ïðîãðàììà ¾SigmaFlàme¿ áûëà ðàçðàáîòàíà äëÿ ìî-
äåëèðîâàíèÿ ïðîöåññîâ â òîïî÷íûõ êàìåðàõ ïûëåóãîëüíûõ êîòåëüíûõ àã-
ðåãàòîâ è èñïîëüçîâàíèÿ åå èíæåíåðàìè, òåõíîëîãàìè è ïðîåêòèðîâùèêà-
ìè â óãîëüíîé ýíåðãåòèêå. Ðàçðàáîòàííàÿ êîìïëåêñíàÿ ìàòåìàòè÷åñêàÿ ìî-
äåëü ôèçèêî-õèìè÷åñêèõ ïðîöåññîâ â òîïî÷íûõ êàìåðàõ êîòåëüíûõ àãðå-
ãàòîâ âêëþ÷àåò ïîäìîäåëè: ïðîñòðàíñòâåííîé òóðáóëåíòíîé àýðîäèíàìèêè;
êîíâåêòèâíîãî òåïëîîáìåíà è òåïëîîáìåíà èçëó÷åíèåì; äâèæåíèÿ è âûãî-
ðàíèÿ ïûëåóãîëüíîãî òîïëèâà; ãîðåíèÿ ëåòó÷èõ â ãàçîâîé ôàçå; îáðàçîâà-
íèÿ îêèñëîâ àçîòà; ôîðìèðîâàíèÿ øëàêîâûõ îòëîæåíèé íà ïîâåðõíîñòÿõ
íàãðåâà [18]. Ðàçðàáîòàííàÿ ìåòîäèêà ðàñ÷åòà ïðîöåññà ãîðåíèÿ óãîëüíî-
ãî òîïëèâà â òîïî÷íîé êàìåðå äàåò óñòîé÷èâîå è òî÷íîå ðåøåíèå â øèðî-
êîì äèàïàçîíå ðàáî÷èõ ïàðàìåòðîâ. Êðîìå ýòîãî ïðîãðàììíûé êîìïëåêñ
�SigmaFlame� âêëþ÷àåò â ñåáÿ àäàïòèðîâàííûå ðåäàêòîð äëÿ ïîñòðîåíèÿ
ðàñ÷åòíîé îáëàñòè, òðåõìåðíóþ âèçóàëèçàöèþ ðàñ÷åòîâ è âûâîä â îòäåëü-
íûé ôàéë îñíîâíûõ èíòåãðàëüíûõ ïàðàìåòðîâ ðàáîòû êàìåðû êîòåëüíîãî
àãðåãàòà (Ðèñ. 7). �SigmaFlame� ïîçâîëÿåò, çàäàâ îñíîâíûå õàðàêòåðèñòèêè
êîòåëüíîãî àãðåãàòà è ðåæèì åãî ðàáîòû, áåç íàñòðîéêè ìàòåìàòè÷åñêîé ìî-
äåëè ïðîâåñòè ÷èñëåííîå ìîäåëèðîâàíèå, à èñïîëüçîâàíèå ñïåöèàëüíî àäàï-
òèðîâàííûõ ìîäåëåé è ìåòîäîâ äëÿ äàííîãî êëàññà çàäà÷ îáåñïå÷èâàþò âû-
ñîêóþ ñêîðîñòü ðàñ÷åòà ïî ñðàâíåíèþ ñ êîììåð÷åñêèìè óíèâåðñàëüíûìè
ïðîãðàììíûìè êîìïëåêñàìè .

¾SigmaFlame¿ óñïåøíî èñïîëüçóåòñÿ â èññëåäîâàòåëüñêîé è ïðèêëàä-
íîé äåÿòåëüíîñòè ðÿäà íàó÷íûõ è ïðîåêòíûõ îðãàíèçàöèé (ÂÒÈ, Ñèá-
ÝÍÒÖ, ÓðàëÂÒÈ, ÎÎÎ ¾ÒÎÐÈÍÑ¿, ÇèÎ ÊÎÒÝÑ, ÎÀÎ ÒÊÇ ¾Êðàñ-
íûé êîòåëüùèê¿) è äëÿ ïîäãîòîâêè ñïåöèàëèñòîâ â ó÷åáíîì ïðîöåññå ÔÃ-
ÁÎÓ ÂÎ ¾ÍÈÓ ¾ÌÝÈ¿, ÑÔÓ, ÑÏáÏÓ, ÑÀÔÓ è ÓðÔÓ. Ñ èñïîëüçîâàíèåì
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¾SigmaFlame¿ áûëè ïðîâåäåíû ðàñ÷åòíûå èññëåäîâàíèÿ òîïî÷íûõ ïðîöåñ-
ñîâ â òàêèõ êîòëàõ êàê Ï-67 Áåðåçîâñêîé ÃÐÝÑ, ÁÊÇ-420 Ìèíóñèíñêîé ÒÝÖ
è äð.

à)
á)

Ðèñóíîê 7. Ïðîãðàììíûé êîìïëåêñ ¾SigmaFlame¿: à) ïîñòðîåíèå ðàñ÷åòíîé îá-
ëàñòè; á) âèçóàëèçàöèÿ ðàñ÷åòîâ.

Ïðîãðàììíûé êîìïëåêñ ¾Ñèãìà ÏÁ¿.

Ïðîãðàììíûé êîìïëåêñ ¾Ñèãìà ÏÁ¿ áûë ðàçðàáîòàí ÊÔ ÈÒ ÑÎ ÐÀÍ ñîâ-
ìåñòíî ñ ÈÂÌ ÑÎ ÐÀÍ äëÿ ðåøåíèÿ çàäà÷è îïðåäåëåíèÿ âåðîÿòíîñòè ýâà-
êóàöèè ëþäåé ïðè ïîæàðå èç çäàíèÿ [19]. Äëÿ ðåøåíèÿ äàííîé çàäà÷è ìî-
äåëèðóþòñÿ ïðîöåññû ðàñïðîñòðàíåíèÿ îïàñíûõ ôàêòîðîâ ïîæàðà (ÎÔÏ)
è ýâàêóàöèè ëþäåé èç çäàíèÿ. Äëÿ âûïîëíåíèÿ ÷èñëåííîãî ìîäåëèðîâà-
íèÿ â ¾Ñèãìà ÏÁ¿ èñïîëüçóþòñÿ ðàñ÷åòíûå ìîäóëè ñîáñòâåííîé ðàçðàáîòêè
¾SigmaFire¿ (ÊÔ ÈÒ ÑÎ ÐÀÍ) è ¾SigmaEva¿ (ÈÂÌ ÑÎ ÐÀÍ), â êîòîðûõ
ðåàëèçîâàíû ìàòåìàòè÷åñêàÿ ìîäåëü ðàçâèòèÿ ïîæàðà è ìîäåëü äâèæåíèÿ
ëþäåé èíäèâèäóàëüíî-ïîòî÷íîãî òèïà ñîîòâåòñòâåííî. Ðàñ÷åòíûé ìîäóëü
¾SigmaFire¿ îñíîâûâàåòñÿ íà ìîäåëèðîâàíèè ïðîñòðàíñòâåííûõ íåñòàöèî-
íàðíûõ òóðáóëåíòíûõ òå÷åíèé ñ õèìè÷åñêèìè ðåàêöèÿìè â ïîòîêå è ñîïðÿ-
æåííûì òåïëîîáìåíîì. Äëÿ îïèñàíèÿ ðàçâèòèÿ î÷àãà ïîæàðà èñïîëüçóåòñÿ
ýìïèðè÷åñêàÿ ìîäåëü. Ìàòåìàòè÷åñêàÿ ìîäåëü ýâàêóàöèè ëþäåé îïèñûâàåò
äâèæåíèå êàæäîãî îòäåëüíîãî ÷åëîâåêà ñ ó÷åòîì íàëè÷èÿ äðóãèõ ó÷àñòíè-
êîâ äâèæåíèÿ è ãðàíè÷íûõ óñëîâèé, ÿâëÿåòñÿ íåïðåðûâíîé ïî ïðîñòðàíñòâó,
íî ïðåäïîëàãàåò êîíå÷íîå ÷èñëî âîçìîæíûõ íàïðàâëåíèé ïåðåìåùåíèÿ ÷å-
ëîâåêà.
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Ðèñóíîê 8. Ïðîãðàììíûé êîìïëåêñ ¾Ñèãìà ÏÁ¿. Ïîñòðîåíèå ðàñ÷åòíîé îáëàñòè
äëÿ ðàñ÷åòîâ.

Ðèñóíîê 9. Ïðîãðàììíûé êîìïëåêñ ¾Ñèãìà ÏÁ¿. Ìîäóëü àíàëèçà ðåçóëüòàòîâ.

¾Ñèãìà ÏÁ¿ ïðåäíàçíà÷åíà äëÿ èñïîëüçîâàíèÿ ñïåöèàëèñòàìè â îáëà-
ñòè ïîæàðíîé áåçîïàñíîñòè, êàê ïðè îöåíêå ïîæàðíîé îïàñíîñòè ñóùåñòâó-
þùèõ çäàíèé, òàê è ïðè ïðîåêòèðîâàíèè íîâûõ. Â ðàìêàõ ¾Ñèãìà ÏÁ¿ áûëà
ïðîâåäåíà áîëüøàÿ ðàáîòà ïî àäàïòàöèè èíñòðóìåíòîâ ïîñòðîåíèÿ ðàñ÷åò-
íûõ îáëàñòåé äëÿ ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ ÎÔÏ è ýâàêóàöèè ëþäåé
(Ðèñ. 9) è çàäàíèÿ ñöåíàðèåâ ïîæàðà, ìàòåìàòè÷åñêèõ ìîäåëåé óêàçàííûõ
ïðîöåññîâ è ìîäóëÿ àíàëèçà ðåçóëüòàòîâ, âêëþ÷àþùåãî â ñåáÿ àâòîìàòè÷å-
ñêóþ ãåíåðàöèþ îò÷åòà âåðîÿòíîñòè ýâàêóàöèè èç çäàíèÿ (Ðèñ. 10).

Ïðîãðàììíûé êîìïëåêñ ¾TubeFlow¿.

Îäíèì èç ïðèìåðîâ ñîçäàíèÿ ñïåöèàëèçèðîâàííîãî ïðîãðàììíîãî êîìïëåê-
ñà äëÿ îòäåëüíîé êîìïàíèè ÿâëÿåòñÿ ¾TubeFlow¿, êîòîðûé áûë ðàçðàáîòàí
äëÿ íåôòåãàçîâîé ñåðâèñíîé êîìïàíèè Baker Hughes.

¾TubeFlow¿ ïðåäíàçíà÷åí äëÿ ìîäåëèðîâàíèÿ òå÷åíèé íåíüþòîíîâñêèõ
ñðåä â êàíàëàõ ïðîèçâîëüíîãî ïîïåðå÷íîãî ñå÷åíèÿ â øèðîêîì äèàïàçîíå èç-
ìåíåíèÿ ïàðàìåòðîâ òå÷åíèÿ íà îñíîâå ìåòîäîâ âû÷èñëèòåëüíîé ãèäðîäèíà-
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ìèêè [20]. Â ïðîãðàììíûé êîìïëåêñ çàëîæåíû ñîçäàííûå àâòîðàìè îðèãè-
íàëüíûå ÷èñëåííûå àëãîðèòìû è ìàòåìàòè÷åñêèå ìîäåëè äëÿ òóðáóëåíòíûõ
òå÷åíèé íåëèíåéíî-âÿçêîïëàñòè÷íûõ ñðåä. Ïðîãðàììíûé êîìïëåêñ ïîçâî-
ëÿåò ïðîâîäèòü èññëåäîâàíèÿ òå÷åíèé íåíüþòîíîâñêîé ñðåäû ïîëüçîâàòå-
ëÿìè, íå îáëàäàþùèìè ñïåöèàëüíûìè çíàíèÿìè èç îáëàñòè âû÷èñëèòåëü-
íîé ãèäðîäèíàìèêè. ¾TubeFlow¿ èñïîëüçóåòñÿ äëÿ èññëåäîâàíèÿ õàðàêòåðà
òå÷åíèÿ â êîëüöåâîì çàçîðå è ïîñòðîåíèÿ áàçû äàííûõ, ïðåäñòàâëÿþùåé
çàâèñèìîñòü ñèëîâûõ ôàêòîðîâ îò ãåîìåòðèè çàäà÷è è ðåæèìíûõ ïàðàìåò-
ðîâ (Ðèñ. 11à). Êðîìå ýòîãî ïðîãðàììíûé êîìïëåêñ ïîçâîëÿåò ìîäåëèðî-
âàòü íåñòàöèîíàðíûå òå÷åíèÿ æèäêîñòåé ñ òâåðäûìè ÷àñòèöàìè â êàíàëàõ
(Ðèñ. 11á). Ìàòåìàòè÷åñêàÿ ìîäåëü òå÷åíèÿ ñóñïåíçèé ïîñòðîåíà îñíîâå ýé-
ëåðîâà ïðåäñòàâëåíèÿ äâóõôàçíîãî äèñïåðñíîãî ïîòîêà ñ ó÷¼òîì ìåæôàç-
íîãî ñêîëüæåíèÿ è ìåæ÷àñòè÷íûõ âçàèìîäåéñòâèé.

à) á)

Ðèñóíîê 10. Ïðîãðàììíûé êîìïëåêñ ¾TubeFlow¿. Ðàñïðåäåëåíèå: à) àêñèàëüíîé
ñêîðîñòè ñóñïåíçèè; á) êîíöåíòðàöèè òÿæåëûõ ÷àñòèö â ãîðèçîíòàëüíîì êîëüöå-
âîì êàíàëå ñ âðàùàþùèìñÿ âíóòðåííèì öèëèíäðîì.

Ïðîãðàììíûé êîìïëåêñ ¾SigmaFW¿.

Ñîòðóäíèêàìè ÊÔ ÈÒ ÑÎ ÐÀÍ â áëèæàéøåå âðåìÿ ïëàíèðóåòñÿ âûïóñê
ñâîáîäíî-ðàñïðîñòðàíÿåìîãî ïðîãðàììíîãî êîìïëåêñà ¾SigmaFW¿ äëÿ ìî-
äåëèðîâàíèÿ çàäà÷ ãèäðîãàçîäèíàìèêè è òåïëîìàññîîáìåíà [8]. ¾SigmaFW¿
� ïîëíîöåííûé ïðîãðàììíûé êîìïëåêñ, ïðåäíàçíà÷åííûé äëÿ íàó÷íûõ è
îáðàçîâàòåëüíûõ îðãàíèçàöèé è ïðîìûøëåííûõ ïðåäïðèÿòèé, îñíîâíîé öå-
ëüþ êîòîðîãî ÿâëÿåòñÿ ïðîäâèæåíèÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ â ÐÔ.
¾SigmaFW¿ ñîñòîèò èç òðåõ îñíîâíûõ ìîäóëåé: ïîäãîòîâêà ðàñ÷åòà, ðàñ-
÷åòíîå ÿäðî, àíàëèç ðåçóëüòàòîâ (Ðèñ. 12). Â ¾SigmaFW¿ ðàñ÷åòíàÿ ñåòêà
ñîçäàåòñÿ íà îñíîâå ñòîðîííåé (èìïîðòèðóåìîé) ãåîìåòðèè, ïðåäâàðèòåëüíî
ïîäãîòîâëåííîé âî âíåøíåé CAD ñèñòåìå. Â ðàñ÷åòíîì ìîäóëå ðåàëèçîâà-
íû ìàòåìàòè÷åñêèå ìîäåëè, îïèñûâàþùèå ñòàöèîíàðíûå è íåñòàöèîíàðíûå
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ëàìèíàðíûå è òóðáóëåíòíûå îäíî è ìíîãîêîìïîíåíòíûå òå÷åíèÿ, ñîïðÿæ¼í-
íûé è ëó÷èñòûé òåïëîîáìåí, õèìè÷åñêèå ðåàêöèè â ãàçîâîì ïîòîêå. Êðîìå
ýòîãî ¾SigmaFW¿ ïîääåðæèâàåò âîçìîæíîñòü ìíîãîïîòî÷íûõ âû÷èñëåíèé.

Ðèñóíîê 11. Ïðîãðàììíûé êîìïëåêñ ¾SigmaFW¿. Áëîê àíàëèçà ðåçóëüòàòîâ è
ãåîìåòðè÷åñêèõ ýëåìåíòîâ, èìïîðòèðîâàííûõ èç CAD ñèñòåì. Ñå÷åíèå ïîëÿ èçëó-
÷åíèÿ è ðàñïðåäåëåíèå òåìïåðàòóðû íà ïîâåðõíîñòè.

Çàêëþ÷åíèå

Â ðàáîòå ðàññìîòðåí ðÿä íîâûõ ìîäåëåé è ïîäõîäîâ, ðåàëèçîâàííûõ â êîì-
ïëåêñå ïðîãðàìì SigmaFlow. Ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ íà ãåòåðî-
ãåííûõ âû÷èñëèòåëüíûõ ñèñòåìàõ. À òàêæå ïðåäñòàâëåíû ñïåöèàëèçèðîâàí-
íûå ïðîãðàììíûå êîìïëåêñû, ðàçðàáîòàííûå íà îñíîâå ¾SigmaFlow¿.

Èññëåäîâàíèå âûïîëíåíî ïðè ôèíàíñîâîé ïîääåðæêå ÐÔÔÈ, Ïðàâèòåëü-
ñòâà Êðàñíîÿðñêîãî êðàÿ, Êðàñíîÿðñêîãî êðàåâîãî ôîíäà ïîääåðæêè íà-
ó÷íîé è íàó÷íî-òåõíè÷åñêîé äåÿòåëüíîñòè¿ â ðàìêàõ íàó÷íîãî ïðîåêòà �
17-41-240947.
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èíåðöèè â ïîëå ïðèòÿæåíèè ñôåðè÷åñêîãî òåëà
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Àííîòàöèÿ Ïîëó÷åíû àíàëèòè÷åñêîå âûðàæåíèå ñèëîâîé ôóíêöèé
íüþòîíîâñêîãî ïðèòÿæåíèÿ ñïóòíèêà ñ ïåðåìåííûì òåíçîðîì èíåð-
öèè â ïîëå ïðèòÿæåíèè ñôåðè÷åñêîãî òåëà. Íà îñíîâå ïîëó÷åííîãî
âûðàæåíèÿ ñèëîâîé ôóíêöèè ñîñòàâëåíû óðàâíåíèÿ ïîñòóïàòåëüíî-
âðàùàòåëüíîãî äâèæåíèÿ � îñíîâíàÿ ìàòåìàòè÷åñêàÿ ìîäåëü èññëå-
äóåìîé ïðîáëåìû. Ñîáñòâåííàÿ ñèñòåìà êîîðäèíàò ñïóòíèêà íàïðàâ-
ëåíà ïî ãëàâíûì îñÿì èíåðöèè ñïóòíèêà, è ïðåäïîëàãàåòñÿ, ÷òî â õî-
äå ýâîëþöèè èõ îòíîñèòåëüíàÿ îðèåíòàöèÿ îñòàþòñÿ íåèçìåííûìè.
Íàéäåíû íîâûå ïðîìåæóòî÷íûå äâèæåíèÿ äëÿ èññëåäîâàíèÿ âðàùà-
òåëüíîãî äâèæåíèÿ ñïóòíèêà âîêðóã ñîáñòâåííîãî öåíòðà èíåðöèè.
Â íåîãðàíè÷åííîé ïîñòàíîâêå âûâåäåíû äèôôåðåíöèàëüíûå óðàâíå-
íèÿ âîçìóùåííîãî äâèæåíèÿ ñïóòíèêà ñ ïåðåìåííûì òåíçîðîì èíåð-
öèè â ïîëå ïðèòÿæåíèÿ ñôåðè÷åñêîãî òåëà â ðàçëè÷íûõ ñèñòåìàõ
îñêóëèðóþùèõ ýëåìåíòîâ. Â ðàçëîæåíèè âîçìóùàþùåé ôóíêöèè â
ðÿä èñïîëüçóåòñÿ ñîâðåìåííûå âû÷èñëèòåëüíûå òåõíîëîãèè êîìïüþ-
òåðíîé àëãåáðû. Âûâåäåíû êàíîíè÷åñêèå óðàâíåíèÿ âîçìóùåííîãî
äâèæåíèÿ â àíàëîãàõ ýëåìåíòîâ Äåëîíå-Àíäóàéå è Äåëîíå-Ïóàññîíà,
êîòîðûå äàþò âîçìîæíîñòü âû÷èñëåíèÿ âåêîâûõ âîçìóùåíèé. Ïîëó-
÷åííûå íîâûå ðåçóëüòàòû ðàáîòû ìîãóò áûòü èñïîëüçîâàíû äëÿ àíà-
ëèçà äèíàìè÷åñêîé ýâîëþöèè ïîñòóïàòåëüíî-âðàùàòåëüíîãî ñïóòíè-
êà â íåñòàöèîíàðíûõ ãðàâèòèðóþùèõ ñèñòåìàõ.

Êëþ÷åâûå ñëîâà: ïåðåìåííîñòü ìàññ, òåíçîð èíåðöèè,
ïîñòóïàòåëüíî-âðàùàòåëüíîå äâèæåíèå

Ââåäåíèå

Ðåàëüíûå êîñìè÷åñêèå òåëà � íåñòàöèîíàðíûå. Ñî âðåìåíåì èçìåíÿþò-
ñÿ èõ ìàññû, ðàçìåðû, ôîðìû è ñòðóêòóðà ðàñïðåäåëåíèÿ ìàññ âíóòðè òåë
[1]-[5]. Ýòè ïðîöåññû îñîáåííî èíòåíñèâíî ïðîèñõîäÿò â äâîéíûõ è êðàò-
íûõ ñèñòåìàõ [4]. Â ñâÿçè ñ ýòèì, èññëåäóåòñÿ ïîñòóïàòåëüíî-âðàùàòåëüíîå
äâèæåíèÿ ñïóòíèêà ñ ïåðåìåííûì òåíçîðàì èíåðöèè â ïîëå ïðèòÿæåíèè
ñôåðè÷åñêîãî òåëà.
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Ïîñòàíîâêà çàäà÷è

Ðàññìîòðèì ÷àñòíûé ñëó÷àé ïîñòóïàòåëüíî-âðàùàòåëüíîãî äâèæåíèÿ òðåõ-
îñíîãî íåñòàöèîíàðíîãî òåëà â ïîëå ïðèòÿæåíèÿ íåñòàöèîíàðíîãî øàðà â
îòíîñèòåëüíîé ñèñòåìå êîîðäèíàò [5]. Ïðèìåì ñëåäóþùèå äîïóùåíèÿ:

1. ïåðâîå òåëî � øàð ñî ñôåðè÷åñêèì ðàñïðåäåëåíèåì ìàññ ñ ïåðåìåííîé
ìàññîé m1 = m1(t) è c ïåðåìåííûì ðàäèóñîì l1 = l1(t);

2. âòîðîå òåëî � ñïóòíèê ñ ïåðåìåííîé ìàññîé m2 = m2(t)îáëàäàåò ïðîèç-
âîëüíûì äèíàìè÷åñêèì ñòðîåíèåì è õàðàêòåðíûì ëèíåéíûì ðàçìåðîì
l2 = l2(t). Åãî ìîìåíòû èíåðöèè âòîðîãî ïîðÿäêà ïåðåìåííûå

A = A(t), B = B(t), C = C(t). (1)

Ðèñóíîê 1. Øàð è ñïóòíèê.

3. Ìîìåíòû èíåðöèè âòîðîãî òåëà ìåíÿþòñÿ â îäèíàêîâîì òåìïå

A(t)

A(t0)
=

B(t)

B(t0)
=

C(t)

C(t0)
= Ĩ(t) = mχ2 (2)

çäåñü m,χ - çàäàííûå èçâåñòíûå ôóíêöèè âðåìåíè.Ýòî îçíà÷àåò, ÷òî
ðàçìåðû ñïóòíèêà ìåíÿþòñÿ ãîìîòåòè÷åñêè, åãî ïåðâîíà÷àëüíàÿ ôîðìà
îñòàåòñÿ íåèçìåííûì, íî ðàçìåðû ïðîñòîãî ñëîÿ è ìàññû áóäóò ìåíÿòüñÿ.

4. Îñè ñîáñòâåííîé ñèñòåìû êîîðäèíàò äëÿ ñïóòíèêà ñîâïàäàþò ñ ãëàâíû-
ìè îñÿìè èíåðöèè è îíè â ïðîöåññå ýâîëþöèè îñòàþòñÿ íåèçìåííûìè;

5. Ìàññû òåë è ðàçìåðû ìåíÿþòñÿ ðàçíûìè óäåëüíûìè òåìïàìè

ṁ1(t)

m1(t)
6= ṁ2(t)

m2(t)
,
l̇1(t)

l1(t)
6= l̇2(t)

l2(t)
. (3)
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6. Îòíîñèòåëüíàÿ ñêîðîñòü îòäåëÿåìûõ (ïðèñîåäèíÿåìûõ) ÷àñòèö ðàâíà
íóëþ

uξ − ξ̇ = 0, uη − η̇ = 0, uζ − ζ̇ = 0, (4)

è íå âîçíèêàþò äîïîëüíèòåëüíûå âðàùàòåëüíûå ìîìåíòû.
7. Îãðàíè÷èìñÿ ïðèáëèæåííûì âûðàæåíèåì ñèëîâîé ôóíêöèè

U ≈ fm1m2

R
+ U2. (5)

U2 = fm1
A2 +B2 + C − 3I

2R3
(6)

Ïðè âûïîëíåíèè âûøåóêàçàííûõ äîïóùåíèé óðàâíåíèÿ ïîñòóïàòåëüíî-
âðàùàòåëüíîå äâèæåíèÿ ñïóòíèêà â îòíîñèòåëüíîé ñèñòåìå êîîðäèíàò ìîæ-
íî çàïèñàòü â ñëåäóþùåì âèäå

µ(t)ẍ =
∂U

∂x
, µ(t)ÿ =

∂U

∂y
, µ(t)z̈ =

∂U

∂z
(7)

l
d

dt
(A(t)p)− (B(t)− C(t))qr =

sinϕ

sin θ

[
∂U

∂ψ
− cos θ

∂U

∂ϕ

]
+ cosϕ

∂U

∂θ

d

dt
(B(t)q)− (C(t)−A(t))rp =

cosϕ

sin θ

[
∂U

∂ψi
− cos θ

∂U

∂ϕ

]
− sinϕ

∂U

∂θ

d

dt
(C(t)r)− (A(t)−B(t))pq =

∂U

∂ϕ

(8)

ãäå µ(t) = m1(t)m2(t)/m1(t) +m2(t) - ïðèâåäåííàÿ ìàññà,

U = U1 + U2, U1 =
fm1m2

R
(9)

R2 = x2 + y2 + z2, (10)

f - ãðàâèòàöèîííàÿ ïîñòîÿííàÿ, I- ìîìåíò èíåðöèè ñïóòíèêà îòíîñèòåëü-
íî ïðÿìîé, ñîåäèíÿþùàÿ öåíòð ìàññ øàðà è ñïóòíèêà, p, q, r- ïðîåêöèè óã-
ëîâîé ñêîðîñòè âðàùàòåëüíîãî äâèæåíèÿ ñïóòíèêà íà îñè ñîáñòâåííûõ êî-
îðäèíàò, êîòîðûå îïèñûâàþòñÿ êèíåìàòè÷åñêèìè óðàâíåíèÿìè Ýéëåðà

p = ψ̇ sin θ sinϕ+ θ̇ cosϕ

q = ψ̇ sin θ cosϕ− θ̇ sinϕ

r = ψ̇ cos θ + ϕ̇

(11)

φ, ψ, θ- óãëû Ýéëåðà. Ïîëó÷åííûå óðàâíåíèÿ (7) - (11) ïîëíîñòüþ õàðàê-
òåðèçóåò ïîñòóïàòåëüíî-âðàùàòåëüíîå äâèæåíèå íåñòàöèîíàðíîãî ñïóòíèêà
ñ ïåðåìåííûì òåíçîðîì èíåðöèè â ïîëå ïðèòÿæåíèè íåñòàöèîíàðíîãî øàðà,
â ðàññìàòðèâàåìîé ïîñòàíîâêå.
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Óðàâíåíèÿ âîçìóùåííîãî ïîñòóïàòåëüíî-âðàùàòåëüíîãî
äâèæåíèÿ â àíàëîãàõ ýëåìåíòîâ Äåëîíå-Àíäóàéå

Óðàâíåíèÿ âîçìóùåííîãî äâèæåíèÿ öåíòðà ìàññ ñïóòíèêà â àíàëîãàõ ýëå-
ìåíòîâ Äåëîíå [5] èìåþò âèä

L̇ =
∂W ∗

∂l
, Ġ =

∂W ∗

∂g
, Ḣ =

∂W ∗

∂h
, l̇ = −∂W

∗

∂L
, ġ = −∂W

∗

∂G
, ḣ = −∂W

∗

∂H
(12)

ñîîòâåòñâåííî

W ∗ =
1

ν2(t)
· β̃4

2µ0L2
+ W̃ (t, L,G,H, l, g, h, L′, G′, H ′, l′, g′, h′), (13)

W̃ =
1

ψ
W, W = U2 −

1

2
b∗R2 = W (t, L,G,H, l, g, h, L′, G′, H ′, l′, g′, h′). (14)

Ïðè óñëîâèè

A(t)

A(t0)
=

B(t)

B(t0)
=

C(t)

C(t0)
= Ĩ(t) = mχ2 (15)

A = A(t0)mχ2, B = B(t0)mχ2, C = C(t0)mχ2

ïîýòîìó

A

B
= const,

A

C
= const,

B

C
= const,

çäåñü m,χ - çàäàííûå èçâåñòíûå ôóíêöèè çàâèñÿùèå îò âðåìåíè,

m = m(t) =
m2(t)

m2(t0)
, χ = χ(t) =

l2(t)

l2(t0)
(16)

âðàùàòåëüíîå äâèæåíèå ñïóòíèêà îïèøåì àíàëîãàìè ïåðåìåííûõ Àíäóàéå.
Óðàâíåíèÿ âîçìóùåííîãî âðàùàòåëüíîãî äâèæåíèÿ â àíàëîãàõ ïåðåìåííûõ
Àíäóàéå [5] ñîõðàíÿþò ñâîé âèä

l̇′ =
∂F ∗

∂L′
, ġ′ =

∂F ∗

∂G′
, ḣ′ =

∂F ∗

∂H ′
, L̇′ = −∂F

∗

∂l′
, Ġ′ = −∂F

∗

∂g′
, Ḣ ′ = −∂F

∗

∂h′
, (17)

ñîîòâåòñâåííî âîçìóùàþùàÿ ôóíêöèÿ F ∗

F ∗ = Fíâ + Fâ, Fíâ = Fâð, (18)

Fâð =
1

2

(
G′2 − L′2

)( sin2 l′

A
+

cos2 l′

B

)
+
L′2

2C
, (19)

Fâ = U2(t, L,G,H, l, g, h, L′, G′, H ′, l′, g′, h′), (20)

Fâð- ãàìèëüòîíèàí çàäà÷è Ýéëåðà î ñâîáîäíîì âðàùàòåëüíîì äâèæåíèè âî-
êðóã öåíòðà ìàññ íåñòàöèîíàðíîãî ñïóòíèêà â àíàëîãàõ ïåðåìåííûõ Àíäó-
àéå ïðè óñëîâèè (15)-(16), Fâ-âîçìóùàþùàÿ ôóíêöèÿ.
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Ðàçëîæåíèå âîçìóùàþùåé ôóíêöèè ÷åðåç ýëåìåíòû
Äåëîíå-Àíäóàéå

Äëÿ òîãî ÷òîáû ïîëó÷èòü â ÿâíîì âèäå óðàâíåíèÿ âîçìóùåííîãî äâèæåíèÿ
íåîáõîäèìî ðàçëîæèòü âîçìóùàþùóþ ôóíêöèþ

W ∗ =
1

ν2

β̃4

2µ0L2
+

1

ψ

[
−1

2
bR2 + U2

]
, (21)

U2 = fm1
A2 +B2 + C − 3I

2R3
, (22)

I = Aα2 +Bβ2 + Cγ2,

÷åðåç ýëåìåíòû Äåëîíå-Àíäóàéå. Â ôîðìóëå (22) α, β, γ - íàïðàâëÿþùèå
êîñèíóñû âåêòîðà R, ñîåäèíÿþùèé öåíòð ìàññ òåë îòíîñèòåëüíî ïîäâèæíîé
ñîáñòâåííîé ñèñòåìû êîîðäèíàò ñïóòíèêà

α = a11

x

R
+ a21

y

R
+ a31

z

R
= cos(R∧

−−−→
O2X),

β = a12

x

R
+ a22

y

R
+ a32

z

R
= cos(R∧

−−→
O2Y ),

γ = a13

x

R
+ a23

y

R
+ a33

z

R
= cos(R∧

−−→
O2Z),

(23)

x
R ,

y
R ,

z
R - íàïðàâëÿþùèå êîñèíóñû âåêòîðà R îòíîñèòåëüíî íåïîäâèæíûõ

îñåé ñèñòåìû êîîðäèíàò O2xyz,aij - êîñèíóñû óãëîâ ìåæäó îñÿìè ïîäâèæ-
íîé ñèñòåìû êîîðäèíàò è íåïîäâèæíîé ñèñòåìû êîîðäèíàò. Äëÿ êîíòðîëÿ
àíàëèòè÷åñêèõ è ÷èñëåííûõ âû÷èñëåíèé ìîæíî èñïîëüçîâàòü èçâåñòíîå ñî-
îòíîøåíèå

α2 + β2 + γ2 = 1.

Â àíàëîãàõ ïåðåìåííûõ Àíäóàéå íàïðàâëÿþùèå êîñèíóñû aij âûðàæàþòñÿ
ñëåäóþùèì îáðàçîì

a11 = cosh′ cos g′ cos l′ − cosh′ cos J ′ sin g′ sin l′ − sinh′ cos I ′ cos l′ sin g′−
− sinh′ cos I ′ cos g′ cos J ′ sin l′ + sinh′ sin I ′ sin l′ sin J ′,
a21 = sinh′ cos g′ cos l′ − sinh′ cos J ′ sin g′ sin l′ + cosh′ cos I ′ cos l′ sin g′+
+ cosh′ cos I ′ cos g′ cos J ′ sin l′ − cosh′ sin I ′ sin l′ sin J ′,
a31 = sin I ′ sin g′ cos l′ + sin I ′ cos J ′ cos g′ sin l′ − cos I ′ sin l′ sin J ′,

(24)
a12 = − cosh′ cos J ′ cos l′ sin g′ − cosh′ cos g′ sin l′ − sinh′ cos I ′ cos g′ cos l′ cos J ′+
+ sinh′ cos I ′ sin g′ sin l′ + sinh′ sin I ′ cos l′ sin J ′,
a22 = − sinh′ cos J ′ cos l′ sin g′ − sinh′ cos g′ sin l′ + cosh′ cos I ′ cos g′ cos l′ cos J ′−
− cosh′ cos I ′ sin g′ sin l′ − cosh′ sin I ′ cos l′ sin J ′,
a32 = sin I ′ cos J ′ cos l′ cos g′ − sin I ′ sin g′ sin l′ + cos I ′ cos l′ sin J ′,

(25)



184 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

a13 = cosh′ sin J ′ sin g′ − sinh′ sin I ′ cos J ′ + sinh′ cos I ′ cos g′ sin J ′,
a23 = sinh′ sin J ′ sin g′ − cosh′ sin I ′ cos J ′ − cosh′ cos I ′ cos g′ sin J ′,
a33 = cos I ′ cos J ′ − sin I ′ cos g′ sin J ′,

(26)

ãäå

cos I ′ =
H ′

G′
, sin I ′ =

√
1− H ′2

G′2
, cos J ′ =

L′

G′
, sin J ′ =

√
1− L′2

G′2
. (27)

Ïåðåïèøåì ôîðìóëó (22) â âèäå

U2 = fm1
A+B + C − 3(Aα2 +Bβ2 + Cγ2)

2R3
=

=
fm1(A+B + C)

2

[
1

R3

]
− 3fm1A

2

[
α2

R3

]
− 3fm1B

2

[
β2

R3

]
− 3fm1C

2

[
γ2

R3

]
.

(28)
Â ïîñëåäíåé ôîðìóëå âåëè÷èíû â êâàäðàòíûõ ñêîáêàõ íóæíî âûðàçèòü ÷å-
ðåç àíàëîãè ïåðåìåííûõ Äåëîíå-Àíäóàéå, èñïîëüçóÿ ôîðìóëû íåâîçìóùåí-
íîãî äâèæåíèÿ. Â âûðàæåíèè (28) íàïðàâëÿþùèå óãëû êîñèíóñîâ ìåæäó
ðàäèóñ-âåêòîðîì R è îñÿìè âðàùàþùåéñÿ ñèñòåìû êîîðäèíàò îïðåäåëÿþò-
ñÿ ôîðìóëàìè (23). Ïåðâàÿ âåëè÷èíà â êâàäðàòíîé ñêîáêå èìååò âèä

1

R3
=

1

ν3ρ3
=

(1 + e cos υ)3

ν3p3
. (29)

Ñ ó÷åòîì ïîñëåäíåãî ñîîòíîøåíèÿ è èñïîëüçóÿ ôîðìóëó

α = a11

x

R
+ a21

y

R
+ a31

z

R
(30)

íàõîäèì âûðàæåíèå α
2

R3

α2

R3
=

(1 + e cos υ)3

ν3a3(1− e2)3
·
(
a11

x

R
+ a21

y

R
+ a31

z

R

)2

, (31)

a11 = κ11 sin l′ + κ12 sin g′ sin l′ + κ13 sin g′ cos l′ + κ14 cos g′ sin l′ + κ15 cos g′ cos l′,
a21 = κ21 sin l′i + κ22 sin g′ sin l′ + κ23 sin g′ cos l′ + κ24 cos g′ sin l′ + κ25 cos g′ cos l′

a31 = κ31 sin l′ + κ32 sin g′ cos l′ + κ33 cos g′ sin l′,

κ11 =

√
(G′2 −H ′2) (G′2 − L′2)

G′2
sinh′, κ12 = −L

′

G′
cosh′,

κ13 = −H
′

G′
sinh′, κ14 = −L

′H ′

G′2
, κ15 = cosh′,

κ21 =

√
(G′2 −H ′2) (G′2 − L′2)

G′2
cosh′, κ22 = −L

′

G′
sinh′,

κ23 =
H ′

G′
cosh′, κ24 =

L′H ′

G′2
cosh′, κ25 = sinh′,
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κ31 = −H
′

G′

√
1− L′2

G′2 , κ32 =
√

1− H′2

G2 , κ33 = L′

G′

√
1− H′2

G′2 . (32)

Àíàëîãè÷íî ó÷èòûâàÿ (29) è èñïîëüçóÿ ôîðìóëó

β = a12
x

R
+ a22

y

R
+ a32

z

R
, (33)

ìîæíî íàïèñàòü

β2

R3
=

(1 + e cos υ)3

ν3a3(1− e2)3
·
(
a12

x

R
+ a22

y

R
+ a32

z

R

)2

, (34)

a12 = σ11 cos l′ + σ12 sin g′ sin l′ + σ13 sin g′ cos l′ + σ14 cos g′ sin l′ + σ15 cos g′ cos l′,
a22 = σ21 cos l′ + σ22 sin g′ sin l′ + σ23 sin g′ cos l′ + σ24 cos g′ sin l′ + σ25 cos g′ cos l′,
a32 = σ31 cos l′ + σ32 sin g′ sin l′ + σ33 cos g′ cos l′,

σ11 =

√
(G′2 −H ′2) (G′2 − L′2)

G′2
sinh′, σ12 =

H ′

G′
sinh′,

σ13 =
L′

G′
cosh′, σ14 = − cosh′, σ15 = −L

′H ′

G′2
sinh′,

σ21 =

√
(G′2−H′2)(G′2−L′2)

G′2 cosh′,
σ22 = −H

′

G′ cosh′, σ23 = −L′

G′ sinh′,

σ24 = − sinh′, σ25 =
L′H ′

G′2
cosh′,

σ31 = −H
′

G′

√
1− L′2

G′2 , σ32 = −
√

1− H′2

G′2 σ33 = L′

G′

√
1− H′2

G′2
(35)

Òàêæå, ó÷èòûâàÿ (29) è èñïîëüçóÿ ôîðìóëó

γ = a13

x

R
+ a23

y

R
+ a33

z

R
, (36)

ïîëó÷èì

γ2

R3
=

(1 + e cos υ)3

ν3a3(1− e2)3
·
(
a13

x

R
+ a23

y

R
+ a33

z

R

)2

, (37)

a13 = ε11 + ε12 sin g′ + ε13 cos g′,
a23 = ε21 + ε22 sin g′ + ε23 cos g′,
a33 = ε31 + ε33 cos g′,

(38)

ε11 = L′
√
G′2−H′2
G′2 sinh′, ε12 =

√
G′2−L′2
G′ cosh′, ε13 = H′

√
G′2−L′i2G′2

sin h′

ε21 = L′
√
G′2−H′2
G′2 cosh′, ε22 = −

√
G′i

2−L′i2
G′i sinh′, ε23 =

H′i
√
G′2−L′2
G′i2

cosh′,

ε31 = L′H′

G′2 , ε33 = −
√

(G′2−H′2)(G′2−L′2)

G′2 . (39)

Â ôîðìóëàõ (31),(34),(37) íàïðàâëÿþùèå êîñèíóñû âåêòîðà R îïðåäåëÿ-
þòñÿ âûðàæåíèÿìè
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x
R = τ11 sin υ + τ12 cos υ,
y
R = τ21 sin υ + τ22 cos υ,
z
R = τ31 sin υ + τ32 cos υ,

(40)

τ11 = − cosh sin g − H
G sinh cos g, τ12 = cosh cos g − H

G sinh sin g,
τ21 = − sinh sin g + H

G cosh cos g, τ22 = sinh cos g + H
G cosh sin g,

τ31 = cos g
√

1− H2

G2 , τ32 = sin g
√

1− H2

G2 ,

(41)

Â àíàëèòè÷åñêèõ è ÷èñëåííûõ âû÷èñëåíèÿõ äëÿ êîíòðîëÿ ðåçóëüòàòîâ
ìîæíî èñïîëüçîâàòü èçâåñòíîå ñîîòíîøåíèå( x

R

)2

+
( y
R

)2

+
( z
R

)2

= 1.

Óðàâíåíèÿ ïîñòóïàòåëüíî-âðàùàòåëüíîãî äâèæåíèÿ â
àíàëîãàõ ýëåìåíòîâ Äåëîíå-Ïóàññîíà

Âûðàæåíèå ðåøåíèÿ íåâîçìóùåííîãî âðàùàòåëüíîãî äâèæåíèÿ

â ÿâíîì âèäå. Àíàëîãè ïðîìåæóòî÷íûõ ýëåìåíòîâè àíàëîãè

ýëåìåíòîâ Ïóàññîíà

×òîáû ïåðåéòè ê àíàëîãàì ýëåìåíòîâ Ïóàññîíà ñíà÷àëà ââåäåì àíàëîãè ïðî-
ìåæóòî÷íûõ ýëåìåíòîâ, ïîòîì ìîæíî ïåðåéòè ê àíàëîãàì ýëåìåíòîâ Ïóàñ-
ñîíà, êàê ýòî áûëî âûïîëíåíî â ñîîòâåòñòâóþùåé ñòàöèîíàðíîé çàäà÷å. Ýëå-
ìåíòû Ïóàññîíà îáëàäàþò ñâîéñòâîì ïåðåìåííûõ ¾äåéñòâèå-óãîë¿, ïîýòîìó
èõ òàêæå íàçûâàþò ïåðåìåííûìè ¾äåéñòâèå-óãîë¿ [6,7].

Àíàëîãè ïðîìåæóòî÷íûõ ýëåìåíòîâ äàþòñÿ ñëåäóþùåé ñèñòåìîé ýëåìåí-
òîâ

L̄′, Ḡ′, H̄ ′, l̄′, ḡ′, h̄′. (42)

Îíè ââîäÿòñÿ ñëåäóþùèì îáðàçîì

L̄′ ≡ N =

√{
2α1 −

1

2

(
1

A0
+

1

B0

)
α2

2

}
D, (43)

Ḡ′ ≡ α2 = G′, H̄ ′ = α3 = H ′. (44)

Îáîáùåííûå êîîðäèíàòû êàíîíè÷åñêè ñîïðÿæåííî ñâÿçàííûå ñ ïåðåìåí-
íûìè L̄′, Ḡ′, H̄ ′ îïðåäåëÿþòñÿ ñëåäóþùèìè âûðàæåíèÿìè

l̄′ =
∂S

∂L̄′
=
∂S

∂N
=
L̄′

D
(Φ1(t) + β1) , (45)

ḡ′ =
∂S

∂Ḡ′
= β2−

∂S

∂N

∂N

∂α2
=

1

2

(
1

A0
+

1

B0

)
Ḡ′ (Φ1(t) + β1)+β2−Ḡ′Φ̃2(t), (46)

h̄′ = β3 = h′. (47)
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Îáîçíà÷èì

Φ2(t) = Φ1(t)− 2A0B0

A0 +B0
Φ̃2(t) (48)

Òîãäà (46) èìååò âèä

ḡ′ =
1

2

(
1

A0
+

1

B0

)
Ḡ′ [Φ2(t) + β1] + β2 (49)

Íà îñíîâå ââåäåííûõ ïðîìåæóòî÷íûõ ýëåìåíòîâ ââîäÿòñÿ àíàëîãè ýëåìåí-
òîâ Ïóàññîíà

L′′, G′′, H ′′, l′′, g′′, h′′. (50)

Ââåäåííàÿ ñèñòåìà ýëåìåíòîâ Ïóàññîíà (50) îáëàäàåò ñâîéñòâîì ¾äåéñòâèå-
óãîë¿ è ëó÷øèì îáðàçîì îïèñûâàåò íåâîçìóùåííîåâðàùàòåëüíîå äâèæåíèå
íåñòàöèîíàðíîãî òðåõîñíîãî òåëà âîêðóã ñîáñòâåííîãî öåíòðà ìàññ.

Ïåðåìåííûå ¾äåéñòâèå¿. Ïåðåìåííûå ¾äåéñòâèå¿ îïðåäåëÿþòñÿ ñëåäó-
þùèìè ôîðìóëàìè [6]

L′′ =
1

2π

∮ √
L̄′2 − εḠ′2 cos 2l′

1− ε cos 2l′
dl′, (51)

G′′ = Ḡ′ = G′ = α2, H
′′ = H̄ ′ = H ′ = α3. (52)

Ââåäåì íîâóþ ïåðåìåííóþ δ̄ ÷òîáû âû÷èñëèòü èíòåãðàë (51)

cos2δ̄ =
cos 2l′ − ε

1− ε cos 2l′
èëè cos 2l′ =

ε+ cos 2δ̄

1 + ε cos 2δ̄
. (53)

Îòñþäà íàõîäèì íîâîå âàæíîå ñîîòíîøåíèå ìåæäó ïåðåìåííûìè l′, δ̄

tgl′ =

√
1− ε
1 + ε

tgδ̄. (54)

Ýòî ñîîòíîøåíèå ïîõîæå íà çàâèñèìîñòü ìåæäó ýêñöåíòðè÷åñêîé è èñ-
òèííîé àíîìàëèÿìè â êåïëåðñêîì äâèæåíèè.

Èç óðàâíåíèé (53) ïîëó÷èì

dl′ =

√
1− ε2

1 + ε cos 2δ̄
dδ̄. (55)

Ñ ïîìîùüþ ïåðåìåííîé δ̄ èíòåãðàë (51) èìååò ñëåäóþùèé âèä

L′′ =
L̄′

2π

√
(1− ε) (1 + εb)

∮ √
1− k2 cos2 δ̄

1 + ε cos 2δ̄
dδ̄ = Ḡ′Λ (56)

çäåñü

k2 =
2ε

1− ε
b− 1

1 + εb
, b =

Ḡ′2

L̄′2
= (cos2 J̄ ′)−1, (57)
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è

Λ =
2

π
[EF (χ̃, k′) +KE(χ̃, k′)−KF (χ̃, k′)] , (58)

χ̃ = arcsin

√
1 + εb

b(1 + ε)
, k′ =

√
1− k2, (59)

k �ìîäóëü ýëëèïòè÷åñêîãî èíòåãðàëà, k′� äîïîëüíèòåëüíûé ìîäóëüè

0 ≤ k < 1, 0 ≤ k′ < 1,

F (χ̃, k)−íåïîëíûé ýëëèïòè÷åñêèé èíòåãðàë ïåðâîãî ðîäà, E(χ̃, k)- íåïîë-
íûé ýëëèïòè÷åñêèé èíòåãðàë âòîðîãî ðîäà, K(k)−ïîëíûé ýëëèïòè÷åñêèé
èíòåãðàë ïåðâîãî ðîäà, E(k)−ïîëíûé ýëëèïòè÷åñêèé èíòåãðàë âòîðîãî ðî-
äà.

Èíòåãðàë (57) ìîæíî ðåøèòü îòíîñèòåëüíî α1 = F 0
2@ ÷åðåç äâå ïåðå-

ìåííûå äåéñòâèÿ L′′, G′′. Íî íåâîçìîæíî ïîëó÷èòü ÿâíûé âèä. Íàì íóæíû
òîëüêî ïðîèçâîäíûå α1 ïî ïåðåìåííûì L′′, G′′. Ñðåäíèå óãëîâûå äâèæåíèÿ
ïåðåìåííûõ l′′, g′′, êîòîðûå ñâÿçàíû ñ ïåðåìåííûìè L′′, G′′ êàíîíè÷åñêè ñî-
ïðÿæåíî äàþòñÿ â ñëåäóþùåì âèäå

nl′′ =
∂α1

∂L′′
=
∂α1

∂L̄′
∂L̄′

∂L′′
, ng′′ =

∂α1

∂G′′
=
∂α1

∂L′′
∂L̄′

∂G′′
+
∂α1

∂Ḡ′
. (60)

Èç-çà òîãî, ÷òî óìíîæåííûå ìàòðèöû ßêîáè

∂ (L′′, G′′)

∂
(
L̄′, Ḡ′

) × ∂
(
L̄′1, Ḡ

′)
∂ (L′′, G′′)

ðàâíû èäåíòè÷íîé ìàòðèöå [6], èìååì

∂L̄′

∂L′′
· ∂L

′′

∂L̄′
= 1,

∂L̄′

∂G′′
+
∂L̄′

∂L′′
· ∂L

′′

∂Ḡ′
= 0. (61)

Åñëè ó÷èòûâàòü ñîîòíîøåíèå (61), òîãäà ôîðìóëà (60) èìååò îêîí÷àòåëüíî
ñëåäóþùèé âèä

nl′′ =
L̄′

D

(
∂L′′

∂L̄′

)−1

=
πL̄′

2KD

√
(1− ε)(1 + εb), (62)

ng′′ =
1

2

(
1

A0
+

1

B0

)
Ḡ′ − nl′′

∂L′′

∂Ḡ′
=

1

2

(
1

A0
+

1

B0

)
Ḡ′ − nl′′Λ+

L̄′2

DḠ′
. (63)

Ïåðåìåííûå ¾óãîë¿.Íàéäåì ñâÿçü ìåæäó ïåðåìåííûìè l′′, g′′ è l̄′, ḡ′

l′′ =
∂S

∂L′′
=
∂S1

∂L̄′
∂L̄′

∂L′′
=
nl′′

L̄′
Dl̄′ = nl′′(Φ(t) + β1), (64)

g′′ =
∂S

∂G′′
= ḡ′ + l̄′

∂L̄′

∂G′′
= ng′′(Φ(t) + β1) + β2. (65)
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h′′ = h̄′ = h′ = β3.

Âî âðàùàòåëüíîì íåâîçìóùåííîì äâèæåíèè âåëè÷èíû l′′, g′′ ÿâëÿþòñÿ ëè-
íåéíûìè ôóíêöèÿìè îò Φ(t), à äðóãèå ýëåìåíòû ñîõðàíÿþò ïîñòîÿííûå çíà-
÷åíèÿ. Èñïîëüçóÿ óðàâíåíèå (53) ïîëó÷èì ñëåäóþùåå

L̄′
√

(1− ε)(1 + εb)

D
(Φ(t) + β1)−K =

∫ δ̄−π/2

0

dδ̄√
1− k2 sin2 δ̄

, (66)

èëè

δ̄ = am
2K

π

(
l′′ − π

2

)
+
π

2
, (67)

Çäåñü am� àìïëèòóäà ôóíêöèÿ. Åñëè ðåçóëüòàò âûðàæåíèè (67) ïîäñòàâèòü
â óðàâíåíèè (53) òîãäà êîìïîíåíòû âåêòîðà êèíåòè÷åñêîãî ìîìåíòà èìåþò
âèä

G′x =

√
Ḡ′2 − L̄′2

1 + ε
cn

2K

π
(l′′ − π

2
),

G′y = −

√
Ḡ′2 − L̄′2

1− ε
sn

2K

π
(l′′ − π

2
),

G′z = L′ =

√
L̄′2 + εḠ′2

1 + ε
dn

2K

π
(l′′ − π

2
),

(68)

çäåñü cn, sn, dn� ýëëèïòè÷åñêèå ôóíêöèè ßêîáè. Ïåðåìåííàÿ l′ ñâÿ-
çàíàñóðàâíåíèÿìè (54),(64),(67) ÷åðåç ôóíêöèþ Φ(t). Ôóíêöèÿ g′ íàõîäèòñÿ
èç ñîîòíîøåíèé

dg′

dt
=
∂F2@

∂G′
=

1

2

(
1

A
+

1

B

)
Ḡ′ +

1

2

(
1

B
− 1

A

)
Ḡ′ cos 2l′ =

=
1

mχ2

{
1

2

(
1

A0
+

1

B0

)
Ḡ′ +

1

2

(
1

B0
− 1

A0

)
Ḡ′ cos 2l′

}
.

(69)

Åñëè èñïîëüçîâàòü ïðîìåæóòî÷íûå ïåðåìåííûå (42), òî âèä ãàìèëüòîíè-
àíà íåâîçìóùåííîãî äâèæåíèÿ â ñëó÷àå (59)-(60) áóäåò ïðîñòûì

Fâð =
1

mχ2
F 0
âð =

1

mχ2

(
1

2D
L̄′2 +

1

4

(
1

A0
+

1

B0

)
Ḡ′2
)
. (70)

Òàêèì îáðàçîì, ôîðìóëû (53),(67),(64) âûðàæàþò â ÿâíîì âèäå l′ êàê
ôóíêöèþ îò âðåìåíè. À ñîîòíîøåíèå (70) ãäå óæå ñ÷èòàåòñÿ l′ = l′(t) îïðå-
äåëÿåò g′ êàê ôóíêöèþ îò âðåìåíè.

Óðàâíåíèÿ âîçìóùåííîãî äâèæåíèÿ â àíàëîãàõ ýëåìåíòîâ

Äåëîíå-Ïóàññîíà

Óðàâíåíèÿ ïîñòóïàòåëüíî-âðàùàòåëüíîãî äâèæåíèÿ öåíòðà ìàññ òåëà â àíà-
ëîãàõ ýëåìåíòîâ Äåëîíå-Ïóàññîíà èìååò âèä



190 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

L̇ = −∂W
∗

∂l
, Ġ = −∂W

∗

∂g
, Ḣ = −∂W

∗

∂h
, l̇ =

∂W ∗

∂L
, ġ =

∂W ∗

∂G
, ḣ =

∂W ∗

∂H
, (71)

L̇′′ = −∂F
∗

∂l′′
, Ġ′′ = −∂F

∗

∂g′′
, Ḣ ′′ = −∂F

∗

∂h′′
, l̇′′ =

∂F ∗

∂L′′
, ġ′′ =

∂F ∗

∂G′′
, ḣ′′ =

∂F ∗

∂H ′′
,

(72)
çäåñü (71) îïèñûâàåò ïîñòóïàòåëüíîå, à (72) îïèñûâàåò âðàùàòåëüíîå äâè-
æåíèå.

Åñëè A(t) = B(t), òîãäà àíàëîãè ýëåìåíòîâ Ïóàññîíà ïåðåõîäèò ê àíàëî-
ãîì ýëåìåíòîâ Àíäóàéå. Â ÷àñòíîì îñîáåííîì ñëó÷àå, êîãäà b = 1, òî åñòü
L̄′ = L′′ = Ḡ′ = G′′ èëè b̃ = 1. Òîãäà ñðåäíèå óãëîâûå äâèæåíèÿ èìåþò
ñëåäóþùèé ïðîñòîé âèä

lnl′′ =
L′′

D

√
1− ε2,

ng′′ =

(
1

C0
− 1

D

√
1− ε2

)
L′′.

(73)

Âûðàæåíèå âîçìóùàþùåé ôóíêöèè â àíàëîãàõ ýëåìåíòîâ Äåëîíå-
Ïóàññîíà. Âîçìóùàþùàÿ ôóíêöèÿ èìååò âèä

W ∗ =
1

ψ
W, W = U2 −

1

2
b∗R2, (74)

Â îáùåì ñëó÷àå, ïîëíîå âûðàæåíèÿ ñèëîâîé ôóíêöèè èìååò âèä

U = −fm1m2

R

{
1 +

∞∑
n=2

n∑
m=0

(r0

R

)n
Pmn (sinβ) [Cmn cosmλ+ Smn sinmλ]

}
.

(75)
Ìû èñïîëüçóåì ïðèáëèæåííîå çíà÷åíèå ñèëîâîé ôóíêöèè

U ≈ U2 =
fm1mχ

2

ν3ρ3
Ũ2. (76)

Ôóíêöèþ Ũ2 ìîæíî ïðåäñòàâèòü â âèäå

Ũ2 =

{
2C0 −A0 −B0

2
P2 (sinβ) +

A0 −B0

4
P 2

2 (sinβ) cos 2λ

}
. (77)

Ïîýòîìó ìîæíî íàïèñàòü

W =
fm1mχ

2

ν3ρ3

{
2C0 −A0 −B0

2
P2 (sinβ) +

+
A0 −B0

4
P 2

2 (sinβ) cos 2λ

}
− 1

2
b∗R2.

(78)
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Îáîçíà÷èì
m1 = m10m

∗
1(t) = m10(t)m∗1(t), (79)

è íàïèøåì âîçìóùàþùóþ ôóíêöèþ â âèäå

W = W1 +W2,W1
=
m∗1(t)mχ2(t)

ν3
·W 0

1
, (80)

çäåñü

W 0
1 =

fm10

ρ3

{
2C0 −A0 −B0

2
P2 (sinβ) +

A0 −B0

4
P 2

2 (sinβ) cos 2λ

}
, (81)

W ∗2 = −1

2
b∗R2 = −1

2
b∗(t)ν2(t)ρ2. (82)

Âåêîâàÿ ÷àñòü ïîñëåäíåãî âûðàæåíèÿ èçâåñòíî

W2âåê = −1

2
b∗(t)ν2(t)a2

(ρ
a

)2

= −1

2
b∗(t)ν2(t)a2

[
1 +

3

2
e2

]
,W 0

1âåê = a2

[
1 +

3

2
e2

]
,

(83)

W2âåê = −1

2
b∗(t)ν2(t)W 0

125:(L,G). (84)

Ïðåîáðàçóåì ôóíêöèþ Ũ2

Ũ2 =
2C0 −A0 −B0

2

(
a

ρ

)3

P2 (sinβ) +
A0 −B0

4

(
a

ρ

)3

P 2
2 (sinβ) cos 2λ, (85)

çäåñü(
a

ρ

)3

= 1 +
3

2
e2 +

15

8
e4 +

35

16
e6 + ...+

(
3e+

27

8
e3 +

261

64
e5 +

14309

3072
e7 + ...

)
cos l+

+

(
9

2
e2 +

7

2
e4 +

141

32
e6 + ...

)
cos 2l +

(
53

8
e3 +

393

128
e5 +

24753

5120
e7 + ...

)
cos 3l+

+

(
77

8
e4 +

129

80
e6 + ...

)
cos 4l +

(
3167

160
e6 + ...

)
cos 6l +

(
432091

15360
e7 + ...

)
cos 7l + ...,

(86)
Òåïåðü íåîáõîäèìî âîçìóùàþùóþ ôóíêöèþ W âûðàçèòü ÷åðåç ïåðåìåííûå
Äåëîíå è Ïóàññîíà ñîãëàñíî [6] cosβ cosλ

cosβ sinλ
sinβ

 = R3(l′)R1(J ′)R3(g′)R1(I ′)R3(h′ − h)R1(−i)R3(−f − g)

1
0
0

 ,

(87)
cosβ cosλ = p1 cos(f + g) + p2 sin(f + g),
cosβ sinλ = q1 cos(f + g) + q2 sin(f + g),
sinβ = r1 cos(f + g) + r2 sin(f + g),

(88)

p1 = cos g′ [cos(h′ − h) cos l′ − cos I ′ cos J ′ sin(h′ − h) sin l′]−
− sin g′ [cos I ′ sin(h′ − h) cos l′ + cos J ′ cos(h′ − h) sin l′] +
+ sin I ′ sin J ′ sin(h′ − h) sin l′

(89)
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p2 = cos g′ [cos i {sin(h′ − h) cos l′ + cos I ′ cos J ′ cos(h′ − h) sin l′} +
+ sin i sin I ′ cos J ′ sin l′] +
+ sin g′ [cos i {cos I ′ cos(h′ − h) cos l′ − cos J ′ sin(h′ − h) sin l′}+
+ sin i sin I ′ cos l′] +
+ [− cos i sin I ′ cos(h′ − h) + sin i cos I ′] sinJ ′ sin l′,

(90)

q1 = − cos g′ [cos(h′ − h) sin l′ + cos I ′ cos J ′ sin(h′ − h) cos l′] +
+ sin g′ [− cos J ′ cos(h′ − h) cos l′ + cos I ′ sin(h′ − h) sin l′] +
+ sin I ′ sin J ′ sin(h′ − h) cos l′,

(91)

q2 = cos g′ [cos i {cos I ′ cos J ′ cos(h′ − h) cos l′ − sin(h′ − h) sin l′} +
+ sin i sin I ′ cos J ′ cos l′]−
− sin g′ [cos i {cos J ′ sin(h′ − h) cos l′ + cos I ′ cos(h′ − h) sin l′}+
+ sin i sin I ′ sin l′] +
+ [− cos i sin I ′ cos(h′ − h) + sin i cos I ′] sinJ ′ cos l′,

(92)

r1 = cos I ′ sin J ′ sin(h′−h) cos g′+sin J ′ cos(h′−h) sin g′+sin I ′ cos J ′ sin(h′−h),
(93)

r2 = − [cos i cos I ′ sin J ′ cos(h′ − h) + sin i sin I ′ sin J ′] cos g′+
+ cos i sin J ′ sin(h′ − h) sin g′ + [− cos i sin I ′ cos(h′ − h) + sin i cos I ′] cos J ′,

(94)
cosβ cosλ =

∑
γ

1
2γ sin i cos I ′ sin J ′ cos [l′ − γ(f + g)]−

−
∑
ε,γ

1
4ε(1 + γ cos i) sin I ′ sin J ′ cos [l′ + ε(h′ − h)− εγ(f + g)] +

+
∑
ρ,γ

1
4γ sin i sin I ′(1 + ρ cos J ′) cos [l′ + ρg′ − ργ(f + g)] +

+
∑
ρ,ε,γ

1
8 (1 + γ cos i)(1 + ε cos I ′)(1 + ρ cos J ′)·

· cos [l′ + ρg′ + ρε(h′ − h)− ρεγ(f + g)] ,
(95)

cosβ sinλ = −
∑
γ

1
2γ sin i cos I ′ sin J ′ sin [l′ − γ(f + g)] +

+
∑
ε,γ

1
4ε(1 + γ cos i) sin I ′ sin J ′ sin [l′ + ε(h′ − h)− εγ(f + g)]−

−
∑
ρ,γ

1
4γ sin i sin I ′(1 + ρ cos J ′) sin [l′ + ρg′ − ργ(f + g)]−

−
∑
ρ,ε,γ

1
8 (1 + γ cos i)(1 + ε cos I ′)(1 + ρ cos J ′)·

· sin [l′ + ρg′ + ρε(h′ − h)− ρεγ(f + g)] ,
(96)

sinβ = sin i cos I ′ cos J ′ sin(f + g)+
+
∑
γ

1
2 (1 + γ cos i) sin I ′ cos J ′ sin [h′ − h− γ(f + g)]

+
∑
γ

1
2γ sin i sin I ′ sin J ′ sin [g′ − γ(f + g)] +

+
∑
ε,γ

1
4 (1 + γ cos i)(1 + ε cos I ′) sinJ ′ sin [g′ + ε(h′ − h)− εγ(f + g)] .

(97)
Çäåñü èíäåêñûρ, ε, γ (îáîçíà÷åíèÿ òîëüêî çäåñü) ïðèíèìàåò çíà÷åíèÿ +1 è
−1. Íàïðèìåð,∑

ρ,γ γ(1 + ρ cos J ′) sin[l′ + ρg′ − ργ(f + g)] = (1 + cos J ′) sin[l′ + g′ − (f + g)]+

+(1− cos J ′) sin[l′ − g′ + (f + g)]− (1 + cos J ′) sin[l′ + g′ + (f + g)]−
−(1− cos J ′) sin[l′ − g′ − (f + g)].

(98)
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Èñïîëüçóÿ óðàâíåíèÿ íàõîäèì

P2(sinβ) = 2
∑
γ,ε

∑2
i=0 P

i
∑2
j=0

∑1
k=0Wi,k,j ·
· cos [ig′ + εj(h′ − h)− εγ2k(f + g)] ,

P 2
2 (sinβ) cos 2λ = −

∑
ρ,γ,ε

∑2
j=0R

i
∑2
j=0

∑1
k=0Wi,k,j ·

· cos [2l′ + ρig′ + ρεj(h′ − h)− ρεγ2k(f + g)] ,
(99)

çäåñü
P 0 = 1

2 (3 cos2 J ′ − 1), R0 = 3 sin2 J ′,
P 1 = 3

2 sin 2J ′, R1 = −6ρ sin J ′(1 + ρ cos J ′),
P 2 = 3 sin2 J ′, R2 = 6(1 + ρ cos J ′)2,

(100)

W000 = − 1
64 (3 cos2 i− 1)(3 cos2 I ′ − 1),

W001 = − 3
64 sin 2i sin 2I ′,

W002 = − 3
64 sin2 i sin2 I ′,

W010 = − 3
64 sin2 i(3 cos2 I ′ − 1),

W011 = γ 3
32 sin i(1 + γ cos i) sin 2I ′,

W012 = − 3
64 (1 + γ cos i)2 sin2 I ′,

W100 = 1
64 (3 cos2 i− 1) sin 2I ′,

W101 = 1
32 sin 2i(1 + ε cos I ′)(1− ε2 cos I ′),

W102 = −ε 1
32 sin2 i sin I ′(1 + ε cos I ′),

W110 = 3
64 sin2 i sin 2I ′,

W111 = −γ 1
16 sin i(1 + γ cos i)(1 + ε cos I ′)(1− ε2 cos I ′),

W112 = −ε 1
32 (1 + γ cos i)2 sin I ′(1 + ε cos I ′),

W200 = − 1
128 (3 cos2 i− 1) sin2 I ′,

W201 = ε 1
64 sin 2i sin I ′(1 + ε cos I ′),

W202 = − 1
128 sin2 i(1 + ε cos I ′)2,

W210 = − 3
128 sin2 i sin2 I ′,

W211 = −εγ 1
32 sin i(1 + γ cos i) sin I ′(1 + ε cos I ′),

W212 = − 1
128 (1 + γ cos i)2(1 + ε cos I ′)2.

Ïðè àíàëèòè÷åñêèõ âû÷èñëåíèÿõ áûëè èñïîëüçîâàíû ñîâðåìåííûå ìå-
òîäû êîìïüþòåðíîé àëãåáðû [8]. Ïîëó÷åííûå ôîðìóëû äàþò âîçìîæíîñòü
íàïèñàòü óðàâíåíèÿ äâèæåíèÿ â ÿâíîì âèäå.

Çàêëþ÷åíèå

Ïîëó÷åííûå óðàâíåíèÿ ïîñòóïàòåëüíî-âðàùàòåëüíîãî äâèæåíèÿ òðåõîñíîãî
ñïóòíèêà â îñêóëèðóþùèõ ýëåìåíòàõ ìîãóò áûòü èñïîëüçîâàíû äëÿ àíàëè-
çà äèíàìè÷åñêîé ýâîëþöèè ïîñòóïàòåëüíî-âðàùàòåëüíîãî ñïóòíèêà â íåñòà-
öèîíàðíûõ ãðàâèòèðóþùèõ ñèñòåìàõ. Îíè òàêæå ìîãóò áûòü èñïîëüçîâàíû
äëÿ óïðàâëåíèÿ ïîñòóïàòåëüíî - âðàùàòåëüíûì äâèæåíèåì ñïóòíèêà ñ ïåðå-
ìåííîé ãåîìåòðèåé ìàññ è ñ ïåðåìåííûì ñîñòàâàì â ïîëå ïðèòÿæåíèè ñôå-
ðè÷åñêîãî òåëà. Äàëüíåéøåå ðàçâèòèå ðàáîòû ïðåäïîëàãàåò èññëåäîâàíèå
äèíàìè÷åñêîé ýâîëþöèè âåêîâîãî ïîñòóïàòåëüíî-âðàùàòåëüíîãî äâèæåíèÿ
òðåõîñíîãî ñïóòíèêà ñ ïåðåìåííûì òåíçîðîì èíåðöèè â âûøåïðèâåäåííûõ
ñèñòåìàõ îñêóëèðóþùèõ ýëåìåíòîâ.
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Àííîòàöèÿ Â ñòàòüå ðàññìàòðèâàåòñÿ ïðîáëåìà ïîâûøåíèÿ êà÷å-
ñòâà ïðåäîñòàâëÿåìûõ óñëóã òðàíñïîðòíîé êîìïàíèè. Ïðîâåäåí àíà-
ëèç ñóùåñòâóþùèõ ñèñòåì è äåéñòâóþùåé ñèñòåìû ðàñïðåäåëåíèÿ
çàêàçîâ, ÷òî ïîäòâåðæäàåò ïðàêòè÷åñêóþ çíà÷èìîñòü è íåîáõîäè-
ìîñòü óëó÷øåíèÿ ñèñòåìû ðàñïðåäåëåíèÿ çàêàçîâ. Îïèñàíû áèçíåñ-
ïðîöåññû òðàíñïîðòíîé êîìïàíèè è äàííûå îá èñïîëíèòåëÿõ èñ-
ïîëüçóåìûå â ñèñòåìå ðàñïðåäåëåíèÿ çàêàçîâ. Â ðàáîòå ïðèìåíÿåòñÿ
ìåòîä àíàëèçà èåðàðõèè ïðèìåíèòåëüíî ê ðåøåíèþ çàäà÷è îöåíêè
óñëóã â òðàíñïîðòíîé êîìïàíèè. Âûäåëåíû îñíîâíûå ýòàïû ðàñïðå-
äåëåíèÿ çàêàçîâ, îïðåäåëåíû êðèòåðèè.

Êëþ÷åâûå ñëîâà: òðàíñïîðòíàÿ êîìïàíèÿ, êîýôôèöèåíò âàæíî-
ñòè, ìíîãîêðèòåðèàëüíûé àíàëèç, ìåòîä àíàëèçà èåðàðõèé

Ââåäåíèå

Òåêóùåå ñîñòîÿíèå ñôåðû ïàññàæèðñêèõ ïåðåâîçîê. Îáçîð ñóùåñòâóþùèõ
ñèñòåì ðàñïðåäåëåíèÿ çàêàçîâ â òðàíñïîðòíûõ êîìïàíèÿõ Â ïåðèîä ñ 1990
ïî 2014 ãîäû ïàññàæèðîïîòîê â Ðåñïóáëèêå Êàçàõñòàí âûðîñ â 2,8 ðàçà. Åñëè
â 1990 ãîäó ïàññàæèðîîáîðîò ñîñòàâëÿë 91241 ìëí. ïàññàæèðîêèëîìåòðîâ,
òî 2014 ãîäó ïàññàæèðîîáîðîò ñîñòàâèë 255956,2 ìëí. ïàññàæèðîêèëîìåò-
ðîâ. Îñíîâíàÿ äîëÿ ïàññàæèðîîáîðîòà â Ðåñïóáëèêå Êàçàõñòàí ïðèõîäèòñÿ
íà àâòîìîáèëüíûé è ãîðîäñêîé ýëåêòðè÷åñêèé òðàíñïîðò. Â 2014 ãîäó äî-
ëÿ àâòîìîáèëüíîãî è ãîðîäñêîãî ýëåêòðè÷åñêîãî ïàññàæèðîîáîðîòà ñîñòà-
âèëà 84,9% [1]. Ìåòîä àíàëèçà èåðàðõèé (ìåòîä àíàëèçà èåðàðõèé) è åãî
ðàçâèòèå � ìåòîä àíàëèçà ñåòåé ïðèìåíÿþòñÿ ñåé÷àñ î÷åíü øèðîêî è äëÿ
ñàìûõ ðàçíûõ ïðàêòè÷åñêèõ çàäà÷. Àíàëèòè÷åñêèé èåðàðõè÷åñêèé ïðîöåññ
è àíàëèòè÷åñêèé ñåòåâîé ïðîöåññ îáëàäàåò ðÿäîì äîñòîèíñòâ ïî ñðàâíåíèþ
ñ äðóãèìè ìåòîäàìè êîëè÷åñòâåííîãî àíàëèçà ðåøåíèé. Èìåííî â ýòîì ìå-
òîäå ïîëíîñòüþ ðåàëèçîâàíà ñõåìà ñèñòåìíîãî àíàëèçà ïðîáëåì, à èìåííî:
ïðåäñòàâëåíèå ïðîáëåìû êàê ñèñòåìû. Â ðàìêàõ äèññåðòàöèîííîé ðàáîòû
äëÿ îöåíêè óñëóã â òðàíñïîðòíîé êîìïàíèè âûáðàí ìåòîä àíàëèçà èåðàð-
õèé. Åãî ïðåèìóùåñòâî � â ìåòîäå ðåàëèçîâàíà ñõåìà ñèñòåìíîãî àíàëèçà
ïðîáëåì, à èìåííî: ïðåäñòàâëåíèå ïðîáëåìû êàê ñèñòåìû.
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Ýòàïû ðàñïðåäåëåíèÿ çàêàçîâ

Ðàñïðåäåëåíèå çàêàçîâ â äåéñòâóþùåé ñèñòåìå ïðîèçâîäèòñÿ òàêèì îáðàçîì,
÷òîáû îïðåäåëåííûå èñïîëíèòåëè óâèäåëè è èìåëè âçÿòü çàêàç ðàíüøå äðó-
ãèõ èñïîëíèòåëåé. Ýòî äîñòèãàåòñÿ ðàçíîé ñêîðîñòüþ ïîñòóïëåíèÿ çàêàçîâ
â èõ ëåíòó çàêàçîâ. Äëÿ óëó÷øåíèÿ ñèñòåìû ðàñïðåäåëåíèÿ çàêàçîâ ïðåä-
ëàãàåòñÿ ñëåäóþùàÿ ñõåìà, ñîñòîÿùàÿ èç ÷åòûðåõ ýòàïîâ Ðèñ. 1 Íà ïåðâîì

Ðèñóíîê 1. Ýòàïû ïðîöåññà ðàñïðåäåëåíèÿ çàêàçîâ

ýòàïå ðàñïðåäåëåíèÿ çàêàçîâ âûÿâëÿåòñÿ 3 áëèæàéøèõ èñïîëíèòåëÿ. Îòäà-
ëåííîñòü îò ïàññàæèðà îïðåäåëÿåòñÿ ïî ïðÿìîé ëèíèè íà îñíîâàíèè êîîðäè-
íàò èñïîëíèòåëåé, ïîëó÷åííûõ ñ GPS-äàò÷èêîâ èõ ìîáèëüíûõ óñòðîéñòâ. Íà
âòîðîì ýòàïå îïðåäåëÿåòñÿ ñòèëü âîæäåíèÿ èñïîëíèòåëÿ. Íà òðåòüåì ýòàïå
âûÿâëÿåòñÿ íàèáîëåå è íàèìåíåå ïðåäïî÷òèòåëüíûå èñïîëíèòåëè íà îñíîâà-
íèè àíàëèçà èõ êðèòåðèåâ ìåòîäîì àíàëèçà èåðàðõèé. Íà ÷åòâåðòîì ýòàïå,
íà îñíîâàíèè ðàíæèðîâàíèÿ èñïîëíèòåëåé, ïðîèñõîäèò ðàñïðåäåëåíèå çàêà-
çîâ ñ ðàçëè÷íîé ñêîðîñòüþ. Íàèáîëåå ïðåäïî÷òèòåëüíûé èñïîëíèòåëü ïîëó-
÷àåò çàêàç ðàíüøå äðóãèõ. Äåòàëüíîå îïèñàíèå êàæäîãî ýòàïà ïðåäñòàâëåíî
â ñëåäóþùèõ ðàçäåëàõ. Íà îñíîâàíèè ïîêàçàíèé àêñåëåðîìåòðà ìîáèëüíîãî
òåëåôîíà èñïîëíèòåëÿ áûëè ïîëó÷åíû äàííûå îá åãî óñêîðåíèè, à òàêæå
íà îñíîâàíèè äàò÷èêà GPS ïîëó÷åíû äàííûå î ñêîðîñòè àâòîìîáèëÿ. Îñ-
íîâîïîëàãàþùèì ôàêòîðîì êà÷åñòâåííîãî âîæäåíèÿ ÿâëÿåòñÿ ñïîêîéíàÿ è
óðàâíîâåøåííàÿ åçäà. Ñïîêîéíàÿ âîâñå íå çíà÷èò ìåäëåííàÿ. Ðå÷ü èäåò îá
îïòèìàëüíîì óïðàâëåíèè ýíåðãèåé òðàíñïîðòíîãî ñðåäñòâà, à òàêæå î ñî-



Ïðèìåíåíèå ìåòîäîâ ìíîãîêðèòåðèàëüíîé îöåíêè óñëóã... 197

êðàùåíèè èçëèøíåãî òîðìîæåíèÿ è óñêîðåíèÿ. Àãðåññèâíîå âîæäåíèå, â
÷àñòíîñòè, ðåçêèå óñêîðåíèÿ è òîðìîæåíèÿ, íåãàòèâíî âëèÿåò íà ñàìî÷óâ-
ñòâèå ïàññàæèðà. Áåçîïàñíîå âîæäåíèå (â ÷àñòíîñòè, èçáåæàíèå àâàðèéíûõ
ñèòóàöèé) � ýòî òàêæå îäèí èç îñíîâíûõ êðèòåðèåâ êà÷åñòâà âîæäåíèÿ. Â îñ-
íîâó ðàñ÷åòîâ ñòèëÿ âîæäåíèÿ ïîëîæèì ïîêàçàòåëè ïðåâûøåíèÿ ñêîðîñòè,
ðåçêîãî óñêîðåíèÿ è òîðìîæåíèÿ. Îöåíêà âîäèòåëüñêîãî ñòèëÿ âîæäåíèÿ
ïðåäñòàâëÿåò ñîáîé ñóììó øòðàôíûõ áàëëîâ. ×åì ìåíüøå áàëëîâ, òåì áîëåå
áåçóïðå÷íûì áûëî âîæäåíèå. Áàëëû ñòàâÿòñÿ çà êàæäóþ ïîåçäêó, à ïîòîì
ñóììèðóþòñÿ èëè óñðåäíÿþòñÿ â çàâèñèìîñòè îò âðåìåíè èëè ðàññòîÿíèÿ.
×åì ÷àùå âîäèòåëü òîðìîçèò, òåì õóæå ýòî äëÿ áåçîïàñíîñòè ïàññàæèðà, à
ñèëüíîå óñêîðåíèå ñêàçûâàåòñÿ íà îáùåì ñàìî÷óâñòâèè ïàññàæèðà. Çíà÷å-
íèå óñêîðåíèÿ ïðè àâàðèéíîì òîðìîæåíèè è ðåçêîì óñêîðåíèè àâòîìîáèëÿ
ðàâíî 0,4g�0,6g. Çà êàæäîå ðåçêîå òîðìîæåíèå è óñêîðåíèå ïðîñòàâëÿåòñÿ
1 áàëë. Ïî ðåçóëüòàòàì èññëåäîâàíèé, ïðè ïðåâûøåíèè ñðåäíåé ñêîðîñòè íà
1 êì/÷ âåðîÿòíîñòü àâàðèè âîçðàñòàåò íà 10-15À ïðè ïðåâûøåíèè ñðåäíåé
ñêîðîñòè ïîòîêà íà 10 è áîëåå êì/÷ � êîëè÷åñòâî àâàðèé íà÷èíàåò ðåçêî ðàñ-
òè íà ãîðîäñêèõ äîðîãàõ (Ðèñ. 2). Äëÿ çàãîðîäíûõ äîðîã ðîñò êîëè÷åñòâà
àâàðèé íå íàñòîëüêî êðèòè÷åí, íî òàêæå èìååò ìåñòî [2]. Òàêèì îáðàçîì,

Ðèñóíîê 2. Çàâèñèìîñòü ÷àñòîòû ÄÒÏ îò ñêîðîñòè àâòîìîáèëÿ

ñëåäóþùèé ïîêàçàòåëü - êîëè÷åñòâî ïðåâûøåíèé ñêîðîñòè íà 10, 20, 30, 40
êì/÷. Çà êàæäîå ïðåâûøåíèå íà 10 êì/÷ � 1 áàëë, 20 � 2, 30 � 3 è 40 �
4 áàëëà. Îáùèé àëãîðèòì îïðåäåëåíèÿ ñòèëÿ âîæäåíèÿ ïðåäñòàâèì â âèäå



198 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

áëîê-ñõåìû íà Ðèñ. 3. Âûáåðåì ñëó÷àéíûì îáðàçîì äàííûå èñïîëíèòåëÿ çà

Ðèñóíîê 3. Áëîê-ñõåìà àëãîðèòìà îïðåäåëåíèÿ ñòèëÿ âîæäåíèÿ

1 ÷àñ. È, íà îñíîâàíèè ìíåíèÿ ýêñïåðòîâ ïðèìåì: åñëè êîëè÷åñòâî áàëëîâ
ïðåâûøàåò 90 òî ñòèëü âîæäåíèÿ ó äàííîãî âîäèòåëÿ ïëîõîé, åñëè îò 20 äî
90 áàëëîâ òî - ñðåäíèé, åñëè ìåíåå 20 áàëëîâ òî - îòëè÷íûé. Êîëè÷åñòâî
áàëëîâ ìîæíî âûðàçèòü ôîðìóëîé (1), ãäå ñóììà Õ � ýòî áàëëû çà êîëè÷å-
ñòâî ðåçêèõ óñêîðåíèé è òîðìîæåíèé, à ñóììà Ó - ýòî áàëëû çà êîëè÷åñòâî
ïðåâûøåíèé ñêîðîñòè.

K =
∑

X +
∑

Y (1)

Äëÿ ðåøåíèÿ çàäà÷è ðàçîáüåì åå íà ýòàïû, ïîêàçàííûå íà Ðèñ. 4: Ýòàï 1

Ðèñóíîê 4. Ýòàïû ðåøåíèÿ çàäà÷è ìíîãîêðèòåðèàëüíîé îöåíêè óñëóã
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� ñòðóêòóðèçàöèÿ èåðàðõèè, Ýòàï 2 � ïîïàðíûå ñðàâíåíèÿ, Ýòàï 3 � íà-
õîæäåíèå âåñîâ è êîýôôèöèåíòîâ âàæíîñòè, Ýòàï 4 � îïðåäåëåíèå ïðèî-
ðèòåòîâ àëüòåðíàòèâ. Ïåðâûé ýòàï ïîäðàçóìåâàåò ñòðóêòóðèçàöèþ çàäà÷è
â âèäå èåðàðõèè. Ñóòü ïðîöåäóðû � ïîñòðîåíèå èåðàðõè÷åñêîé ñòðóêòóðû
ïî óðîâíÿì ¾öåëè � êðèòåðèè � àëüòåðíàòèâû¿. Âûáåðåì ñëåäóþùèå ïÿòü
êðèòåðèåâ äëÿ îöåíêè âàðèàíòîâ âûáîðà íàèëó÷øåãî âîäèòåëÿ. 1. Ñòàòóñ 2.
Íàëè÷èå òàëîíà è óâåäîìëåíèÿ 3. Íàëè÷èå íîâîãî àâòîìîáèëÿ 4. Ðåéòèíã 5.
Ñòèëü âîæäåíèÿ Êðèòåðèé ¾Ñòàòóñ¿. Ïîäòâåðæäåíèå - ýòî ïðîöåäóðà äî-
êóìåíòàëüíîãî ïîäòâåðæäåíèÿ äàííûõ âîäèòåëÿ â îôèñå êîìïàíèè. Äëÿ
ïîäòâåðæäåíèÿ âîäèòåëþ íåîáõîäèìî ïðåäúÿâèòü óäîñòîâåðåíèå ëè÷íîñòè
è òåõïàñïîðò. Êðèòåðèé �Íàëè÷èå òàëîíà è óâåäîìëåíèÿ�: òàëîí è óâåäîì-
ëåíèå - äîêóìåíòû, ïîäòâåðæäàþùèå, ÷òî âîäèòåëü óâåäîìèë îðãàíû âëàñòè
î òîì, ÷òî îí ÿâëÿåòñÿ ïåðåâîç÷èêîì òàêñè. Òàëîí è óâåäîìëåíèå îôîðìëÿ-
þòñÿ âîäèòåëåì ÷åðåç ÖÎÍ. Êðèòåðèé �Íîâûé àâòîìîáèëü�. Íîâûì àâòî-

Ðèñóíîê 5. Èåðàðõè÷åñêàÿ ñòðóêòóðà äëÿ âûáîðà íàèëó÷øåãî èñïîëíèòåëÿ

ìîáèëåì ñ÷èòàåòñÿ ëþáîé àâòîìîáèëü íå ñòàðøå 2-õ ëåò èëè àâòîìîáèëü íå
ñòàðøå 5 ëåò ñòîèìîñòüþ íå ìåíåå 2,6 ìëí. òåíãå, íå èìåþùèå âèäèìûõ äå-
ôåêòîâ è ïîâðåæäåíèé ýêñòåðüåðà è èíòåðüåðà (âìÿòèíû, öàðàïèíû, ñêîëû,
ïîðûâû, ïÿòíà ëþáîãî ðàçìåðà ñëåäû íåçàâåðøåííîãî ëèáî íåàêêóðàòíîãî
ðåìîíòà è äðóãèå âèäèìûå äåôåêòû). Êðèòåðèé �Ñòèëü âîæäåíèÿ� ìîæåò
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ïðèíèìàòü çíà÷åíèå ¾îòëè÷íûé¿, ¾õîðîøèé¿ è ¾ïëîõîé¿. Êðèòåðèé �Ðåé-
òèíã¿ çàâèñèò îò îöåíîê ïàññàæèðîâ è ìîæåò ïðèíèìàòü çíà÷åíèÿ îò 0 äî
5 áàëëîâ. Ïóñòü îòîáðàíî òðè àëüòåðíàòèâíûõ âàðèàíòà (èç çíà÷èòåëüíî
áîëüøåãî ÷èñëà ðàçëè÷íûõ âîçìîæíûõ âàðèàíòîâ) èñïîëíèòåëåé. Îáîçíà-
÷èì èõ ÷åðåç A, Á, Â. Òðåáóåòñÿ îïðåäåëèòü íàèëó÷øèé èç ýòèõ âàðèàíòîâ
ñ ó÷åòîì óêàçàííûõ ïÿòè êðèòåðèåâ. Òîãäà ñîîòâåòñòâóþùàÿ ñòðóêòóðèçà-
öèÿ ðåøàåìîé çàäà÷è ìîæåò áûòü ïðåäñòàâëåíà â âèäå èåðàðõèè, êîòîðóþ
èëëþñòðèðóåò Ðèñ. 5. Êàê âèäíî èç Ðèñ. 5 â äàííîì ñëó÷àå ïåðâûé (íàèâûñ-
øèé) óðîâåíü èåðàðõèè èìååò îäíó öåëü (âûáîðà íàèëó÷øåãî èñïîëíèòåëÿ):
âûïîëíåíèå çàêàçà êëèåíòà íàèëó÷øèì èñïîëíèòåëåì èç èìåþùèõñÿ íà ëè-
íèè.Ýëåìåíòû âòîðîãî óðîâíÿ èåðàðõèè ýòî - ïÿòü êðèòåðèåâ: Ñòàòóñ, Íà-
ëè÷èå òàëîíà è óâåäîìëåíèÿ, Íàëè÷èå íîâîãî àâòîìîáèëÿ, Ðåéòèíã, Ñòèëü
âîæäåíèÿ. Òðåòèé óðîâåíü èåðàðõèè èìååò ÷åòûðå ýëåìåíòà: ýòî - àëüòåðíà-
òèâû âîäèòåëåé: À, Á è Â. Íà Ðèñ. 6 ïîêàçàíà ñòðàíèöà äåìîíñòðàöèîííîãî
ïîëüçîâàòåëüñêîãî èíòåðôåéñà, îòîáðàæàþùàÿ ïðîìåæóòî÷íûå è èòîãîâûå
ðåçóëüòàòû ìíîãîêðèòåðèàëüíîãî àíàëèçà ìåòîäîì àíàëèçà èåðàðõèé. Â ðå-

Ðèñóíîê 6. Ðåçóëüòàò ðàáîòû ðàçðàáîòàííîãî web-ïðèëîæåíèÿ

çóëüòàòå ðàáîòû ïðèëîæåíèÿ ïîëó÷àåì ñëåäóþùèå çíà÷åíèÿ:
Âåñà êðèòåðèåâ: • Ñòàòóñ 0,5028, • Íàëè÷èå òàëîíà è óâåäîìëåíèÿ 0,2602,

• Íîâûé àâòîìîáèëü 0,1344, • Ñòèëü âîæäåíèÿ 0,0348, • Ðåéòèíã 0,0678



Ïðèìåíåíèå ìåòîäîâ ìíîãîêðèòåðèàëüíîé îöåíêè óñëóã... 201

Çàêëþ÷åíèå

Â ðàçäåëå áûëî îïèñàíî ïðèìåíåíèå ìåòîäà àíàëèçà èåðàðõèè ïðèìåíèòåëü-
íî ê ðåøåíèþ çàäà÷è îöåíêè óñëóã â òðàíñïîðòíîé êîìïàíèè. Âûäåëåíû îñ-
íîâíûå ýòàïû ðàñïðåäåëåíèÿ çàêàçîâ. Îïðåäåëåíû êðèòåðèè, èñïîëüçóåìûå
ïðè ðàíæèðîâàíèè èñïîëíèòåëåé: Ñòàòóñ, Íàëè÷èå òàëîíà è óâåäîìëåíèÿ,
Íàëè÷èå íîâîãî àâòîìîáèëÿ, Ðåéòèíã, Ñòèëü âîæäåíèÿ. Ïðåäëîæåí àëãî-
ðèòì íàõîæäåíèÿ çíà÷åíèÿ êðèòåðèÿ ¾Ñòèëü âîæäåíèÿ¿. Ñ ïðèâåäåíèåì
ñîîòâåòñòâóþùèõ ôîðìóë îïèñàíû ýòàïû íàõîæäåíèÿ íàèëó÷øåãî èñïîë-
íèòåëÿ ìåòîäîì àíàëèçà èåðàðõèé: ýòàï 1 � ñòðóêòóðèçàöèÿ èåðàðõèè, ýòàï
2 � ïîïàðíûå ñðàâíåíèÿ, ýòàï 3 � íàõîæäåíèå âåñîâ è êîýôôèöèåíòîâ âàæ-
íîñòè, ýòàï 4 � îïðåäåëåíèå ïðèîðèòåòîâ àëüòåðíàòèâ.
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Àííîòàöèÿ Â ðàáîòå îáîáùåíû èññëåäîâàíèÿ íîâîãî ñïîñîáà ðàç-
ðàáîòêè ðóäíûõ çàëåæåé ñ îáðóøåíèåì â óñëîâèÿõ áîëüøèõ ãëóáèí.
Èçëîæåíû ñðàâíèòåëüíûå ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ íà-
ïðÿæåííîãî ñîñòîÿíèÿ ìàññèâà ãîðíûõ ïîðîä ïðè îòðàáîòêå Øåðåãå-
øåâñêîãî ìåñòîðîæäåíèÿ ñèñòåìàìè ïîäýòàæíîãî îáðóøåíèÿ ñ òîð-
öîâûì è ïëîùàäíî-òîðöîâûì âûïóñêîì ðóäû. Óñòàíîâëåíà áåçîïàñ-
íàÿ ãëóáèíà îñâîåíèÿ ãåîòåõíîëîãèé.

Ââåäåíèå

Ïîñòîÿííîå ïîíèæåíèå ãîðíûõ ðàáîò íà âñå áîëåå ãëóáîêèå ãîðèçîíòû ñî-
ïðîâîæäàåòñÿ óõóäøåíèåì ãîðíîòåõíè÷åñêèõ è ãåîìåõàíè÷åñêèõ óñëîâèé
ðàçðàáîòêè, âîçíèêàþò ïðîáëåìû â âûáîðå ðàöèîíàëüíûõ ïàðàìåòðîâ äî-
áû÷è è îáåñïå÷åíèè ñîõðàííîñòè âûðàáîòîê ãîðèçîíòîâ âûïóñêà [1-2]. Â ïî-
äîáíûõ óñëîâèÿõ ìàññèâ ðóä è ïîðîä íåðåäêî ïåðåõîäèò â ïðåäåëüíîå ñîñòî-
ÿíèå è ðàçðóøàåòñÿ â ñòàòè÷åñêîé è äèíàìè÷åñêîé ôîðìàõ. Âñå ýòè ÿâëåíèÿ
âëåêóò çà ñîáîé òðóäíîñòè â îáåñïå÷åíèè áåçîïàñíîé âûåìêè ìåñòîðîæäå-
íèé è òðåáóþò ïðîãíîçèðîâàíèÿ íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ
(ÍÄÑ) ðàçðàáàòûâàåìîãî ìàññèâà ïîðîä.

Ïðè îòðàáîòêå æåëåçîðóäíûõ ìåñòîðîæäåíèé, à òàêæå çàëåæåé, ñëîæåí-
íûõ ðóäàìè ñðåäíåé öåííîñòè è êà÷åñòâà, íàèáîëüøåå ðàñïðîñòðàíåíèå ïî-
ëó÷èëè ñèñòåìû ïîäýòàæíîãî îáðóøåíèÿ. Â çàðóáåæíîé ïðàêòèêå, íà ðóä-
íèêàõ Øâåöèè, Êàíàäû, ÑØÀ, ×èëè, Çàìáèè è äð., èìåþòñÿ óñïåøíûå ïðè-
ìåðû îñâîåíèÿ ýòèõ ãåîòåõíîëîãèé íà áîëüøèõ ãëóáèíàõ [2]. Îäíàêî îáëàñòü
èõ ýôôåêòèâíîãî ïðèìåíåíèÿ âñå åùå äî êîíöà íå èçó÷åíà.

Ïðåèìóùåñòâà ñèñòåì ðàçðàáîòêè ñ çàêëàäêîé è ñïëîøíîé âûåìêîé íà
áîëüøèõ ãëóáèíàõ, êàê àëüòåðíàòèâíûõ ñïîñîáîâ, î÷åâèäíû ïî ñðàâíåíèþ ñ
òåõíîëîãèÿìè ïîäýòàæíîãî îáðóøåíèÿ. Ðåàëèçàöèÿ ïðèíöèïà ñïëîøíîé âû-
åìêè ñ çàêëàäêîé òâåðäåþùèìè ñìåñÿìè ïîçâîëÿåò óïðàâëÿòü ñäâèæåíèåì
ïîäðàáîòàííîãî ìàññèâà è ãîðíûì äàâëåíèåì, äîñòèãàòü âûñîêèõ ïîêàçàòå-
ëåé èçâëå÷åíèÿ çàïàñîâ èç íåäð, óòèëèçèðîâàòü çíà÷èòåëüíóþ ÷àñòü îòõî-
äîâ ïðîèçâîäñòâà. Îäíàêî èç-çà âûñîêîé ñòîèìîñòè âÿæóùèõ ìàòåðèàëîâ,
ýëåêòðîýíåðãèè ïðîöåññ çàêëàäêè âûðàáîòàííîãî ïðîñòðàíñòâà äîñòàòî÷íî
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äîðîã è äàæå ïðè ñðåäíåé âàëîâîé öåííîñòè ïîëåçíîãî èñêîïàåìîãî ýêîíîìè-
÷åñêè íå âñåãäà îïðàâäûâàåòñÿ. Íà ðóäíèêàõ Íîðèëüñêîãî ðåãèîíà â îáùåé
ñåáåñòîèìîñòè äîáû÷è ðóäû äîëÿ çàêëàäêè äîñòèãàåò 30%, íà Íèêîëàåâñêîì
ðóäíèêå � äî 40%. Ïîýòîìó ïîäçåìíûå ðóäíèêè, ðàçðàáàòûâàþùèå ìåñòî-
ðîæäåíèÿ ðóä ñðåäíåé è ìàëîé öåííîñòè, âûíóæäåíû îòêàçûâàòüñÿ îò ýòèõ
ïðîãðåññèâíûõ òåõíîëîãèé è âåñòè ïîèñê áîëåå äåøåâûõ ñïîñîáîâ äîáû÷è.

Ãîðíûå òåõíîëîãèè ñ îáðóøåíèåì ðóäû è âìåùàþùèõ ïîðîä èìåÿ âû-
ñîêèå ïîêàçàòåëè ïðîèçâîäèòåëüíîñòè è èíòåíñèâíîñòè âûåìêè, è îáëàäàÿ
õîðîøèìè âîçìîæíîñòÿìè ê àâòîìàòèçàöèè ïðîèçâîäñòâåííûõ ïðîöåññîâ,
âìåñòå ñ òåì, õàðàêòåðèçóþòñÿ íèçêèì óðîâíåì êà÷åñòâà è ïîëíîòû èçâëå-
÷åíèÿ çàïàñîâ èç íåäð.

Â Èíñòèòóòå ãîðíîãî äåëà ÑÎ ÐÀÍ ïðîâåäåíû èññëåäîâàíèÿ ïî òåõíî-
ëîãè÷åñêîìó è ãåîìåõàíè÷åñêîìó îáîñíîâàíèþ ðÿäà íîâûõ ñïîñîáîâ äîáû-
÷è [1]. Ïðèìåíèòåëüíî ê óñëîâèÿì âûåìêè ìîùíûõ êðóòîïàäàþùèõ ðóä-
íûõ çàëåæåé, ê êîòîðûì îòíîñèòñÿ Øåðåãåøåâñêîå ìåñòîðîæäåíèå, ðàçðà-
áîòàí ïðèíöèïèàëüíî íîâûé âàðèàíò ïîäýòàæíîãî îáðóøåíèÿ ñ ïëîùàäíî-
òîðöîâûì âûïóñêîì ðóäû ïîä îáðóøåííûìè ïîðîäàìè [1, 3, 4].

Â îñíîâó ðàçðàáîòêè ýòîé èííîâàöèîííîé òåõíîëîãèè áûëè ïîëîæåíû
ñëåäóþùèå ïðèíöèïû: àäàïòàöèÿ ãåîòåõíîëîãèè ê ìàññèâàì, ñêëîííûì ê
ãîðíûì óäàðàì; ïîâûøåíèå êà÷åñòâà è ïîëíîòû èçâëå÷åíèÿ çàïàñîâ; ïðîñòî-
òà êîíñòðóêöèè, âîçìîæíîñòü ñîâìåùåíèÿ î÷èñòíûõ è ïðîõîä÷åñêèõ ðàáîò,
ñïîñîáíîñòü ê àâòîìàòèçàöèè; ðîñò ïðîèçâîäèòåëüíîñòè òðóäà è îáîðóäîâà-
íèÿ, ãèáêîñòü è òðàíñôîðìàöèÿ îò îäíîãî âàðèàíòà ê äðóãîìó.

Ñîñòîÿíèå è ïåðñïåêòèâû ðàçâèòèÿ ãîðíûõ ðàáîò íà
Øåðåãåøñêîì ðóäíèêå

Îñíîâíîé ñèñòåìîé ðàçðàáîòêè, ïðèìåíÿåìîé íà Øåðåãåøñêîì ðóäíèêå, ÿâ-
ëÿëàñü òåõíîëîãèÿ ýòàæíîãî ïðèíóäèòåëüíîãî îáðóøåíèÿ ðóäû è âìåùàþ-
ùèõ ïîðîä [5], êîòîðàÿ â íàñòîÿùåå âðåìÿ âûòåñíÿåòñÿ ïîäýòàæíîé òåõíî-
ëîãèåé. Äëèíà áëîêà îïðåäåëÿåòñÿ ìîùíîñòüþ ðóäíîãî òåëà, øèðèíà ïà-
íåëè 27 ÷ 54 ì, âûñîòà ýòàæà � 70 ÷ 80 ì. Îáðóøåíèå ðóäû íà çàæàòóþ
ñðåäó èëè êîìïåíñàöèîííûå êàìåðû îñóùåñòâëÿåòñÿ ïó÷êàìè ïàðàëëåëüíî-
ñáëèæåííûõ ãëóáîêèõ ñêâàæèí. Äîííûé âûïóñê ðóäû ïðîèçâîäèòñÿ ñ ïîìî-
ùüþ âèáðîóñòàíîâîê òèïà ÂÄÏÓ-4ÒÌ.

Îñîáåííîñòüþ ìåñòîðîæäåíèÿ ÿâëÿåòñÿ ðàñïîëîæåíèå åãî â ñåéñìîàê-
òèâíîì Àëòàå-Ñàÿíñêîì ãîðíîì ðåãèîíå ñ ïðåîáëàäàíèåì âûñîêèõ òåêòîíè-
÷åñêèõ ïîëåé íàïðÿæåíèé. Ãîðèçîíòàëüíûå íàïðÿæåíèÿ ïðåâûøàþò âåðòè-
êàëüíûå â 1,5÷3,0 ðàçà è áîëåå [5].

Àíàëèç äåÿòåëüíîñòè ïðåäïðèÿòèÿ çà ïîñëåäíèå äâàäöàòü ëåò è îáîáùå-
íèå ãîðíîòåõíè÷åñêèõ óñëîâèé ðàçðàáîòêè, ïîçâîëÿþò îòìåòèòü ñëåäóþùåå.

1. Äëÿ òåõíîëîãèè ýòàæíîãî îáðóøåíèÿ õàðàêòåðíî èñïîëüçîâàíèå ìî-
ðàëüíî óñòàðåâøåãî ïåðåíîñíîãî ãîðíîãî îáîðóäîâàíèÿ, êîòîðîå ÿâëÿåòñÿ
ïðè÷èíîé äîñòàòî÷íî ñëîæíîãî êîíñòðóêòèâíîãî îôîðìëåíèÿ äíèù áëîêîâ
è áóðîâûõ ãîðèçîíòîâ (ðèñ. 1).
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2. Íèçêèå òåìïû ïîäãîòîâêè áëîêîâ è âîñïðîèçâîäñòâà ïîãàøåííûõ çàïà-
ñîâ â 3,0 � 4,0 ðàçà îòñòàþò îò âîçìîæíîé èíòåíñèâíîñòè î÷èñòíîé âûåìêè,
ïî ñðàâíåíèþ ñ ïîäýòàæíûì îáðóøåíèåì, îãðàíè÷èâàþò å¼ è, â êîíå÷íîì
ñ÷¼òå, îêàçûâàþò ðåøàþùåå âëèÿíèå íà ïðîèçâîäñòâåííóþ ìîùíîñòü ðóä-
íèêà.

3. Áîëüøèå ìàñøòàáû âçðûâîâ ïðè îáðóøåíèè çàïàñîâ ïàíåëåé îáóñëîâ-
ëèâàþò âûñîêóþ êîíöåíòðàöèþ îïîðíîãî äàâëåíèÿ â ïðèçàáîéíîé çîíå, ïðî-
âîöèðóþò äèíàìè÷åñêèå ÿâëåíèÿ áîëüøîé ýíåðãåòè÷åñêîé ìîùíîñòè (äî 109

Äæ).

Ðèñóíîê 1. Êîíñòðóêöèÿ äíèùà áëîêà ñèñòåìû ðàçðàáîòêè ýòàæíîãî ïðèíóäè-
òåëüíîãî îáðóøåíèÿ ïðè äîííîì âûïóñêå ðóäû

Îòìå÷åííîå âûøå ñîñòîÿíèå ãîðíûõ ðàáîò ïðåäîïðåäåëèëî íåîáõîäè-
ìîñòü èçó÷åíèÿ ïåðñïåêòèâû îñâîåíèÿ âûñîêîèíòåíñèâíûõ òåõíîëîãèé ïîä-
ýòàæíîãî îáðóøåíèÿ, îñíîâàííûõ íà ïðèìåíåíèè êîìïëåêñîâ ñàìîõîäíî-
ãî îáîðóäîâàíèÿ. Îñíîâíûå ïðåèìóùåñòâà ýòèõ ãåîòåõíîëîãèé è òåõíèêî-
ýêîíîìè÷åñêèå ïîêàçàòåëè â ñðàâíåíèè ñ ïðèìåíÿåìîé ñèñòåìîé ýòàæíîãî
îáðóøåíèÿ ðàñêðûòû â ðàáîòå [6].

Ñèñòåìà ðàçðàáîòêè ïîäýòàæíîãî îáðóøåíèÿ ñ
ïëîùàäíî-òîðöîâûì âûïóñêîì ðóäû

Çà îñíîâó ñîçäàíèÿ íîâîé ñèñòåìû ðàçðàáîòêè ïðèíÿò ýòàëîí øâåäñêîé òåõ-
íîëîãèè ñ òîðöîâûì âûïóñêîì ðóäû (ðèñ. 2). Ñóùíîñòü ïîäýòàæíîãî îáðó-
øåíèÿ ñ ïîäãîòîâêîé ãîðèçîíòà âûïóñêà ïî ïëîùàäíî-òîðöîâîé ñõåìå (ðèñ.
3) çàêëþ÷àåòñÿ â îäíîâðåìåííîì âûïóñêå îòáèòîé ðóäû ïî ïëîùàäè ñëîÿ è
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èç åãî òîðöà. Ýòèì èñêëþ÷àþòñÿ íåäîñòàòêè òîðöîâîãî âûïóñêà � íàáëþäà-
åòñÿ ðîñò ïîêàçàòåëåé èçâëå÷åíèÿ è îáåñïå÷èâàåòñÿ âåíòèëÿöèÿ î÷èñòíûõ
çàáîåâ çà ñ÷åò îáùåøàõòíîé äåïðåññèè.

Èç îñíîâíûõ îñîáåííîñòåé íàïîìíèì, ÷òî êîëè÷åñòâî ïîãðóçî÷íûõ çàåç-
äîâ, íàõîäÿùèõñÿ îäíîâðåìåííî â î÷èñòíîé âûåìêå, ðåãëàìåíòèðîâàíî è íå
ïðåâûøàåò áîëåå äâóõ âûðàáîòîê (îäíà ïðåäíàçíà÷åíà äëÿ âåíòèëÿöèè, äðó-
ãàÿ íàõîäèòñÿ â ïðîöåññå ïðîõîäêè) äëÿ èñêëþ÷åíèÿ âûñîêîé èçðåçàííîñòè
ãîðèçîíòà äîñòàâêè. Òåõíîëîãè÷åñêèå ïðîöåññû âêëþ÷àþò â ñåáÿ ïîñëîéíóþ
îòáîéêó è âûïóñê ðóäû èç òîðöîâ áóðî-äîñòàâî÷íîãî îðòà è ïîãðóçî÷íîãî
çàåçäà.

Ðèñóíîê 2. Òåõíîëîãèÿ ïîäýòàæíîãî îáðóøåíèÿ ñ òîðöîâûì âûïóñêîì ðóäû: 1 �
ïîäýòàæíûå øòðåêè; 2 � ïîäýòàæíûå áóðî-äîñòàâî÷íûå îðòû; 3 � ïîãðóçî÷íûå çà-
åçäû; 4 � î÷èñòíîé çàáîé; 5 � ðóäíûé ìàññèâ; 6 � ïîðîäíûé ìàññèâ; 7 � îáðóøåííûå
âìåùàþùèå ïîðîäû; 8 � îáëàñòü èññëåäîâàíèÿ; × � ïîãàøåííûå âûðàáîòêè

Áåçîïàñíîå îñâîåíèå ãåîòåõíîëîãèè îïðåäåëÿåòñÿ ñîõðàííîñòüþ ãîð-
íûõ âûðàáîòîê íà âåñü ñðîê èõ ñëóæáû. Ñíèæåíèå óñòîé÷èâîñòè áóðî-
äîñòàâî÷íûõ îðòîâ, ïîãðóçî÷íûõ çàåçäîâ è øòðåêîâ îãðàíè÷èâàåò îáëàñòü
è ãëóáèíó ïðèìåíåíèÿ. Â ñâÿçè ñ ýòèì, ðàññìàòðèâàåòñÿ çàäà÷à ïî îïðåäå-
ëåíèþ ïðåäåëüíîé ãëóáèíû îñâîåíèÿ ïåðñïåêòèâíûõ è íàèáîëåå ïðåäïî÷òè-
òåëüíûõ âàðèàíòîâ ñèñòåìû ðàçðàáîòêè ïîäýòàæíîãî îáðóøåíèÿ ñ òîðöî-
âûì è ïëîùàäíî-òîðöîâûì âûïóñêîì ðóäû äëÿ óñëîâèé îòðàáîòêè ãëóáîêèõ
ãîðèçîíòîâ Øåðåãåøåâñêîãî ìåñòîðîæäåíèÿ, ïóòåì óñòàíîâëåíèÿ íàèáîëåå
ñëàáûõ ýëåìåíòîâ ãîðíûõ êîíñòðóêöèé.

Ïîñòàíîâêà çàäà÷è

Îäíèì èç ìåòîäîâ ýôôåêòèâíîãî ðåøåíèÿ ïîäîáíîãî òèïà çàäà÷ ÿâëÿåòñÿ
ìåòîä êîíå÷íûõ ýëåìåíòîâ (ÌÊÝ), êîòîðûé ïîçâîëÿåò îïðåäåëèòü íàïðÿ-
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Ðèñóíîê 3. Òåõíîëîãèÿ ïîäýòàæíîãî îáðóøåíèÿ ñ ïëîùàäíî-òîðöîâûì âûïóñêîì
ðóäû: 1 � ïîäýòàæíûå øòðåêè; 2 � ïîäýòàæíûå áóðî-äîñòàâî÷íûå îðòû; 3 � ïîãðó-
çî÷íûå çàåçäû; 4 � î÷èñòíîé çàáîé; 5 � ðóäíûé ìàññèâ; 6 � ïîðîäíûé ìàññèâ; 7 �
îáðóøåííûå âìåùàþùèå ïîðîäû; × � ïîãàøåííûå âûðàáîòêè

æåííîå ñîñòîÿíèå ìàññèâà ïîðîä â ëþáîé åãî òî÷êå ñ ó÷åòîì íåîäíîðîäíîñòè
è êîíñòðóêòèâíîé (ãåîìåòðè÷åñêîé) ñëîæíîñòè ñèñòåìû ðàçðàáîòêè [7].

Ìîäåëèðîâàíèå ìåõàíè÷åñêîãî ïîâåäåíèÿ ìàññèâà ãîðíûõ ïîðîä ïðîâî-
äèëîñü â ïðåäïîëîæåíèè îáúåìíîãî íàïðÿæåííîãî ñîñòîÿíèÿ. Ðóäíàÿ çà-
ëåæü è âìåùàþùèå ïîðîäû èìèòèðóþòñÿ óïðóãèìè, èçîòðîïíûìè, ëèíåéíî-
äåôîðìèðóåìûìè, îäíîðîäíûìè ìàòåðèàëàìè (òàáë. 1), íà ãðàíèöå êîíòàê-
òîâ êîòîðûõ ïðèíÿòû óñëîâèÿ æåñòêîãî ñöåïëåíèÿ.

Òàáëèöà 1. Ìåõàíè÷åñêèå ñâîéñòâà ìîäåëèðóåìûõ ïîðîä

Ïîêàçàòåëü Ðóäíûé ìàñ-
ñèâ

Ïîðîäíûé
ìàññèâ

Îáðóøåííûé
ìàññèâ

Îáúåìíûé âåñ (γ), ò/ì3 3,7 2,8 2,0
Ìîäóëü Þíãà (Å ), ÌÏà 6,0 × 104 5,0 × 104 5,0 × 103

Êîýôôèöèåíò Ïóàññîíà
(µ)

0,25 0,26 0,42

Îñíîâíûå çíà÷åíèÿ òåíçîðà íàïðÿæåíèé ñîîòâåòñòâóþò íàòóðíûì çàìå-
ðàì, âûïîëíåííûì íà Øåðåãåøñêîì ðóäíèêå [5], íà áîëåå ãëóáîêèõ ãîðèçîí-
òàõ � ïðîãíîçíûì äàííûì ïî àíàëîãèè ñ äðóãèìè ìåñòîðîæäåíèÿìè, ñõî-
æèìè ïî òåêòîíîòèïó [8]. Âåëè÷èíû èñõîäíîãî ïîëÿ íàïðÿæåíèé â ìàññèâå
ïîðîä, ïðèíÿòûå â ðàñ÷åòàõ ïðèâåäåíû â òàáë. 2.

Âåëè÷èíà êîíöåíòðàöèè ãîðèçîíòàëüíûõ íàïðÿæåíèé (êîýôôèöèåíò áî-
êîâîãî äàâëåíèÿ) ñ ðîñòîì ãëóáèíû ñíèæàåòñÿ, ÷òî îòìå÷àåòñÿ áîëüøèí-
ñòâîì ñïåöèàëèñòîâ [9]. Àíàëèç è îáîáùåíèå îïûòà îòðàáîòêè ìåñòîðîæäå-
íèé ïîêàçàë, ÷òî ïîëå äåéñòâóþùèõ íàïðÿæåíèé â óñëîâèÿõ áîëüøèõ ãëóáèí
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Òàáëèöà 2. Íà÷àëüíîå íàïðÿæåííîå ñîñòîÿíèå ìàññèâà ïîðîä

Íàïðÿæåíèÿ,
ÌÏà

Ãëóáèíà ãîðíûõ ðàáîò (Í ), ì

600 1000 1500
σó < σx ≤ σz σó < σx ≤

σz

σó ≈ σx ≈
σz

Âåðòèêàëüíûå (σó = γH ) γH γH γH
Ãîðèçîíòàëüíûå âêðåñò ïðîñòèðà-
íèÿ (σx = qx × γH )

1,8γH 1,6γH 1,1γH

Ãîðèçîíòàëüíûå ïî ïðîñòèðàíèþ
(σz = qx × γH )

2,5γH 2,0γH 1,3γH

(Í ≥ 1500 ÷ 2000 ì) ñòðåìèòñÿ ê ðàâíîêîìïîíåíòíîìó ðàñïðåäåëåíèþ σó
≈ σx ≈ σz [9].

Ãðàíèöû ãåîìåõàíè÷åñêîé ìîäåëè îïðåäåëåíû â ñîîòâåòñòâèè ñ ïðèíöè-
ïîì Ñåí-Âåíàíà, ñîãëàñíî êîòîðîãî çîíà âëèÿíèÿ ãîðíûõ ðàçðàáîòîê ðàñ-
ïðîñòðàíÿåòñÿ íà ðàññòîÿíèå íå áîëåå òðåõ ìàêñèìàëüíûõ ðàçìåðîâ îáëàñòè
âåäåíèÿ ãîðíûõ ðàáîò âãëóáü ìàññèâà è íå îêàçûâàåò âëèÿíèå íà èñõîäíûå
êðàåâûå óñëîâèÿ.

Óïðóãàÿ ïîñòàíîâêà çàäà÷è îáúÿñíÿåòñÿ òåì, ÷òî õðóïêèå âûñîêîìîäóëü-
íûå ïîðîäû íå îáëàäàþò â çíà÷èòåëüíîé ñòåïåíè ðåîëîãè÷åñêèìè ñâîéñòâà-
ìè, à ìåíåå êðåïêèå � ðàçðóøàþòñÿ â òå÷åíèå êîðîòêîãî ïðîìåæóòêà âðå-
ìåíè.

Ðàñ÷åòíàÿ îáëàñòü R (ñì. ðèñ. 4) ïðåäñòàâëÿåò ñîáîé êóá ðàçìåðîì
1500 × 2000 × 2000 ì ñ ïàðàìåòðàìè (0 ≤ õ ≤ Lõ, 0 ≤ y ≤ Ly, 0 ≤ z ≤ Lz),
â êîòîðîé âûïîëíÿþòñÿ ñëåäóþùèå óðàâíåíèÿ:

ðàâíîâåñèÿ:
σij,j + pFi = 0, (1)

Êîøè:
εij = 0, 5(ui,j + uj,i) (2)

îáîáùåííûé çàêîí Ãóêà:

σij = 2Gεij + λθδij (3)

è ãðàíè÷íûå óñëîâèÿ:
íà ïëîñêîñòè ABCD �

σy (0, x, z) = γg(H − h), τxy (0, x, z) = τzy (0, x, z) = 0; (4)

EFGH �

uy (Ly, x, z) = 0, τxy (Ly, x, z) = τzy (Ly, x, z) = 0; (5)

BCGF �

σz (Lz, y, x) = qzσy, τxz (Lz, y, x) = τyz (Lz, y, x) = 0; (6)



208 CITech-2018, Óñòü-Êàìåíîãîðñê, Êàçàõñòàí, 25-28 ñåíòÿáðÿ 2018

ADHE �
uz (0, y, x) = 0, τxz (0, y, x) = τyz (0, y, x) = 0, (7)

ABFE �

σx (0, y, z) = qxσy, τyx (0, y, z) = τzx (0, y, z) = 0; (8)

DCGH �

ux (Lx, y, z) = 0, τyx (Lx, y, z) = τzx (Lx, y, z) = 0; (9)

ãäå σij� êîìïîíåíòû òåíçîðà íàïðÿæåíèé (σy, σx, σz, è τxy, τxz, τyz�
ñîîòâåòñòâåííî âåðòèêàëüíàÿ, ãîðèçîíòàëüíûå íîðìàëüíûå è êàñàòåëüíûå
êîìïîíåíòû òåíçîðà íàïðÿæåíèé);pFi = γgδij � îáúåìíûå ñèëû; γ � ïëîò-
íîñòü ïîðîä; g � óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ; εij� êîìïîíåíòû òåíçîðà
äåôîðìàöèé (εy, εx, εz è εxy, εyz, εzx� ñîîòâåòñòâåííî âåðòèêàëüíàÿ, ãîðè-
çîíòàëüíûå ãëàâíûå ëèíåéíûå è óãëîâûå êîìïîíåíòû òåíçîðà äåôîðìàöèé);
ui,j� êîìïîíåíòû âåêòîðà ïåðåìåùåíèé (uy, ux, uz � âåðòèêàëüíàÿ è ãîðèçîí-
òàëüíûå êîìïîíåíòû âåêòîðà ïåðåìåùåíèé); θ = εx+εy+εz� îòíîñèòåëüíàÿ
îáúåìíàÿ äåôîðìàöèÿ; G è λ � ïàðàìåòðû Ëàìå G = E

2(1+µ) , λ = Eµ
(1−2µ)(1+µ) ;

δij� ñèìâîë Êðîíåêåðà; q � êîýôôèöèåíò áîêîâîãî äàâëåíèÿ; µ � êîýôôèöè-
åíò Ïóàññîíà; Í � ãëóáèíà ðàçðàáîòêè; h � ðàññòîÿíèå îò âåðõíåé ãðàíèöû
ìîäåëè äî ãîðèçîíòà î÷èñòíûõ ðàáîò.

Ðèñóíîê 4. Ðàñ÷åòíàÿ ñõåìà ê îïðåäåëåíèþ ÍÄÑ ìàññèâà: 1 � îáëàñòü ðàçðåçà ïî
öåíòðàëüíîé ÷àñòè îòðàáàòûâàåìîé ïàíåëè âêðåñò ïðîñòèðàíèÿ çàëåæè; 2 � òîæå
âäîëü ïðîñòèðàíèÿ çàëåæè; 3 � òîæå ïî ãîðèçîíòó âûïóñêà è äîñòàâêè ðóäû; 4 �
ðàñ÷åòíàÿ îáëàñòü R

Ðåçóëüòàòû ðàñ÷åòîâ ïðèâîäÿòñÿ â âèäå êàðòèí-èçîëèíèé ãëàâíûõ íàïðÿ-
æåíèé (ÌÏà): çà ìàêñèìàëüíîå íàïðÿæåíèå ïðèíÿòî σ1, çà ìèíèìàëüíîå �
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σ3, ðàñòÿæåíèå � ñî çíàêîì ¾ìèíóñ¿. Íàïðÿæåííîå ñîñòîÿíèå ìàññèâà ïîðîä
îöåíèâàëîñü â îáëàñòè âëèÿíèÿ î÷èñòíîãî çàáîÿ ðàáî÷åé ïàíåëè ïî ãîðèçîí-
òó âûïóñêà è äîñòàâêè ðóäû.

Äëÿ ðàññìàòðèâàåìûõ ãåîòåõíîëîãèé ïðèíÿòû ñëåäóþùèå çíà÷åíèÿ îñ-
íîâíûõ ïàðàìåòðîâ ìîäåëèðóåìîé ãîðíîòåõíè÷åñêîé ñèòóàöèè: ìîùíîñòü
çàëåæè � 50 ì; êîëè÷åñòâî ïîäýòàæåé â îäíîâðåìåííîé ðàáîòå � 2; óãîë ïà-
äåíèÿ � 700; âûñîòà ïîäýòàæà � 20 ì; ðàññòîÿíèå ìåæäó áóðî-äîñòàâî÷íûìè
îðòàìè � 14 ì; ðàññòîÿíèå ìåæäó ïîãðóçî÷íûìè çàåçäàìè � 14 ì. Êîíñòðóê-
òèâíîå èñïîëíåíèå âàðèàíòîâ ñèñòåìû ðàçðàáîòêè ñ ïîäîáíûìè ïàðàìåòðà-
ìè ïðèíÿòî ïî óñëîâèþ îáåñïå÷åíèÿ ìàêñèìàëüíûõ ïîêàçàòåëåé ïîëíîòû è
êà÷åñòâà èçâëå÷åíèÿ çàïàñîâ èç íåäð, áîëåå äåòàëüíûå èññëåäîâàíèÿ êîòî-
ðûõ ïðèâåäåíû â ðàáîòàõ [1, 3, 6].

×àñòü îòáèâàåìîé ïàíåëè, ïîïàäàþùåé â ðàçðåç ïî ïðîñòèðàíèþ çàëå-
æè äî âûðàáîòàííîãî ïðîñòðàíñòâà, ñîñòàâëÿåò 5÷12 ì. Âûðàáîòêè è îá-
íàæåíèÿ, ïîìå÷åííûå íà ðèñ. 2-3 çíàêîì ¾×¿ ïîãàøåíû, ïðè àíàëèçå ÍÄÑ
ìàññèâà ïîðîä íàïðÿæåíèÿ, âîçíèêàþùèå âîêðóã íèõ, âî âíèìàíèå íå ïðè-
íèìàëèñü.

Îáñóæäåíèå ðåçóëüòàòîâ èññëåäîâàíèé

Î÷èñòíûå ïàíåëè, â ïðåäñòàâëåííûõ âàðèàíòàõ, íàõîäèòñÿ â âåñüìà íåîäíî-
ðîäíîé ïî íàïðÿæåííîìó ñîñòîÿíèþ îáëàñòè ñ çîíàìè ñæàòèÿ è ðàñòÿæåíèÿ
(ðèñ. 5, 6).

Äëÿ ñèòóàöèè ñ ïîäãîòîâêîé ãîðèçîíòà âûïóñêà ïî ïëîùàäíî-òîðöîâîé
ñõåìå îòìå÷àåòñÿ, ÷òî â íàèáîëåå íåáëàãîïðèÿòíûõ óñëîâèÿõ íàõîäÿòñÿ áîð-
òà è êðîâëÿ ïîãðóçî÷íûõ çàåçäîâ, íåïîñðåäñòâåííî ïðèëåãàþùèõ ê î÷èñò-
íîìó çàáîþ, â êîòîðûõ ôîðìèðóþòñÿ ðàñòÿãèâàþùèå íàïðÿæåíèÿ (êðóãîì
íà ðèñ. 5-7 îáîçíà÷åíû î÷èñòíûå çàáîè). Âåëè÷èíà èõ èçìåíÿåòñÿ, â çàâèñè-
ìîñòè îò ãëóáèíû ðàçðàáîòîê, îò 0 äî -10 ÌÏà (ðèñ. 4).

Îöåíèâàÿ ÍÄÑ ìàññèâà â ðàéîíå îòðàáàòûâàåìîãî ïîäýòàæà â óñëîâèÿõ
ïëîùàäíî-òîðöîâîãî âûïóñêà ìîæíî îòìåòèòü, ÷òî íàïðÿæåíèÿ â çîíå çàåç-
äîâ èçìåíÿþòñÿ îò ñæàòèÿ â êðîâëå ê ðàñòÿæåíèþ â áîðòàõ. Ìàêñèìàëüíàÿ
êîíöåíòðàöèÿ ñæèìàþùèõ íàïðÿæåíèé σ1 â íèõ ñîñòàâëÿåò ïðè H = 600,
1000 è 1500 ì ñîîòâåòñòâåííî 30-50, 60-80 è 65-90 ÌÏà. Â ñòåíêàõ ïîãðó-
çî÷íûõ çàåçäîâ ïî íàïðàâëåíèþ ê áóðî-äîñòàâî÷íîìó îðòó íàïðÿæåíèÿ σ3

êîëåáëþòñÿ îò 0 ÷ - 5 ÌÏà. Íà ãëóáèíå 1500 ì â êðîâëå çàåçäîâ âåëè÷èíà
íàïðÿæåíèé σ1 ïðåâûøàåò çíà÷åíèå 120 ÌÏà. Íåáëàãîïðèÿòíàÿ ñèòóàöèÿ
íàáëþäàåòñÿ â ìåñòàõ ñîïðÿæåíèÿ áóðî-äîñòàâî÷íûõ îðòîâ ñ ïîãðóçî÷íûìè
çàåçäàìè è â òîðöîâîé çîíå âûïóñêà ðóäû (σ3 = - 5 ÷ - 10 ÌÏà). Äàâëåíèå
íà êðîâëþ ïîäýòàæíîãî îðòà íåñêîëüêî íèæå, ÷åì â ïîãðóçî÷íîì çàåçäå, σ1

èçìåíÿþòñÿ îò 40 äî 90 ÌÏà.
Îáîáùàÿ ðåçóëüòàòû ðàñ÷åòîâ ÍÄÑ ìàññèâà íà óðîâíå îòðàáàòûâàåìîãî

ãîðèçîíòà ïðè òîðöîâîì âûïóñêå îòìåòèì ñëåäóþùåå. Â âûðàáîòêàõ ïðàê-
òè÷åñêè îòñóòñòâóþò çîíû ðàñòÿæåíèÿ. Âåëè÷èíà ìàêñèìàëüíîé íàãðóçêè
â êðîâëå íå ïðåâûøàåò 80 ÌÏà. Âûñîêàÿ êîíöåíòðàöèÿ íàïðÿæåíèé íàáëþ-
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a) á) â)

Ðèñóíîê 5. Õàðàêòåð ðàñïðåäåëåíèÿ ãëàâíûõ ìàêñèìàëüíûõ íàïðÿæåíèé σ1 â
ìàññèâå ïîðîä: à) ïðè ãëóáèíå ãîðíûõ ðàáîò H = 600 ì; á) H = 1000 ì; â) H =
1500 ì

a) á) â)

Ðèñóíîê 6. Õàðàêòåð ðàñïðåäåëåíèÿ ãëàâíûõ ìèíèìàëüíûõ íàïðÿæåíèé σ3 â
ìàññèâå ïîðîä: à) ïðè ãëóáèíå ãîðíûõ ðàáîò Í = 600 ì; á) Í = 1000 ì; â) Í

= 1500 ì
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äàåòñÿ â îáëàñòè âûïóñêà ðóäû. Íàïðÿæåíèÿ σ1 â áîðòàõ îðòîâ íàõîäÿòñÿ
íà óðîâíå 30-80 ÌÏà. Â öåëîì ïðè àíàëîãè÷íûõ óñëîâèÿõ, íàïðÿæåíèÿ â
óñëîâèÿõ òîðöîâîãî âûïóñêà ðóäû íèæå, ÷åì ïðè ïëîùàäíî-òîðöîâîé ñõåìå
íà 15 - 20 % (ñì. ðèñ. 5, 6).

Íà ðèñ. 7 ïðåäñòàâëåí õàðàêòåð ðàñïðåäåëåíèÿ ìàêñèìàëüíûõ ñæèìàþ-
ùèõ è ðàñòÿãèâàþùèõ íàïðÿæåíèé â ïëîñêîñòè âêðåñò ïðîñòèðàíèÿ çàëåæè.
Â öåíòðàëüíîé ÷àñòè îòáèâàåìîãî ñëîÿ äëÿ òîðöîâîãî âûïóñêà è â îáëàñòè
âëèÿíèÿ ïîãðóçî÷íûõ çàåçäîâ ïðè ïëîùàäíî-òîðöîâîé ïîäãîòîâêè çàëåæè
õàðàêòåðíî íàëè÷èå ðàñòÿãèâàþùèõ íàïðÿæåíèé ñîîòâåòñòâåííî äî -2 è -
10 ÌÏà. Âåëè÷èíà íàïðÿæåíèé σ1 â ðîìáîâèäíûõ ïàíåëÿõ, îòðåçàííûõ îò
ðóäíîãî ìàññèâà, èçìåíÿåòñÿ ïî âåðòèêàëè â âåðõíåé ÷àñòè îò 10 äî 65 ÌÏà
è â íèæíåé � äî 90 ÌÏà. Ìàêñèìàëüíûå çíà÷åíèÿ ðàñòÿãèâàþùèõ óñèëèé
íàáëþäàþòñÿ â öåíòðå ïàíåëåé, êîòîðûå ïîñòåïåííî ê åå ïåðèôåðèè ïåðåõî-
äÿò â ñæèìàþùèå. Äëÿ îáîèõ âàðèàíòîâ âíå çîíû âëèÿíèÿ î÷èñòíûõ ðàáîò
õàðàêòåð ðàñïðåäåëåíèÿ íàïðÿæåíèé ïðèáëèæàåòñÿ ê èñõîäíîìó ïîëþ, äåé-
ñòâóþùåìó â íåòðîíóòîì ìàññèâå.

a) á)

Ðèñóíîê 7. Ðèñ. 7. Õàðàêòåð ðàñïðåäåëåíèÿ ãëàâíûõ íàïðÿæåíèé â êðåñò ïðîñòè-
ðàíèÿ çàëåæè íà ãëóáèíå 1500 ì: à) σ1; á) σ3

Òàêèì îáðàçîì, âûïîëíåííàÿ ãåîìåõàíè÷åñêàÿ îöåíêà â ãðàíèöàõ èññëå-
äóåìîé îáëàñòè î÷èñòíûõ ðàáîò, ïîêàçàëà, ÷òî ñ óâåëè÷åíèåì ãëóáèíû ðàç-
ðàáîòêè ñîñòîÿíèå ãîðíûõ ïîðîä ïðèáëèæàåòñÿ ê ïðåäåëüíîìó, ïðè ýòîì
íàáëþäàþòñÿ îáøèðíûå çîíû ñ ðàñòÿãèâàþùèìè íàïðÿæåíèÿìè. Â íàèáî-
ëåå ñëîæíûõ óñëîâèÿõ íàõîäÿòñÿ çàåçäû ïðè ïëîùàäíî-òîðöîâîì âûïóñêå è
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ñîïðÿæåíèÿ áóðî-äîñòàâî÷íûõ îðòîâ, äëÿ îáîèõ âàðèàíòîâ, ñ äîñòàâî÷íûì
øòðåêîì. Â ýòèõ ìåñòàõ, âîçìîæíî, îæèäàòü ðàçâèòèÿ òðåùèí, çàêîëîîáðà-
çîâàíèÿ è ðàçðóøåíèÿ.

Â êà÷åñòâå êðèòåðèÿ îöåíêè ïðî÷íîñòè ãîðíûõ ïîðîä â ðàáîòå ïðèíÿ-
òû òåîðèÿ ìàêñèìàëüíûõ íîðìàëüíûõ ðàñòÿãèâàþùèõ íàïðÿæåíèé è ïî-
êàçàòåëü óñòîé÷èâîñòè (Êó), îïðåäåëÿåìûé ÷åðåç óðàâíåíèå ïðÿìîëèíåé-
íîé îãèáàþùåé ïðåäåëüíûõ êðóãîâ Ìîðà (êðèòåðèé Êóëîíà-Ìîðà) ñ ó÷åòîì
ñòðóêòóðíîãî îñëàáëåíèÿ (Êñ), õàðàêòåðíîãî äëÿ Øåðåãåøåâñêîãî ìåñòî-
ðîæäåíèÿ.

σ3 ≤ [σ?@54]A (10)

C =
sinϕ(σ1 + σ3 + 2× C × ctgϕ)

σ1 − σ3
> 1 (11)

ãäå σïðåä � ïðåäåë ïðî÷íîñòè ïîðîä íà ðàñòÿæåíèå, ÌÏà;
Ñ � ñöåïëåíèå, ÌÏà;
ϕ � óãîë âíóòðåííåãî òðåíèÿ ãîðíûõ ïîðîä, ãðàä.
Íà ðèñ. 8 ïðèâåäåíû ó÷àñòêè ìàññèâà ãîðíûõ ïîðîä, êîòîðûå íàèáîëåå

ïîäâåðæåíû ðàçðóøåíèþ â ñîîòâåòñòâèè ñ âûøåïðèâåäåííûìè êðèòåðèÿìè.

a) á) â)

Ðèñóíîê 8. Ó÷àñòêè îæèäàåìûõ ðàçðóøåíèé âûðàáîòîê âûïóñêà ñ ðîñòîì ãëóáè-
íû ãîðíûõ ðàáîò: à) Í = 600 ì; á) Í = 1000 ì; â) Í = 1500 ì

Äëÿ ïëîùàäíî-òîðöîâîãî âûïóñêà ðóäû íà ãëóáèíå 1500 ì õàðàêòåðíû
îáøèðíûå îáëàñòè ñ ðàñòÿãèâàþùèìè íàïðÿæåíèÿìè, êîòîðûå ðàñïðîñòðà-
íåíû ïðàêòè÷åñêè ïî âñåé äëèíå áóðî-äîñòàâî÷íûõ îðòîâ è ïîãðóçî÷íûõ
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çàåçäîâ. Â ñâÿçè ñ òåì, ÷òî ñðîê ñóùåñòâîâàíèÿ ïîãðóçî÷íûõ çàåçäîâ íå ïðå-
âûøàåò 10-15 ñìåí, âåñüìà âåðîÿòíî îæèäàòü èõ ñîõðàííîñòü íà ãëóáèíàõ
äî 1000-1250 ì. Ïðè íåîáõîäèìîñòè âûðàáîòêè ïîäëåæàò êðåïëåíèþ ïóòåì
àíêåðîâàíèÿ ãîðíûõ ïîðîä.

Ïðè òîðöîâîé òåõíîëîãèè âûåìêè ðóäû óñòîé÷èâîñòü âûðàáîòîê, ñ ó÷å-
òîì èõ êðåïëåíèÿ íà ãëóáèíàõ ñâûøå 1000 ì, íàõîäèòñÿ íà äîñòàòî÷íîì
óðîâíå è íå âûçûâàåò ñîìíåíèé. Ñîõðàííîñòü êðîâëè îðòîâ îöåíèâàåòñÿ,
êàê äîñòàòî÷íàÿ.

Çàêëþ÷åíèå

Îáëàñòè êîíöåíòðàöèè ìàêñèìàëüíûõ ñæèìàþùèõ íàïðÿæåíèé σ1 âî âñåõ
ñëó÷àÿõ ôîðìèðóþòñÿ â îêðåñòíîñòÿõ î÷èñòíûõ âûðàáîòîê. Ðàçâèòèå çíà-
÷èòåëüíûõ çîí ðàñòÿæåíèÿ â ìåñòàõ ñîïðÿæåíèÿ áóðî-äîñòàâî÷íûõ îðòîâ
ñ ïîãðóçî÷íûìè çàåçäàìè ïðè ïëîùàäíî-òîðöîâîé ñõåìå ïîäãîòîâêè ñâèäå-
òåëüñòâóåò î âîçìîæíîé ïîòåðå óñòîé÷èâîñòè ïîðîä.

Ïðè ãëóáèíå ãîðíûõ ðàáîò 600 ì â ïîäãîòîâèòåëüíî-íàðåçíûõ âûðàáîò-
êàõ ïðè òîðöîâîì è ïëîùàäíî-òîðöîâîì âûïóñêå ïðàêòè÷åñêè íå íàáëþäà-
åòñÿ ðàñòÿãèâàþùèõ óñèëèé, è ìàêñèìàëüíûå êàñàòåëüíûå íàïðÿæåíèÿ íå
ïðåâûøàþò ïðåäåëüíûõ çíà÷åíèé.

Ãëóáèíà 1000 ì õàðàêòåðèçóåòñÿ êàê ïðèåìëåìàÿ è ïðåäåëüíî âîçìîæ-
íàÿ, ñîîòâåòñòâåííî äëÿ òîðöîâîé è ïëîùàäíî-òîðöîâîé ñõåì ïîäãîòîâêè.
Íàãðóçêè, âîçíèêàåìûå â ýëåìåíòàõ ãîðíûõ êîíñòðóêöèé, ñîèçìåðèìû ñ
äëèòåëüíûì ïðåäåëîì ïðî÷íîñòè ãîðíûõ ïîðîä.

Ïîÿâëåíèå çîí ïîâûøåííîãî ñæàòèÿ è ðàñòÿæåíèÿ âîêðóã íàðåçíûõ âû-
ðàáîòîê è î÷èñòíîãî çàáîÿ íà ãëóáèíàõ 1500 ì ïðè ïëîùàäíî-òîðöîâîé òåõ-
íîëîãèè, ñâèäåòåëüñòâóåò î ðàçðóøåíèè ïîðîä. Òåõíîëîãè÷åñêîå èñïîëíåíèå
ñèñòåìû ïîäýòàæíîãî îáðóøåíèÿ ñ òîðöîâûì âûïóñêîì ðóäû â âûäåëåííûõ
óñëîâèÿõ áîëüøèõ ãëóáèí, ïîçâîëÿåò áåçîïàñíî èñïîëüçîâàòü åå áåç âèäèìûõ
èçìåíåíèé.

Â ðåçóëüòàòå âûïîëíåííûõ ðàñ÷åòîâ óñòàíîâëåíî, ÷òî âàðèàíòû ñèñòå-
ìû ðàçðàáîòêè ïîäýòàæíîãî îáðóøåíèÿ ñ òîðöîâûì è ïëîùàäíî-òîðöîâûì
âûïóñêîì ðóäû, â óñëîâèÿõ òåêòîíè÷åñêîãî ïîëÿ íàïðÿæåíèé Øåðåãåøåâ-
ñêîãî ìåñòîðîæäåíèÿ, ìîãóò áûòü óñïåøíî ðåàëèçîâàíû äî ãëóáèí 1250 è
1500 ì ñîîòâåòñòâåííî. Îáÿçàòåëüíûì óñëîâèåì ÿâëÿåòñÿ êðåïëåíèå íà ãî-
ðèçîíòàõ ñâûøå 1000 ì áóðî-äîñòàâî÷íûõ îðòîâ, èõ ñîïðÿæåíèé ñ äîñòà-
âî÷íûìè øòðåêàìè è ïîãðóçî÷íûõ çàåçäîâ. Îñâîåíèå ïîäýòàæíîãî îáðóøå-
íèÿ íà áîëüøèõ ãëóáèíàõ ïîòðåáóåò ïåðåñìîòðà îñíîâíûõ êîíñòðóêòèâíûõ
ïàðàìåòðîâ òåõíîëîãèè, â ÷àñòíîñòè, âûñîòû ïîäýòàæà, ðàññòîÿíèé ìåæäó
áóðî-äîñòàâî÷íûìè îðòàìè è ïîãðóçî÷íûìè çàåçäàìè, òîëùèíû îòáèâàåìî-
ãî ñëîÿ. Ïðè âûñîêîé íàðóøåííîñòè ãîðíûõ ïîðîä ïëîùàäíî-òîðöîâàÿ ñõå-
ìà ïîäãîòîâêè ñïîñîáíà ãèáêî òðàíñôîðìèðîâàòüñÿ â òîðöîâóþ òåõíîëîãèþ
âûïóñêà ðóäû ïðè íåêîòîðîì óõóäøåíèè ïîêàçàòåëåé ïîëíîòû è êà÷åñòâà
èçâëå÷åíèÿ ìèíåðàëüíîãî ñûðüÿ.
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Àííîòàöèÿ Ðàçðàáîòàíà âû÷èñëèòåëüíàÿ òåõíîëîãèÿ äëÿ ìîäåëè-
ðîâàíèÿ âîëíîâûõ ïîëåé, ãåíåðèðóåìûõ èìïóëüñíûì ýëåêòðîìàãíèò-
íûì èñòî÷íèêîì ñåéñìè÷åñêèõ êîëåáàíèé �Åíèñåé�, â áëî÷íî-ñëîèñ-
òûõ ãåîñðåäàõ ñ ðàçëè÷íûìè ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè ñëî-
åâ. Ê îïèñàíèþ âîëíîâûõ ïðîöåññîâ ïðèìåíÿþòñÿ ìàòåìàòè÷åñêèå
ìîäåëè äèíàìèêè óïðóãèõ è óïðóãîïëàñòè÷åñêèõ ñðåä, ïîðèñòûõ è
ñûïó÷èõ ìàòåðèàëîâ. Íà îñíîâå ìåòîäà äâóöèêëè÷åñêîãî ðàñùåïëå-
íèÿ ïî ïðîñòðàíñòâåííûì ïåðåìåííûì ïîñòðîåíû àëãîðèòìû ÷èñ-
ëåííîé ðåàëèçàöèè ìîäåëåé. Âû÷èñëèòåëüíûå ýêñïåðèìåíòû íà ìíî-
ãîïðîöåññîðíûõ ñèñòåìàõ êëàñòåðíîé àðõèòåêòóðû ïîêàçàëè, ÷òî
ïðåäëàãàåìàÿ òåõíîëîãèÿ ïîçâîëÿåò ñ âûñîêîé ñòåïåíüþ äåòàëèçà-
öèè âîñïðîèçâåñòè ñèñòåìó âîëí âáëèçè îáëàñòåé âîçáóæäåíèÿ ñåé-
ñìè÷åñêèõ êîëåáàíèé. Ðåçóëüòàòû ðàñ÷åòîâ ìîãóò áûòü èñïîëüçîâà-
íû ïðè îòðàáîòêå îïòèìàëüíûõ ðåæèìîâ ôóíêöèîíèðîâàíèÿ èñòî÷-
íèêà �Åíèñåé�, êîãäà ìåõàíè÷åñêèå õàðàêòåðèñòèêè ñëîåâ ìåíÿþòñÿ
â øèðîêîì äèàïàçîíå îò òâåðäûõ è ìåðçëûõ ãðóíòîâ ñ âêëþ÷åíèÿ-
ìè ãîðíîé ïîðîäû äî ñûïó÷èõ è ãëèíèñòûõ âîäîíàñûùåííûõ ñðåä.
×èñëåííûé àíàëèç ïîçâîëÿåò òàêæå ïîëó÷èòü óñðåäíåííûå äàííûå,
íåîáõîäèìûå äëÿ àäåêâàòíîãî ìîäåëèðîâàíèÿ ëîêàëèçîâàííîãî èì-
ïóëüñíîãî âîçäåéñòâèÿ îò èñòî÷íèêà ïðè èñïîëüçîâàíèè óïðîùåííûõ
ìàòåìàòè÷åñêèõ ìîäåëåé äëÿ ðàñ÷åòà ñèíòåòè÷åñêèõ ñåéñìîãðàìì
îòðàæåííûõ âîëí íà áîëüøîì ïðîòÿæåíèè è ãëóáèíå çàëåãàíèÿ ðàç-
íîðîäíûõ ñëîåâ â ñëîæíîïîñòðîåííûõ ãîñðåäàõ.

Êëþ÷åâûå ñëîâà: Áëî÷íî-ñëîèñòàÿ ãåîñðåäà, ýëåêòðîìàãíèòíûé
èñòî÷íèê ñåéñìè÷åñêèõ êîëåáàíèé, óïðóãèå âîëíû, ïàðàëëåëüíûé
âû÷èñëèòåëüíûé àëãîðèòì, ñóïåðêîìïüþòåðíîå ìîäåëèðîâàíèå

Ââåäåíèå

Ñåâåðíûå òåððèòîðèè Âîñòî÷íîé Ñèáèðè õàðàêòåðèçóþòñÿ òàåæíîé âå÷íî-
ìåðçëîòíîé ñòðóêòóðîé ïîâåðõíîñòíîãî ñëîÿ ïî÷âû, ÷òî ñíèæàåò ýôôåêòèâ-
íîñòü ãåîëîãè÷åñêîé ðàçâåäêè ñ èñïîëüçîâàíèåì ñåéñìè÷åñêèõ èñòî÷íèêîâ
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âçðûâíîãî è âèáðàöèîííîãî òèïîâ. Ýëåêòðîìàãíèòíûé èñòî÷íèê ñåéñìè÷åñ-
êèõ êîëåáàíèé �Åíèñåé� ïðåäñòàâëÿåò ñîáîé íåâçðûâíîé ïîâåðõíîñòíûé èì-
ïóëüñíûé ñåéñìè÷åñêèé èñòî÷íèê ñ ñèëîâûì ýëåêòðîìàãíèòíûì ïðèâîäîì,
êîòîðûé ñîäåðæèò îäèí, äâà èëè ÷åòûðå ñèíõðîííî ðàáîòàþùèõ êîðîòêîõî-
äîâûõ ýëåêòðîìàãíèòà ñ àâòîíîìíîé ñèñòåìîé ïèòàíèÿ îò åìêîñòíîãî íàêî-
ïèòåëÿ ýëåêòðè÷åñêîé ýíåðãèè è óñòðîéñòâà äëÿ çàðÿäà è ðàçðÿäà [1,2,3]. Èñ-
òî÷íèê ñóùåñòâóåò â êîëåñíîì, ñàííîì, ìîáèëüíîì è âîäíîì âàðèàíòàõ (ñì.
ðèñ. 1). Îí âïîëíå êîíêóðåíòîñïîñîáåí â ñðàâíåíèè ñ èñòî÷íèêàìè âçðûâíî-
ãî è âèáðàöèîííîãî òèïà ïî ýôôåêòèâíîñòè è êà÷åñòâó ïðîèçâîäñòâà ðàçâå-
äî÷íûõ ðàáîò è èìååò íåîñïîðèìûå ïðåèìóùåñòâà â ýêîíîìè÷åñêîì è ýêî-
ëîãè÷åñêîì àñïåêòàõ. Èñïîëüçîâàíèå ýòîãî èñòî÷íèêà îáõîäèòñÿ íåñðàâíèìî
äåøåâëå, è îí ÿâëÿåòñÿ åäâà ëè íå åäèíñòâåííûì âîçìîæíûì ñðåäñòâîì ïðè
ïðîâåäåíèè ðàáîò âáëèçè çäàíèé è ñîîðóæåíèé, â âîäîîõðàííûõ çîíàõ è íà
ïëîùàäÿõ, ãäå èìååòñÿ áîëüøîå êîëè÷åñòâî ðåê è îçåð. Ïðèìåíÿåòñÿ òàêæå
ïî ëåäîâûì ïîêðûòèÿì âîäîåìîâ, íà ìåëêîâîäüå è íà øåëüôàõ. Â ïðîöåññå
ñîçäàíèÿ, äîðàáîòêè è ñîâåðøåíñòâîâàíèÿ ýêñïëóàòàöèîííûõ è òåõíè÷åñêèõ
õàðàêòåðèñòèê ýëåêòðîìàãíèòíûé èìïóëüñíûé èñòî÷íèê �Åíèñåé� áûë ïîä-
âåðãíóò òùàòåëüíîìó ýêñïåðèìåíòàëüíîìó àíàëèçó è òåñòèðîâàíèþ [4,5].

à á

Ðèñóíîê 1. �Ñåéñìîèñòî÷íèêè ñåðèè ¾Åíèñåé�: http://gseis.ru/our-business/�eld-
seismic-works/impulse-technique/.

Â íàñòîÿùåé ðàáîòå ïðåäñòàâëåíà âû÷èñëèòåëüíàÿ òåõíîëîãèÿ, êîíå÷íîé
öåëüþ êîòîðîé ÿâëÿåòñÿ äåòàëüíîå ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå âîëíî-
âûõ ïîëåé, âîçáóæäàåìûõ èñòî÷íèêîì �Åíèñåé� â áëî÷íî-ñëîèñòûõ ãåîñðå-
äàõ ñ ðàçëè÷íûìè ìåõàíè÷åñêèìè õàðàêòåðèñòèêàìè áëîêîâ (ãëèíèñòûõ è
ìåðçëûõ ãðóíòàõ, ñûïó÷èõ, ïîðèñòûõ è ôëþèäîíàñûùåííûõ ñðåäàõ). Ðå-
çóëüòàòû ìîäåëèðîâàíèÿ ñ èñïîëüçîâàíèåì âûñîêîïðîèçâîäèòåëüíûõ âû-
÷èñëåíèé áóäóò èñïîëüçîâàòüñÿ äëÿ îïòèìèçàöèè ðåæèìîâ ôóíêöèîíèðî-
âàíèÿ èñòî÷íèêà ïðè ïðîâåäåíèè ñåéñìè÷åñêèõ èññëåäîâàíèé.

Ìàòåìàòè÷åñêàÿ ìîäåëü

Äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ ïðîöåññîâ ðàñïðîñòðàíåíèÿ âîëí íàïðÿ-
æåíèé è äåôîðìàöèé â ðåîëîãè÷åñêè ñëîæíûõ ñðåäàõ íàìè ðàçðàáîòàíû
âû÷èñëèòåëüíûå àëãîðèòìû è ïðîãðàììíûå êîìïëåêñû, îðèåíòèðîâàííûå
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íà ìíîãîïðîöåññîðíûå âû÷èñëèòåëüíûå ñèñòåìû êëàñòåðíîé àðõèòåêòóðû.
Ïðèìåíÿþòñÿ ìàòåìàòè÷åñêèå ìîäåëè óïðóãîïëàñòè÷åñêèõ, ñûïó÷èõ è ïî-
ðèñòûõ ñðåä ñ ó÷åòîì ðàçíîãî ñîïðîòèâëåíèÿ ìàòåðèàëîâ ðàñòÿæåíèþ è
ñæàòèþ. Èñïîëüçóþòñÿ òàêæå óðàâíåíèÿ äèíàìèêè ìîìåíòíîãî êîíòèíó-
óìà Êîññåðà, îïèñûâàþùèå âîëíîâûå äâèæåíèÿ ñòðóêòóðíî-íåîäíîðîäíûõ
ñðåä, â êîòîðûõ íàðÿäó ñ ïîñòóïàòåëüíûìè ñòåïåíÿìè ñâîáîäû ðåàëèçóþòñÿ
íåçàâèñèìûå âðàùåíèÿ ìàòåðèàëüíûõ ÷àñòèö.

Ïðåäïîëàãàåòñÿ, ÷òî ñòðóêòóðà ñðåäû èçâåñòíà è ïðåäñòàâëåíà íàáîðîì
èç ðàçíîðîäíûõ áëîêîâ ñ êðèâîëèíåéíûìè ãðàíèöàìè. Êàæäûé áëîê õàðàê-
òåðèçóåòñÿ ñâîèì îäíîðîäíûì ìàòåðèàëîì ñ ñîîòâåòñòâóþùèìè îïðåäåëÿþ-
ùèìè óðàâíåíèÿìè. Â ïðîñòåéøåì ñëó÷àå óïðóãîãî ìàòåðèàëà âûïîëíÿåòñÿ
ñèñòåìà óðàâíåíèé ëèíåéíîé äèíàìè÷åñêîé òåîðèè óïðóãîñòè, çàïèñàííàÿ
äëÿ âåêòîðà ñêîðîñòè v è òåíçîðà íàïðÿæåíèé σ:

ρ
∂v

∂t
= ∇ · σ, ∂σ

∂t
= ρ
(
c21 − 2 c22

)
(∇ · v) I + ρ c22 (∇v +∇v∗) . (1)

Çäåñü ρ � ïëîòíîñòü, c1 è c2 � ñêîðîñòè ïðîäîëüíûõ è ïîïåðå÷íûõ óïðóãèõ
âîëí, ∇ � ãðàäèåíò ïî ïðîñòðàíñòâåííûì êîîðäèíàòàì, I � åäèíè÷íûé òåí-
çîð. Òî÷êà íàä ñèìâîëîì îçíà÷àåò ïðîèçâîäíóþ ïî âðåìåíè, èñïîëüçóþòñÿ
îáùåïðèíÿòûå îáîçíà÷åíèÿ òåíçîðíîãî àíàëèçà.

Íà÷àëüíûå ñêîðîñòè è íàïðÿæåíèÿ ñ÷èòàþòñÿ ðàâíûìè íóëþ. Íà ÷àñòè
ãðàíèöû çàäàþòñÿ âíåøíèå íàïðÿæåíèÿ îò ñîñðåäîòî÷åííîãî èìïóëüñíîãî
âîçäåéñòâèÿ. Íà ïëîñêîñòÿõ ñèììåòðèè, åñëè òàêèå èìåþòñÿ, ôîðìóëèðó-
þòñÿ óñëîâèÿ ñèììåòðèè. ×àñòü ãðàíèöû ìîæåò áûòü íåîòðàæàþùåé ïî-
âåðõíîñòüþ, íà íåé ìîäåëèðóþòñÿ óñëîâèÿ ïðîõîæäåíèÿ âîëí áåç çàìåòíîãî
îòðàæåíèÿ. Íà âíóòðåííèõ ãðàíèöàõ ðàçäåëà ñòàâÿòñÿ óñëîâèÿ íåïðåðûâíî-
ñòè âåêòîðîâ ñêîðîñòåé è íàïðÿæåíèé íà ïëîùàäêàõ êîíòàêòà áëîêîâ.

Ïðè ÷èñëåííîé ðåàëèçàöèè ìîäåëè â áëîêàõ ñòðîÿòñÿ íåçàâèñèìûå (íåñî-
ãëàñîâàííûå) ðàñ÷åòíûå ñåòêè. Ïðèìåíÿåòñÿ àëãåáðàè÷åñêèé ìåòîä, ñîñòîÿ-
ùèé â íàõîæäåíèè âçàèìíî-îäíîçíà÷íîãî îòîáðàæåíèÿ âû÷èñëèòåëüíîé îá-
ëàñòè â âèäå åäèíè÷íîãî êóáà ñ ðàâíîìåðíîé ñåòêîé íà ôèçè÷åñêóþ îáëàñòü.

Èñõîäíàÿ ñèñòåìà óðàâíåíèé (1) ïðè ïîñòðîåíèè êîíå÷íî-ðàçíîñòíîé ñõå-
ìû çàïèñûâàåòñÿ â ìàòðè÷íîé ôîðìå:

∂U

∂t
=

3∑
i=1

Ai
∂U

∂xi
, (2)

ãäå U � âåêòîð�ôóíêöèÿ, ñîñòàâëåííàÿ èç êîìïîíåíò âåêòîðà ñêîðîñòè è
òåíçîðà íàïðÿæåíèé, Ai � ìàòðèöû�êîýôôèöèåíòû óðàâíåíèé. Äëÿ ðåøå-
íèÿ ñèñòåìû (2) ïðèìåíÿåòñÿ ñõåìà èíòåãðèðîâàíèÿ íà îñíîâå ìåòîäà äâó-
öèêëè÷åñêîãî ðàñùåïëåíèÿ [6]. Ïðè ýòîì ðàñùåïëåíèå ïðîèçâîäèòñÿ íå â
ôèçè÷åñêîì, à â ïàðàìåòðè÷åñêîì ïðîñòðàíñòâå. Ñèñòåìà ïðåîáðàçóåòñÿ ê
ñëåäóþùåìó âèäó:

∂U

∂t
=

3∑
i=1

Ãi
∂U

∂ξi
, Ãi =

3∑
j=1

∂ξi
∂xj

Aj . (3)
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Ìåòîä ðàñùåïëåíèÿ ïðèâîäèò ê ñåðèè èç øåñòè îäíîìåðíûõ çàäà÷, òðè èç
êîòîðûõ ðåøàþòñÿ íà âðåìåííîì èíòåðâàëå [tn, tn + τ/2], à îñòàëüíûå òðè �
íà èíòåðâàëå [tn + τ/2, tn + τ ] (τ � øàã ñåòêè ïî âðåìåíè):

∂U (1)

∂t
= Ã1

∂U (1)

∂ξ1
, U (1)(tn) = U(tn) ,

∂U (2)

∂t
= Ã2

∂U (2)

∂ξ2
, U (2)(tn) = U (1)(tn + τ/2) ,

∂U (3)

∂t
= Ã3

∂U (3)

∂ξ3
, U (3)(tn) = U (2)(tn + τ/2) ,

∂U (4)

∂t
= Ã3

∂U (4)

∂ξ3
, U (4)(tn + τ/2) = U (3)(tn + τ/2) ,

∂U (5)

∂t
= Ã2

∂U (5)

∂ξ2
, U (5)(tn + τ/2) = U (4)(tn + τ) ,

∂U (6)

∂t
= Ã1

∂U (6)

∂ξ1
, U (6)(tn + τ/2) = U (5)(tn + τ) .

(4)

Âåêòîð�ôóíêöèÿ U (6)(tn + τ) ïðåäñòàâëÿåò ñîáîé èñêîìîå ðåøåíèå íà âðå-
ìåííîì ñëîå tn + τ . Äëÿ ñîõðàíåíèÿ ñâîéñòâà êîíñåðâàòèâíîñòè ñõåìû íà
êðèâîëèíåéíûõ ñåòêàõ, êîãäà ìàòðèöû�êîýôôèöèåíòû Ãi çàâèñÿò îò êîîð-
äèíàò, àïïðîêñèìàöèÿ îäíîìåðíûõ ñèñòåì óðàâíåíèé íà øàãå �êîððåêòîð�
ïðîèçâîäèòñÿ ñ ïîìîùüþ èíòåãðî-èíòåðïîëÿöèîííîãî ìåòîäà. Â ðåçóëüòàòå
èíòåãðèðîâàíèÿ ñèñòåìû (4) ïî êðèâîëèíåéíîé ÿ÷åéêå â ôèçè÷åñêîé îáëà-
ñòè ñ ïîñëåäóþùèì ïðèìåíåíèåì ôîðìóëû Ãðèíà ïîëó÷àåòñÿ ñëåäóþùåå
ðàâåíñòâî:

∂U

∂t
=

1

ω

6∑
k=1

γk
(
nk1A1 + nk2A2 + nk3A3

)
Uk , (5)

â êîòîðîì ni � íàïðàâëÿþùèå êîñèíóñû âíåøíåé íîðìàëè, ω � îáúåì ÿ÷åéêè,
U � ñðåäíåå èíòåãðàëüíîå çíà÷åíèå âåêòîðà�ðåøåíèÿ, à èíäåêñ k îòíîñèòñÿ
ê ãðàíÿì ÿ÷åéêè, â ÷àñòíîñòè γk � ïëîùàäü ñîîòâåòñòâóþùåé ãðàíè. Äàëåå
ñóììà â ïðàâîé ÷àñòè (5) ðàçáèâàåòñÿ íà òðè ïàðû ñëàãàåìûõ ïî ïðîòèâîïî-
ëîæíûì ãðàíÿì, êàæäàÿ èç êîòîðûõ îòâå÷àåò àïïðîêñèìàöèè ïðîèçâîäíûõ
ïî ïðîñòðàíñòâåííûì ïåðåìåííûì â îäíîìåðíûõ ñèñòåìàõ (4).

Ïðèìåíÿåìàÿ ñõåìà ðåøåíèÿ îäíîìåðíûõ çàäà÷ ÿâëÿåòñÿ ãèáðèäíûì âà-
ðèàíòîì ñåòî÷íî-õàðàêòåðèñòè÷åñêîé ñõåìû âòîðîãî ïîðÿäêà òî÷íîñòè íà
ìîíîòîííûõ ðåøåíèÿõ. Ìåòîä äâóöèêëè÷åñêîãî ðàñùåïëåíèÿ ñîõðàíÿåò âòî-
ðîé ïîðÿäîê òî÷íîñòè. Êðîìå òîãî, äâîéíîé ïåðåñ÷åò îäíîé è òîé æå ñè-
ñòåìû óðàâíåíèé íà òðåòüåì è ÷åòâåðòîì ýòàïàõ ðàñùåïëåíèÿ ãàðàíòèðó-
åò óñòîé÷èâîñòü ìåòîäà ïðè âûïîëíåíèè îäíîìåðíîãî óñëîâèÿ Êóðàíòà�
Ôðèäðèõñà�Ëåâè.

Îïèñàííûé àëãîðèòì îáîáùåí íà ñëó÷àé ñûïó÷åé ñðåäû [7], ïîðèñòîãî
ìàòåðèàëà [8], ìîìåíòíîãî êîíòèíóóìà Êîññåðà è ìíîãîáëî÷íîé ñðåäû [7,9].
Ðàçðàáîòàííûé ìåòîä ðåøåíèÿ ðåàëèçîâàí â âèäå ïðîãðàììíîãî êîìïëåêñà
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íà àëãîðèòìè÷åñêîì ÿçûêå Fortran ñ èñïîëüçîâàíèåì áèáëèîòåêè îáìåíà ñî-
îáùåíèÿìè MPI (Message Passing Interface). Òåõíîëîãèÿ ðàñïàðàëëåëèâàíèÿ
îñíîâàíà íà ðàâíîìåðíîì ðàñïðåäåëåíèè ðàñ÷åòíîé îáëàñòè ìåæäó óçëàìè
êëàñòåðà. Âåðèôèêàöèÿ ïðîãðàììíîãî êîìïëåêñà âûïîëíåíà íà òî÷íûõ ðå-
øåíèÿõ � ôîðìóëàõ ãåîìåòðè÷åñêîé ñåéñìèêè äëÿ ãîäîãðàôîâ îòðàæåííûõ
è ïðåëîìëåííûõ âîëí. Êîìïëåêñ ïàðàëëåëüíûõ ïðîãðàìì çàðåãèñòðèðîâàí
â Ðîñïàòåíòå [10].

Ðåçóëüòàòû ðàñ÷åòîâ

Ïðåäâàðèòåëüíàÿ ñåðèÿ ðàñ÷åòîâ ïðîâîäèëàñü ñ öåëüþ âàëèäàöèè ïðîãðàìì-
íîãî êîìïëåêñà ïî îñíîâíûì ïàðàìåòðàì ñåéñìè÷åñêèõ âîëí îò èñòî÷íèêà �
÷àñòîòàì è àìïëèòóäàì êîëåáàíèé. Ñîïîñòàâëåíèå ÷èñëåííûõ ðåçóëüòàòîâ ñ
èìåþùèìèñÿ ýêñïåðèìåíòàëüíûìè äàííûìè ïîêàçàëî óäîâëåòâîðèòåëüíîå
êîëè÷åñòâåííîå ñîîòâåòñòâèå.

Çàäà÷à ðåøàëàñü äëÿ äâóõñëîéíîãî ìàññèâà óïðóãîé ñðåäû 60×40×40ì3,
â äâóõ âàðèàíòàõ, êîãäà âåðõíèé 10�ìåòðîâûé ñëîé ÿâëÿåòñÿ áîëåå ïîäàò-
ëèâûì è, íàîáîðîò, áîëåå æåñòêèì ïî ñðàâíåíèþ ñ íèæíèì 50�ìåòðîâûì
îñíîâíûì ñëîåì. Äëÿ äåìîíñòðàöèè âîçìîæíîñòåé ïðîãðàììû ãðàíèöà ðàç-
äåëà ìåæäó ñëîÿìè áûëà èñêðèâëåíà, êàê ýòî ïîêàçàíî íà ðèñ. 2, ãäå ðàñ÷åò-
íàÿ îáëàñòü ðàâíîìåðíî ðàñïðåäåëåíà ìåæäó 96 ïðîöåññîðàìè: 16 â âåðõíåì
ñëîå è 80 � â íèæíåì.

à á

Ðèñóíîê 2. Äâóõñëîéíàÿ ðàñ÷åòíàÿ îáëàñòü ñ êðèâîëèíåéíîé ãðàíèöåé (âèäû
ñ ðàçíûõ ñòîðîí). Ðàâíîìåðíîå ðàñïðåäåëåíèå âû÷èñëèòåëüíîé íàãðóçêè ìåæäó
96 óçëàìè êëàñòåðà.

Êàæäûé ïðîöåññîð êëàñòåðà ïðîèçâîäèò âû÷èñëåíèÿ â ïàðàëëåëüíîì ðå-
æèìå. Ðàçíîñòíàÿ ñåòêà â âåðõíåì ñëîå ìàññèâà � 50× 200× 200 ÿ÷ååê, à â
íèæíåì ñëîå � 250× 200× 200 ÿ÷ååê, ò.å. êàæäûì óçëîì êëàñòåðà âûïîëíÿ-
þòñÿ ðàñ÷åòû íà ñåòêå èç 50 × 50 × 50 ÿ÷ååê. Äëÿ íàãëÿäíîñòè ðàçíîñòíàÿ
ñåòêà íà ðèñ. 2 ïðîðåæåíà â 5 ðàç â êàæäîì íàïðàâëåíèè.
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Íà âåðõíåé ãðàíèöå ðàñ÷åòíîé îáëàñòè çàäàâàëîñü ëîêàëèçîâàííîå âîç-
äåéñòâèå îò êîëåñíîãî èñòî÷íèêà ñ ÷åòûðüìÿ ýëåêòðîìàãíèòàìè. Ñ ó÷åòîì
ñèììåòðèè ðàñ÷åòû ïðîâîäèëèñü äëÿ ÷åòâåðòè ìàññèâà, îãðàíè÷åííîé âåð-
òèêàëüíûìè êîîðäèíàòíûìè ïëîñêîñòÿìè. Íà ëåâîé è ïðàâîé ãðàíèöàõ îá-
ëàñòè ðåøåíèÿ (ñì. ðèñ. 2á) ñòàâèëèñü óñëîâèÿ ñèììåòðèè, òûëüíûå ãðàíè-
öû è íèæíåå îñíîâàíèå ðàññìàòðèâàëèñü êàê íåîòðàæàþùèå ïîâåðõíîñòè.
Íà ýòàïå ðåøåíèÿ îäíîìåðíûõ ñèñòåì ìåòîäà ðàñùåïëåíèÿ íà ýòèõ ïîâåðõ-
íîñòÿõ ïîëàãàëèñü íóëåâûìè ãðàíè÷íûå çíà÷åíèÿ èíâàðèàíòîâ Ðèìàíà, ñî-
îòâåòñòâóþùèõ óõîäÿùèì õàðàêòåðèñòèêàì, ÷òî ýêâèâàëåíòíî îòñóòñòâèþ
îòðàæåííûõ âîëí â îäíîìåðíûõ çàäà÷àõ.

Íà ðèñ. 3 ïðèâåäåí ãðàôèê çàâèñèìîñòè îò âðåìåíè äàâëåíèÿ îò èñòî÷-
íèêà â çîíå ëîêàëèçàöèè, êðóãå ïëîùàäüþ 1ì2, ðàñïîëîæåííîì íà óäàëåíèè
2.5 ì è 1.25 ì îò ëåâîé è ïðàâîé ãðàíèö ñèììåòðèè. Äàâëåíèå â òàêîì âèäå
çàäàâàëîñü íà îñíîâå ýêñïåðèìåíòàëüíûõ èçìåðåíèé óñêîðåíèÿ ðåàêòèâíîé
ìàññû ýëåêòðîìàãíèòà. Ïëîòíîñòè â ñëîÿõ è ñêîðîñòè óïðóãèõ âîëí ïðèâå-
äåíû â òàáëèöå 1.
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Ðèñóíîê 3. Çàâèñèìîñòü îò âðåìåíè äàâëåíèÿ îò èñòî÷íèêà â çîíå ëîêàëèçàöèè.

Âûïîëíåíû ðàñ÷åòû äëÿ äâóõñëîéíîãî è òðåõñëîéíîãî ìàññèâîâ óïðóãîé
ñðåäû. Íà ðèñ. 4 à èçîáðàæåíû õàðàêòåðíûå ïîâåðõíîñòè óðîâíÿ êàñàòåëüíî-
ãî íàïðÿæåíèÿ σ23 â ñëó÷àå ïîäàòëèâîãî âåðõíåãî ñëîÿ (ãëèíà), à íà ðèñ. 4 á
� â ñëó÷àå æåñòêîãî âåðõíåãî ñëîÿ (òâåðäûé ãðóíò). Âåðõíèé ñëîé � âîäà íà
ðèñ. 4 â. Âåðõíèé ñëîé � ëåä, ñðåäíèé ñëîé � âîäà íà ðèñ. 4 ã. Â êà÷åñòâå íèæ-

Òàáëèöà 1. Ìåõàíè÷åñêèå ïàðàìåòðû ìàòåðèàëîâ.

ρ [êã/ì3
] cp [ì/ñ] cs [ì/ñ]

ëåä 900 3000 1800
âîäà 1000 1450 0
ãëèíà 2100 1800 1100
ãðóíò 2400 4500 2700
òâåðäûé ãðóíò 2600 6000 3500
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Ðèñóíîê 4. Ïîâåðõíîñòè óðîâíÿ êàñàòåëüíîãî íàïðÿæåíèÿ σ23 (t = 18ìñ). Íèæ-
íèé ñëîé � ãðóíò; âåðõíèé ñëîé � ãëèíà (à), òâåðäûé ãðóíò (á), âîäà (â), è âåðõíèé
ñëîé � ëåä, ñðåäíèé ñëîé � âîäà (ã).

íåãî ñëîÿ âñþäó âçÿò ãðóíò ñ ïàðàìåòðàìè èç òàáëèöû 1. Òîëùèíà ëåäîâîãî
ïîêðîâà â ðàñ÷åòàõ � 3.5 ì, ÷òî õàðàêòåðíî äëÿ àðêòè÷åñêîãî øåëüôà.

Íà ðèñ. 5 ïðèâåäåíû àìïëèòóäíî-÷àñòîòíûå çàâèñèìîñòè äëÿ ñêîðîñòè
v1 ÷àñòèö ñðåäû íà ãëóáèíå 30ì â ñèñòåìå òî÷åê ïîä òðàññîé, ïðîõîäÿùåé â
íàïðàâëåíèè îñè x2 âáëèçè ïëîñêîñòè ñèììåòðèè. Êðàñíàÿ ëèíèÿ îòíîñèòñÿ
ê òî÷êå, íàõîäÿùåéñÿ ïîä èñòî÷íèêîì, çåëåíàÿ ëèíèÿ � ê ñðåäèííîé òî÷êå
âëåâî, à ñèíÿÿ ëèíèÿ � ê óãëîâîé ëåâîé òî÷êå.

Ôóðüå�àíàëèç ñåéñìîãðàìì ñêîðîñòåé ïîêàçàë, ÷òî îñíîâíàÿ ÷àñòîòà, êî-
òîðàÿ ñëàáî çàâèñèò îò òî÷êè ðåãèñòðàöèè óïðóãèõ êîëåáàíèé, íàõîäèòñÿ â
ïðåäåëàõ 50 � 100Ãö. Âìåñòå ñ òåì, â ïðèíèìàåìîì ñèãíàëå ñîäåðæàòñÿ âû-
ñîêî÷àñòîòíûå êîëåáàíèÿ, ñòåïåíü çàòóõàíèÿ êîòîðûõ ïî ìåðå ïðîõîæäåíèÿ
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âîëí çà ñ÷åò äèññèïàöèè ìåõàíè÷åñêîé ýíåðãèè ìîæåò áûòü èññëåäîâàíà ñ
ïðèìåíåíèåì áîëåå îáùèõ óðàâíåíèé âÿçêîóïðóãèõ ñðåä.
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Àííîòàöèÿ ÐÐàáîòà ïîñâÿùåíà ïîñòðîåíèþ ðàçíîìàñøòàáíûõ ãèä-
ðîäèíàìè÷åñêèõ ìîäåëåé. Ðàçíîìàñøòàáíîé èëè ãèáðèäíîé áóäåì
íàçûâàòü ìîäåëü, â êîòîðîé îäíîâðåìåííî ïðèñóòñòâóþ ðàçíûå ïî
ìàñøòàáó ýëåìåíòû � â äàííîì ñëó÷àå ïðîñòðàíñòâåííûå (3D) è ñå-
òåâûå (áàëàíñîâîå). Â ðàáîòå èññëåäîâàíà àêòóàëüíîñòü ïîñòðîåíèÿ
òàêèõ ìîäåëåé è ðàññìîòðåíû òðè îñíîâíûõ ñïîñîáà èõ ðåàëèçàöèè:
ïðîñòðàíñòâåííàÿ è ñåòåâàÿ ÷àñòè ðàññ÷èòûâàþòñÿ ïî îòäåëüíîñòè �
ðåçóëüòàò ðàñ÷¼òà îäíîé ÷àñòè ìîäåëè ÿâëÿåòñÿ âõîäíûì ïàðàìåòðîì
äëÿ äðóãîé; ãèäðàâëè÷åñêè åäèíàÿ ìîäåëü: ïðîñòðàíñòâåííàÿ è ñåòå-
âàÿ ÷àñòè ðàññ÷èòûâàþòñÿ îäíîâðåìåííî � ñîïðÿæåíèå ìåæäó ìî-
äåëÿìè îñóùåñòâëÿåòñÿ âî âðåìÿ ðàñ÷¼òà; ãèäðàâëè÷åñêè íå ñâÿçàí-
íàÿ ìîäåëü � ñåòåâûå ýëåìåíòû ¾ïðîíèçûâàþò¿ ïðîñòðàíñòâåííóþ
÷àñòü � ñâÿçü ïðîèñõîäèò ñ ïîìîùüþ èíòåãðàëüíûõ õàðàêòåðèñòèê
íà ñòåíêàõ òðóáû/êàíàëà. Ó êàæäîãî ñïîñîáà åñòü ñâîè äîñòîèíñòâà
è íåäîñòàòêè, êîòîðûå ïîêàçàíû íà ïðàêòè÷åñêèõ ïðèìåðàõ.

Êëþ÷åâûå ñëîâà: Âû÷èñëèòåëüíàÿ ãèäðîäèíàìèêà, ñåòåâûå ìîäå-
ëè, ñîïðÿæåííûé òåïëîîáìåí

Ââåäåíèå

Ïðè ðåøåíèè çàäà÷ ãèäðîäèíàìèêè, â çàâèñèìîñòè îò òèïà îáúåêòà (ñèñòå-
ìû, óñòðîéñòâà è òàê äàëåå), èñïîëüçóþòñÿ ðàçëè÷íûå ïîäõîäû ìîäåëèðî-
âàíèÿ: íà îñíîâå ìåòîäîâ âû÷èñëèòåëüíîé ãèäðîäèíàìèêè - ïðîñòðàíñòâåí-
íîå (îäíî- äâóõ- òðåõìåðíîå) è ñåòåâîå (áàëàíñîâîå). Ñåòåâîå ìîäåëèðîâàíèå
ïðèìåíÿåòñÿ â ñëó÷àå, êîãäà îáúåêò ìîæíî ïðåäñòàâèòü â âèäå íàáîðà ïðîòÿ-
æ¼ííûõ ýëåìåíòîâ (òðóá èëè êàíàëîâ), ïðè ýòîì ðàñ÷¼ò èñêîìûõ õàðàêòåðè-
ñòèê ñèñòåìû (äàâëåíèå, ñêîðîñòü, òåìïåðàòóðà è òàê äàëåå) îñóùåñòâëÿåòñÿ
ìåòîäàìè òåîðèè ãèäðàâëè÷åñêèõ ñåòåé [1]. Ãèäðàâëè÷åñêàÿ ñåòü ñîñòîèò èç
íàáîðà óçëîâ è âåòâåé (ãðàô) [2]. Â óçëàõ îáåñïå÷èâàþòñÿ çàêîíû ñîõðàíå-
íèÿ ìàññû è ýíåðãèè (çàêîíû Êèðõãîôà). Íà âåòâÿõ îáåñïå÷èâàåòñÿ çàêîí
êîëè÷åñòâà äâèæåíèÿ, êîòîðûé îïèñûâàåò çàâèñèìîñòü ïåðåïàäà äàâëåíèÿ
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ïî äëèíå âåòâè îò ðàñõîäà. Ïðè íåîáõîäèìîñòè ïîëó÷èòü ïðîñòðàíñòâåí-
íîå ðàñïðåäåëåíèå õàðàêòåðèñòèê òå÷åíèÿ è òåïëîîáìåíà ïðèìåíÿþò ìåòî-
äû âû÷èñëèòåëüíîé ãèäðîäèíàìèêè (CFD) [3]. Â îñíîâå äàííûõ ìåòîäîâ
ëåæèò ÷èñëåííîå ðåøåíèå óðàâíåíèé Íàâüå-Ñòîêñà. Â ðåçóëüòàòå ðàñ÷¼òà
ïîëó÷àþòñÿ ïîëÿ õàðàêòåðèñòèê èññëåäóåìîãî îáúåêòà, ðàñïðåäåë¼ííûå ïî
îáúåìó, íàïðèìåð: ñêîðîñòü, äàâëåíèå, òåìïåðàòóðà, êîíöåíòðàöèè, òóðáó-
ëåíòíûå õàðàêòåðèñòèêè è äð. Êàæäûé èç ýòèõ ïîäõîäîâ ìîäåëèðîâàíèÿ îá-
ëàäàåò ñâîèìè äîñòîèíñòâàìè è íåäîñòàòêàìè. Íåñîìíåííûì äîñòîèíñòâîì
ñåòåâîãî ìîäåëèðîâàíèÿ ÿâëÿåòñÿ îòíîñèòåëüíàÿ ïðîñòîòà ïîñòðîåíèÿ òîïî-
ëîãèè ìîäåëè è íåáîëüøèå âû÷èñëèòåëüíûå çàòðàòû. Ê íåäîñòàòêàì ìîæíî
îòíåñòè ñèëüíóþ çàâèñèìîñòü ìîäåëè îò ýìïèðè÷åñêèõ äàííûõ (íàïðèìåð,
ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ), õàðàêòåðèçóþùèõ ñâîéñòâà ýëåìåíòà (óç-
ëà, âåòâè), è âîçìîæíîñòü ïîëó÷åíèÿ òîëüêî îñðåäíåííûõ ïî ýëåìåíòó ñåòè
õàðàêòåðèñòèê ñèñòåìû. Ñèëüíîé ñòîðîíîé ïðîñòðàíñòâåííîãî CFD ìîäåëè-
ðîâàíèÿ ÿâëÿåòñÿ âîçìîæíîñòü ìîäåëèðîâàíèÿ îáúåêòà ñëîæíîé ãåîìåòðèè
ñ îïèñàíèåì äåòàëüíîé ñòðóêòóðû ïîòîêà, ìåíüøàÿ çàâèñèìîñòü ìîäåëè îò
ýìïèðè÷åñêèõ äàííûõ, îäíàêî, òàêîå ìîäåëèðîâàíèå òðåáóåò çíà÷èòåëüíûõ
âû÷èñëèòåëüíûõ çàòðàò. Îáà ïîäõîäà ìîäåëèðîâàíèÿ íàøëè øèðîêîå ïðè-
ìåíåíèå ïðè ðåøåíèè ïðàêòè÷åñêèõ è íàó÷íûõ çàäà÷. Îäíàêî, âîçíèêàþò
ñëó÷àè, êîãäà ìîäåëèðîâàíèå îáúåêòà èññëåäîâàíèÿ â ðàìêàõ îäíîãî ïîäõî-
äà çàòðóäíèòåëüíî. Íàïðèìåð, ïðåäìåò ìîäåëèðîâàíèÿ îäíîâðåìåííî ñîñòî-
èò èç ïðîòÿæåííûõ è áîëåå ¾êîìïàêòíûõ¿ ýëåìåíòîâ, ïðåäñòàâëåíèå ¾êîì-
ïàêòíûõ¿ ýëåìåíòîâ íåâîçìîæíî â âèäå íàáîðà âåòâåé è óçëîâ, à ïîëíîñòüþ
ïðîñòðàíñòâåííûé ðàñ÷åò âñåõ ïðîòÿæåííûõ ýëåìåíòîâ âåäåò ê íåîïðàâäàí-
íî áîëüøèì âû÷èñëèòåëüíûì çàòðàòàì. Òîãäà íåîáõîäèìî ïîñòðîåíèå ðàç-
íîìàñøòàáíîé ìîäåëè. Ïðèìåðû òàêèõ îáúåêòîâ ìîäåëèðîâàíèÿ ìîæíî îá-
íàðóæèòü â ðàçëè÷íûõ îáëàñòÿõ æèçíè:

� êðîâåíîñíàÿ ñèñòåìà, ñîñòîÿùàÿ èç ñåðäå÷íîé ìûøöû, àîðòû, êðóïíûõ
àðòåðèé è âåí, ñ îäíîé ñòîðîíû, è ñåòè ìåëêèõ êðîâåíîñíûõ ñîñóäîâ è
êàïèëëÿðîâ ñ äðóãîé;

� ñèñòåìà òåïëî- è âîäîñíàáæåíèÿ, ñîäåðæàùàÿ äëèííûå ó÷àñòêè òðóáî-
ïðîâîäîâ è ñëîæíûå ðåãóëèðóþùèå, ðàçäàþùèå è ñîáèðàþùèå óñòðîé-
ñòâà;

� ñèñòåìû ïðèðîäíûõ âîäîåìîâ, âêëþ÷àþùèå ðóñëà ðåê ñ ïðîòîêàìè è
äåëüòîé, ãèäðîòåõíè÷åñêèå ñîîðóæåíèÿ.

Îñíîâíûå ìåòîäû ïîñòðîåíèÿ ðàçíîìàñøòàáíûõ
ìîäåëåé

Ñóùåñòâóåò íåñêîëüêî ñïîñîáîâ ðåàëèçàöèè ðàçíîìàñøòàáíûõ ìîäåëåé, îñ-
íîâíûå òðè èç íèõ:

1. ïîëíîñòüþ ðàçäåë¼ííàÿ ìîäåëü: ïðîñòðàíñòâåííàÿ è ñåòåâàÿ ÷àñòè ðàñ-
ñ÷èòûâàþòñÿ ïî îòäåëüíîñòè;
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2. ãèäðîäèíàìè÷åñêè åäèíàÿ ìîäåëü: ïðîñòðàíñòâåííàÿ è ñåòåâàÿ ÷àñòè
ðàññ÷èòûâàþòñÿ îäíîâðåìåííî;

3. ãèäðîäèíàìè÷åñêè íå ñâÿçàííàÿ ìîäåëü: ñåòåâûå ýëåìåíòû ¾ïðîíèçûâà-
þò¿ ïðîñòðàíñòâåííóþ ÷àñòü, è ñâÿçü ïðîèñõîäèò ñ ïîìîùüþ èíòåãðàëü-
íûõ õàðàêòåðèñòèê íà ñòåíêàõ òðóáû/êàíàëà.

Ðàññìîòðèì êàæäûé ñïîñîá áîëåå ïîäðîáíî.

Ïîëíîñòüþ ðàçäåëåííàÿ ìîäåëü

Ïðè ïðèìåíåíèè òàêîãî ñïîñîáà, ïðîñòðàíñòâåííàÿ è ñåòåâàÿ ÷àñòè çàäà÷è
ðàññ÷èòûâàþòñÿ ïî îòäåëüíîñòè â ðàçíûõ ïðîãðàììíûõ ïðîäóêòàõ, è ðå-
çóëüòàòû ðàñ÷¼òà îäíîé èç ÷àñòåé ìîäåëè îïðåäåëÿþò çíà÷åíèÿ âõîäíûõ ïà-
ðàìåòðîâ äëÿ äðóãîé. Íàèáîëåå ÿðêèé ïðèìåð ïðèìåíåíèÿ äàííîãî ñïîñîáà
� ýòî îïðåäåëåíèå ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ íåñòàíäàðòíîãî ýëåìåí-
òà ñåòåâîé ìîäåëè ïðîñòðàíñòâåííûìè ìåòîäàìè [4] èëè îïðåäåëåíèå âõîä-
íûõ ïàðàìåòðîâ ñëîæíîãî óñòðîéñòâà, ðàññ÷èòàâ ïîäâîäÿùóþ òðóáîïðîâîä-
íóþ îáâÿçêó ñåòåâûìè ìåòîäàìè. Íåñîìíåííûì äîñòîèíñòâàì òàêîãî ñïîñî-
áà ÿâëÿåòñÿ âîçìîæíîñòü èñïîëüçîâàòü ãîòîâûå ïðîãðàììíûå ïðîäóêòû äëÿ
ðàñ÷¼òà îáåèõ ÷àñòåé çàäà÷è áåç êàêèõ-ëèáî ìîäèôèêàöèé, òàê êàê ïåðåäà-
÷à èíôîðìàöèè ìåæäó ÷àñòÿìè ìîäåëè îñóùåñòâëÿåòñÿ âðó÷íóþ. Îñíîâíîé
íåäîñòàòîê ïîëíîñòüþ ðàçäåëåííîé ìîäåëè � îãðàíè÷åííàÿ ïðèìåíèìîñòü,
íàïðèìåð, ïðè îïðåäåëåíèè ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ ýëåìåíòà ïî-
ñðåäñòâîì òð¼õìåðíûõ ðàñ÷åòîâ äîëæíà áûòü âîçìîæíîñòü ïîñòðîåíèÿ çà-
âèñèìîñòè ìåæäó ðàñõîäàìè â ðàçëè÷íûõ âõîäàõ/âûõîäàõ â ýëåìåíò è ïå-
ðåïàäàìè äàâëåíèÿ ìåæäó íèìè, ÷òî äëÿ áîëüøîãî ÷èñëà âõîäîâ/âûõîäîâ
ïîòðåáóåò ïðîâåäåíèÿ ìíîæåñòâà 3D ðàñ÷åòîâ. Îäíàêî, åñëè òàêóþ çàâè-
ñèìîñòü ìîæíî ïîñòðîèòü, òî äëÿ äàëüíåéøèõ ðàñ÷åòîâ ìîæíî èñïîëüçî-
âàòü òîëüêî ñåòåâóþ ìîäåëü, à çíà÷èò è ñîêðàòèòü âðåìÿ ðàñ÷¼òà. Â êà-
÷åñòâå ïðèìåðà ïðèâåäåíà ñèñòåìà ñìàçêè óçëîâ ïëàíåòàðíîãî ðåäóêòîðà.
Äëÿ îáåñïå÷åíèÿ ñìàçêè ïîäøèïíèêîâ ñàòåëëèòîâ íåïîäâèæíîãî âîäèëà è
ïîäøèïíèêîâ ïðèâîäíûõ âàë-øåñòåðåí áûëà ñïðîåêòèðîâàíà ìàãèñòðàëü ñè-
ñòåìû ñìàçêè (ðèñ. 1) Êîëüöåâîé ìàñëîïðîâîä îñóùåñòâëÿåò ïîäà÷ó ñìàçêè
â ïîäøèïíèêè ñàòåëëèòîâ, à áîêîâûå îòâîäêè îñóùåñòâëÿþò ïîäà÷ó ìàñëà
â ïîäøèïíèêè ïðèâîäíûõ øåñòåðåí ñàòåëëèòîâ.

Áûëà ïîñòàâëåíà çàäà÷à âûðàâíèâàíèÿ ðàñõîäîâ èç âûõîäíûõ îòâåðñòèé.
Ñåòåâàÿ ìîäåëü ñèñòåìû ñìàçêè ïðèâåäåíà íà ðèñ. 2. Îñîáåííîñòüþ äàí-
íîé çàäà÷è áûë ëàìèíàðíûé ðåæèì òå÷åíèÿ ìàñëà. Ïðè ïîñòðîåíèè ñåòå-
âîé ìîäåëè íå áûëî íàéäåíî äàííûõ î ñîïðîòèâëåíèè ïîâîðîòíîãî øòóöåðà.
Äëÿ îïðåäåëåíèÿ ýòîé èíôîðìàöèè áûëà ñîçäàíà ìîäåëü øòóöåðà (ðèñ. 3 è
ïðîâåäåíà ñåðèÿ CFD ðàñ÷åòîâ, â êîòîðûõ âàðüèðîâàëîñü çíà÷åíèå ðàñõîäà
ìàñëà ÷åðåç øòóöåð. Äèàìåòð âõîäíîãî ïàòðóáêà ðàâåí 8 ìì, äèàìåòð âû-
õîäíîãî îòâåðñòèÿ 6 ìì. Ïëîòíîñòü ìàñëà ðàâíà 907 êã/ì3, âÿçêîñòü 0,099
Ïà·c. Ðàñõîä ìàñëà â ïàòðóáêå øòóöåðà âàðüèðîâàëñÿ äëÿ ÷èñåë Ðåéíîëüä-
ñà îò 50 äî 300. Íà âõîäå çàäàâàëñÿ ðàçâèòûé ëàìèíàðíûé ïðîôèëü, íà
âûõîäå ïîñòîÿííîå äàâëåíèå. Â ðåçóëüòàòå ïðîñòðàíñòâåííûõ CFD ðàñ÷åòîâ
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Ðèñóíîê 1. Ýñêèç ñèñòåìû ñìàçêè ðåäóêòîðà

Ðèñóíîê 2. Ñåòåâàÿ ìîäåëü ìàãèñòðàëè ñìàçêè ðåäóêòîðà. à) Ñåòåâàÿ ìîäåëü; á)
Íîìåðà îòâåðñòèé ñèñòåìû ñìàçêè (3-9 ñàòåëëèòû, 1,2,10,11 ïðèâîäíûå øåñòåðíè)
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îïðåäåëèëè, ÷òî â ñåòåâîé ìîäåëè øòóöåð ìîæíî îïèñàòü â âèäå òðóáêè äèà-
ìåòðîì 6 ìì, äëèíîé 18,5 ìì, ñ êîýôôèöèåíòîì ìåñòíîãî ñîïðîòèâëåíèÿ 3.
Ïîëó÷åííûå â ðåçóëüòàòå ïðîñòðàíñòâåííûõ ðàñ÷åòîâ ñîïðîòèâëåíèÿ è äëè-
íû ýëåìåíòîâ èñïîëüçîâàëèñü â êà÷åñòâå ïàðàìåòðîâ ñåòåâîé ìîäåëè ñèñòå-
ìû ñìàçêè ðåäóêòîðà. Ðåçóëüòàòû ðàñ÷åòà ñåòåâîé ìîäåëè ïðåäñòàâëåíû íà
ðèñ. 4. Ïî ðåçóëüòàòàì ðàñ÷åòà âèäíî, ÷òî ìàñëî â ñàòåëëèòû (îòâåðñòèÿ 3-9)
ðàçäàåòñÿ ïðèáëèçèòåëüíî ðàâíîìåðíî. Îäíàêî ðàñõîä ìàñëà â îòâåðñòèÿõ,
âåäóùèõ ê ïðèâîäíûì øåñòåðíÿì (îòâåðñòèÿ 1,2,10,11) â ïîëòîðà ðàçà ìåíü-
øå. Äëÿ êîíñòðóêöèè áûëà âûïîëíåíà ñåðèÿ ðàñ÷åòîâ ñ öåëüþ îïðåäåëåíèÿ
íåîáõîäèìûõ ìåñòíûõ ñîïðîòèâëåíèé, êîòîðûå áû îáåñïå÷èëè íåîáõîäèìûé
óðîâåíü ðàñõîäà â óçëàõ ñèñòåìû ñìàçêè (ðèñ. 4). Ïðè âûðàâíèâàíèè ðàñõî-
äîâ ìàñëà â ñèñòåìå, çíà÷åíèå ðàñõîäîâ äëÿ îòâåðñòèé ïðèâîäíûõ øåñòåðåí
çàäàâàëîñü íà 20% áîëüøèì ïî ñðàâíåíèþ ñ ðàñõîäàìè â îòâåðñòèÿõ ñàòåë-
ëèòîâ, ÷òî îáóñëîâëåíî áîëåå âûñîêèì òåïëîâûäåëåíèåì ñîîòâåòñòâóþùèõ
øåñòåðåí. Ïîëó÷åííûå ñîïðîòèâëåíèÿ èñïîëüçîâàëèñü äëÿ îïðåäåëåíèÿ äèà-
ìåòðà ðåãóëèðóþùèõ øàéá.

Ðèñóíîê 3. Ìîäåëü ïîâîðîòíîãî øòóöåðà. à) ýñêèç, á) ðàñ÷åòíàÿ ñåòêà

Ïðè ïîñòðîåíèè ñåòåâîé ìîäåëè ñ èñïîëüçîâàíèåì äàííûõ ïðîñòðàí-
ñòâåííîãî ìîäåëèðîâàíèÿ íå îáÿçàòåëüíî ñîîòâåòñòâóþùèé ó÷àñòîê ïðåä-
ñòàâëÿòü â âèäå îäíîé âåòâè ñ çàäàííûìè ïàðàìåòðàìè. Íàïðèìåð, ñèñòåìà
òåõíîëîãè÷åñêîé âûòÿæêè ïðîìûøëåííîãî çäàíèÿ, êîòîðàÿ ñîñòîèò èç ñè-
ñòåìû âîçäóõîâîäîâ, ðàçìåùåííûõ âäîëü êàæäîãî ýòàæà çäàíèÿ, è ñîñòàâ-
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Ðèñóíîê 4. Ðàñïðåäåëåíèå ðàñõîäîâ â âûõîäíûõ îòâåðñòèÿõ

íîãî ñêðóááåðà, ïðåäíàçíà÷åííîãî äëÿ ñáîðà è î÷èñòêè âîçäóõà, è èìååò
ïÿòü íåçàâèñèìûõ âõîäîâ, êàæäûé èç êîòîðûõ ðàñïîëîæåí íà ñâîåì ýòàæå
(ðèñ. 5). Î÷åâèäíî, ñåòåâàÿ ìîäåëü ñêðóááåðà òàê æå áóäåò ñîñòîÿòü èç íà-
áîðà âåòâåé è óçëîâ (ðèñ. 6). Îïðåäåëåíèå ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ
êàæäîãî ýëåìåíòà ìîäåëè ïîòðåáóåò î÷åíü áîëüøîãî êîëè÷åñòâà ðàñ÷åòîâ,
è, âîçìîæíî, öåëåñîîáðàçíî ïåðåéòè ê ìîäåëè ñ îäíîâðåìåííûì ðàçðåøåíè-
åì ïðîñòðàíñòâåííûõ è ñåòåâûõ îáúåêòîâ. Îäíàêî, áîëüøîå âðåìÿ ðàñ÷åòà
ïðîñòðàíñòâåííîé çàäà÷è äëÿ ñêðóááåðà è íåîáõîäèìîñòü ïðîâåäåíèÿ áîëü-
øîãî êîëè÷åñòâà ðàñ÷åòîâ ñåòè, ñîäåðæàùåé ýòîò ñêðóááåð, òàê æå òðåáóåò
çíà÷èòåëüíûõ âû÷èñëèòåëüíûõ çàòðàò. Ïîýòîìó äëÿ ðåøåíèÿ ýòîé çàäà÷è
áûëî ïðåäëîæåíî ðàçäåëèòü ìîäåëü ñêðóááåðà íà íåñêîëüêî çîí:

1. âñå âõîäû, ãåîìåòðè÷åñêîå ïîäîáèå êîòîðûõ ïîçâîëèëî ïðåäïîëîæèòü
ñóùåñòâîâàíèå îäíîãî êîýôôèöèåíòà ìåñòíîãî ñîïðîòèâëåíèÿ íà âñåõ
ó÷àñòêàõ ýòîé çîíû;

2. ïîäú¼ìíàÿ òðóáà ñ 1 ïî 4 ýòàæ, ìàëûå ñêîðîñòè â êîòîðîé ïîçâîëèëè
ïðåäïîëîæèòü, ÷òî âëèÿíèå ìåñòíîãî ñîïðîòèâëåíèÿ äàííûõ ó÷àñòêîâ
íà ïîòîêîðàñïðåäåëåíèå â ñêðóááåðå áóäåò íåñóùåñòâåííûì è ñîîòâåò-
ñòâåííî ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå çàäàâàëîñü ðàâíûì 0 äëÿ âñåõ
ó÷àñòêîâ çîíû;

3. ïîäú¼ìíàÿ òðóáà ñ 4 íà 5 ýòàæ;
4. âûõîä íà âåíòèëÿòîð.

Ñîîòâåòñòâåííî çàäà÷à ñâîäèëàñü ê ïîèñêó òðåõ êîýôôèöèåíòîâ ìåñò-
íîãî ñîïðîòèâëåíèÿ äëÿ çîí 1, 3 è 4 óäîâëåòâîðÿþùèõ óñëîâèþ ìèíèìóìà
îòëè÷èÿ ïåðåïàäà äàâëåíèÿ â ñêðóááåðå äëÿ ñåòåâûõ è 3D ðàñ÷åòîâ. Äëÿ èõ
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Ðèñóíîê 5. Ñêðóááåð: à) ãåîìåòðèÿ á) ñòàòè÷åñêîå äàâëåíèå â) ëèíèè òîêà

Ðèñóíîê 6. Ñêðóááåð: à) ãåîìåòðèÿ á) ñòàòè÷åñêîå äàâëåíèå â) ëèíèè òîêà
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îïðåäåëåíèÿ áûëî âûïîëíåíî òðè òðåõìåðíûõ ðàñ÷åòà (òðè èñïûòàíèÿ), â
êîòîðûõ âàðüèðîâàëàñü âåëè÷èíà ðàñõîäîâ íà âõîäàõ ñ ýòàæåé. Â ðåçóëüòà-
òå ðàñ÷åòà ïî èçâåñòíûì ðàñõîäàì íà âõîäàõ áûëè ïîñòðîåíû çàâèñèìîñòè
ïåðåïàäà äàâëåíèÿ ìåæäó ðàçëè÷íûìè âõîäàìè è âûõîäîì, ïî êîòîðûì, â
ñâîþ î÷åðåäü, è áûëè îïðåäåëåíû íåîáõîäèìûå çíà÷åíèÿ ãèäðàâëè÷åñêîãî
ñîïðîòèâëåíèÿ.

Ãèäðîäèíàìè÷åñêè åäèíàÿ ìîäåëü

Êîãäà íåâîçìîæíî ïîëó÷èòü îäíîçíà÷íóþ çàâèñèìîñòü ïàðàìåòðîâ îäíîé
÷àñòè ðàçíîìàñøòàáíîé ìîäåëè îò äðóãîé, ëó÷øå èñïîëüçîâàòü ãèäðîäèíà-
ìè÷åñêè åäèíóþ ìîäåëü. Â ýòîì ñëó÷àå, îáå ÷àñòè ìîäåëè ðàññ÷èòûâàþòñÿ
îäíîâðåìåííî è îáìåí ãðàíè÷íûìè óñëîâèÿìè ïðîèñõîäèò ÷åðåç îäíó èëè
íåñêîëüêî èòåðàöèé. Òàêèì îáðàçîì ñíèæàåòñÿ âåðîÿòíîñòü òîãî, ÷òî ðàç-
íûå ÷àñòè ìîäåëè áóäóò ðàññ÷èòàíû äëÿ ðàçíûõ ðåæèìîâ òå÷åíèÿ. Â ïî-
äàâëÿþùåì áîëüøèíñòâå ñëó÷àåâ ïðèìåíåíèÿ òàêîãî ïîäõîäà, ðàçíûå ÷àñòè
ìîäåëè ðàññ÷èòûâàþòñÿ â ðàçíûõ ïðîãðàììíûõ ïðîäóêòàõ, ñëåäîâàòåëüíî,
íåîáõîäèìî ðàçðàáîòàòü ñïîñîá ïåðåäà÷è äàííûõ èç îäíîé ïðîãðàììû â äðó-
ãóþ, íàïðèìåð, ïðè ïîìîùè ñòîðîííèõ áèáëèîòåê, òàê äëÿ ñâÿçè ANSYS è
Flowmaster èñïîëüçóåòñÿ áèáëèîòåêà MpCCi [5], ïðåäíàçíà÷åííàÿ äëÿ ñâÿçè
ðàçëè÷íûõ ïðîãðàìì ÷åðåç API ôóíêöèîíàë, äðóãèå àâòîðû èñïîëüçóþò äëÿ
îáìåíà äîïîëíèòåëüíûå ôàéëîâ [6]. Äàæå â ñëó÷àå åñëè ïðîãðàììíûé êîì-
ïëåêñ ïîçâîëÿåò ìîäåëèðîâàòü îáå ÷àñòè ìîäåëè, òî è òîãäà âîïðîñ ïåðåäà÷è
ãîðíè÷íûõ óñëîâèé îñòàåòñÿ àêòóàëüíûì. Íàïðèìåð, â ðàáîòå [7] î ìîäåëè-
ðîâàíèè êðîâîòîêà âíèç ïî ïîòîêó ïðåäàþòñÿ çíà÷åíèÿ ðàñõîäà, à â âåðõ
äàâëåíèÿ. Â íàøåì ïðîãðàììíîì ïðîäóêòå SigmaFlow ìû ïîøëè äðóãèì
ïóòåì: äëÿ âñåé ðàñ÷¼òíîé îáëàñòè ñòðîèòñÿ åäèíîå óðàâíåíèå íà ïîïðàâêó
äàâëåíèÿ, ÷òî ïîçâîëÿåò ïîëó÷èòü íåðàçðûâíîå ïîëå äàâëåíèÿ, à íà ãðàíèöå
ïðîñòðàíñòâåííîé è ñåòåâîé ðàñ÷¼òíûõ îáëàñòÿõ ïðîèñõîäèò èíòåðïîëÿöèÿ
ðàñõîäîâ [8]. Òàêîé ïîäõîä îáåñïå÷èâàåò áîëüøóþ ñêîðîñòü ñõîäèìîñòè ïî
ñðàâíåíèþ ñ òðàäèöèîííûìè ìåòîäàìè è ïîçâîëÿåò çàðàíåå íå çàäàâàòü íà-
ïðàâëåíèå ðàñõîäà. Â êà÷åñòâå ïðèìåðà ïðàêòè÷åñêîãî èñïîëüçîâàíèÿ òàêî-
ãî ïîäõîäà ïðåäñòàâëåíà çàäà÷à î ìîäåëèðîâàíèè ñèñòåìû óäàëåíèÿ àíîä-
íûõ ãàçîâ èç ýëåêòðîëèçíîãî öåõà àëþìèíèåâîãî çàâîäà [9]. Äàííàÿ ñèñòåìà
ïðåäíàçíà÷åíà äëÿ ñáîðà âðåäíûõ ãàçîâ, âûõîäÿùèõ èç áðèãàä ýëåêòðîëèç-
íûõ âàíí, è ïåðåäà÷è èõ â àïïàðàòû ãàçîî÷èñòêè. Áûëà ïîñòàâëåíà çàäà÷à
î âûðàâíèâàíèè ðàñõîäîâ îò êàæäîé âàííû â ÷åòûð¼õ áðèãàäàõ (1-ÿ è 2-ÿ
áðèãàäû � 24 âàííû, 3-ÿ áðèãàäà � 26 âàíí è 4-ÿ � 20 âàíí). Ïðåäïîëàãàëîñü
îñóùåñòâèòü âûðàâíèâàíèå ðàñõîäîâ ñ ïîìîùüþ ðåãóëèðóþùèõ çàñëîíîê, à
òàêæå ïðîâåñòè îöåíêó èçìåíåíèÿ îáùåãî ðàçðåæåíèÿ â ñèñòåìå äî è ïîñëå
âûðàâíèâàíèÿ. Ãëàâíîé îñîáåííîñòüþ äàííîãî ãàçîõîäà ÿâëÿåòñÿ íàëè÷èå
öåíòðàëüíîãî ñáîðíîãî êîëëåêòîðà (ïðîñòðàíñòâåííàÿ ÷àñòü ïðåäñòàâëåíà
íà ðèñ. 7), ïîòåðè äàâëåíèÿ â êîòîðîì ñîñòàâëÿþò ïðèìåðíî ïîëîâèíó îò
îáùåé ïîòåðè äàâëåíèÿ â èññëåäóåìîé ÷àñòè ñèñòåìû. Â îáùåì ñëó÷àå ìîäå-
ëèðîâàíèå òàêîé çàäà÷è â ðàìêàõ îäíîãî èç îñíîâíûõ ïîäõîäîâ (ïîëíîñòüþ
3D èëè ïîëíîñòüþ ñåòåâûì ìåòîäîì) íåâîçìîæíî. Ðàçìåð ðàñ÷¼òíîé ñåòêè
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äëÿ ïîñòðîåíèÿ ïîëíîñòüþ ïðîñòðàíñòâåííîé ìîäåëè âñåãî êîðïóñà áóäåò
ñëèøêîì âåëèê, òàê êàê äëèíû íåêîòîðûõ ó÷àñòêîâ èìåþò ïðîòÿæåííîñòü
áîëåå 100ì. Ïðè ïîñòðîåíèè ïîëíîñòüþ ñåòåâîé ìîäåëè íåîáõîäèìî îïðå-
äåëèòü ãèäðàâëè÷åñêîå ñîïðîòèâëåíèå êîëëåêòîðà äëÿ ðàçíûõ ðåæèìîâ åãî
ðàáîòû, ÷òî òàêæå ÿâëÿåòñÿ äîñòàòî÷íî òðóäîåìêîé çàäà÷åé. Ïðèìåíåíèå
ðàçäåë¼ííîé ìîäåëè äëÿ îïðåäåëåíèÿ ãèäðàâëè÷åñêîãî ñîïðîòèâëåíèÿ êàæ-
äîãî îòâîäà êîëëåêòîðà òàêæå íå ïîäõîäèò, òàê êàê åñòü ïðåäïîëîæåíèå,
÷òî äî è ïîñëå âûðàâíèâàíèÿ ðàñõîäîâ îíî áóäåò ñèëüíî îòëè÷àòüñÿ. Ïî-
ñòðîåíèå ðàçíîìàñøòàáíîé ìîäåëè ïîçâîëÿåò óñòðàíèòü ýòî ïðåïÿòñòâèå:
ïðîòÿæåííûå ýëåìåíòû ïðåäñòàâëåíû â âèäå ñåòè, ñáîðíûé êîëëåêòîð â âè-
äå ïðîñòðàíñòâåííîãî ýëåìåíòà (ñì. ðèñ. 7à).

à)

á)

Ðèñóíîê 7. à) Ðàçíîìàñøòàáíàÿ ìîäåëü ñèñòåìû âûíîñíûõ ãàçîõîäîâ êîðïóñà:
�1, �2, �3, �4 � íîìåðà áðèãàä, 0�10 íîìåðà âåòâåé, êðóãîì âûäåëåíû òî÷êè
çàìåðîâ; á) Ðåçóëüòàòû ðàñ÷¼òà ñèñòåìû ãàçîóäàëåíèÿ

Ãåîìåòðèÿ êîëëåêòîðà ñòðîèëàñü ïî ÷åðòåæàì, ïîëó÷åííûì îò çàêàç÷è-
êà. Ñåòåâûå ýëåìåíòû ãèáðèäíîé ìîäåëè ìîæíî ðàçäåëèòü íà òðè ãðóïïû:

1. Âåòâè, ïàðàìåòðû êîòîðûõ çàäàþòñÿ èñõîäÿ èç ãåîìåòðè÷åñêèõ õàðàê-
òåðèñòèê (âåòâè 2, 9, 10).

2. Âåòâè, ìîäåëèðóþùèå îáëàñòü ïîä âñòàâêó ðåãóëèðóþùåé çàñëîíêè (âåò-
âè 1, 4, 6, 8). Ìèíèìàëüíàÿ äëèíà è ñîïðîòèâëåíèå ñîîòâåòñòâóþò îòêðû-
òîé çàñëîíêå.

3. Âåòâè, îïèñûâàþùèå áðèãàäó ïîäêîðïóñíîãî ãàçîõîäà (âåòâè 0, 3, 5, 7).

Ðåçóëüòàòû ãèáðèäíîãî ðàñ÷åòà ñðàâíèâàëèñü ñ äàííûìè ýêñïåðèìåíòà
(ðèñ. 7á). Ðàñ÷åòíîå ðàçðåæåíèå íà âûõîäå èç êîëëåêòîðà ðàâíî 2416 Ïà.
Ïîñëå ïðîöåäóðû îïðåäåëåíèÿ äîïîëíèòåëüíîãî ñîïðîòèâëåíèÿ ðåãóëèðóþ-
ùèõ çàñëîíîê áûë ïðîâåä¼í ïîâòîðíûé ðàñ÷åò, ðåçóëüòàòû êîòîðîãî ïðåä-
ñòàâëåíû íà ðèñ. 7á. Îáùåå ðàçðåæåíèå â ñèñòåìå âûðîñëî äî 2868 Ïà, òî
åñòü íà ≈ 20%. Ðàññìîòðèì ãèäðàäèíàìè÷åñêè åäèíóþ ðàçíîìàñøòàáíóþ
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ìîäåëü ñ ñîïðÿæåíèåì ïî òåïëîâîé çàäà÷å - ìîäåëèðîâàíèå òåïëîîáìåíà â
ìèêðîòåïëîîáìåííèêå, ñîñòîÿùåì èç 15 ìèêðîêàíàëîâ ïðÿìîóãîëüíîãî ñå-
÷åíèÿ. Ðàçìåðû ìèêðîêàíàëîâ áûëè ñëåäóþùèìè: âûñîòà êàíàëà � 772ìêì,
øèðèíà � 1100 ìêì, äëèíà � 5000ìêì, êîëè÷åñòâî ìèêðîêàíàëîâ â áëîêå � 15.
Ñõåìàòè÷íî ãåîìåòðèþ ðàññìàòðèâàåìîãî òåïëîîáìåííèêà ìîæíî âèäåòü íà
ðèñ. 8à, ãäå ïðåäñòàâëåíî ðàñïðåäåëåíèå òåìïåðàòóðû íà ñòåíêàõ äëÿ ÷èñ-
ëà Ðåéíîëüäñà, ðàâíîãî 100. Îõëàæäàþùàÿ âîäà ïîäàåòñÿ ÷åðåç êðóãëûé
êàíàë äèàìåòðîì 5ìì . Çàòåì îíà ïîäàåòñÿ â ðàçäàþùèé êîëëåêòîð ðàçìå-
ðàìè 30ìì íà 15 ìì è âûñîòà 2,5ìì. Äàëåå âîäà äâèæåòñÿ ïî ìèêðîêàíàëàì,
íèæíÿÿ ñòåíêà êîòîðûõ êàñàåòñÿ îõëàæäàåìîé ïîâåðõíîñòè. Ïîñëå ýòîãî íà-
ãðåòàÿ âîäà ïîñòóïàåò â ñîáèðàþùèé êîëëåêòîð è îòâîäèòñÿ ÷åðåç êðóãëûé
êàíàë. Îõëàæäàåìàÿ ïîâåðõíîñòü èìååò ðàçìåðû 30ìì íà 50 ìì, ÷òî ñîîò-
âåòñòâóåò ðàçìåðàì òèïè÷íûõ ýëåìåíòîâ ìèêðîñõåì, ïîýòîìó òàêèå ñèñòåìû
óäîáíî èñïîëüçîâàòü, íàïðèìåð, äëÿ îõëàæäåíèÿ ïðîöåññîðîâ ÝÂÌ.

Ðèñóíîê 8. Äâà âàðèàíòà ïîñòàíîâêè çàäà÷è î òåïëîîáìåíå â áëîêå ìèêðîêàíà-
ëîâ: à) ïðîñòðàíñòâåííàÿ ïîñòàíîâêà (ïîëå òåìïåðàòóðû íà ñòåíêàõ êàíàëà); á)
ãèáðèäíàÿ ïîñòàíîâêà (ìîäóëü ñêîðîñòè â öåíòðàëüíîì ñå÷åíèè ìèêðîêàíàëîâ)

Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ìèêðîòåïëîîáìåííèêà ïðîâåäåíî â ðà-
áîòå [10]. Äåòàëüíî ýòà çàäà÷à â ïðîñòðàíñòâåííîé ïîñòàíîâêå áûëà èññëå-
äîâàíà â ðàáîòå [11]. Áûëà ïðîâåäåíà ñåðèÿ ðàñ÷¼òîâ, â êîòîðûõ ÷èñëî Ðåé-
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íîëüäñà âàðüèðîâàëîñü â äèàïàçîíå îò 100 äî 800. Ðàññìàòðèâàëîñü òîëüêî
ñòàöèîíàðíîå òå÷åíèå. ×èñëî Ðåéíîëüäñà îïðåäåëÿëîñü ÷åðåç ðàñõîä âîäû íà
âõîäå â òåïëîîáìåííèê è äèàìåòð ïîäâîäÿùåãî êàíàëà. Èññëåäóåìîé âåëè÷è-
íîé ÿâëÿëîñü ïàäåíèå äàâëåíèÿ ìåæäó âõîäîì è âûõîäîì â òåïëîîáìåííèê è
íàãðåâ âîäû â òåïëîîáìåííèêå. Òåìïåðàòóðà âîäû íà âõîäå â òåïëîîáìåííèê
çàäàâàëàñü ðàâíîé 270. Â êàæäîì ìèêðîêàíàëå íà íèæíåé ñòåíêå çàäàâàëàñü
ïîñòîÿííàÿ ïëîòíîñòü òåïëîâîãî ïîòîêà, ðàâíàÿ 10 êÂò/ì2. Îñòàëüíûå ñòåí-
êè ðàññìàòðèâàëèñü êàê àäèàáàòè÷åñêèå. Ìîäåëèðîâàíèå áûëî ïðîâåäåíî â
ðàìêàõ ëàìèíàðíîé ñòàöèîíàðíîé ïîñòàíîâêè. Áûëî ðàññ÷èòàíî äâà âàðè-
àíòà: â ïîëíîé ïðîñòðàíñòâåííîé ïîñòàíîâêå (9à) è ãèáðèäíîé ïîñòàíîâêå
(9á). Äëÿ ðàñ÷åòà ïðîñòðàíñòâåííîé çàäà÷è èñïîëüçîâàëàñü íåñòðóêòóðè-
ðîâàííàÿ ãåêñàãîíàëüíàÿ ìíîãîáëî÷íàÿ ñåòêà, ñîñòîÿùàÿ èç 480000 ÿ÷ååê.
Òàêàÿ äåòàëèçàöèÿ áûëà ïîäîáðàíà èñõîäÿ èç ìåòîäè÷åñêèõ ðàñ÷åòîâ. Â ãè-
áðèäíîì âàðèàíòå ÷àñòü ìèêðîêàíàëîâ áûëà çàìåíåíà ñåòåâûìè ýëåìåíòàìè
ñ îñòàâëåíèåì îáëàñòè âõîäà è âûõîäà (äëÿ ó÷åòà êîððåêòíîãî óñòàíîâëåíèÿ
ïðîôèëÿ ñêîðîñòè). Òàêèì îáðàçîì, êîëè÷åñòâî ÿ÷ååê â ñåòêå óìåíüøèëîñü
äî 400000. Ïîëó÷åííûå ðàñ÷¼òíûå äàííûå ñðàâíèâàëèñü ñ ýêñïåðèìåíòàëü-
íûìè [10] è ìåæäó ñîáîé. Íà ðèñ. 10à ïðåäñòàâëåíî ñîïîñòàâëåíèå ðåçóëü-
òàòîâ ÷èñëåííîãî ìîäåëèðîâàíèÿ ñ ýêñïåðèìåíòîì. Ñðàâíåíèå ïðîâåäåíî ïî
âåëè÷èíå ïåðåïàäà äàâëåíèÿ ìåæäó âõîäîì è âûõîäîì â òåïëîîáìåííèê è
âåëè÷èíå íàãðåâà âîäû (ðèñ. 9). Ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòîâ â ðàçëè÷-
íûõ ïîñòàíîâêàõ è ýêñïåðèìåíòîì ïîêàçûâàåò, ÷òî ãèáðèäíûé ðàñ÷åò, â öå-
ëîì, õîðîøî îïèñûâàåò ïîâåäåíèå ýêñïåðèìåíòà âî âñåì ðàññìàòðèâàåìîì
äèàïàçîíå ÷èñåë Ðåéíîëüäñà. Àíàëèç âðåìåííûõ çàòðàò ïîêàçàë, ÷òî ðàñ-
÷åò â ðàìêàõ ãèáðèäíîé ïîñòàíîâêè íà 20% áûñòðåå àíàëîãè÷íîãî ðàñ÷åòà
â ïðîñòðàíñòâåííîé ïîñòàíîâêå. Òàêîé îòíîñèòåëüíî íå áîëüøîé âûèãðûø
îáóñëîâëåí òåì, ÷òî äàííûé òåïëîîáìåííèê ñîñòîèò èç íåáîëüøîãî ÷èñëà
êàíàëîâ. Ñ óâåëè÷åíèåì ÷èñëà âåòâåé òåïëîîáìåííèêà èëè êîëè÷åñòâà òåï-
ëîîáìåííèêîâ, ñâÿçàííûõ â îäíó ñèñòåìó, âûèãðûø ïî âðåìåíè áóäåò âîç-
ðàñòàòü.

ãèäðîäèíàìè÷åñêè íå ñâÿçàííàÿ ìîäåëü

Ïðè ìîäåëèðîâàíèè îáúåêòîâ, êîòîðûõ ïðîèñõîäèò íåñâÿçàííîå èëè ñëàáî-
ñâÿçàííîå òå÷åíèå íåñêîëüêèõ æèäêîñòåé, ìîæíî èñïîëüçîâàòü òðåòèé ñïî-
ñîá ïîñòðîåíèÿ ðàçíîìàñøòàáíûõ ìîäåëåé. Â òàêîãî ðîäà ìîäåëÿõ ñåòåâûå
ýëåìåíòû ¾ïðîíèçûâàþò¿ ïðîñòðàíñòâåííóþ îáëàñòü, à ñâÿçü ìåæäó äâóìÿ
÷àñòÿìè ðàçíîìàñøòàáíîé ìîäåëè âûïîëíåíà ÷åðåç èíòåãðàëüíûå õàðàêòå-
ðèñòèêè, êàê ïðàâèëî, äàâëåíèå èëè òåïëîâîé ïîòîê. Ê ïîñòðîåíèþ ïðî-
ñòðàíñòâåííîé ÷àñòè ìîäåëè ìîæíî âûäåëèòü äâà ïîäõîäà: ïåðâûé � ðàñ÷¼ò-
íàÿ îáëàñòü îïèñûâàåò ãåîìåòðèþ òðóá èëè êàíàëîâ [12], âòîðîé � ãèäðàâ-
ëè÷åñêîå ñîïðîòèâëåíèå ïó÷êà òðóá îïèñûâàåòñÿ ìîäåëüþ ïîðèñòîãî òåëà.
Â ¾SigmaFlow¿ êîäå ðåàëèçîâàíà âîçìîæíîñòü îáîèõ ïîäõîäîâ. Íàïðèìåð,
ïðè ðåàëèçàöèè çàäà÷è î ìîäåëèðîâàíèè êîæóõîòðóá÷àòîãî òåïëîîáìåííè-
êà, ïðåäñòàâëåííîãî íà ðèñ. 10, íåîáõîäèìî ðàçðåøèòü áîëåå øåñòèñîò òðóá,
÷òî òðåáóåò ïîñòðîåíèå ðàñ÷¼òíîé ñåòêè ïîðÿäêà äåñÿòè ìèëëèîíîâ ÿ÷ååê.
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Ðèñóíîê 9. Ñðàâíåíèå ðåçóëüòàòîâ ðàñ÷åòà: à) ïåðåïàä äàâëåíèÿ (òî÷êè- ýêñïåðè-
ìåíòàëüíûå äàííûå, ñïëîøíàÿ ëèíèÿ � ïðîñòðàíñòâåííàÿ ïîñòàíîâêà, ïóíêòèðíàÿ
ëèíèÿ � ãèáðèäíàÿ ïîñòàíîâêà) á) ïåðåïàäà òåìïåðàòóðû (êâàäðàòíûé ìàðêåð �
ïðîñòðàíñòâåííàÿ ïîñòàíîâêà, òðåóãîëüíûé ìàðêåð � ãèáðèäíàÿ ïîñòàíîâêà).

Ãèáðèäíûé ïîäõîä, ñîâìåñòíî ñ ìîäåëüþ ïîðèñòîãî òåëà, ïîçâîëÿåò íå òîëü-
êî îïðåäåëèòü ïîëÿ òåìïåðàòóðû è ñâîéñòâ âåùåñòâà, íî è ïåðåïàä äàâëåíèÿ
â ñèñòåìå. Ïðè ðàñ÷¼òå òàêîãî ðîäà òåïëîîáìåííèêà ïî ýìïèðè÷åñêèì ôîð-

Ðèñóíîê 10. Ïîëå òåìïåðàòóðû â öåíòðàëüíîì ñå÷åíèè ðàçíîìàñøòàáíîé ìîäåëè
òåïëîîáìåííèêà

ìóëàì âîçíèêàåò ðÿä ïðîáëåì, ñâÿçàííûõ ñ íåðàâíîìåðíûì ðàñïðåäåëåíèåì
ïî îáú¼ìó òåïëîîáìåííèêà íå òîëüêî òåìïåðàòóðû, íî ôèçè÷åñêèõ ñâîéñòâ
òåïëîíîñèòåëåé (â äàííîì ñëó÷àå ìàñëî � ðèñ. 11). Ïðåíåáðåæåíèå ýòèì
îáñòîÿòåëüñòâîì ìîæåò ïðèâåñòè íå òîëüêî ê íåêîððåêòíîìó îïðåäåëåíèþ
òåïëîâîãî íàïîðà, íî è íåêîððåêòíîìó îïðåäåëåíèþ ãèäðàâëè÷åñêîãî ñîïðî-
òèâëåíèÿ òðóáíîãî ïó÷êà, ÷òî â ñâîþ î÷åðåäü, ïðèâîäèò ê íåïðàâèëüíîìó
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ðàñ÷¼òó îáòåêàíèÿ òðóáíîãî ïó÷êà, à, ñëåäîâàòåëüíî, îøèáî÷íîìó ðàñ÷¼òó
òåïëîîáìåíà è ïåðåïàäà äàâëåíèÿ.

à)
á)

Ðèñóíîê 11. à) Ïîëå äèíàìè÷åñêîé âÿçêîñòè â äâóõ ñå÷åíèÿõ òåïëîîáìåííèêà
(ñåòåâàÿ ÷àñòü çàäà÷è ¾ïîãàøåíà¿)

Êîìáèíèðîâàííûé ïîäõîä

Âñå âûøå îïèñàííûå ïîäõîäû ìîæíî êîìáèíèðîâàòü. Ïðèìåðîì êîìáèíà-
öèè âòîðîãî è òðåòüåãî ïîäõîäîâ, ÿâëÿåòñÿ çàäà÷à î ìîäåëèðîâàíèè òåï-
ëîîáìåíà â áëîêå îõëàæäåíèÿ ýëåêòðîííîãî ÷èïà ñèñòåìîé ðàçâåòâëåííûõ
ìèêðîêàíàëîâ [13] (ðèñ. 12). Ñ òî÷êè çðåíèÿ ìîäåëèðîâàíèÿ - ýòî ñîïðÿæ¼í-
íûé òåïëîîáìåí. Êîìáèíàöèÿ äâóõ ìåòîäîâ çàêëþ÷àåòñÿ â òîì, ÷òî ÷àñòü
ìèêðîêàíàëîâ (ãäå ñèëüíîå âëèÿíèå òå÷åíèÿ íà òåïëîîáìåí) âûïîëíåíà â
ïðîñòðàíñòâåííîé ïîñòàíîâêå, à äðóãàÿ � â ñåòåâîé, è ñâÿçàíà ñ ÷èïîì òîëü-
êî ÷åðåç òåïëîîáìåí Êà÷åñòâåííàÿ îöåíêà ðåçóëüòàòîâ ïðîâîäèëàñü íà îñíî-
âå ñðàâíåíèÿ ïîëåé òåìïåðàòóð, ðàññ÷èòàííûõ íà îñíîâå CFD è ãèáðèäíîãî
ïîäõîäîâ. Äëÿ êîëè÷åñòâåííîé âåðèôèêàöèè ïðåäñòàâëåíî ðàñïðåäåëåíèå
òåìïåðàòóðû âäîëü äâóõ ëèíèé (ïóíêòèðíûå ëèíèè, ðèñ. 13â, ã). Ðåçóëüòàò
ñðàâíåíèÿ ïîêàçûâàåò àäåêâàòíîñòü ïðèìåíåíèÿ ãèáðèäíîãî ïîäõîäà äëÿ
ðåøåíèÿ òàêîãî ðîäà çàäà÷.

Âûâîäû

Íåñìîòðÿ íà çíà÷èòåëüíûé ðîñò âû÷èñëèòåëüíûõ ìîùíîñòåé, ìíîãèå ñëîæ-
íûå çàäà÷è çàòðàòíî ðåàëèçîâàòü ïðîñòûì ðàñïàðàëëåëèâàíèåì ðàñ÷¼òà �
ýêñòåíñèâíûé ïîäõîä. Îäíèì èç âèäîâ èíòåíñèâíîãî ïîäõîäà ÿâëÿåòñÿ ïðè-
ìåíåíèå ãèáðèäíûõ ìîäåëåé, â êîòîðûõ â çàâèñèìîñòè îò óðîâíÿ íåîáõîäè-
ìîé èíôîðìàöèè ðàçíûå ÷àñòè ìîäåëè ðàññ÷èòûâàþò ðàçíûìè ïî ìàñøòàáó
ìîäåëÿìè. Íàèáîëåå ïðîñòîé ñïîñîá ïîñòðîåíèÿ ðàçíîìàñøòàáíûõ ìîäåëåé
� ýòî ïîëíîñòüþ ðàçäåëåííàÿ ìîäåëü. Â ñëó÷àå, êîãäà íåâîçìîæíî ïîëó÷èòü
îäíîçíà÷íóþ çàâèñèìîñòü ìåæäó ðàçëè÷íûìè ÷àñòÿìè ãèáðèäíîé ìîäåëè,
ïðåäïî÷òèòåëüíî ïðèìåíÿòü âòîðîé è òðåòèé ñïîñîáû ïîñòðîåíèÿ ðàçíîìàñ-
øòàáíûõ ìîäåëåé, ÷òî ïîçâîëÿåò ñóùåñòâåííî ñîêðàòèòü ðàçìåðû âû÷èñëè-
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Ðèñóíîê 12. Ñðàâíåíèå ïîëåé òåìïåðàòóðû â öåíòðàëüíîì ñå÷åíèè: a) 3D, b)
Ãèáðèä; ñðàâíåíèå òåìïåðàòóðû âäîëü ëèíèè: c) â ñå÷åíèè 2 ìì îò ëåâîãî êðàÿ,
d) â ñå÷åíèè 9 ìì îò ëåâîãî êðàÿ (ñïëîøíàÿ ëèíÿÿ � 3D, ìàðêåðû � ãèáðèä)

òåëüíîé ñåòêè (â ñðàâíåíèè ñ ïîëíîñòüþ òðåõìåðíîé ìîäåëüþ) è èçáàâëÿåò
îò íåîáõîäèìîñòè ïåðåäàâàòü ðàñ÷¼òíûå çíà÷åíèÿ âðó÷íóþ.
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