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COMPUTER-AIDED DESIGN SYSTEM OF TECHNOLOGICAL 
STEELMAKING PROCESS 

Ðàçðàáîòàíà ñèñòåìà àâòîìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ òåõíîëîãè÷åñêîãî 
ïðîöåññà âûïëàâêè ñòàëè. Îñòîâîì ïðîäóêòà ÿâëÿþòñÿ òåîðåòè÷åñêèå è 
ïðàêòè÷åñêèå äîñòèæåíèÿ â îáëàñòè ñòàëåâàðåíèÿ ðåàëèçîâàííûå â âèäå ìîäåëåé 
è àëãîðèòìîâ, ñîáðàííûå â ïðîãðàììíîì êîìïëåêñå ñ èíòóèòèâíî ïîíÿòíûì è 
äðóæåñòâåííîì èíòåðôåéñå. Íà ïðèìåðå ïðîåêòèðîâàíèÿ òåõíîëîãè÷åñêîãî 
ïðîöåññà â êèñëîðîäíîì êîíâåðòåðå ïîêàçàíû îñíîâíûå ôóíêöèè ÑÀÏÐ ñ ïîìîùüþ 
êîòîðûõ îïûòíûé òåõíîëîã â êðàò÷àéøèå ñðîêè ìîæåò ðàçðàáîòàòü, 
ïðîñ÷èòàòü è îöåíèòü ëþáûå íîâîââåäåíèÿ êàñàþùèåñÿ íà÷èíêè 
ñòàëåïëàâèëüíîãî àãðåãàòà, èñïîëüçîâàíèÿ íîâûõ ìàòåðèàëîâ è ýíåðãîíîñèòåëåé, 
ðåæèìîâ èõ ââîäà è ò.ä. Íàëè÷èå «âèçóàëüíîãî» ïðîåêòèðîâàíèÿ äàåò 
âîçìîæíîñòü ïîëó÷àòü ðåøåíèÿ, êîòîðûå ó÷èòûâàþò êàê ôîðìàëèçóåìûå, òàê è 
íåôîðìàëèçóåìûå êðèòåðèè. Â öåëîì ýòî äàåò ñóùåñòâåííûé âûèãðûø êàê ïî 
âðåìåíè òàê è ïî çàòðàòàì. 

Êëþ÷åâûå ñëîâà: êèñëîðîäíûé êîíâåðòåð, ìîäåëèðîâàíèå, òåõíîëîãè÷åñêèé 
ïðîöåññ, ïðîåêòèðîâàíèå, ïðîãàììíûé êîìïëåêñ, ÑÀÏÐ ÒÏ. 

 

Ðîçðîáëåíî ñèñòåìó àâòîìàòèçîâàíîãî ïðîåêòóâàííÿ òåõíîëîã³÷íîãî ïðîöåñó 
âèïëàâêè ñòàë³. Îñòîâîì ïðîäóêòó º òåîðåòè÷í³ òà ïðàêòè÷í³ äîñÿãíåííÿ â 
ãàëóç³ ñòàëåâàð³ííÿ, ÿê³ ðåàë³çîâàí³ ó âèãëÿä³ ìîäåëåé ³ àëãîðèòì³â, ç³áðàí³ â 
ïðîãðàìíîìó êîìïëåêñ³ ç ³íòó¿òèâíî çðîçóì³ëèì ³ äðóæí³ì ³íòåðôåéñ³ . Íà 
ïðèêëàä³ ïðîåêòóâàííÿ òåõíîëîã³÷íîãî ïðîöåñó â êèñíåâîìó êîíâåðòåð³ ïîêàçàí³ 
îñíîâí³ ôóíêö³¿ ÑÀÏÐ çà äîïîìîãîþ ÿêèõ äîñâ³ä÷åíèé òåõíîëîã â íàéêîðîòø³ 
òåðì³íè ìîæå ðîçðîáèòè, ïðîðàõóâàòè ³ îö³íèòè áóäü-ÿê³ íîâîââåäåííÿ, ÿê³ 
ñòîñóþòüñÿ íà÷èíêè ñòàëåïëàâèëüíîãî àãðåãàòó, âèêîðèñòàííÿ íîâèõ 
ìàòåð³àë³â òà åíåðãîíîñ³¿â , ðåæèì³â ¿õ ââåäåííÿ òîùî. Íàÿâí³ñòü «â³çóàëüíîãî» 
ïðîåêòóâàííÿ äàº ìîæëèâ³ñòü îòðèìóâàòè ð³øåííÿ ç óðàõóâàííÿì ð³çíèõ 
êðèòåð³¿â, êîòð³ àáî ôîðìàë³çóþòüñÿ àáî íåôîðìàë³çóþòüñÿ. Â ö³ëîìó öå äàº 
ñóòòºâèé âèãðàø ÿê ó ÷àñ³ òàê ³ çà âèòðàòàìè. 

Êëþ÷îâ³ ñëîâà: êèñíåâèé êîíâåðòåð, ìîäåëþâàííÿ, òåõíîëîã³÷íèé ïðîöåñ, 
ïðîåêòóâàííÿ, ïðîãàìíèé êîìïëåêñ, ÑÀÏÐ ÒÏ. 

 

A system for computer-aided design of technological steelmaking process is developed. 
The frame of the product is theoretical and practical achievements in steelmaking area 
which are implemented in the form of models and algorithms collected in the software 
package with an intuitive and user-friendly interface. On the example of the design of 
technological process in oxygen – blown vessel the basic functions of CAD are shown, 
using which an experienced technologist in the shortest possible time may develop, 
calculate and evaluate all kinds of innovations that concern the filling of steelmaking 
unit, the use of new materials and energy, their entry modes, etc. The presence of 
“visual” design allows obtaining solutions that take into account formalized and non - 
formalized criteria. In general this gives a considerable gain both in time and cost. 

Keywords: BOF, modeling, process, design, software system, CAD TP. 

 

Every year Computer-aided design systems of technological process (CAD 
TP) find application in various branches of industry [1-3]. This is due to the 
fact that the development and usage of CAD TP reduces creation and 
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operation charges of the designed TP, increases labor productivity of designers 
and reduces the volume of project documentation. 

CAD TP are widespread in engineering [1,3], in metallurgy, similar 
systems are presented in the form of simulators [5] or simulation models [6], 
which are intended for the prediction and research issues. 

Labor input and the cost of the technological process’ design is growing 
from year to year, which is caused by the continuous complexity of 
steelmaking facilities constructions and equipment that is used, increasing 
requirements to the metal quality, manufacturing flexibility and time of 
development melting technology of any brand. There is a need for high quality 
technological processes design, which means, that the product received 
according to the developed technology, should be qualified by the technologist 
and have minimum value. 

It is necessary to develop various options for the TP to find a rational 
one. An evaluation, which was carried out [4], showed that number of 
technological process options can reach thousands even if it has minimal set of 
options. Considerable computational difficulties and time-consuming for 
manual solve of complex equations makes the task of designing such amount 
of options in the allotted time impossible. Therefore, the development of 
technological process is subjective and the quality of engineered technological 
process depends on the technologist’s experience and skills [3]. 

Thus, one of the ways to improve the development process of steelmaking 
is automation of TP design. For this purpose the aim of this paper is to create 
a tool which can help the engineer to develop and evaluate technological 
process of given steel grade smelting, evaluate the impact of equipment 
modernization, materials replacement on technological and economic indexes. 

The main CAD features as projection system is to receive finished design 
decisions and corresponding project documents [7]. For this purpose CAD 
should consist of software which performs the appropriate function: technical, 
mathematical, computer, information, linguistic, methodological and 
organizational. As the determiner mathematical software can be highlighted - 
as it is a set of mathematical methods, models and algorithms of designing; 
and information software or the database that contains the description of the 
typical design solutions, reference information, etc. presented in the required 
form. 

In terms of mathematical software CAD TP must have a powerful 
software package, where mathematical models meet the following 
requirements: universality, adequacy, accuracy, economy. Therefore, a 
deterministic process model should be in the basis of CAD TP which is 
particularly effective in the technological process development and in solving 
operational tasks in melting management. It helps to solve problems that both 
refer to structural optimization, which is not available in systems based on 
formal statistical models, and usual parametric optimization, because it gives 
possibilities to solve them analytically. 
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CAD TP data collection should fully ensure the implementation of the 
informational needs of all compound components of CAD, mainly 
mathematical software. 

Submitted requirements are implemented in the software complex 
“Designing Melt” [8]. All the algorithms and calculations of the program are 
based on the thermodynamic model of the condensed phase [9], which allows 
even without statistical “binding” to solve a wide range of practical tasks. 
This allows to do: thermodynamic calculation of balance in multicomponent 
heterogeneous system “metal - slag – gas”, calculation of partial pressures of 
all atomic and molecular components of the gas phase, integrated 
thermodynamic temperature calculation of system’s temperature based on 
enthalpy heat balance; computation of all integral and partial thermodynamic 
functions of the system components; keeping heat energy, temperature and 
aggregation state of materials. 

In order to extend the capabilities of the thermodynamic calculation in   
equilibrium approximation a compensating element, which reflects the process 
in particular form, was introduced. The concept “reaction” zone was 
introduced by the authors in the presented model [10]. It follows from this 
model that any continuous process can be approximated by a set of temporal 
discrete segments and the shorter the duration of the process at each selected 
segment, the closer the approximation to continuously described processes. In 
this case, as the approximation criteria a quantity (mass) of a condensed 
phase, which comes into balance per unit time, was adopted. 

The development of new technology involves the creation of smelting in 
time project, the coordination of the equipment modes, material input, the 
evaluation of changes in the basic melting parameters (chemical composition, 
mass and temperature of fusion products) in time, etc. To build the in 
time smelting project design principles, which are stated in the article, 
were used [11]. 

Design is a complex process that combines procedures of structural 
technology synthesis, the choice of elements parameters, results and decision-
making analysis. On the example of the basic – oxygen steelmaking process, 
we can consider available design methods which are implemented in the 
proposed CAD TP. There are two basic approaches to the TP design: synthesis 
method and the method of analog use. The synthesis method consists of two 
stages. The first stage of design is the structural synthesis for a fundamental 
decisions generation. It is difficult to form task, so it can be solved 
interactively between CAD and operators (technologist). In the proposed 
computer-aided design system the process begins with the preset  
of the technological process duration and steps of design  
(modeling and visualization) (fig. 1). 
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Fig. 1. – Temporal design parameters 

 

Combination of information required to perform computer-aided design 
and presented in a given form [3] represents information support system. The 
main part of the data collection is a database (fig. 2), which contains the 
physical, chemical and thermal characteristics of the periodic table of the 
elements, the equilibrium constant in the condensed and gas phases, Wagner 
coupling parameters, available materials and their composition, available steel 
brands and their composition, tasks for steel melting (processing), etc. In the 
process of CAD operation, the database is updated, corrected and, moreover, 
its protection from inappropriate changes is carried out. 

 

 
Fig. 2. – CAD data collection 

 

After that a steelmaking unit, where the planned smelting process or 
steel processing (which determines the method of smelting) is planned to be 
run, is chosen (fig. 3). Steelmaking unit characteristics are assigned: the 
geometric dimensions of internal and external space; nominal charge weight, 
lining weight and material. 
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Fig.3. – Steelmaking unit features 

 

At the next step of structural synthesis equipment, which the 
steelmaking unit will be provided with, is selected (fig. 4). A wide range of 
modern steelmaking units’ equipment is represented in the program database. 
If the necessary equipment is missing in the accessible list, you can just select 
the similar. In the future, this equipment can be edited and stored in the 
database for further use. 

 

 
Fig. 4. – Steelmaking unit equipment 

 

The final step of the procedure is structural synthesis of the 
technological process: technological periods of process are selected; sequenced; 
preliminary duration of each technological period of melting and processing is 
set (fig. 5). Most of the periods are contained in the database of the system, 
and the technologist can just choose the necessary one and indicate its 
temporal characteristics.  
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Fig. 5. – Description of the technological process structure 

 

During the re-equipment of the unit, “on default” modes, input materials 
or energy resources are added. As a result, we obtain a virtual steelmaking 
unit, which corresponds to its real counterpart (fig. 6). 

 

 
Fig. 6. – Virtual steelmaking unit 

 

Then, further verification of the design solution is performed, it is 
necessary to set or calculate the parameters values, i.e. to do a parametric 
synthesis. 

At this stage of design for each period end criteria are set (on 
temperature, time, material or energy consumption). The final technological 
process parameters and initial conditions are set: the chemical composition of 
the metal and slag, system’s temperature; mass phase, the state of the lining. 

Additional restrictions on the use of materials and equipment are 
imposed: availability at the storehouse or melting limit; if there are several 
devices than overall consumption for all devices; minimal and maximal 
intensity of materials and energy consumption. 
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If necessary, models of metal slag, gas, temperature system, and the 
kinetics of the process calculations are chosen. It is also possible to edit 
technological process by changing modes of material input, by changing 
temporal periods of materials output (scrap metal input ), by changing the 
duration of the individual periods and the whole melting , adding or removing  
materials. It is also possible to add, delete and edit the used equipment and 
process periods. The end of the process creation is an imitation of melting 
input according to the project. 

According to the set levels of materials and energy input, and taking into 
account the full material and energy balances, thermodynamic calculations and 
kinetic correction (entry speed of reactants, dissolution, speed of the date 
averaging according to chemical composition and temperature), melting with 
the pre–programed time steps (rather short) is simulated. The results of 
parametric synthesis are (fig. 7): 

- Calculation of the metal, slag and gas chemical composition during the 
process; 

- Calculation of the metal, slag and gas mass during the process; 
- Calculation of the system temperature and average temperature in 

accordance with the unfused batch and lining temperature; 
- Calculation of phase interaction kinetics; 
- Calculation of material and heat balance. 
 

 
Fig. 7. – Results of parametric technological process synthesis 

 

If the results of the project solution analysis (fig. 7) are considered 
uncompleted, then begins the process of successive approximations to an 
acceptable version of the draft, the so-called parametric optimization - the 
determination of the best values of a technical object (system) of known 
structure parameters. 

Very often in order to improve project it is more convenient to vary 
elements quantity values, i.e., to use parametric synthesis based on 
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multivariate analysis. The task of parametric synthesis can be formulated as 
the problem of determination of elements parameters, which meet the 
requirements of the technological assignment on a constant structure of the 
designed object. 

In CAD parametric synthesis procedures are implemented either by man 
in the process of multivariate analysis (interactive mode) or on the basis of 
formal optimization methods (in automatic mode). 

In the first case, the calculation takes place on modes set by operator 
without changing the duration of the period and operations, without changing 
mass and materials and energy input modes, without changing the start and 
the end of the operations. This mode allows you to create a huge number of 
projects and to choose optimal one according to certain criterion. 

In the second case, the proposed CAD TP optimizes technological process 
taking into account final set-up parameters (temperature and chemical 
composition of the metal and slag, phases weight), and imposed restrictions on 
the equipment operation and materials and energy input. Optimization is 
carried at process cost, which allows producing metal of the specific chemical 
composition and temperature of the specified time. When there are no 
solutions, the restrictions which were imposed on the process, can be removed 
according to the set priority and recalculated.  

When calculations are completed CAD TP forms the documentation of the 
technological process in the smelting process or steel processing chart form, 
and in the form of a smelting passport with the register of major events. Such 
documents are well known to technologists and are similar to those which are 
used in enterprises equipped with ACS TP. 

With the help of this method it is possible to design TP for a wide range 
of steel processes and nomenclature. At the same time it should be noted that 
the quality of solutions in the proposed CAD TP, their effectiveness depends 
on the skills of the staff (technologist, operator). 

While using CAD TP various technological steel smelting and processing 
solutions of individual steel grades and groups of grades are accumulated, 
individual modes of equipment, materials and energy inputs are kept. 
Therefore, it is possible to design on base of use of analogues method. The 
main point of this method is in the reuse of developed technological solutions. 

While creating a new project, the operator can use the existing 
technological processes library and select as the prototype the closest to the 
one which is being developed. The criteria for selection are: 

- Steelmaking unit for smelting or steel processing; 
- Method of smelting or steel processing; 
- Final chemical composition of the steel or the intermediate product in 

unit. 
Using this method the complete elimination of structural synthesis of the 

design object and the partial or complete exclusion of parametric synthesis of 
the previously described method of design is possible. The process of the 
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technological design process is similar to the process discussed earlier. If 
necessary, the technological process can be changed by repeating the first two 
steps: TP convert by eliminating unnecessary or adding new structural 
elements of TP and edit parameter values which are required for the 
verification of design solution. 

As we see, the method of using the analogue is a special case of the 
synthesis method, which allows significantly simplify the process of project 
creating the and search for the optimal solution. 

Conclusions 

Developed CAD TP represents a synthesis of the latest achievements in 
theory and practice of steelmaking which are gathered in a compact software 
product with a friendly intuitive measuring interface. 

Minimal use of empirical relationships, which are  relevant to a 
particular steelmaking unit, while developing computer-aided design systems 
allow you to model the most of the existing steelmaking facilities and 
(converter , electric arc furnace , ladle furnace, vacuum degasser ), treat them 
individually and as a single technological complex.  

The presence of the deterministic approach in the mathematical 
description of technological processes allows assessing all of the relevant 
process characteristics without changing the structure of the model. 

Created CAD TP is quite functional and it reduces the cost and 
complexity of TP developing; improves the quality of the designed processes; 
has the tools to adapt to the changing production conditions, and makes 
developers labor more creative. 

In CAD TP “visual” design process is implemented. The user can set the 
values of parameters under control, inspect the allowable change of these 
parameters and entire output criteria. As a result we get a set of acceptable 
solutions, which are considered both as formalized and non-formalized 
criteria. 

Introduced software package can be used in the learning process and it 
gives students an opportunity to feel as steelmakers, who has the opportunity 
to make mistakes. 
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ÎÏÐÅÄÅËÅÍÈÅ ÊÐÈÒÅÐÈß ÝÔÔÅÊÒÈÂÍÎÑÒÈ 
ÔÓÍÊÖÈÎÍÈÐÎÂÀÍÈß ÑÈÑÒÅÌ ÏÎÄÇÅÌÍÎÃÎ  
ÊÎÍÂÅÉÅÐÍÎÃÎ ÒÐÀÍÑÏÎÐÒÀ ÓÃÎËÜÍÛÕ ØÀÕÒ 

Àííîòàöèÿ. Íà îñíîâàíèè ìåòîäà äèíàìèêè ñðåäíèõ äëÿ ìàðêîâñêèõ ïðîöåññîâ 
ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü ôóíêöèîíèðîâàíèÿ ñèñòåì êîíâåéåðíîãî 
òðàíñïîðòà ñ ïîñëåäîâàòåëüíûì è ïàðàëëåëüíûì ñîåäèíåíèåì êîíâåéåðîâ è 
áóíêåðîâ, à òàêæå ñ äðåâîâèäíîé âååðíîé è ñàìîïîäîáíîé ñòðóêòóðàìè. Â 
ðåçóëüòàòå äëÿ ýòèõ ñèñòåì êîíâåéåðíîãî òðàíñïîðòà ïîëó÷åí ðåêóððåíòíûé 
àëãîðèòì îïðåäåëåíèÿ èõ ïðîïóñêíîé ñïîñîáíîñòè ïðè ðàçëè÷íûõ ñîîòíîøåíèÿõ 
ïîñòóïàþùèõ èç ëàâ ãðóçîïîòîêîâ è ïðîèçâîäèòåëüíîñòåé ïèòàòåëåé. Ïîëó÷åíû 
îöåíêè ìèíèìàëüíûõ è ìàêñèìàëüíûõ çíà÷åíèé ïðîïóñêíîé ñïîñîáíîñòè 
ðàññìîòðåííûõ ñèñòåì êîíâåéåðíîãî òðàíñïîðòà,  ïðèâåäåí ïðèìåð ðàñ÷åòà. 

Êëþ÷åâûå ñëîâà: ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà, áóíêåð, ìàðêîâñêàÿ ìîäåëü, 
ôóíêöèîíèðîâàíèå, ïðîïóñêíàÿ ñïîñîáíîñòü, ñàìîïîäîáíàÿ ñòðóêòóðà. 
 

Àíîòàö³ÿ. Íà ï³äñòàâ³ ìåòîäó äèíàì³êè ñåðåäí³õ äëÿ ìàðê³âñüêèõ ïðîöåñ³â 
ðîçðîáëåíà ìàòåìàòè÷íà ìîäåëü ôóíêö³îíóâàííÿ ñèñòåì êîíâåºðíîãî 
òðàíñïîðòó ç ïîñë³äîâíèì ³ ïàðàëåëüíèì ç'ºäíàííÿì êîíâåºð³â ³ áóíêåð³â, à 
òàêîæ ç äåðåâîâèäíîþ â³ÿëîâîþ ³ ñàìîïîä³áíîþ ñòðóêòóðàìè. Â ðåçóëüòàò³ äëÿ 
öèõ ñèñòåì êîíâåºðíîãî òðàíñïîðòó îòðèìàíî ðåêóðåíòíèé àëãîðèòì 
âèçíà÷åííÿ ¿õ ïðîïóñêíî¿ ñïðîìîæíîñò³ ïðè ð³çíèõ ñï³ââ³äíîøåííÿõ 
âàíòàæîïîòîê³â, ùî ïîñòóïàþòü ³ç ëàâ, ³ ïðîäóêòèâíîñòåé æèâèëüíèê³â. 
Îäåðæàíî îö³íêè ì³í³ìàëüíèõ ³ ìàêñèìàëüíèõ çíà÷åíü ïðîïóñêíî¿ ñïðîìîæíîñò³ 
ðîçãëÿíóòèõ ñèñòåì êîíâåºðíîãî òðàíñïîðòó,  ïðèâåäåíî ïðèêëàä ðîçðàõóíêó. 

Êëþ÷îâ³ ñëîâà: ñèñòåìè êîíâåéåðíîãî òðàíñïîðòó, áóíêåð, ìàðêîâñüêà ìîäåëü, 
ôóíêö³îíóâàííÿ, ïðîïóñêíà çäàòí³ñòü, ñàìîïîäîáíà ñòðóêòóðà. 
 

Abstract. Based on dynamics of average method for Markov processes we developed 
mathematical model of functioning of conveyer transport systems with serial and 
parallel connection of conveyer and hoppers, and also with dendritic harp and self-
similar structures. As result for these conveyer transport systems we obtained recursive 
algorithm to determine their carrying capacity at various ratios of incoming cargo 
traffic from lavas and productivity of batcher. We obtained minimum and maximum 
values of carrying capacity of mentioned above conveyer transport systems, also was 
given example of calculations.   

Keywords: conveyer transport systems, hopper, Markov process, functioning, carrying 
capacity, self-similar structure. 
 

Â íàñòîÿùåå âðåìÿ â ñâÿçè óäîðîæàíèåì ýëåêòðîýíåðãèè ïîâûñèëàñü 
ñåáåñòîèìîñòü äîáû÷è óãëÿ íà óãîëüíûõ øàõòàõ Óêðàèíû. 

Îäíèì èç ïóòåé ïîâûøåíèÿ ñåáåñòîèìîñòè óãëÿ â ýòèõ óñëîâèÿõ 
ÿâëÿåòñÿ ñíèæåíèå ýíåðãîçàòðàò ïðè åãî äîáû÷å. Â ÷àñòíîñòè, ñíèæåíèå 
ýíåðãîçàòðàò íà òðàíñïîðòèðîâàíèå ãîðíîé ìàññû. 

Íàèáîëüøèå ïîòåðè ýëåêòðîýíåðãèè ïðè òðàíñïîðòèðîâàíèè ãîðíîé 
ìàññû ïðèõîäÿòñÿ íà êîíâåéåðíûé òðàíñïîðò. 

Ïðîïóñêíàÿ ñïîñîáíîñòü ñèñòåì ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà 
óãîëüíûõ øàõò èç-çà ïðîñòîåâ êîíâåéåðîâ ïî àâàðèéíûì, òåõíîëîãè÷åñêèì 
è îðãàíèçàöèîííûì ïðè÷èíàì ìîæåò ñóùåñòâåííî ñíèæàòüñÿ. 

                                    
©  Êèðèÿ Ð.Â., 2013 
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Ñîîòâåòñòâåííî ýíåðãîåìêîñòü òðàíñïîðòèðîâàíèÿ, ò.å. çàòðàòû 
ýëåêòðîýíåðãèè, èäóùèå íà òðàíñïîðòèðîâàíèå ãîðíîé ìàññû, èçìåíÿåòñÿ 
òàêæå â øèðîêèõ ïðåäåëàõ. 

Ïðè ýòîì, åñëè ïðè óâåëè÷åíèè ïðîïóñêíîé ñïîñîáíîñòè ñèñòåìû 
êîíâåéåðíîãî òðàíñïîðòà çàòðàòû ýëåêòðîýíåðãèè íà òðàíñïîðòèðîâàíèå 
ãîðíîé ìàññû óâåëè÷èâàþòñÿ, òî ïðè óìåíüøåíèè – óìåíüøàþòñÿ. 

Ïîýòîìó êðèòåðèåì ýôôåêòèâíîñòè ôóíêöèîíèðîâàíèÿ ñèñòåìû 
ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà óãîëüíûõ øàõò ÿâëÿåòñÿ 
êîìïëåêñíûé ïîêàçàòåëü 

 K=c1mc–c2wc (1) 

ãäå mc – ñðåäíÿÿ ïðîïóñêíàÿ ñïîñîáíîñòü (ñðåäíÿÿ ïðîèçâîäèòåëüíîñòü) 

ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà, ò/ìèí; wc – ñðåäíÿÿ ýíåðãîåìêîñòü 
(ñðåäíÿÿ ýëåêòðîýíåðãèÿ, ïîòðåáëÿåìàÿ ñèñòåìîé êîíâåéåðíîãî òðàíñïîðòà 

íà òðàíñïîðòèðîâàíèå ãîðíîé ìàññû, êÂò/ìèí; c1, c2 – ñåáåñòîèìîñòè îäíîé 
òîííû óãëÿ è îäíîãî êÂò ýëåêòðîýíåðãèè ñîîòâåòñòâåííî. 

Äëÿ îïðåäåëåíèÿ êðèòåðèÿ ýôôåêòèâíîñòè ôóíêöèîíèðîâàíèÿ K 

íåîáõîäèìî âû÷èñëèòü ñðåäíþþ ïðîïóñêíóþ ñïîñîáíîñòü mc è ñðåäíþþ 

ýíåðãîåìêîñòü òðàíñïîðòèðîâàíèÿ wc ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà 
óãîëüíûõ øàõò ñ ó÷åòîì ïðîñòîåâ êîíâåéåðîâ, áóíêåðîâ è êîíâåéåðíîãî 
îáîðóäîâàíèÿ. 

Âîïðîñàìè îïðåäåëåíèÿ ïðîïóñêíîé ñïîñîáíîñòè ñèñòåì êîíâåéåðíîãî 
òðàíñïîðòà çàíèìàëèñü ìíîãèå èññëåäîâàòåëè [1–6].  

Â ðàáîòàõ [5–6] íà îñíîâàíèè ìåòîäà äèíàìèêè ñðåäíèõ äëÿ 
ìàðêîâñêèõ ïðîöåññîâ ïîëó÷åí àëãîðèòì îïðåäåëåíèÿ ñðåäíåé ïðîïóñêíîé 
ñïîñîáíîñòè ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà ñ ïîñëåäîâàòåëüíûì è 
ïàðàëëåëüíûì ñîåäèíåíèåì êîíâåéåðîâ ñ áóíêåðàìè è áåç áóíêåðîâ, à 
òàêæå àëãîðèòì îïðåäåëåíèÿ ñðåäíåé ïðîïóñêíîé ñïîñîáíîñòè ñèñòåìû 
êîíâåéåðíîãî òðàíñïîðòà äëÿ äðåâîâèäíîé âååðíîé è ñàìîïîäîáíîé 
ñòðóêòóð ñîåäèíåíèÿ êîíâåéåðîâ ñ áóíêåðàìè è áåç áóíêåðîâ.  

Â ðàáîòå [6] ïðèâåäåí àëãîðèòì îïðåäåëåíèÿ ñðåäíåé ýíåðãîåìêîñòè 
òðàíñïîðòèðîâàíèÿ äëÿ ñèñòåì êîíâåéåðíîãî òðàíñïîðòà äðåâîâèäíîé 
ñàìîïîäîáíîé ñòðóêòóðû áåç áóíêåðîâ. 

Â äàííîé ðàáîòå, íà îñíîâå ðàçðàáîòàííûõ ìàòåìàòè÷åñêèõ ìîäåëåé 
ôóíêöèîíèðîâàíèÿ ñèñòåì êîíâåéåðíîãî òðàíñïîðòà ñ áóíêåðàìè [7], 
ðàññìîòðåí âîïðîñ îïðåäåëåíèÿ ñðåäíåé ýíåðãîåìêîñòè òðàíñïîðòèðîâàíèÿ 
ñèñòåìû ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà óãîëüíûõ øàõò ñ áóíêåðàìè 
è íà îñíîâàíèè ýòîãî îïðåäåëåí êðèòåðèé ýôôåêòèâíîñòè åå 
ôóíêöèîíèðîâàíèÿ. 

Ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà âûñîêîïðîèçâîäèòåëüíûõ óãîëüíûõ 
øàõò èìåþò ðàçâåòâëåííóþ ñàìîïîäîáíóþ äðåâîâèäíóþ ñòðóêòóðó, 
ñîñòîÿùóþ èç êîíâåéåðîâ, áóíêåðîâ, ïèòàòåëåé è ïåðåãðóçî÷íûõ óçëîâ [7]. 
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Ñîãëàñíî [6], ñðåäíÿÿ ïðîïóñêíàÿ ñïîñîáíîñòü è ñðåäíÿÿ ýíåðãîåìêîñòü 
òðàíñïîðòèðîâàíèÿ ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà, ñ ó÷åòîì ïðîñòîåâ 
êîíâåéåðíîãî îáîðóäîâàíèÿ, îïðåäåëÿåòñÿ ïî ôîðìóëàì 

 
=

= ∑
1

s

c k k
i

m Pm , (2) 

 
=

= ∑
1

s

c k k
i

w Pw , (3) 

ãäå mk – ïðîïóñêíàÿ ñïîñîáíîñòü ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà, 

íàõîäÿùåéñÿ â k-îì ñîñòîÿíèè, ò/ìèí; wk  – ìîùíîñòü ýëåêòðîýíåðãèè, 
èäóùåé íà òðàíñïîðòèðîâàíèå ãðóçà ñèñòåìîé êîíâåéåðíîãî òðàíñïîðòà, 

íàõîäÿùåéñÿ â k-îì ñîñòîÿíèè, êÂò; Pk – âåðîÿòíîñòü íàõîæäåíèÿ ñèñòåìû 

êîíâåéåðíîãî òðàíñïîðòà â k-îì ñîñòîÿíèè; s – êîëè÷åñòâî ñîñòîÿíèé 
ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà. 

Ðàññìîòðèì ñíà÷àëà ïîñëåäîâàòåëüíîå ñîåäèíåíèå áóíêåðîâ (ðèñ. 1) 

 
Ðèñóíîê 1. – Ðàñ÷åòíàÿ ñõåìà ïîñëåäîâàòåëüíîãî ñîåäèíåíèÿ áóíêåðîâ 

Ñîãëàñíî ðàáîòå [8], ñðåäíÿÿ ïðîïóñêíàÿ ñïîñîáíîñòü ýòîé ñèñòåìû 
îïðåäåëÿåòñÿ èç ðåêóððåíòíîãî ñîîòíîøåíèÿ 

 =
nc cm m , (4) 

ãäå ïðè >
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ãäå 
( )

µ γ +
 + − =

−

1

2

(1 )
i i

i i i

c Q i n

i

Q n Q

m Q
A

m Q m
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−
=

1i iQ cm m ; 
γ +

=
+ 11

i

i

n
n

i

Q
Q ;  

(i = 1,n; 
γ

=
+0

11
Q

c

m
m ;  µñ = µi); n – êîëè÷åñòâî áóíêåðîâ â ñèñòåìå;  

γi = λi/µi – êîýôôèöèåíòû àâàðèéíîñòè êîíâåéåðîâ ñèñòåìû êîíâåéåðíîãî 

òðàíñïîðòà; λi, µi – ïàðàìåòðû ïîòîêîâ îòêàçîâ è âîññòàíîâëåíèé 

êîíâåéåðîâ ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà ñîîòâåòñòâåííî, 1/ìèí;  

Vi – îáúåìû áóíêåðîâ, ì3. 
Âûäåëèì â ñõåìå (ñì. ðèñ. 1) ïðîñòåéøóþ ýëåìåíòíóþ ñèñòåìó 

«êîíâåéåð – áóíêåð – êîíâåéåð», îáâåäåííóþ ïóíêòèðíîé ëèíèåé. 
Äëÿ ýòîé ýëåìåíòàðíîé ñõåìû îïðåäåëèì çàòðàòû ýëåêòðîýíåðãèè 

(ìîùíîñòè ïðèâîäà), èäóùåé íà òðàíñïîðòèðîâàíèå ãðóçà ñ ó÷åòîì ïðîñòîÿ 
êîíâåéåðîâ, â ðåçóëüòàòå èìååì: 

 
γ

= +
+

0
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( ) ( )0
1 21

s
s c
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w
w w , (7) 

ãäå γ = −0

0

1

1c
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m
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m
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Çäåñü ( )
1
sw  – ìîùíîñòü, ïîòðåáëÿåìàÿ ñèñòåìîé «áóíêåð – êîíâåéåð – 

áóíêåð», îáâåäåííîé ïóíêòèðíîé ëèíèåé, êÂò; =( ) ( )
0 1
s cw w  – ìîùíîñòü, 

ïîòðåáëÿåìàÿ ïåðâûì êîíâåéåðîì (êÂò); ( )
2
cw  – ìîùíîñòü, ïîòðåáëÿåìàÿ 

âòîðûì êîíâåéåðîì (êÂò). 

Ïðîäîëæàÿ ýòîò èòåðàöèîííûé ïðîöåññ n ðàç, â ðåçóëüòàòå ïîëó÷èì 
ñðåäíþþ ýíåðãîåìêîñòü òðàíñïîðòèðîâàíèÿ âñåé ñèñòåìîé 
ïîñëåäîâàòåëüíîãî ñîåäèíåííûõ êîíâåéåðîâ è áóíêåðîâ, ðàâíóþ 

 = ( )s
c nw w , (8) 
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Çäåñü −
( )

1
s
iw  – ìîùíîñòü ýíåðãèè, ïîòðåáëÿåìîé ñèñòåìîé 

ïîñëåäîâàòåëüíî ñîåäèíåííûõ êîíâåéåðîâ è áóíêåðîâ, ðàñïîëîæåííûõ äî i-

ãî áóíêåðà; +
( )

1
c
iw  – ìîùíîñòü ýíåðãèè, ïîòðåáëÿåìàÿ (i+1)-ûì êîíâåéåðîì; 

−1ic
m  – ïðîïóñêíàÿ ñïîñîáíîñòü ñèñòåìû ïîñëåäîâàòåëüíî ñîåäèíåííûõ 

êîíâåéåðîâ è áóíêåðîâ, ðàñïîëîæåííûõ äî i-ãî áóíêåðà. 

Ñîãëàñíî [6], ìîùíîñòü i-ãî êîíâåéåðà ñèñòåìû êîíâåéåðíîãî 
òðàíñïîðòà îïðåäåëÿåòñÿ ïî ôîðìóëå 

 =( )ñ
i iw N , (10) 
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ãäå 

 ( ) ( )ω α ω α α
η

 ′ ′′ ′ ′= + + + + 1 12 cos cos sin
1000 i i i i i i

i
i i ë ð ð ë i i ë Ã i i i i

i

L
N k v q q q v q k   (11) 

Çäåñü iN  – ìîùíîñòü ïîòðåáëÿåìîãî ïðèâîäîì i-ãî êîíâåéåðà, êÂò;  

Li – äëèíà i-ãî êîíâåéåðà, ì; ηi – êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ ïðèâîäà 

i-ãî êîíâåéåðà; vëi – ñêîðîñòü ëåíòû i-ãî êîíâåéåðà, ì/ñ;  

qÃi, qëi – ñîîòâåòñòâåííî ïîãîííûå âåñà íàñûïíîãî ãðóçà è ëåíòû i-ãî 

êîíâåéåðà, Í/ì; ′ ,
ið

q  ′′
ip

q  – ñîîòâåòñòâåííî ïîãîííûå âåñà 

âðàùàþùèõñÿ ÷àñòåé ðîëèêîîïîð âåðõíèõ è íèæíèõ âåòâåé ëåíòû i-ãî 

êîíâåéåðà, Í/ì; αi – óãîë íàêëîíà i-ãî êîíâåéåðà, ãðàä; k1i – êîýôôèöèåíò, 

ó÷èòûâàþùèé ìåñòíîå ñîïðîòèâëåíèå i-ãî êîíâåéåðà; ωi′ – êîýôôèöèåíò 

ñîïðîòèâëåíèÿ äâèæåíèþ ëåíòû ñ ãðóçîì ïî ðîëèêîîïîðàì i-ãî êîíâåéåðà. 

Â ôîðìóëå (11) ïîãîííàÿ íàãðóçêà 
iÃ

q  çàâèñèò îò òåêóùåé 

ïðîèçâîäèòåëüíîñòè êîíâåéåðà Qi (ò/÷) è îïðåäåëÿåòñÿ ïî ôîðìóëå 

 =
0,36  i

i
Ã

ëi

Q
q

v
. (12) 

Òåêóùàÿ ïðîèçâîäèòåëüíîñòü i-ãî êîíâåéåðà ñèñòåìû êîíâåéåðíîãî 
òðàíñïîðòà îïðåäåëÿåòñÿ ïî ôîðìóëå 

 
−

=
1

60
ii cQ m  (i = 1, n+1). (13) 

Ðàññìîòðèì ñèñòåìó êîíâåéåðíîãî òðàíñïîðòà äðåâîâèäíîé 
ñàìîïîäîáíîé ñòðóêòóðû ñ áóíêåðàìè (ðèñ. 2). 

 
Ðèñóíîê 2. – Ðàñ÷åòíàÿ ñõåìà ñàìîïîäîáíîé äðåâîâèäíîé ñòðóêòóðû  

ñîåäèíåíèÿ áóíêåðîâ 

Îáîçíà÷èì ÷åðåç γ γ( ) ( ),ñ ç
i ij – êîýôôèöèåíòû àâàðèéíîñòè ñòâîëîâûõ è 

çàáîéíûõ êîíâåéåðîâ ñîîòâåòñòâåííî; ( ) ( ),ñ ç
i ijV V  – îáúåìû áóíêåðîâ 

ñòâîëîâûõ è çàáîéíûõ ïóòåé; ( ) ( ),
i ij

ñ ç
n nQ Q  – ïðîèçâîäèòåëüíîñòè ïèòàòåëåé 

ñòâîëîâûõ è çàáîéíûõ ïóòåé, ãäå i =1,n; j=1,ki; ki – êîëè÷åñòâî áóíêåðîâ â 

i-îé çàáîéíîé ëèíèè. 
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Ñîãëàñíî ðàáîòû [8], ïðîïóñêíàÿ ñïîñîáíîñòü ýòîé ñèñòåìû 
îïðåäåëÿåòñÿ ïî ðåêóððåíòíûì ôîðìóëàì: 

ïðè >
i iQ nm Q  

 
( )

( )

γ
γ

γ
γ

γ

γ

 
+ − 

− =  
 + + −

−  

( )
1 ( )

1

( )
1 ( )

1

( )

( ) ( ) ( )

( )

( )

( ) ( ) ( )

1
( )

1 1
( )

c
i i c

i i

i i
ci ii i c

i i

i i

sA V
A Vi

c s c
ý i n c

c nsA V
A Vi

c s c
ý i n

me
e

m Q
m Q

me
e

m Q

, (14) 

ãäå 
µ γ γ

γ

 + − + =
 + − 

( ) ( ) ( ) ( )

1 ( ) ( ) ( ) ( )

(1 ) (1 )

(1 )
i i i

i i i

s c c c
c i ý ý n

i s c c c
i ý n n

m Q
A

m Q Q
; γ == −

∑
( ) 1

( )
1

k

i

i

Q
c k
ý s

i

m

m
; 

γ−
= +

+1

( )

( )1
i

i

i

Qs
i c ç

ý

m
m m ; 

γ +

=
+

( )

( )

( )
11

i

i

c
nc

n c
i

Q
Q ;  mc0 = 0; µ µ=c i ;  i = 1,n; γ ( )c

i  – êîýôôèöèåíòû àâàðèéíîñòè 

êîíâåéåðîâ ñòâîëîâîãî ïóòè; γ ( )

i

ñ
ý  – ýêâèâàëåíòíûå êîýôôèöèåíòû 

àâàðèéíîñòè ñòâîëîâûõ ïóòåé ñ áóíêåðàìè; γ ( )

i

ç
ý  – ýêâèâàëåíòíûå 

êîýôôèöèåíòû àâàðèéíîñòè çàáîéíûõ ïóòåé ñ áóíêåðàìè; 

ïðè ≤
i iQ nm Q  

 
( )

( )

γ

γ γγ +

 −
+ − 

− =  −
 + + −

−  

( )
2

( ) ( )
2 1

( ) ( )

( ) ( )

( )
( ) ( )

( )
1 ( ) ( )

( )
1 1

( )

( )
1 1

( )

c
i i i i

i

i
c c

i ii i i i

i

c c
n n A V
c s
n i s

c ic c
n nA V A Vc

i c s
n i

Q Q
e

Q m
m m

Q Q
e e

Q m

, (15) 

ãäå 
( )

µ γ +
 + − =

−

( ) ( ) ( )
1

2 ( ) ( ) ( )

(1 )
i

i

s c c
c i i n

i s c s
i n i

m Q
A

m Q m
, (µ µ=c i ;  i = 1,n). 

Çäåñü ýôôåêòèâíûå êîýôôèöèåíòû àâàðèéíîñòè çàáîéíûõ ïóòåé ñ 
áóíêåðàìè îïðåäåëÿþòñÿ ïî ôîðìóëàì: 

 γ = −( )

( )
1i

i

i

Qç
ý ç

c

m

m
, (γ γ=

1 1

( ) ( )ñ ç
ý ý , i = 1,n), (16) 

ãäå ( )

i

ç
cm  – ñðåäíÿÿ ïðîïóñêíàÿ ñïîñîáíîñòü i-ãî çàáîéíîãî ïóòè ñèñòåìû 

êîíâåéåðíîãî òðàíñïîðòà ñ áóíêåðàìè, îïðåäåëÿåìàÿ àíàëîãè÷íî ïî 
ôîðìóëàì (5) è (6). 

Àíàëîãè÷íî, êàê è ïðè ïîñëåäîâàòåëüíîì ñîåäèíåíèè êîíâåéåðîâ è 
áóíêåðîâ, ó÷èòûâàÿ ñàìîïîäîáèå äðåâîâèäíîé ñèñòåìû êîíâåéåðíîãî 
òðàíñïîðòà, ïîëó÷èì ðåêóððåíòíûå ôîðìóëû äëÿ îïðåäåëåíèÿ ñðåäíåé 

ýíåðãîåìêîñòè òðàíñïîðòèðîâàíèÿ wc ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà 
ñàìîïîäîáíîé äðåâîâèäíîé ñòðóêòóðû ñ áóíêåðàìè (ñì. ðèñ. 2) â âèäå: 
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 = ( )s
c nw w , (17) 

ãäå  

 
γ

−

−
+ += + +

+
1

( )
( ) ( ) ( )1

1 1( )1
i

s
s c çi
i i ic

ý

w
w w w , (i=1,n), (18) 

γ
−
= −

1

( )

1
i

i

s
c i
ý

c

m

m
; 

γ−
= +

+1

( )

( )1
i

i

i

Qs
i c ç

ý

m
m m ; γ = −( ) 1i

i

i

Qç
ý

c

m

m
 ( ( )

0
sw = ( )

1
çw , =( ) ( )c c

i iw N ). 

Çäåñü ( )s
iw  – ìîùíîñòü ýëåêòðîýíåðãèè, ïîòðåáëÿåìîé ñèñòåìîé 

êîíâåéåðíîãî òðàíñïîðòà íà òðàíñïîðòèðîâàíèå ãîðíîé ìàññû íà ó÷àñòêå  

äî i+1 áóíêåðà ñòâîëîâîé ëèíèè; ( )c
iw  – ìîùíîñòü ýëåêòðîýíåðãèè, 

ïîòðåáëÿåìàÿ i-ì êîíâåéåðîì ñòâîëîâîé ëèíèè íà òðàíñïîðòèðîâàíèå 

ãîðíîé ìàññû; ( )ç
iw  – ìîùíîñòü  ýëåêòðîýíåðãèè, ïîòðåáëÿåìàÿ i-ì 

êîíâåéåðîì çàáîéíîé ëèíèè íà òðàíñïîðòèðîâàíèå ãîðíîé ìàññû; γ ( )

i

ç
ý  – 

ýêâèâàëåíòíûé êîýôôèöèåíò àâàðèéíîñòè i-îé çàáîéíîé êîíâåéåðíîé 

ëèíèè; ( )c
iN  – ìîùíîñòü ïðèâîäà i-ãî  êîíâåéåðà ñòâîëîâîé êîíâåéåðíîé 

ëèíèè, èäóùàÿ íà òðàíñïîðòèðîâàíèå ãîðíîé ìàññû, êÂò; 
iQ

m  – ñðåäíÿÿ 

ïðîèçâîäèòåëüíîñòü i-ãî çàáîÿ, ò/ìèí. 

Êðîìå òîãî, ( )ç
iw äëÿ êàæäîé çàáîéíîé êîíâåéåðíîé ëèíèè îïðåäåëÿåòñÿ 

ñîãëàñíî ðåêóððåíòíûì ñîîòíîøåíèÿì (9), ïîëó÷åííûì äëÿ 
ïîñëåäîâàòåëüíîãî ñîåäèíåíèÿ êîíâåéåðîâ è áóíêåðà. 

Íà îñíîâàíèè ïîëó÷åííûõ ðåêóððåíòíûõ ñîîòíîøåíèé äëÿ ñèñòåì 
êîíâåéåðíîãî òðàíñïîðòà ñàìîïîäîáíîé äðåâîâèäíîé ñèñòåìû áûëè ïîëó÷åíû 
ñðåäíèå çíà÷åíèÿ ïðîïóñêíîé ñïîñîáíîñòè, ýíåðãîåìêîñòè 
òðàíñïîðòèðîâàíèÿ, à òàêæå êðèòåðèé ýôôåêòèâíîñòè ïî ôîðìóëå (1). 

Â òàáëèöàõ 1 è 2 ïðåäñòàâëåíû èñõîäíûå äàííûå è ðåçóëüòàòû ðàñ÷åòà 

óêàçàííûõ ïîêàçàòåëåé äëÿ ñëó÷àåâ >
i iQ nm Q  è ≤

i iQ nm Q  ñîîòâåòñòâåííî. 

Ïðè ýòîì â ðàñ÷åòàõ ïðèíèìàëèñü ñòîèìîñòü 1 ò óãëÿ C1 = 1200 ãðí., 

ñòîèìîñòü 1 êÂò ýëåêòðîýíåðãèè C2 =0,75 ãðí. 
 

Òàáëèöà 1 

Èñõîäíûå äàííûå è ðåçóëüòàòû ðàñ÷åòà ïîêàçàòåëåé ýôôåêòèâíîñòè 
ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà ñëó÷àå >

i iQ nm Q  (n=5; ki = 5) 

iQ
m , 

ò/ìèí 

( )

i

c
nQ , 

ò/ìèí 

( )

i

ç
nQ , 

ò/ìèí 
γ ( )c
i  γ ( )ç

ij  µi, 
1/ìèí 

( )c
iV , 

ì3 

( )ç
ijV , 

ò/ìèí 

mc, 

ò/ìèí 

wc, 
êÂò 

K, 
òûñ. 
ãðí./ìèí 

5,6 5,0 5,0 0,037 0,193 0,054 300,0 100,0 
5,6 5,0 5,0 0,037 0,193 0,054 300,0 100,0 
5,6 5,0 5,0 0,037 0,193 0,054 300,0 100,0 
5,6 5,0 5,0 0,037 0,193 0,054 300,0 100,0 
5,6 5,0 5,0 0,037 0,193 0,054 300,0 100,0 

4,42 99,0 0,85 
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Òàáëèöà 2 

Èñõîäíûå äàííûå è ðåçóëüòàòû ðàñ÷åòà ïîêàçàòåëåé ýôôåêòèâíîñòè 
ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà ñëó÷àå ≤

i iQ nm Q  (n=5; ki = 5) 

iQ
m , 

ò/ìèí 

( )

i

c
nQ , 

ò/ìèí 

( )

i

ç
nQ , 

ò/ìèí 
γ ( )c
i  γ ( )ç

ij  µi, 
1/ìèí 

( )c
iV , 

ì3 

( )ç
ijV , 

ò/ìèí 

mc, 

ò/ìèí 

wc, 
êÂò 

K, 
òûñ. 
ãðí./ìèí 

5,6 6,0 6,0 0,037 0,193 0,054 300,0 100,0 
5,6 6,0 6,0 0,037 0,193 0,054 300,0 100,0 
5,6 6,0 6,0 0,037 0,193 0,054 300,0 100,0 
5,6 6,0 6,0 0,037 0,193 0,054 300,0 100,0 
5,6 6,0 6,0 0,037 0,193 0,054 300,0 100,0 

20,69 525,5 1,18 

 
Èç òàáëèö 1 è 2 âèäíî, ÷òî åñëè ïðîèçâîäèòåëüíîñòü ïèòàòåëåé áîëüøå 

ãðóçîïîòîêîâ, ïîñòóïàþùèõ èç ëàâ ( ≤
i iQ nm Q ), òî ñðåäíÿÿ ïðîïóñêíàÿ 

ñïîñîáíîñòü mc è ñðåäíÿÿ ýíåðãîåìêîñòü wc óâåëè÷èâàþòñÿ ïðèìåðíî â 5 

ðàç, à êðèòåðèé ýôôåêòèâíîñòè K óâåëè÷èâàåòñÿ â 1,4 ðàçà ïî ñðàâíåíèþ ñî 
ñëó÷àåì, êîãäà ïðîèçâîäèòåëüíîñòü ïèòàòåëåé ìåíüøå ïîñòóïàþùèõ èç ëàâ 

ãðóçîïîòîêîâ ( >
i iQ nm Q ). 

Êðîìå òîãî, èç òàáëèö âèäíî, ÷òî åñëè âåëè÷èíû ãðóçîïîòîêîâ, 

ïîñòóïàþùèõ èç ëàâ, áîëüøå ïðîèçâîäèòåëüíîñòåé ïèòàòåëåé ( >
i iQ nm Q ), òî 

êîýôôèöèåíò ýôôåêòèâíîñòè K ñèñòåìû ïîäçåìíîãî êîíâåéåðíîãî 

òðàíñïîðòà áëèçîê ê íóëþ (K = 0,85), ò.å. ðàáîòà ñèñòåìû ïîäçåìíîãî 
êîíâåéåðíîãî òðàíñïîðòà óãîëüíûõ øàõò íå ýôôåêòèâíà.  

Ðàñ÷åòû ïîêàçàëè, ÷òî ïðè óâåëè÷åíèè ñòîèìîñòè 1 êÂò 

ýëåêòðîýíåðãèè äî 1 ãðí. (Ñ2 = 1 ãðí.), íå çàâèñèìî îò ñîîòíîøåíèÿ 
âåëè÷èí ïîñòóïàþùèõ ãðóçîïîòîêîâ èç ëàâ è ïðîèçâîäèòåëüíîñòåé 

ïèòàòåëåé êîýôôèöèåíò ýôôåêòèâíîñòè K < 0, ò.å. ðàáîòà ñèñòåìû 
ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà íå ýôôåêòèâíà. 

Âûâîäû. Íà îñíîâàíèè ìàòåìàòè÷åñêèõ ìîäåëåé ôóíêöèîíèðîâàíèÿ 
ñèñòåì ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà óãîëüíûõ øàõò ïîëó÷åí 
àëãîðèòì îïðåäåëåíèÿ ñðåäíåé ýíåðãîåìêîñòè òðàíñïîðòèðîâàíèÿ ãîðíîé 
ìàññû. Ïðè ýòîì ó÷èòûâàëèñü ïðîñòîè êîíâåéåðîâ è áóíêåðîâ, à òàêæå 
ñòðóêòóðà ñèñòåìû êîíâåéåðíîãî òðàíñïîðòà.  

Îïðåäåëåí êðèòåðèé ýôôåêòèâíîñòè ôóíêöèîíèðîâàíèÿ ñèñòåìû 
ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà ïðè ðàçëè÷íûõ ñîîòíîøåíèÿõ 
ïîñòóïàþùèõ èç ëàâ ãðóçîïîòîêîâ è ïðîèçâîäèòåëüíîñòåé ïèòàòåëåé 
áóíêåðîâ.  

Ïðè ýòîì óñòàíîâëåíî, åñëè ïðîèçâîäèòåëüíîñòü ïèòàòåëåé ñèñòåìû 
êîíâåéåðíîãî òðàíñïîðòà áîëüøå ãðóçîïîòîêîâ ïîñòóïàþùèõ èç ëàâ, òî 
ñðåäíÿÿ ïðîïóñêíàÿ ñïîñîáíîñòü è ñðåäíÿÿ ýíåðãî¸ìêîñòü 
òðàíñïîðòèðîâàíèÿ è êðèòåðèé ýôôåêòèâíîñòè ñóùåñòâåííî óâåëè÷èâàþòñÿ 
ïî ñðàâíåíèþ ñî ñëó÷àåì, êîãäà ïðîèçâîäèòåëüíîñòü áóíêåðîâ ìåíüøå 
ãðóçîïîòîêîâ ïîñòóïàþùèõ èç ëàâ.  
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Íàèáîëåå ñóùåñòâåííûìè ïàðàìåòðàìè, âëèÿþùèìè íà ýôôåêòèâíîñòü 
ôóíêöèîíèðîâàíèÿ ñèñòåì ïîäçåìíîãî êîíâåéåðíîãî òðàíñïîðòà óãîëüíûõ 
øàõò, ÿâëÿþòñÿ âåëè÷èíû ãðóçîïîòîêîâ, ïîñòóïàþùèõ èç ëàâ, 
ïðîèçâîäèòåëüíîñòè ïèòàòåëåé, îáúåìû áóíêåðîâ è ñòîèìîñòü 1 êÂò 
ýëåêòðîýíåðãèè. 
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ÈÑÑËÅÄÎÂÀÍÈÅ ËÈÍÈÈ ÏÐÈÂÎÄÀ ÀÂÒÎÌÀÒÈ×ÅÑÊÎÃÎ ÑÒÀÍÀ 
ÒÐÓÁÎÏÐÎÊÀÒÍÎÃÎ ÀÃÐÅÃÀÒÀ Ñ ÓÑÒÐÎÉÑÒÂÎÌ ÄËß 

ÑÍÈÆÅÍÈß ÄÈÍÀÌÈ×ÅÑÊÈÕ ÍÀÃÐÓÇÎÊ 

Ïðåäëîæåíî óñòðîéñòâî äëÿ ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé ñòàíà ñ 
àìîðòèçèðóþùèìè ýëåìåíòàìè. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü è 
ïðîâåäåí àíàëèç äèíàìè÷åñêèõ ïðîöåññîâ íà ãëàâíîì ïðèâîäå àâòîìàòè÷åñêîãî 
ñòàíà ñ àìîðòèçèðóþùèì óñòðîéñòâîì â ïðåäåëàõ ïåðâîãî ïîëóïåðèîäà íèçøåé 
ãàðìîíèêè êîëåáàòåëüíîé ñèñòåìû äëÿ äâóõ, íàèáîëåå âîçìîæíûõ, ýòàïîâ 
äâèæåíèÿ ýêâèâàëåíòíîé äèíàìè÷åñêîé ìîäåëè ìåõàíè÷åñêîé ñèñòåìû. 
Îïðåäåëåíû ðàöèîíàëüíûå ïàðàìåòðû àìîðòèçèðóþùåãî óñòðîéñòâà ãëàâíîãî 
ïðèâîäà. Äîñòèãíóòî çíà÷èòåëüíîå ñíèæåíèå äèíàìè÷åñêèõ íàãðóçîê ïðèâîäà 
àâòîìàòè÷åñêîãî  ñòàíà òðóáîïðîêàòíîãî àãðåãàòà.  

Êëþ÷åâûå ñëîâà: òðóáà, àâòîìàòè÷åñêèé ñòàí, ïðèâîä, âàëîê, øïèíäåëü, 
ïîëóìóôòà, òåõíîëîãèÿ, ìîìåíò, æåñòêîñòü, óïðóãîñòü, òðàíñìèññèÿ, 
óñòðîéñòâî, êîýôôèöèåíò äèíàìè÷íîñòè, ìàòåìàòè÷åñêàÿ ìîäåëü, 
îñöèëëîãðàììà. 

 

The device for connection of rolls and camp spindles with shock-absorbing elements is 
offered.  The mathematical model is developed and the analysis of dynamic processes 
on the main drive of an automatic camp with the shock-absorbing device within the 
first half-cycle of the lowest harmonica of oscillatory system for two, the most possible, 
stages of movement of equivalent dynamic model of mechanical system is carried out.  
Rational parameters of the shock-absorbing device of the main drive are determined.  
Considerable decrease in the dynamic loadings transferred to the line of the drive of 
rolls of a working cage of an automatic camp of the pipe-rolling unit is reached.  

Keywords: pipe, automatic camp, drive, roll, spindle, semi-coupling, technology, 
moment, rigidity, elasticity, transmission, device, dynamism coefficient, mathematical 
model, oscillogram. 

 

Àâòîìàòè÷åñêèé ñòàí ÿâëÿåòñÿ îäíèì èç îñíîâíûõ ñòàíîâ âî âñåé 
òåõíîëîãè÷åñêîé ëèíèè òðóáîïðîêàòíîãî àãðåãàòà (ÒÏÀ). 

Ïðè çàäà÷å òðóáíîé çàãîòîâêè (ãèëüçû) â ðàáî÷èå  
âàëêè àâòîìàòè÷åñêîãî ñòàíà çà ïåðèîä ïåðåõîäíûõ ïðîöåññîâ âîçíèêàþò 
çíà÷èòåëüíûå äèíàìè÷åñêèå íàãðóçêè, ÷òî ïðèâîäèò ê ÷àñòûì  
îòêàçàì, âûçâàííûì ïðåèìóùåñòâåííî ïîëîìêîé ýëåìåíòîâ ãëàâíîãî 
ïðèâîäà ñòàíà [1].  

Ñëåäóåò îòìåòèòü, ÷òî ëèíèÿ ïðèâîäà àâòîìàòè÷åñêîãî ñòàíà, 
íàïðèìåð ÒÏÀ 350, äîñòàòî÷íî êîðîòêàÿ, øïèíäåëè òðàíñìèññèè èìåþò 
ìàëóþ äëèíó è çíà÷èòåëüíóþ æåñòêîñòü (ïðè íàðóæíîì  
äèàìåòðå øïèíäåëüíîé ìóôòû äî 700 ìì îáùàÿ äëèíà øïèíäåëÿ 
ñîñòàâëÿåò íå áîëåå 4000 ìì.). 

Â ñâÿçè ñ òåì, ÷òî â ãëàâíîé ëèíèè ïðèâîäà ðàáî÷èõ âàëêîâ 
àâòîìàòè÷åñêîãî ñòàíà ÒÏÀ 350 èìåþò ìåñòî ÷àñòûå îòêàçû – ïîëîìêè 
øïèíäåëåé è áûñòðûé èçíîñ áðîíçîâûõ âêëàäûøåé, âîçíèêëà 
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íåîáõîäèìîñòü â ðàçðàáîòêå ýëåìåíòîâ ïðèâîäà ñòàíà ïîâûøåííîé 
íàãðóçî÷íîé ñïîñîáíîñòè. 

Êîíñòðóêòèâíûå èçìåíåíèÿ ñî÷ëåíåíèé øàðíèðà øïèíäåëÿ 
îãðàíè÷èâàþòñÿ âîçìîæíîñòÿìè ïåðåâàëêè âàëêîâ, â ñâÿçè, ñ ÷åì îäíèì èç 
îñíîâíûõ òðåáîâàíèé ê íîâîìó ïðèâîäó ñòàíà, ïîìèìî ïîâûøåíèÿ åãî 
íàãðóçî÷íîé ñïîñîáíîñòè, ÿâëÿåòñÿ ïðîñòîòà êîíñòðóêöèè àìîðòèçèðóþùèõ 
ýëåìåíòîâ. 

Äëÿ ñòàáèëèçàöèè ðåæèìîâ íàãðóæåíèÿ ýëåìåíòîâ ãëàâíîãî ïðèâîäà 
àâòîìàòè÷åñêîãî ñòàíà, ðàáîòàþùåãî â òÿæåëûõ ðåæèìàõ, âåäóòñÿ ïîèñêè 
íîâûõ òåõíè÷åñêèõ ðåøåíèé. Îäíàêî âîïðîñàì îáîñíîâàíèÿ è âûáîðà 
îïòèìàëüíûõ õàðàêòåðèñòèê ïðèâîäîâ ñòàíîâ ïðîäîëüíîé ïðîêàòêè òðóá, 
ó÷èòûâàþùèõ îñîáåííîñòè ïåðåõîäíûõ ïðîöåññîâ, ÿðêî âûðàæåííóþ 
äèíàìèêó â ïåðèîä çàõâàòà ãèëüçû âàëêàìè è öèêëè÷åñêèé õàðàêòåð 
íàãðóæåíèÿ, íå óäåëåíî äîñòàòî÷íîãî âíèìàíèÿ. 

Îòìåòèì, ÷òî ðàçðàáîòêà è óñòàíîâêà ýôôåêòèâíîé êîíñòðóêöèè 
óñòðîéñòâ ñ äåìïôèðóþùèìè ýëåìåíòàìè â ñî÷ëåíåíèÿõ âàëîïðîâîäîâ 
òðóáîïðîêàòíûõ ñòàíîâ, ðàáîòàþùèõ â óñëîâèÿõ óäàðíûõ ïðèëîæåíèé 
òåõíîëîãè÷åñêèõ íàãðóçîê, ÿâëÿåòñÿ íåîáõîäèìîñòüþ, ïðîäèêòîâàííîé 
ïðîèçâîäñòâåííûìè óñëîâèÿìè. 

Îñòàíîâèìñÿ íà íåêîòîðûõ ïðèìåðàõ è îïûòå ýêñïëóàòàöèè 
àíàëîãè÷íûõ ñòàíîâ ïðîäîëüíîé ïðîêàòêè.  

Îòìåòèì, ÷òî â ëèíèè ïðèâîäîâ ðÿäà òÿæåëîíàãðóæåííûõ ñòàíîâ äëÿ 
îáëåã÷åíèÿ ïðîöåññà ïåðåâàëêè è ñòàáèëèçàöèè äèíàìè÷åñêèõ íàãðóçîê 
èñïîëüçóþò ñïåöèàëüíûå àìîðòèçàöèîííûå óñòðîéñòâà. 

Íà ïðàêòèêå ÷àùå âñåãî ïðèìåíÿåòñÿ óñòðîéñòâî äëÿ àâòîìàòè÷åñêîãî 
ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé ãëàâíîãî ïðèâîäà ñòàíîâ, ñîäåðæàùåå 
õâîñòîâèê âàëêà, îõâàòûâàåìîãî ïîëóìóôòîé, â òîðöåâîé ÷àñòè êîòîðîãî 
óñòàíîâëåíû äâà ïîäïðóæèíåííûõ ïîâîäêà, âõîäÿùèõ â ïàçû íà òðåôå 
âàëêà [1, 4]. 

Íåäîñòàòêîì äàííîãî óñòðîéñòâà ÿâëÿåòñÿ ÷óâñòâèòåëüíîñòü 
ïîäïðóæèíåííûõ ïîâîäêîâ ê ïîâûøåííûì äèíàìè÷åñêèì íàãðóçêàì â 
ìîìåíò çàõâàòà ïðîêàòûâàåìîãî ìåòàëëà. 

Ïðè ýêñïëóàòàöèè êàê îòå÷åñòâåííûõ, òàê è çàðóáåæíûõ ñòàíîâ 
ïðîäîëüíîé ïðîêàòêè íàèáîëåå ðàñïðîñòðàíåííûì ÿâëÿåòñÿ óñòðîéñòâî äëÿ 
ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé àâòîìàòè÷åñêîãî ñòàíà, âêëþ÷àþùåå 
ïîëóìóôòó øïèíäåëÿ ñ âàëêîì, â îñåâîé ðàñòî÷êå êîòîðîãî óñòàíîâëåíû 
ðÿä óïðóãèõ ýëåìåíòîâ, âçàèìîäåéñòâóþùèõ ÷åðåç ïîâîäêè ñ îáîéìîé [5]. 

Ê íåäîñòàòêàì óêàçàííîãî óñòðîéñòâà ñëåäóåò îòíåñòè 
÷óâñòâèòåëüíîñòü ïðóæèííûõ ýëåìåíòîâ ê ïîâûøåííûì äèíàìè÷åñêèì 
íàãðóçêàì, îñîáåííî â ïåðèîä óäàðíûõ ïåðåõîäíûõ ïðîöåññîâ (ïåðèîä 
çàõâàòà ìåòàëëà âàëêàìè) íà ñòàíå.  

Èññëåäîâàíèÿ, ïðèâåäåííûå â äàííîé ðàáîòå, ïðåèìóùåñòâåííî 
íàïðàâëåíû íà ðàçðàáîòêó óñòðîéñòâà äëÿ ñòàáèëèçàöèè ïåðåäàâàåìûõ íà 
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ãëàâíûé ïðèâîä ñòàíà äèíàìè÷åñêèõ íàãðóçîê è òåì ñàìûì ñîêðàùåíèå 
ïîëîìîê ýëåìåíòîâ òðàíñìèññèè. 

Ñíèæåíèÿ ïåðåäàâàåìûõ íà ïðèâîä âàëêîâ ðàáî÷åé êëåòè 
äèíàìè÷åñêèõ íàãðóçîê äîñòèãàåòñÿ òåì, ÷òî ïðåäëîæåíî àìîðòèçèðóþùåå 
óñòðîéñòâî äëÿ ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé ïðîêàòíûõ ñòàíîâ, 
âêëþ÷àþùåå ïîëóìóôòó øïèíäåëÿ ñ âàëêîì, â îñåâîé ðàñòî÷êå êîòîðîãî 
ðàçìåùåíû áëîêè ðåçèíîìåòàëëè÷åñêèõ àìîðòèçèðóþùèõ ýëåìåíòîâ è 
ãèäðîïëàñò, âçàèìîäåéñòâóþùèå ÷åðåç ïðîâîäêè ñ îáîéìîé. Âíóòðåííÿÿ 
ïîâåðõíîñòü îáîéìû ïîëóìóôòû âûïîëíåíà â âèäå êóëà÷êà ñ 
÷åðåäóþùèìèñÿ ðàáî÷èìè è õîëîñòûìè ó÷àñòêàìè. Êàæäûé èç ó÷àñòêîâ 
îáîéìû, ñîîòâåòñòâåííî, ïðåäñòàâëÿåò ñîáîé ñôåðè÷åñêóþ è 
öèëèíäðè÷åñêóþ ïîâåðõíîñòè [6]. 

Íà ðèñóíêå 1 ïðåäñòàâëåíà êîíñòðóêöèÿ óñòðîéñòâà äëÿ ñîåäèíåíèÿ 
âàëêîâ è øïèíäåëåé ïðîêàòíûõ ñòàíîâ, îáùèé âèä è ðàçðåç À–À. 

Óñòðîéñòâî äëÿ ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé ñòàíà ñîñòîèò èç 
õâîñòîâèêà ðàáî÷åãî âàëêà 1, â îñåâîé ðàñòî÷êå êîòîðîãî óñòàíîâëåí áëîê 
ðåçèíîìåòàëëè÷åñêèõ ýëåìåíòîâ 2, âçàèìîäåéñòâóþùèõ ÷åðåç ïëàñòè÷íóþ 
ñðåäó (ãèäðîïëàñò) 3 ñ ïîâîäêàìè 4, óñòàíîâëåííûìè â ðàäèàëüíûõ 
îòâåðñòèÿõ õâîñòîâèêà âàëêà, êîíòàêòèðóþùèìè ñ êóëà÷êîì 5, 
çàôèêñèðîâàííûì â ïîëóìóôòå 6. Ñ äðóãîé ñòîðîíû áëîê 
ðåçèíîìåòàëëè÷åñêèõ àìîðòèçèðóþùèõ ýëåìåíòîâ êàíàëîì ðàñòî÷êè 
ðàáî÷åãî âàëêà ñâÿçàí ñ âèíòîì 7. 

 

 
Ðèñóíîê 1. – Àìîðòèçèðóþùåå óñòðîéñòâî äëÿ ñîåäèíåíèÿ âàëêîâ è  
øïèíäåëåé ïðîêàòíûõ ñòàíîâ ñ íåëèíåéíûìè óïðóãèìè ýëåìåíòàìè 

 

Óñòðîéñòâî ðàáîòàåò ñëåäóþùèì îáðàçîì. Ïðè çàõâàòå ãèëüçû âàëêàìè 
ñòàíà õâîñòîâèê âàëêà 1 óâëåêàåò çà ñîáîé ïîâîäêè 4, ïåðåìåùàÿ èõ ïî 
ïðîôèëèðîâàííîé ïîâåðõíîñòè êóëà÷êà 5, ðàçìåùåííîé â ïîëóìóôòå 6, 
âîçäåéñòâóåò ÷åðåç ïëàñòè÷íóþ ñðåäó 3 íà áëîê (ïàêåò) 
ðåçèíîìåòàëëè÷åñêèõ ýëåìåíòîâ 2, âçàèìîäåéñòâóþùèõ ñ âèíòîì 7, 
ðåãóëèðîâêè õîäà àìîðòèçàòîðà ìåõàíè÷åñêîé ñèñòåìû. 

Ïðè ïðåâûøåíèè äèíàìè÷åñêèõ íàãðóçîê â ïðèâîäå äîïóñòèìûõ 
âåëè÷èí ïîâîäêè 4 îò ïðîôèëèðîâàííîé ïîâåðõíîñòè êóëà÷êà 5 ïåðåõîäÿò ê 
íåðàáî÷åé ÷àñòè êóëà÷êà, ÷òî îáåñïå÷èâàåò íåêîòîðûé ñâîáîäíûé õîä 
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ëèíèè ïðèâîäà, ïðåäîõðàíÿÿ åãî ýëåìåíòû îò ïîëîìîê. Ýòèì äîñòèãàåòñÿ 
ñíèæåíèå ïåðåäàâàåìûõ íà ýëåìåíòû ãëàâíîãî ïðèâîäà äèíàìè÷åñêèõ 
íàãðóçîê, âûçâàííûõ çàõâàòîì ïðîêàòûâàåìîé ãèëüçû â ïåðèîä ïåðåõîäíûõ 
ïðîöåññîâ. Âåëè÷èíà ìîìåíòà, ïåðåäàâàåìîãî ïîâîäêàìè, è ðàáî÷èé õîä 
ñèñòåìû ðåãóëèðóåòñÿ âèíòîì 7, óñòàíîâëåííûì ïî îñè âàëêà. 

Íåîáõîäèìî îòìåòèòü, ÷òî ïðåäëîæåííàÿ êîíñòðóêöèÿ 
àìîðòèçèðóþùåãî óñòðîéñòâà âûïîëíåíà òàêèì îáðàçîì,  
÷òî äåìïôèðóþùèå ýëåìåíòû âñòðîåíû íåïîñðåäñòâåííî â îñåâîé  
êàíàë ðàáî÷èõ âàëêîâ è èìåþò ýêâèâàëåíòíóþ ìÿãêóþ  
íåëèíåéíóþ õàðàêòåðèñòèêó (ðèñ. 2).  

 

 
Ðèñóíîê 2. – Íåëèíåéíàÿ õàðàêòåðèñòèêà óïðóãèõ ñâÿçåé  

(áëîêà ðåçèíîìåòàëëè÷åñêèõ ýëåìåíòîâ) àìîðòèçàòîðà,  
âñòðîåííîãî â ãëàâíûé ïðèâîä ïðîêàòíîãî ñòàíà  

 

Ó÷èòûâàÿ ïðîöåññ åñòåñòâåííîãî äåìïôèðîâàíèÿ â ìåõàíè÷åñêîé 
ñèñòåìå, óäàðíîå çàìûêàíèå çàçîðîâ â ïåðèîä ïåðåõîäíîãî ïðîöåññà íà 
ñòàíå áóäåì ñ÷èòàòü ÿðêî âûðàæåííûì è ïåðèîäè÷åñêèì [6, 7].  

Àíàëèç äèíàìè÷åñêèõ ïðîöåññîâ â òÿæåëîíàãðóæåííûõ ïðèâîäàõ 
áîëüøèíñòâà òðóáîïðîêàòíûõ ñòàíîâ ñ ðåàëüíûì ðàñïðåäåëåíèåì ìàññ è 
æåñòêîñòåé, â ðÿäå ñëó÷àåâ è â ïåðâîì ïðèáëèæåíèè, óäîáíî ïðîèçâåñòè íà 
áàçå óïðîùåííîé ýêâèâàëåíòíîé äâóõìàññîâîé ìîäåëè èñõîäíîé 
ìíîãîìàññîâîé ðÿäíîé ìåõàíè÷åñêîé ñèñòåìû ñòàíà [2, 5] (ðèñ.3). 

 

 
Ðèñóíîê 3. – Ýêâèâàëåíòíàÿ äèíàìè÷åñêàÿ ìîäåëü  

ëèíèè ïðèâîäà àâòîìàòè÷åñêîãî ñòàíà òðóáîïðîêàòíîãî àãðåãàòà  
ñ âñòðîåííûì àìîðòèçàòîðîì 
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Î÷åâèäíî, ÷òî â ýòîì ñëó÷àå äîñòàòî÷íî ïðîàíàëèçèðîâàòü 
äèíàìè÷åñêèå ïðîöåññû íà àâòîìàòè÷åñêîì ñòàíå â ïðåäåëàõ ïåðâîãî 
ïîëóïåðèîäà íèçøåé ãàðìîíèêè êîëåáàòåëüíîé ñèñòåìû, êàê ïðàâèëî, äëÿ 
äâóõ, íàèáîëåå âîçìîæíûõ, ýòàïîâ äâèæåíèÿ èñõîäíîé äèíàìè÷åñêîé 
ñèñòåìû ïðèâîäà ñòàíà.  

Ïåðâûé ýòàï ðàáîòû ãëàâíîãî ïðèâîäà àâòîìàòè÷åñêîãî ñòàíà 
õàðàêòåðèçóåòñÿ ïàññèâíûìè óñëîâèÿìè ôóíêöèîíèðîâàíèÿ ñàìèõ 
àìîðòèçàòîðîâ. Ïðåäïîëîæèâ, ÷òî ìîìåíò ïðåäâàðèòåëüíîé çàòÿæêè 
ðåçèíîìåòàëëè÷åñêèõ ýëåìåíòîâ (ïðóæèí) âèíòîâûì ìåõàíèçìîì, 

ñîñòàâëÿåò 0 0/M c , òî íà ïåðâîì ýòàïå äâèæåíèÿ ðàññìàòðèâàåìûé ìîìåíò 

ñèñòåìû îïðåäåëÿåòñÿ îòíîñèòåëüíûì ïîâîðîòîì ìàññ 1I  è 2I , ÷òî 

ïðîèñõîäèò çà ñ÷åò äåôîðìàöèè óãëîâîé ñâÿçè ýëåìåíòîâ ãëàâíîãî ïðèâîäà 

12c  â óñòàíîâëåííûõ ïðåäåëàõ õîäà ñèñòåìû ϕ ϕ− <1 2 0 0/M c . 

Ïîñëå ïîäêëþ÷åíèÿ ñèñòåì àìîðòèçàòîðà ñ ðåçèíîìåòàëëè÷åñêèìè 
ýëåìåíòàìè óñòàíîâëåííîé æåñòêîñòè ê îñíîâíîé ñèñòåìå ïðèâîäà 

ϕ ϕ− >1 2 0 0/M c  íà÷èíàåòñÿ ñîîòâåòñòâåííî âòîðîé, íàèáîëåå âàæíûé, ýòàï 

äèíàìè÷åñêîãî ôóíêöèîíèðîâàíèÿ âñåõ ýëåìåíòîâ ïðèâîäà è ðàáî÷èõ 
âàëêîâ ñòàíà ñîâìåñòíî ñ ïðîêàòûâàåìîé ãèëüçîé. 

Èç àíàëèçà óñëîâèé ôóíêöèîíèðîâàíèÿ ãëàâíîãî ïðèâîäà ñòàíà 
ñëåäóåò, ÷òî ïðè íåïðàâèëüíî âûáðàííûõ ïàðàìåòðàõ æåñòêîñòè 
äèíàìè÷åñêîé ñèñòåìû è àìîðòèçèðóþùèõ ýëåìåíòîâ óñòðîéñòâà â 
ïðåäåëàõ ðàáî÷åãî õîäà äåìïôèðóþùèõ ýëåìåíòîâ ãëàâíîãî ïðèâîäà 
àâòîìàòè÷åñêîãî ñòàíà íàñòóïàåò òðåòèé ýòàï äâèæåíèÿ ðàññìàòðèâàåìîé 
ìåõàíè÷åñêîé ñèñòåìû. 

Ðàññìîòðèì ïåðâûé ýòàï ïåðåõîäíûõ ïðîöåññîâ íà ñòàíå 

ϕ≤ ≤12 0 00 /M c . 

Òîãäà ñîãëàñíî [5, 7] äëÿ ïåðâîãî ýòàïà ïåðåõîäíûõ ïðîöåññîâ 
óðàâíåíèÿ äâèæåíèÿ ìåõàíè÷åñêîé ñèñòåìû â îòíîñèòåëüíûõ êîîðäèíàòàõ 
äëÿ ïðèíÿòîé óïðîùåííîé äâóõìàññîâîé ìîäåëè ïðèâîäà àâòîìàòè÷åñêîãî 
ñòàíà  

 

2

1
1 1 1 22

2

2
2 1 1 22

( ) ;

( ) .n

d
I c M
dt

d
I c M
dt

ϕ
ϕ ϕ

ϕ
ϕ ϕ

∂


+ − =


 − − = −


 (1) 

ãäå 1I è 2I  – ïðèâåäåííûå ìîìåíòû èíåðöèè äèíàìè÷åñêîé ìîäåëè ëèíèè 

ïðèâîäà ñòàíà; ϕ1  è ϕ2  – ñîîòâåòñòâóþùèå ïðèâåäåííûå óãëû ïîâîðîòà 

ðîòîðà äâèãàòåëÿ ãëàâíîãî ïðèâîäà è ðàáî÷èõ âàëêîâ ñòàíà; 0M – ìîìåíò 

ïðåäâàðèòåëüíîé çàòÿæêè àìîðòèçàòîðà; nM – ìîìåíò ïðîêàòêè ãèëüçû 

(òðóáû) íà àâòîìàòè÷åñêîì ñòàíå; ∂M – íîìèíàëüíûé ìîìåíò äâèãàòåëÿ 

ãëàâíîãî ïðèâîäà. 
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Ïðåäïîëàãàÿ, ÷òî äâèãàòåëü ãëàâíîãî ïðèâîäà ñîâåðøàåò ðàâíîìåðíîå 

äâèæåíèå ñ ïîñòîÿííîé óãëîâîé ñêîðîñòüþ ϕ ω=1 0t , ñèñòåìó óðàâíåíèé 

(1)ìîæíî çàïèñàòü â âèäå 

 
ϕ

ω ϕ= − −
2

2
2 1 0 22

( )
d

I c t Mn
dt

. (2) 

Ðåøåíèÿ óðàâíåíèÿ (2) ïðè íà÷àëüíûõ óñëîâèÿõ çàäà÷è ϕ =2(0) 0 ; 

ϕ =ɺ
2(0) 0  èìååò âèä  

 2 0 1

1

(0) [cos( 1]
Mn

t k t
c

ϕ ω= + − , (3) 

ãäå = 1
1

2

c
k

I
 – ÷àñòîòà ñîáñòâåííûõ êîëåáàíèé ýêâèâàëåíòíîé 

äèíàìè÷åñêîé ìîäåëè àâòîìàòè÷åñêîãî ñòàíà íà ïåðâîì ýòàïå ïåðåõîäíîãî 
ïðîöåññà. 

Ñëåäîâàòåëüíî, óãëîâàÿ ñêîðîñòü ðàáî÷èõ âàëêîâ ñòàíà íà ýòîì æå 
ýòàïå äâèæåíèÿ ñèñòåìû îïðåäåëÿåòñÿ 

 
ϕ

ω ω= = −2
0 1 1

1

( )
( ) sin( )

d t Mn
t k k t

dt c
. (4) 

Èñõîäÿ èç óñëîâèÿ ϕ ϕ= 1  çàïèøåì 

 ω ϕ− =0 2 0 0/t M c . (5) 

Òîãäà èç (4) è (5) íàéäåì âðåìÿ çàâåðøåíèÿ ïåðâîãî ýòàïà ïåðåõîäíîãî 
ïðîöåññà â âèäå 

 = − 0
1 arccos(1 )

M
t

Mn
. (6) 

Íà÷àëüíûå óñëîâèÿ äëÿ âòîðîãî ýòàïà äâèæåíèÿ ýêâèâàëåíòíîé 
äâóõìàññîâîé ìîäåëè ìåõàíè÷åñêîé ñèñòåìû ñòàíà âûáèðàåì èñõîäÿ èç (3) 
è (6). 

Óðàâíåíèÿ äâèæåíèÿ ìàññû 2I , ïðè ýòîì, çàïèøåì 

 
ϕ

ϕ ϕ= − −
2

2
2 0 22

( )a

d
I c Mn
dt

, (7) 

ãäå ϕa – óãîë ïîâîðîòà ýëåìåíòîâ âñòðîåííûõ â ðàáî÷èé âàëîê 

àìîðòèçàòîðà;  0c – æåñòêîñòü øïèíäåëÿ ëèíèè ïðèâîäà. 

Ïåðåìåííóþ ϕ ( )a t  íàõîäèì èç óñëîâèÿ ðàâåíñòâà ìîìåíòîâ ñèë 

óïðóãîñòè íà îòäåëüíûõ ó÷àñòêàõ ëèíèè ãëàâíîãî ïðèâîäà ñòàíà äëÿ 
ñîîòâåòñòâóþùèõ ýòàïîâ äâèæåíèÿ ñèñòåìû  
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Ðåøåíèå óðàâíåíèÿ (7) íàõîäèì â ïîñòàíîâêå çàäà÷è Êîøè, ïðè 
ñëåäóþùèõ íà÷àëüíûõ óñëîâèÿõ  
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Òîãäà ñ ó÷åòîì (9) èç äèôôåðåíöèàëüíîãî óðàâíåíèÿ (7) íàõîäèì 
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 – åñòü ÷àñòîòà ñâîáîäíûõ êîëåáàíèé ìåõàíè÷åñêîé 

ñèñòåìû ñòàíà íà âòîðîì ýòàïå ðàññìàòðèâàåìîãî äâèæåíèÿ. 
Äâàæäû äèôôåðåíöèðóÿ óðàâíåíèå (9) è ïîäñòàâëÿÿ ïîëó÷åííûé 

ðåçóëüòàò â óðàâíåíèå (7), ïîñëå íåêîòîðûõ ïðåîáðàçîâàíèé çàïèøåì 
âûðàæåíèå äëÿ îïðåäåëåíèÿ ìîìåíòà ñèë óïðóãîñòè â ëèíèè ãëàâíîãî 
ïðèâîäà àâòîìàòè÷åñêîãî ñòàíà  
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ãäå n  – óãëîâîé êîýôôèöèåíò èçëîìà óïðóãîé õàðàêòåðèñòèêè 

àìîðòèçàòîðà, ðàâíûé 
β
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∗

∗
= =2 2

1 1
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c tg
n

c tg
; α  – íà÷àëüíàÿ ôàçà êîëåáàíèé 

ìåõàíè÷åñêîé ñèñòåìû; 0m  – îòíîñèòåëüíûé ìîìåíò â ïðèâîäå ñòàíà, 

ðàâíûé = 0
0

n

M
m

M
 

Èç âûðàæåíèÿ (12) ñëåäóåò, ÷òî ìàêñèìàëüíûé ìîìåíò ñèë óïðóãîñòè 
â ìåõàíè÷åñêîé ñèñòåìå îïðåäåëÿåòñÿ 

 = + + + +max 2
0(1 )(1 )n nM M M n n m . (11) 

Èñêîìûé êîýôôèöèåíò äèíàìè÷íîñòè äëÿ ýêâèâàëåíòíîé 
äâóõìàññîâîé ìîäåëè ìåõàíè÷åñêîé ñèñòåìû ñòàíà èç (10) è (11) 
îïðåäåëÿåòñÿ â âèäå  

 η = = + + + +
max

2
01 (1 )(1 )

n

M
n n m

M
. (12) 

Èç âûðàæåíèÿ (12) ñëåäóåò, ÷òî ïðè → 1n  êîýôôèöèåíò äèíàìè÷íîñòè 
äëÿ ïðèíÿòîé ýêâèâàëåíòíîé äâóõìàññîâîé äèíàìè÷åñêîé ìîäåëè 
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ìåõàíè÷åñêîé ñèñòåìû ãëàâíîãî ïðèâîäà àâòîìàòè÷åñêîãî ñòàíà ñòðåìèòñÿ 

ê η → 2 , êàê äëÿ ïðèâîäà áåç àìîðòèçàòîðà.  

Îòìåòèì, ÷òî çîíà, ñîîòâåòñòâóþùàÿ ≈0 nM M  ÿâëÿåòñÿ íàèáîëåå 

ýôôåêòèâíîé. Â ñèëó ýòîãî ïóòè ñíèæåíèÿ äèíàìè÷åñêèõ íàãðóçîê â ëèíèè 
ãëàâíîãî ïðèâîäà ñòàíà ëåæàò ÷åðåç ñíèæåíèå âåëè÷èíû n , ÷òî 
êîíñòðóêòèâíî ìîæíî ðåàëèçîâàòü ïóòåì âûáîðà æåñòêîñòè 
ðåçèíîìåòàëëè÷åñêèõ ýëåìåíòîâ, ðàññìàòðèâàåìîé êîíñòðóêöèè 
ðåãóëèðóåìîãî àìîðòèçàòîðà, âñòðîåííîãî â ðàáî÷èé âàëîê è ýëåìåíòû 
ïðèâîäà âàëêà (ðèñ.1). 

Äîñòîâåðíîñòü òåîðåòè÷åñêèõ âûêëàäîê è ýôôåêòèâíîñòü ïðèìåíåíèÿ 
ïðåäëîæåííîãî òåõíè÷åñêîãî ðåøåíèÿ â ïðèâîäå àâòîìàòè÷åñêîãî ñòàíà 
ÒÏÀ ïðîâåðÿëè ïóòåì ìîäåëèðîâàíèÿ ñêîðîñòíûõ è ñèëîâûõ ðåæèìîâ 
ïðîêàòêè ãèëüçû íà ëàáîðàòîðíîì ñòàíå äóî 160, ñíàáæåííîãî óñòðîéñòâîì 
äëÿ ñíèæåíèÿ äèíàìè÷åñêèõ íàãðóçîê.  

Ïðîãðàììà ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé íà àâòîìàòè÷åñêîì ñòàíå 
ñîñòîÿëà èç ñëåäóþùèõ îñíîâíûõ ýòàïîâ: îáùèõ èññëåäîâàíèé 
ýíåðãîñèëîâûõ ïàðàìåòðîâ ïðîäîëüíîé ïðîêàòêè ãèëüç íà ñòàíå áåç 
ââåäåíèÿ äîïîëíèòåëüíûõ óñòðîéñòâ, ïðåäíàçíà÷åííûõ äëÿ ñíèæåíèÿ 
äèíàìè÷åñêèõ íàãðóçîê; èññëåäîâàíèå ýôôåêòèâíîñòè ïðèìåíåíèÿ 
àìîðòèçèðóþùåãî óñòðîéñòâà â ñîñòàâå ïðèâîäà; èññëåäîâàíèÿ ïðîöåññîâ 
äåìïôèðîâàíèÿ êðóòèëüíûõ êîëåáàíèé â ëèíèè ïðèâîäà ñòàíà. 

Òèïîâàÿ îñöèëëîãðàììà èññëåäîâàíèé ýíåðãîñèëîâûõ ïàðàìåòðîâ 
àâòîìàòè÷åñêîãî ñòàíà ÒÏÀ 140 ïðèâåäåíà íà ðèñ. 4, à íåêîòîðûå 
ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ýíåðãîñèëîâûõ ïàðàìåòðîâ 
àâòîìàòè÷åñêîãî ñòàíà ÒÏÀ 350 ïðåäñòàâëåíû â òàáëèöå 1 [5, 8]. 

 

  
Ðèñóíîê 4. – Òèïîâàÿ îñöèëëîãðàììà ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé 

ýíåðãîñèëîâûõ ïàðàìåòðîâ àâòîìàòè÷åñêîãî ñòàíà ÒÏÀ 140  
áåç äåìïôèðóþùåãî óñòðîéñòâà 

 

Äëÿ îïðåäåëåíèÿ äåéñòâèòåëüíûõ çíà÷åíèé äèíàìè÷åñêèõ íàãðóçîê 
áûëà ïðîâåäåíà ýêñïåðèìåíòàëüíàÿ ðàáîòà ïî èçìåðåíèþ êðóòÿùèõ 
ìîìåíòîâ íåïîñðåäñòâåííî íà øïèíäåëÿõ ãëàâíîãî ïðèâîäà àâòîìàòè÷åñêîãî 
ñòàíà, êàê â ìîìåíò çàäà÷è ìåòàëëà, òàê è â ïðîöåññå ïðîêàòêè îñíîâíûõ 
ãðóïï âûïóñêàåìûõ òðóá íà ñòàíå. Ïîñëå îáðàáîòêè ðåçóëüòàòîâ 
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé áûëè îïðåäåëåíû  ýêñïåðèìåíòàëüíûå 
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ìàêñèìàëüíûå êðóòÿùèå ìîìåíòû (òàáëèöà 1), íà îñíîâàíèè êîòîðûõ 
ïðîâåäåí àíàëèç ïðî÷íîñòè ñóùåñòâóþùåé êîíñòðóêöèè ïðèâîäà è 
îïðåäåëåíû ïàðàìåòðû êîíñòðóêöèè àìîðòèçèðóþùèõ óñòðîéñòâ, 
îáåñïå÷èâàþùèõ íàäåæíóþ ðàáîòó ïðèâîäà ñòàíà.  

 

Òàáëèöà 1 

Ðåçóëüòàòû èçìåðåíèÿ êðóòÿùèõ ìîìåíòîâ ïðè ïðîêàòêå òðóá íà 
àâòîìàòè÷åñêîì ñòàíå ÒÏÀ 350 

Ìíèæ. ø., 
êÍì 

Ìâåðõ. ø., 
êÍì 

¹¹ 
îñö. 

Ìç Ìó 

∂k =Ìç/Ìó 

Ìç Ìó 

∂k =Ìç/Ìó Ñîðòàìåíò 
òðóáû 

1 2 3 4 5 6 7 8 
26,5 11,5 2,3 32,5 11,5 2,8 
32,5 9,0 3,6 24,0 8,0 3,0 
26,5 10,0 2,65 24,0 10,0 2,4 
20,5 9,0 2,3 22,0 8,0 2,75 

ø146×8; 
ìàòåðèàë 
ñòàëü20 

60,0 20,0 3,0 52,0 20,0 2,6 
61,0 15,5 3,9 52,0 14,0 37 
54,0 19,0 2,8 45,5 17,5 2,6 Ó

ãë
åð

îä
è
ñò

û
å 

ñò
àë

è
 

32,5 12,0 2,7 25,5 11,5 2,2 

ø325×8; 
ìàòåðèàë 
30ÕÃÑÀ 

26,0 8,5 3,1 21,5 9,5 2,3 
42,5 12,0 3,5 22,0 8,5 2,6 
39,0 7,5 5,2 15,5 5,5 2,8 
36,5 6,4 5,7 20,0 5,5 3,6 

ø194×8; 
ìàòåðèàë 
08Õ18ÍÞÒ 

22,0 11,5 1,9 15,5 9,0 1,7 
50,8 19,0 2,7 30,5 15,5 2,0 

Í
åð

æ
àâ

åþ
ù

è
å 

ñò
àë

è
 

26,0 9,0 2,9 24,5 15,0 1,6 

ø325×12; 
ìàòåðèàë 
12Õ118Í10Ò 

 
Àíàëèç ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ãëàâíîãî 

ïðèâîäà àâòîìàòè÷åñêîãî ñòàíà ÒÏÀ 350 ïîêàçûâàåò, ÷òî ëèíèÿ ïðèâîäà 
ïîäâåðæåíà âîçäåéñòâèþ çíà÷èòåëüíûõ äèíàìè÷åñêèõ íàãðóçîê. 
Ìàêñèìàëüíûé êîýôôèöèåíò äèíàìè÷íîñòè ïðèâîäà áåç àìîðòèçàòîðà 

äîñòèãàåò ∂k =3,7, ÷òî ïîä÷åðêèâàåò îñîáåííîñòè ôîðìèðîâàíèÿ ïåðåõîäíûõ 

ïðîöåññîâ íà ñòàíå è äàëüíåéøåå ôóíêöèîíèðîâàíèå ìåõàíè÷åñêîé 
ñèñòåìû. 

Íåêîòîðûå ðåçóëüòàòû èññëåäîâàíèÿ ëèíèè ïðèâîäà ëàáîðàòîðíîãî 
ñòàíà äóî 160 áåç àìîðòèçàòîðà è ñ ïðèìåíåíèåì óñòðîéñòâà äëÿ ñíèæåíèÿ 
äèíàìè÷åñêèõ íàãðóçîê ïðèâåäåíû íà îñöèëëîãðàììàõ (ðèñ.5). 

Ââåäåíèå â ìåõàíè÷åñêóþ ñèñòåìó ïðèâîäà âñòðîåííîãî àìîðòèçàòîðà ñ 
ðåãóëèðóåìîé æåñòêîñòüþ ïîçâîëèëî ñíèçèòü êîýôôèöèåíò äèíàìè÷íîñòè 

ñèñòåìû äî ∂k =1,1 – 1,2. 
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à) á) 

Ðèñóíîê 5. – Îñöèëëîãðàììà ìîìåíòîâ ñèë óïðóãîñòè â øïèíäåëÿõ ïðèâîäà 
ðàáî÷èõ âàëêîâ ëàáîðàòîðíîãî ñòàíà äóî 160 áåç àìîðòèçàòîðà à) è ñ  
âñòðîåííûì àìîðòèçàòîðîì á): 1 – ìîìåíò ñèë óïðóãîñòè øïèíäåëÿ;  

2 – èäåàëüíûé çàêîí íàðàñòàíèÿ íàãðóçêè 

 

Îòìåòèì, ÷òî ïîñëå íàñòðîéêè àìîðòèçàòîðà íà òðåáóåìóþ âåëè÷èíó 
æåñòêîñòè â ëèíèè ïðèâîäà ñòàíà ïðîèñõîäèò çàõâàò è äàëüíåéøàÿ 
ïðîêàòêà çàãîòîâêè âàëêàìè ñòàíà. Èññëåäîâàíèå ëèíèè ïðèâîäà ñòàíà 
ïîêàçàëî óäîâëåòâîðèòåëüíóþ ðàáîòîñïîñîáíîñòü ñèñòåì àìîðòèçàòîðà âî 
âñåõ ðåæèìàõ ðàáîòû ñòàíà. 

Ïîñëå ñáðîñà òåõíîëîãè÷åñêîé íàãðóçêè âñå ýëåìåíòû êîíñòðóêöèè 
àìîðòèçàòîðà âîçâðàùàþòñÿ â èñõîäíîå ïîëîæåíèå. Ââåäåíèå â 
êîíñòðóêöèè àìîðòèçàòîðà áëîêà ðåçèíîìåòàëëè÷åñêèõ äåìïôèðóþùèõ 
ýëåìåíòîâ ïîçâîëèëî ñóùåñòâåííî óâåëè÷èòü ðàññåÿíèå ýíåðãèè ñèñòåìû. Â 
ðåçóëüòàòå ýòîãî êîëåáàíèÿ ìîìåíòîâ ñèë óïðóãîñòè, â ëèíèè ïðèâîäà ñòàíà 
â ìîìåíò çàõâàòà çàãîòîâêè âàëêàìè, çàòóõàþò äîâîëüíî áûñòðî – 
ïðàêòè÷åñêè çà ïåðâûé ïåðèîä êîëåáàíèé ìåõàíè÷åñêîé ñèñòåìû. 

Äàëüíåéøåå îñëàáëåíèå çàòÿæêè ðåçèíîìåòàëëè÷åñêèõ ýëåìåíòîâ 
ïîñðåäñòâîì ðåãóëèðîâî÷íîãî âèíòà, ïðèâîäèò ê óâåëè÷åíèþ õîäà 
àìîðòèçàòîðà è ïðåæäåâðåìåííîìó åãî âêëþ÷åíèþ â ðàáîòó ïðèâîäà, ÷òî íå 
êðàéíå æåëàòåëüíî. 

ÂÛÂÎÄÛ 

1. Äëÿ ñíèæåíèÿ ïåðåäàâàåìûõ íà ýëåìåíòû ãëàâíîãî ïðèâîäà 
äèíàìè÷åñêèõ íàãðóçîê ïðåäëîæåíî ñïåöèàëüíîå àìîðòèçèðóþùåå 
óñòðîéñòâî äëÿ ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé ïðîêàòíûõ ñòàíîâ. 

2. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü è ïðîâåäåí êîìïëåêñíûé 
àíàëèç äèíàìè÷åñêèõ ïðîöåññîâ â ãëàâíîì ïðèâîäå àâòîìàòè÷åñêîì ñòàíà â 
ïðåäåëàõ ïåðâîãî ïîëóïåðèîäà íèçøåé ãàðìîíèêè ýêâèâàëåíòíîé 
äèíàìè÷åñêîé ìîäåëè êîëåáàòåëüíîé ñèñòåìû äëÿ äâóõ, íàèáîëåå 
âîçìîæíûõ, ýòàïîâ äâèæåíèÿ ðÿäíîé ìåõàíè÷åñêîé ñèñòåìû. 

3. Îïðåäåëåíû ïàðàìåòðû àìîðòèçèðóþùèõ ýëåìåíòîâ óñòðîéñòâà äëÿ 
ñîåäèíåíèÿ âàëêîâ è øïèíäåëåé ãëàâíîãî ïðèâîäà ïðîêàòíûõ ñòàíîâ. 

4. Ïðèâåäåíû äàííûå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ýíåðãîñèëîâûõ 
ïàðàìåòðîâ ãëàâíîãî ïðèâîäà àâòîìàòè÷åñêèõ ñòàíîâ ÒÏÀ 140 è ÒÏÀ 350, 
÷òî ïîäòâåðæäàåò àêòóàëüíîñòü ïîñòàâëåííîé çàäà÷è. Äîñòîâåðíîñòü 
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ïîëó÷åííûõ ðåçóëüòàòîâ ïîäòâåðæäàåòñÿ ðåçóëüòàòàìè ëàáîðàòîðíûõ ðàáîò 
íà ñòàíå ÄÓÎ 160.  

5. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû ïðè ðàçðàáîòêå è 
êîìïëåêñíîé ìîäåðíèçàöèè ïðèâîäîâ àíàëîãè÷íûõ òÿæåëîíàãðóæåííûõ 
ñòàíîâ ïðîäîëüíîé ïðîêàòêè. 
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ÂÈÇÍÀ×ÅÍÍß ÌÅÒÎÄÀÌÈ ÌÀÒÅÌÀÒÈ×ÍÎÃÎ ÌÎÄÅËÞÂÀÍÍß 
ÏÀÐÀÌÅÒÐ²Â ÏËÀÂÊÎÃÎ ²ÍÎÊÓËßÒÎÐÀ ÏÐÈ ÁÅÇÏÅÐÅÐÂÍÎÌÓ 

ÐÎÇËÈÂÀÍÍ² ÑÒÀË² ÍÈÇÜÊÎÂÓÃËÅÖÅÂÈÕ ÌÀÐÎÊ 

Àíîòàö³ÿ. Ðîçãëÿíóòî ïðîöåñ çàñòîñóâàííÿ ³íîêóëÿòîð³â ïðè áåçïåðåðâíîìó 
ðîçëèâàíí³ ñòàë³. Ðîçðîáëåíî àëãîðèòì ð³øåííÿ çàäà÷³ ïëàâëåííÿ çàë³çíîãî 
ïîðîøêó çì³øàíîãî ãðàíóëîìåòðè÷íîãî ñêëàäó â ð³äêîìó ìåòàë³ â 
ïåðåäêðèñòàë³çàö³éíèé ïåð³îä. Âèçíà÷åí³ ãðàíóëîìåòðè÷íèé ñêëàä ³ âèòðàòà 
³íîêóëÿòîðà, ùî çàáåçïå÷óþòü óòâîðåííÿ â ìåòàë³ ñò³éêèõ çàðîäê³â òâåðäî¿ 
ôàçè. 

Êëþ÷îâ³ ñëîâà: ìàòåìàòè÷íå ìîäåëþâàííÿ, ³íîêóëÿòîð, ãðàíóëîìåòðè÷íèé ñêëàä, 
áåçïåðåðâíå ðîçëèâàííÿ ñòàë³. 

 

Ðàññìîòðåí ïðîöåññ ïðèìåíåíèÿ èíîêóëÿòîðîâ ïðè íåïðåðûâíîé ðàçëèâêå ñòàëè. 
Ðàçðàáîòàí àëãîðèòì ðåøåíèÿ çàäà÷è ïëàâëåíèÿ æåëåçíîãî ïîðîøêà ñìåøàííîãî 
ãðàíóëîìåòðè÷íîãî ñîñòàâà â æèäêîì ìåòàëëå â ïåðåäêðèñòàëëèçàöèîííûé 
ïåðèîä. Îïðåäåëåíû ãðàíóëîìåòðè÷åñêèé ñîñòàâ è ðàñõîä èíîêóëÿòîðà, 
îáåñïå÷èâàþùèé îáðàçîâàíèå â ìåòàëëå óñòîé÷èâûõ çàðîäûøåé òâ¸ðäîé ôàçû. 

 

Process of application inoculators at continuous casting of steel is considered. The 
algorithm for solve a problem of fusion an granulometric heterogeneous iron powder in 
liquid metal right before crystallization was developed. Particle-size distribution and 
consumption of inoculators that provide creation in metal the steady nucleus of crystal 
are determined. 

Ïîñòàíîâêà çàäà÷³ äîñë³äæåííÿ 

Áåçïåðåðâíå ðîçëèâàííÿ ñòàë³, ÿê íåâ³ä'ºìíà ëàíêà ñó÷àñíîãî 
ñòàëåïëàâèëüíîãî âèðîáíèöòâà, çà ãîëîâíèìè ïîêàçíèêàìè: ïðîäóêòèâíîñò³ 
³ ÿêîñò³ ãîòîâî¿ ïðîäóêö³¿ – íàáàãàòî îïåðåäæàº òåõíîëîã³¿ ðîçëèâàííÿ ó 
çëèâêè [1]. Ïðîòå áåçïåðåðâíîëèò³é çàãîòîâö³, ÿê ³ áóäü-ÿêîìó âåëèêîìó 
çëèâêó, âëàñòèâå óòâîðåííÿ õ³ì³÷íî¿ ³ ñòðóêòóðíî¿ íåîäíîð³äíîñò³, ùî 
âèíèêàº â ïðîöåñ³ êðèñòàë³çàö³¿ ð³äêîãî ìåòàëåâîãî ðîçïëàâó. Øâèäê³ñòü 
òâåðäíåííÿ çàãîòîâêè, ùî âèçíà÷àº ïðîäóêòèâí³ñòü ìàøèíè áåçïåðåðâíîãî 
ëèòòÿ, òàêîæ äîñÿãëà ñâî¿õ ìåæ ³ âèçíà÷àºòüñÿ òåïåð âíóòð³øí³ì òåïëîâèì 
îïîðîì çàãîòîâêè [2]. 

Îá'ºìíà êðèñòàë³çàö³ÿ ìåòàëåâîãî ðîçïëàâó, ³í³ö³éîâàíà ïðèñóòí³ñòþ â 
îá’ºì³ ìåòàëó çàðîäê³â íîâî¿ ôàçè, äîçâîëÿº íå ëèøå âèð³øèòè îáèäâ³ 
çàäà÷³, ïðèãí³÷óþ÷è ïðîöåñè ë³êâàö³¿ ðîç÷èíåíèõ ó ìåòàë³ äîì³øîê òà 
³ñòîòíî çá³ëüøóþ÷è ïîâåðõíþ òåïëîïåðåäà÷³, àëå é ³ñòîòíî çíèçèòè 
åíåðãîºìí³ñòü ïðîöåñó áåçïåðåðâíîãî ðîçëèâàííÿ ñòàë³, çà ðàõóíîê 
ï³äâèùåííÿ ïðîäóêòèâíîñò³ ÌÁËÇ ³ çíèæåííÿ ÷àñòêè áðàêîâàíî¿ 
ïðîäóêö³¿. 

                                    
©  Ñèíåã³í ª.Â., Áîé÷åíêî Á.Ì., Ãåðàñèìåíêî Â.Ã., Ìîë÷àíîâ Ë.Ñ., 2013 
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Àíàë³ç îñíîâíèõ äîñë³äæåíü 

Â óìîâàõ áåçïåðåðâíîãî ðîçëèâàííÿ ñòàë³ íàéá³ëüø òåõíîëîã³÷íî 
âèïðàâäàíå çàñòîñóâàííÿ ó ÿêîñò³ ³íîêóëÿòîðà ïîðîøêîâîãî 
ì³êðîõîëîäèëüíèêà ó ôîðì³ çàë³çíîãî ïîðîøêó, ùî â³äïîâ³äíî äî ÄÑÒÓ 
9849-86 “Ïîðîøîê çàë³çíèé” [3] ïîñòàâëÿºòüñÿ ç ð³çíèì ãðàíóëîìåòðè÷íèì 
ñêëàäîì. Ââåäåííÿ éîãî â ð³äêó ñòàëü ïðèçâîäèòü äî íåð³âíîì³ðíî¿ çì³íè 
òåïëîô³çè÷íèõ ïàðàìåòð³â îñòàííüî¿ âíàñë³äîê ïîñòóïîâîãî ïëàâëåííÿ 
ð³çíèõ ôðàêö³é ïîðîøêó, ùî, â³äïîâ³äíî, âïëèâàº ³ íà ³ìîâ³ðí³ñòü ðîñòó 
öåíòð³â êðèñòàë³çàö³¿. 

Äëÿ ìîäåëþâàííÿ ïëàâëåííÿ ïîðîøêó çì³øàíîãî ãðàíóëîìåòðè÷íîãî 
ñêëàäó áóâ ðîçðîáëåíèé öèêë³÷íèé àëãîðèòì, ùî âêëþ÷àº ð³øåííÿ çàäà÷³ 
íàãð³âàííÿ ³ ïëàâëåííÿ ñôåðè÷íèõ ÷àñòîê ð³çíî¿ ôðàêö³¿ (ðèñ. 1). 

 

 
Ðèñóíîê 1. – Àëãîðèòì âèð³øåííÿ çàäà÷³ ïëàâëåííÿ çàë³çíîãî ïîðîøêó  

çì³øàíîãî ãðàíóëîìåòðè÷åñêîãî ñêëàäó â ìåòàëåâîìó ðîçïëàâ³ 
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Ï³ñëÿ ïî÷àòêó ðîçðàõóíêó (áëîê ¹1) çä³éñíþºòüñÿ ââåäåííÿ ô³çèêî-
õ³ì³÷íèõ ñòàëèõ ìåòàëåâîãî ðîçïëàâó ³ òâåðäèõ ÷àñòîê ïîðîøêó (áëîê ââîäó 

¹2): ù³ëüíîñò³ ρ , ïèòîìî¿ òåïëîºìíîñò³ c , òåïëîïðîâ³äíîñò³ λ , â'ÿçêîñò³ 

ðîçïëàâó ν , êîåô³ö³ºíòà òåìïåðàòóðîïðîâ³äíîñò³ a , òåïëîòè ïëàâëåííÿ L , 

òåìïåðàòóðè ë³êâ³äóñ ïîðîøêó ³ ðîçïëàâó ë³êât , ïèòîìî¿ ìàñîâî¿ âèòðàòè 

ïîðîøêó G . 
Äëÿ íàñòóïíîãî âèð³øåííÿ çàäà÷³ ïðîöåñ ïëàâëåííÿ ïîðîøêó óìîâíî 

ïîä³ëÿºìî íà k åòàï³â, çàê³í÷åííÿ êîæíîãî ç ÿêèé â³äïîâ³äàº ÷àñó iф  

ïîâíîãî ðîçïëàâëþâàííÿ ÷àñòî÷îê íàéìåíøî¿ ôðàêö³¿ ïîðîøêó, ùî 
ëèøèëèñÿ â ðîçïëàâ³. Ïî çàâåðøåíèÿ êîæíîãî åòàïó â³äáóâàºòüñÿ 

çíèæåííÿ òåìïåðàòóðà ð³äêî¿ ñòàë³ äî st it' , íàãð³â âåëèêèõ ôðàêö³é 

ïîðîøêó äî òåìïåðàòóðè p it'  òà ÷àñòêîâå îïëàâëåííÿ äð³áíèõ äî ä³àìåòðà 

p id' . Çì³íà öèõ ïàðàìåòð³â âðàõîâóºòüñÿ íà íàñòóïíîìó åòàï³, 

ðåàë³çîâàíîìó áëîêîì öèêëó ¹3. 
Áëîê öèêëó âêëþ÷àº îïåðàö³¿ ïî ââåäåííþ (áëîê ¹4) ïî÷àòêîâèõ óìîâ 

(ïî÷àòêîâî¿ òåìïåðàòóðè êîæíî¿ ôðàêö³¿ n it  òà ¿¿ ä³àìåòðà n id , ³ ïî÷àòêîâî¿ 

òåìïåðàòóðè ñòàë³ ñòt ) ³ ðîçðàõóíîê (áëîê ¹5) öèõ æå âåëè÷èí äëÿ êîæíî¿ 

ôðàêö³¿ ïîðîøêó íàïðèê³íö³  ³-îãî åòàïó. Ó âèïàäêó çíèæåíí³ òåìïåðàòóðè 
ð³äêî¿ ñòàë³ íèæ÷å òåìïåðàòóðè ë³êâ³äóñ ïîðîøêó (áëîê óìîâè ¹6) éîãî 
ïëàâëåííÿ ïîâí³ñòþ çóïèíÿºòüñÿ, öèêë îáðèâàºòüñÿ äîñòðîêîâî, à 
ðîçðàõóíîê îõîëîäæåííÿ ñòàë³ çà ðàõóíîê íàãð³âàííÿ  íåðîçïëàâëåíèõ 
ôðàêö³é ïîðîøêó âèêîíóºòüñÿ áëîêîì ¹7. ßêùî æ òåìïåðàòóðà ñòàë³ 
á³ëüøà çà òåìïåðàòóðó ë³êâ³äóñ ïîðîøêó, âèêîíóºòüñÿ íàñòóïíèé åòàï 
öèêëó. Çà áóäü-ÿêîãî âàð³àíòó çàâåðøåííÿ öèêëó ðåçóëüòàò ðîçðàõóíêó 
âèâîäèòüñÿ íà åêðàí (áëîê ¹8). 

Îêð³ì öüîãî áëîêîì ¹5 âèêîíóºòüñÿ ðîçðàõóíîê ïèòîìî¿ ïîâåðõí³ ΣiS  

÷àñòîê ïîðîøêó, â³äíåñåíî¿ äî îäèíèöÿ îá'ºìó ìåòàëó ³ ÷èñëà öåíòð³â (×Ö ) 

êðèñòàë³çàö³¿ â îäèíèö³ îá'ºìó ð³äêîãî ìåòàëó, ùî ðîçðàõîâóþòüñÿ çà 
íàñòóïíèìè ôîðìóëàìè: 

 
ρ
ρ

−
Σ

=

= ⋅ ⋅ ⋅ ∑7

1

3 10
R

m
jÌå

i i
jï j

p
S G , ì2/ì3 (1/ì), (1) 

äå iG  – ïèòîìà ìàñà ïîðîøêó íà ³-îìó åòàï³ öèêëó, ùî ðîçðàõîâóºòüñÿ çà 
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, êã/ò, (2) 

äå −1iG  – ïèòîìà ìàñà ïîðîøêó íà ïîïåðåäíüîìó ( − 1i )-îìó åòàï³ öèêëó, 

êã/ò; −1ip  – ìàñîâà ÷àñòêà ïîðîøêó, ùî ðîçïëàâèâñÿ íà ïîïåðåäíüîìó åòàï³ 
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öèêëó; ρMe , ρ p  – â³äïîâ³äíî ãóñòèíà ð³äêîãî ìåòàëó ³ ïîðîøêó, êã/ì3; jp  –

ìàñîâà ÷àñòêà j-î¿ ôðàêö³¿ ïîðîøêó â ñóì³ø³; jR  – ðàä³óñ j-î¿ ôðàêö³¿ 

ïîðîøêó â ñóì³ø³, ìêì. 
×èñëî öåíòð³â êðèñòàë³çàö³¿ â 1 ñì3 ìåòàëó íà ïåðøîìó åòàï³ öèêëó 

 
ρ

π ρ
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= ⋅ ⋅ ∑14 1
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7,5 10
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m
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jï j
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×Ö , ñì-3, (3) 

à äëÿ íàñòóïíèõ åòàï³â 
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, ñì-3. (4) 

Ó áëîö³ ¹5 çàêëàäåíå âèð³øåííÿ çàäà÷³ íàãð³âó ñôåðè÷íîãî ò³ëà 

îáìåæåíî¿ òåïëîïðîâ³äíîñò³ ≠ ∞л  çà óìîâè ñòàëîñò³ òåìïåðàòóðè 

íàâêîëèøíüîãî ñåðåäîâèùà = constýôt  [4], à òàêîæ çàäà÷à ïëàâëåííÿ 

ð³âíîì³ðíî ïðîãð³òî¿ ñôåðè ç áåçïåðåðâíèì âèäàëåííÿì ð³äêî¿ ôàçè ç ¿¿ 
ïîâåðõí³ (çà ðàõóíîê êîíâåêö³éíèõ ïîòîê³â ìåòàëåâîãî ðîçïëàâó, ùî 
îìèâàþòü ÷àñòî÷êó) [5]. Âèá³ð ìåòîäèêè âèð³øåííÿ çàäà÷³ íàãð³âàííÿ 
÷àñòî÷îê îáóìîâëåíèé âèêîíàííÿì çà óìîâ ïðèðîäíî¿ êîíâåêö³¿ óìîâè 
Bi > 0,25 [4]. Ìîæëèâî òàêîæ çàñòîñóâàííÿ â áëîö³ ¹5 ìàòåìàòè÷íèõ 
ìîäåëåé, çàïðîïîíîâàíèõ ó ðîáîòàõ [6-8], ÿê³, îäíàê, íåñóòòºâî 
óñêëàäíþþòü ð³øåííÿ çàäà÷³ ³ çíèæóþòü òî÷í³ñòü ðåçóëüòàòó. 
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Ðèñóíîê 2. – Ãðàíóëîìåòðè÷íèé ñêëàä çàë³çíîãî ïîðîøêó,  
îòðèìàíîãî ìåòîäîì ðîçïèëåííÿ ìåòàëåâîãî ðîçïëàâó âîäîþ  

âèñîêîãî òèñêó ÷è ñòèñíóòèì ïîâ³òðÿì 

 

Ìîäåëþâàííÿ çä³éñíþâàëè äëÿ óìîâ ðîçëèâàííÿ íèçüêîâóãëåöåâî¿ 
ñòàë³ ìàðêè 09Ã2Ñ ç óâåäåííÿì ³íîêóëÿòîðà ó ôîðì³ çàë³çíîãî ïîðîøêó 
ìàðîê ÏÆÐ3.200.26, ÏÆÐ3.315.26, ÏÆÐ3.450.26, ãðàíóëîìåòðè÷íèé 
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ñêëàä ÿêîãî ïðåäñòàâëåíî íà ðèñ. 2 [3]. Âèòðàòó ïîðîøêó çì³íþâàëè â 
ìåæàõ 2÷6 êã/ò ñòàë³. Òåìïåðàòóðà ë³êâ³äóñ ñòàë³ ³ çàë³çíîãî ïîðîøêó, ùî 
ðîçðàõîâàíà çà ìåòîäèêîþ [9], ñêëàëà â³äïîâ³äíî 1510°Ñ è 1525°Ñ. Ïåðåãð³â 
ñòàë³ äàíî¿ ìàðêè ïåðåä ðîçëèâàííÿì çâè÷àéíî ñêëàäàº 25°Ñ [9]. ²íø³ 
ô³çèêî-õ³ì³÷í³ ïàðàìåòðè ð³äêî¿ ñòàë³ ³ ïîðîøêó ïðèéíÿò³ ç äîâ³äêîâî¿ 
ë³òåðàòóðè [8-10]. 

Ïîñòàíîâêà çàâäàííÿ äîñë³äæåííÿ 

Îñíîâíîþ çàäà÷åþ çàñòîñóâàííÿ ³íîêóëÿòîðà (ì³êðîõîëîäèëüíèêà) º 

çíÿòòÿ ïåðåãð³âó ð³äêî¿ ñòàë³ ³ ñòâîðåííÿ â ¿¿ îá’ºì³ äîñòàòíüî¿ äëÿ 

³í³ö³þâàííÿ îá'ºìíî¿ êðèñòàë³çàö³¿ ê³ëüêîñò³ çàðîäê³â òâåðäî¿ ôàçè. Äëÿ 

öüîãî âèòðàòó ³ ãðàíóëîìåòðè÷íèé ñêëàä ³íîêóëÿòîðà ñë³ä ï³äáèðàòè òàêèì 

÷èíîì, ùîá ï³ñëÿ çíèæåííÿ òåìïåðàòóðè ñòàë³ äî òåìïåðàòóðè ïëàâëåííÿ 

ïîðîøêó â éîãî îá’ºì³ çáåð³ãàëàñÿ âèñîêà êîíöåíòðàö³ÿ ïîðîøêó, à ä³àìåòð 

÷àñòî÷îê ïåðåâèùóâàâ êðèòè÷íèé, çà ÿêîãî âîíè ðîçïëàâëÿþòüñÿ â ð³äêîìó 

ìåòàë³. 

Îñíîâí³ ìàòåð³àëè äîñë³äæåííÿ 

Íà ðèñóíêó 3 ïðåäñòàâëåíî ðåçóëüòàòè ìàòåìàòè÷íîãî ìîäåëþâàííÿ 

ïðîöåñó ïëàâëåííÿ ïîðîøêó çì³øàíîãî ãðàíóëîìåòðè÷íîãî ñêëàäó, ÿê³ 

íàäàí³ äëÿ çðó÷íîñò³ íà ëîãàðèôì³÷í³é øêàë³. Ç ãðàô³ê³â âèäíî, ùî 

òðèâàë³ñòü ïðîöåñó ïëàâëåííÿ ïîðîøêó ìàéæå ó âñ³õ âèïàäêàõ íå 

ïåðåâèùóº 1 ñåêóíäè, çà ÿêó ÷èñëî ÷àñòî÷îê ïîðîøêó â 1-îìó ñì3 ð³äêîãî 

ìåòàëó âñòèãàº çìåíøèòèñÿ íà 5 ïîðÿäê³â. Òðèâàë³ñòü ïëàâëåííÿ ïîðîøêó 

çá³ëüøóºòüñÿ ç³ çá³ëüøåííÿì ÷àñòêè âåëèêî¿ ôðàêö³¿ â éîãî ñêëàä³. 

Ïîð³âíÿâøè ðèñ. 3 (á, ã, ä) ìîæíà ç óïåâíåí³ñòþ ñòâåðäæóâàòè ïðî 

íåïðèéíÿòí³ñòü âèêîðèñòàííÿ ïîðîøêó ìàðêè ÏÆÐ3.200.26 óíàñë³äîê éîãî 

ïîâíîãî ïëàâëåííÿ â ìåòàë³. Óñóíåííÿ öüîãî íåäîë³êó âèìàãàº çá³ëüøåííÿ 

âèòðàòè ïîðîøêó ïîíàä 6 êã/ò, ùî íåìèíó÷å ïðèçâåäå äî ï³äâèùåííÿ 

åíåðãîºìíîñò³ ïðîöåñó áåçïåðåðâíîãî ðîçëèâàííÿ.  

Ð³çíèöÿ ì³æ çàëèøêîâèì ÷èñëîì öåíòð³â êðèñòàë³çàö³¿ ïðè 

âèêîðèñòàíí³ ïîðîøêó ìàðîê ÏÆÐ3.450.26 ³ ÏÆÐ3.315.26 ïðàêòè÷íî íå 

â³ä÷óòíà ³ ïîñèëþºòüñÿ ëèøå ïðè çá³ëüøåíí³ âèòðàòè ïîðîøêó. Òàê ïðè 

âèòðàò³ 4 êã/ò ñòàë³ ïîðîøêó ìàðîê ÏÆÐ3.450.26 ³ ÏÆÐ3.315.26 

çàëèøêîâå ÷èñëî öåíòð³â êðèñòàë³çàö³¿ â³äð³çíÿºòüñÿ ëèøå â 1,06 ðàçè ³ 

ñêëàäàº â³äïîâ³äíî 421 ³ 397 ñì-3. Ïðè âèòðàò³ 6 êã/ò ïîðîøêó öèõ æå 

ìàðîê ð³çíèöÿ çá³ëüøóºòüñÿ äî 2,16 ðàç³â, ïðè÷îìó öüîãî ðàçó  ÷èñëî 

çàëèøêîâèõ öåíòð³â êðèñòàë³çàö³¿ á³ëüøå ïðè âèêîðèñòàíí³ ïîðîøêó ìàðêè 

ÏÆÐ3.315.26 – 1365 ïðîòè 631 ñì-3. 

Öåé, ïàðàäîêñàëüíèé, íà ïåðøèé ïîãëÿä, ðåçóëüòàò ìîæíà ïîÿñíèòè, 

ïðîàíàë³çóâàâøè ãðàíóëîìåòðè÷íèé ñêëàä ïîðîøêó ðîçãëÿíóòèõ ìàðîê 

(äèâ. ðèñ. 2). Íàÿâí³ñòü ó ïîðîøêó ìàðêè  ÏÆÐ3.450.26 áëèçüêî 5% 
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ôðàêö³¿ á³ëüøå 450 ìêì í³âåëþºòüñÿ á³ëüøîþ ÷àñòêîþ äð³áíèõ ôðàêö³é, 

ùî çíèæóþòü òåìïåðàòóðó ñòàë³ íà ïî÷àòêîâèõ åòàïàõ ïëàâëåííÿ à, îòæå, 

òåïëîâèé ïîò³ê â³ä ñòàë³ äî ïîðîøêó. Âèõîäÿ÷è ç³ ñêàçàíîãî, ìîæíà 

ðåêîìåíäóâàòè âèêîðèñòàííÿ ïðè áåçïåðåðâíîìó ðîçëèâàíí³ ñòàë³ ìàðêè 

09Ã2Ñ çàë³çíèé ïîðîøîê ìàðîê ÏÆÐ3.315.26 òà ÏÆÐ3.450.26  ç âèòðàòîþ 

ùîíàéìåíøå 4-6 êã/ò ð³äêî¿ ñòàë³. 
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Ðèñóíîê 3. – Äèíàì³êà çì³íè ïèòîìî¿ ïëîù³ ïîâåðõí³ ÷àñòî÷îê ïîðîøêó (à, 
â, ´) òà ¿õ ê³ëüêîñò³ (á, ã, ä) â îá’ºì³ ð³äêî¿ ñòàë³ ïðè âèêîðèñòàíí³ 
çàë³çíîãî ïîðîøêó ìàðîê ÏÆÐ3.450.26 (à, á), ÏÆÐ3.315.26 (â, ã), 

ÏÆÐ3.200.26 (´, ä):  
öèôðè á³ëÿ êðèâèõ – âèòðàòà ïîðîøêó, êã/ò ñòàë³ 
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Âèñíîâêè 

Çà ðåçóëüòàòàìè ìîäåëþâàííÿ ìîæíà çàïðîïîíóâàòè çàñòîñóâàííÿ äëÿ 
óìîâ áåçïåðåðâíîãî ðîçëèâàííÿ ñòàë³ çàë³çíîãî ïîðîøêó ìàðîê 
ÏÆÐ3.315.26 òà ÏÆÐ3.450.26, ÷àñòêà äð³áíèõ ôðàêö³é ó ÿêîìó íå 
ïåðåâèùóº 20 % ïî ìàñ³, ç âèòðàòîþ ùîíàéìåíøå 4÷6 êã/ò ñòàë³. 
Äîòðèìàííÿ ö³º¿ óìîâè äîçâîëèòü øâèäêî çíèçèòè ïåðåãð³â ³ ñòâîðèòè â 
îá’ºì³ ð³äêî¿ ñòàë³ äîäàòêîâ³ öåíòðè êðèñòàë³çàö³¿, ê³ëüê³ñòü ÿêèõ ïî 
ïðèáëèçí³é îö³íö³ ñêëàäå â³ä 421 äî 1365 íà 1 ñì3 ìåòàëåâîãî ðîçïëàâó. 
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ÈÑÑËÅÄÎÂÀÍÈÅ ÍÀÏÐßÆ¨ÍÍÎ-ÄÅÔÎÐÌÈÐÎÂÀÍÍÎÃÎ 
ÑÎÑÒÎßÍÈß È ÓÑÒÎÉ×ÈÂÎÑÒÈ ÏÅÐÂÎÍÀ×ÀËÜÍÎÉ ÔÎÐÌÛ 

ÐÅØÅÒÎÊ ÒÎÊÎÎÒÂÎÄÎÂ Â  
ÀÊÊÓÌÓËßÒÎÐÀÕ–ÝÒÅÐÃÎÍÀÊÎÏÈÒÅËßÕ 

Àííîòàöèÿ. Ðàçðàáîòàíà èíæåíåíðíàÿ ìåòîäèêà îïðåäåëåíèÿ íàïðÿæ¸ííî 
äåôîðèìèðîâàííîãî ñîñòîÿíèÿ æèëîê ðåø¸òîê òîêîîòâîäîâ. Íà îñíîâå 
ðàññìîòðåíèÿ âçàèìîäåéñòâèÿ æèëîê è ðåáðà ðåø¸òêè ïîëó÷åíà ðàçðåøàþ÷àÿ 
ñèñòåìà êîíòàêòíîé çàäà÷è. Ïðîâåäåí àíàëèç êîýôôèöèåíòîâ ìàòðèöû 
ðàçðåøàþùåé ñèñòåìû. Ðàçðàáîòàí ñïåöèàëüíûé àëãîðèòì ðåøåíèÿ ñèñòåìû. 
Èñõîäíàÿ ìàòðèöà áûëà ïðèâåäåíà ê òðåóãîëüíîìó âèäó. Îïðåäåëåíû 
äåéñòâóþùèå è êðèòè÷åñêèå óñèëèÿ â æèëêàõ ðåø¸òêè.  

Êëþ÷åâûå ñëîâà: æèëêè, ðåáðî òîêîîòâîäà, êîýôôèöèåíòû æåñòêîñòè, 
äåéñòâóþùèå, êðèòè÷åñêèå óñèëèÿ.  

 

Ðîçðîáëåíà ³íæåíåðíà ìåòîäèêà çíàõîäæåííÿ íàïðóæíî-äåôîðìîâàííîãî ñòàíó 
æèëîê ðåø³òêè ïåðñïåêòèâíèõ òîêîâ³äâîä³â àêóìóëÿòîðíèõ áàòàðåé. Ïðîâåäåíî 
ïîð³âíÿííÿ ä³þ÷èõ òà êðèòè÷íèõ çóñèëü ó æèëêàõ ðåø³òêè. Çðîáëåíî âèñíîâîê 
â³äíîñíî â³ðîã³äíîñò³ âòðàòè ïåðâèííî¿ ôîðìè æèëîê òà ðåø³òêè.  

 

Engineering methods of defining stress-strain state of grate veins of perspective 
collector in storage battery were worked out. The comparison of operating and critical 
forces in grate veins was carried out. The conclusion about the possible stability losses 
of the initial form of veins and  that of grate was made. 

 

Ââåäåíèå 

Â ïîñëåäíåå âðåìÿ àêòóàëüíû âîïðîñû ðàçðàáîòêè àëüòåðíàòèâíûõ 
èñòî÷íèêîâ ýíåðãèè. Îäíèì èç íàïðàâëåíèé ÿâëÿåòñÿ èñïîëüçîâàíèå 
âåòðîýíåðãåòè÷åñêèõ  è ñîëíå÷íûõ ýíåðãîãåíåðèðóþùèõ óñòðîéñòâ. Äëÿ 
íåïðåðûâíîãî èñïîëüçîâàíèÿ ýíåðãèè íåîáõîäèìû ìîùíûå 
ýíåðãîíàêîïèòåëüíûå êîìïëåêñû, â îñíîâå êîòîðûõ ìîãóò áûòü 
èñïîëüçîâàíû ïåðñïåêòèâíûå àêêóìóëÿòîðû. Äëÿ èõ ïðîèçâîäñòâà 
íåîáõîäèìî ïðîâåäåíèå, â ÷àñòíîñòè, èññëåäîâàíèÿ ïî ñòàòèêå è äèíàìèêå 
ýëåìåíòà àêêóìóëÿòîðà – ðåøåòêè òîêîîòâîäà. Â [1] ïðîâåäåíû 
èññëåäîâàíèÿ äèíàìè÷åñêèõ õàðàêòåðèñòèê ðåøåòîê òîêîîòâîäà ðàçëè÷íîãî 
êîíñòðóêòèâíîãî èñïîëíåíèÿ.  

Â íàñòîÿùåé ðàáîòå ïðîâåäåíû èññëåäîâàíèÿ íàïðÿæåííî-
äåôîðìèðîâàííîãî ñîñòîÿíèÿ è óñòîé÷èâîñòè ïåðâîíà÷àëüíûõ ôîðì  æèëîê 
è ðåøåòîê òîêîîòâîäîâ. 

Îïèñàíèå êîíñòðóêöèè ðåøåòêè òîêîîòâîäà 

Ðàññìàòðèâàëàñü êîíñòðóêöèÿ ñïàðåííîãî òîêîîòâîäà, ïðåäñòàâëåííàÿ 
íà ðèñóíêå 1. 

                                    
©  Ñåìåíåíêî Â.Ï., Òàðàñîâ Ñ.Â., 2013 
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Íà ðèñóíêå 1 ðèìñêîé öèôðîé I îáîçíà÷åíà îäíà ðåøåòêà, öèôðîé II – 
âòîðàÿ ðåøåòêà. 

 
Ðèñóíîê 1. – Êîíñòðóêöèÿ ñïàðåííîãî òîêîîòâîäà 

 

Êàæäàÿ èç ðåøåòîê ñîñòîèò èç íàðóæíîé ðàìêè, îáðàçîâàííîé 
âåðòèêàëüíûìè (1) è ãîðèçîíòàëüíûìè (2) ðåáðàìè. Âíóòðè ðàìêè èìåþòñÿ 
âåðòèêàëüíûå (3) è ãîðèçîíòàëüíûå (4)  æèëêè. Ðåøåòêè I è II ñîåäèíåíû 
ìåæäó ñîáîé ÷åðåç âåðõíþþ (5) è íèæíþþ (6) ïåðåìû÷êè. Óøêè (7) 
ïðåäíàçíà÷åíû äëÿ ïîäúåìà ñïàðåííîãî òîêîîòâîäà èç ãîðèçîíòàëüíîãî 
ïîëîæåíèÿ â âåðòèêàëüíîå, à òàêæå òðàíñïîðòèðîâêè (ïåðåíîñ îò îäíîãî 
àãðåãàòà ê äðóãîìó) è õðàíåíèÿ íà íàêîïèòåëå. Òîëùèíà æèëîê -

δ = 0,08æ ñì , òîëùèíà ðåáåð - δ = 0,071ð ñì . Òîëùèíà óøåê è ïåðåìû÷åê 

ðàâíà òîëùèíå ðåáåð. 

Íàãðóæåíèå ðåøåòêè òîêîîòâîäà 

Äëÿ ïðîâåäåíèÿ èññëåäîâàíèé áûëà âûáðàíà ðàñ÷åòíàÿ ñõåìà, 
âåðîÿòíîñòü ðåàëèçàöèè êîòîðîé â ðåàëüíûõ óñëîâèÿõ ýêñïëóàòàöèè, 
íàèáîëüøàÿ. Òàêîé âûâîä áûë ñäåëàí íà îñíîâàíèè àíàëèçà ðåçóëüòàòîâ 
ðåøåíèÿ ïî îïðåäåëåíèþ âåëè÷èí ðåàêöèé  äëÿ âîñüìè ðàññìàòðèâàåìûõ 
ðàñ÷åòíûõ ñõåì. 

Ðàñ÷åòíàÿ ñõåìà íàãðóæåíèÿ îäíîé ðåøåòêè, âûáðàííàÿ äëÿ 
ïðîäîëæåíèÿ  äàëüíåéøåãî èññëåäîâàíèÿ, ïðåäñòàâëåíà íà ðèñóíêå 2. 

Íà äàííîé ñõåìå àêòèâíîé ñèëîé (çàäàííîé âíåøíåé íàãðóçêîé) 

ÿâëÿëàñü ñèëà âåñà îäíîé ðåøåòêè = 60G ã . Ýòà ñèëà âåñà ðåøåòêè óñëîâíî 

ñ÷èòàëàñü ïðèëîæåííîé â öåíòðå òÿæåñòè ðåøåòêè ( = = 0X Y ). Â êà÷åñòâå 
ðåàêöèé îïîð â äàííîé ðàñ÷åòíîé ñõåìå áûëè âûáðàíû: âåðòèêàëüíàÿ ñèëà 

Ð , ãîðèçîíòàëüíûå ñèëû , ,Â HN N T . Ñèëû Pè T  ïðèëîæåíû â ðàéîíå 
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óøêà, ñèëû ,Â HN N  – â ðàéîíå âåðõíåé è íèæíåé ïåðåìû÷åê, 

ñîîòâåòñòâåííî. 

 
Ðèñóíîê 2. – Íàãðóæåíèå âûäåëåííîé ðåø¸òêè 

 

Ñîãëàñíî ïðîâåäåííîé êëàññèôèêàöèè ðåàêöèé îïîð áûëî âûäåëåíî: 

ñèëà P  ñ÷èòàëàñü îñíîâíîé ðåàêöèåé, êîòîðàÿ âîñïðèíèìàëà 

íåïîñðåäñòâåííî âåñ ðåøåòêè G . Îíà ðàâíÿëàñü âåñó ðåøåòêè = = 60P G ã . 

Ñèëà âåñà ðåøåòêè G  äåéñòâóåò îòíîñèòåëüíî òî÷êè îïîðû, êîòîðàÿ 

ðàñïîëîæåíà â ðàéîíå óøêà. Íàïðàâëåíèå äåéñòâèÿ ñèëû G  íå ñîâïàäàåò ñ 

íàïðàâëåíèåì äåéñòâèÿ ñèëû P . Â ðåçóëüòàòå ýêñåíòðèñåòåòà îòíîñèòåëüíî 

òî÷êè îïîðû âîçíèêàåò ìîìåíò îò äåéñòâèÿ ñèëû = ∗ ℓGM G ,  

ãäå ℓ– ýêñöåíòðèñèòåò ïðèëîæåíèÿ ñèëû G . Îí ðàâåí ðàññòîÿíèþ  

ìåæäó öåíòðîì òÿæåñòè ðåøåòêè è òî÷êîé ïðèëîæåíèÿ ñèëû P . 

Ìàêñèìàëüíàÿ âåëè÷èíà ýòîãî ðàññòîÿíèÿ ðàâíî 8,1ñì . Òàêèì  

îáðàçîì, = ∗ =60 8,1 486GM ãñì . Ýòîò ìîìåíò âûçûâàåò ïîÿâëåíèå  

ðåàêöèé ÂN  è HN . 

Ïðè îòñóòñòâèè ñèëû T  ðåàêöèè ÂN , HN  ðàâíû ìåæäó ñîáîé è 

ïðîòèâîïîëîæíû ïî íàïðàâëåíèþ ( = − = 56Â HN N ã ). Ïðè÷åì,  âåðõíåå 

óñèëèå ÂN  ïî îòíîøåíèþ ê ðåøåòêå ÿâëÿåòñÿ ñæèìàþùèì, à íèæíåå HN  – 

ðàñòÿãèâàþùèì. 

Ïî ñâîåé ôèçè÷åñêîé ïðèðîäå ñèëà Ò  ÿâëÿåòñÿ ñèëîé òðåíèÿ. Åå 
íàïðàâëåíèå ïðîòèâîïîëîæíî íàïðàâëåíèþ äåéñòâèÿ âíåøíåé íàãðóçêè. 

Äëÿ îïðåäåëåíèÿ íàïðàâëåíèÿ ñèëû Ò  áûëè ðàññìîòðåíû äâà 
âîçìîæíûõ ñëó÷àÿ. Â ïåðâîì ñëó÷àå çà âíåøíåå  íàãðóæåíèå  áûë ïðèíÿò 

ìîìåíò îò äåéñòâèÿ ñîáñòâåííîãî âåñà àÌ . Åãî íàïðàâëåíèå îòíîñèòåëüíî 

óøêà – ïî ÷àñîâîé ñòðåëêå. Äåéñòâèå ñèëû Ò , êîòîðàÿ ðàñïîëîæåíà âûøå 
öåíòðà òÿæåñòè ñå÷åíèÿ, äîëæíî äàâàòü òàêîå íàïðàâëåíèå ðåàêòèâíîãî 

ìîìåíòà îò Ò  îòíîñèòåëüíî öåíòðà òÿæåñòè ñå÷åíèÿ, ÷òîáû îíî èìåëî 

íàïðàâëåíèå ïðîòèâ ÷àñîâîé ñòðåëêè. Ýòî íàïðàâëåíèå ðåàêöèè Ò  

ïðîòèâîïîëîæíî ïîëîæèòåëüíîìó íàïðàâëåíèþ îñè Õ . Â ýòîì ñëó÷àå 

ðåàêöèÿ Ò  óìåíüøàåò çíà÷åíèå ñæèìàþùåé ñèëû ÂN . 
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Âî âòîðîì ñëó÷àå äåéñòâèå ñèëû Ð  ïðîèñõîäèò ïðè íàëè÷èè 

ýêñöåíòðèñèòåòà ℓ ð . Ìîìåíò рР РM ℓ∗=  ïûòàåòñÿ ïîâîðà÷èâàòü óøêî ïî 

÷àñîâîé ñòðåëêå. Ìåæäó íèæíåé ãðàíüþ óøêà è íàïðàâëÿþùåé ìîæåò 

âîçíèêíóòü ñèëà òðåíèÿ Т , ïðåïÿòñòâóþùàÿ ìîìåíòó РМ . Â ýòîì ñëó÷àå 

íàïðàâëåíèå ñèëû Т  íàïðàâëåíî â ïîëîæèòåëüíóþ ñòîðîíó îñè цХ . È îíà 

óâåëè÷èâàåò çíà÷åíèå ñæèìàþùåé ñèëû ВN . 

Îöåíêà âåëè÷èíû ðåàêöèè ñèëû Т , êàê ñèëû òðåíèÿ, áûëà ïðîâåäåíà 

íà îñíîâå ôîðìóëû PfF ТРТР ∗= , ãäå ТРf  - êîýôôèöèåíò òðåíèÿ.  Ïðè 

çíà÷åíèÿõ 3010 ,, ≤≤ ТРf  âåëè÷èíà ñèëû Т  ëåæèò â ïðåäåëàõ гТг 186 ≤≤ . 

Äëÿ ïåðâîãî, âûøå ðàññìàòðèâàåìîãî, ñëó÷àÿ âåëè÷èíà ñæèìàþùåé 

ñèëû â âåðõíåé ïåðåìû÷êå îïðåäåëÿëàñü íåðàâåíñòâîì гNг В 4639 ≤≤ . Â 

íèæíåé ïåðåìû÷êå ðàñòÿãèâàþùàÿ ñèëà гNг H 5752 ≤≤ .  

Äëÿ âòîðîãî ñëó÷àÿ íàïðàâëåíèå ñèëû Т  ïðîòèâîïîëîæíî åå 
íàïðàâëåíèþ îòíîñèòåëüíî ïåðâîãî ñëó÷àÿ, çíà÷åíèå ñèëû â âåðõíåé 

ïåðåìû÷êå гNг В 6053 ≤≤ , â íèæíåé – гNг H 4742 ≤≤ .  

Óêàçàííûå äèàïàçîíû ïîëó÷åíû ïðè ðàññìîòðåíèè, êîãäà 

ýêñöåíòðèñèòåò ïðèëîæåíèÿ ñèëû Р  0=рℓ . Ïðè ìàêñèìàëüíî âîçìîæíîì 

çíà÷åíèè ýêñöåíòðèñèòåòà смр 2041,=ℓ  è ðåàëèçàöèè âòîðîãî ñëó÷àÿ 

(íàïðàâëåíèå ñèëû Т  â ïîëîæèòåëüíîì íàïðàâëåíèè îñè цХ ) ìàêñèìàëüíîå 

çíà÷åíèå ñæèìàþùåé ñèëû гNВ 66= . Ýòîò ñëó÷àé ìîæíî ñ÷èòàòü íàèáîëåå 

íåáëàãîïðèÿòíûì. Âî-ïåðâûõ, â ýòîì ñëó÷àå ðåàëèçóåòñÿ ìàêñèìàëüíîå 
çíà÷åíèå óñèëèÿ â âåðõíåé ïåðåìû÷êå. Âî-âòîðûõ, âåëè÷èíà ýòîãî óñèëèÿ 

áîëüøå ñîáñòâåííîãî âåñà ðåøåòêè íà 10 %. Â-òðåòüèõ, ñèëà ВN  äåéñòâóåò 

íà î÷åíü ìàëîì ó÷àñòêå, ïðàêòè÷åñêè ñîñðåäîòî÷åííàÿ. Â-÷åòâåðòûõ, ÷òî 
ñàìîå ãëàâíîå, ïî îòíîøåíèþ ê æèëêàì ðåøåòêè îíà ñæèìàþùàÿ. 
Íåîáõîäèìî ðàññìàòðèâàòü çàäà÷ó î âîçìîæíîé ïîòåðå óñòîé÷èâîñòè 
ïåðâîíà÷àëüíîé ïðÿìîëèíåéíîé ôîðìû æèëîê (ìåñòíàÿ ôîðìà ïîòåðè 
óñòîé÷èâîñòè) è ïîòåðå óñòîé÷èâîñòè ïåðâîíà÷àëüíîé ïëîñêîé ôîðìû 
ðåøåòêè (îáùàÿ ôîðìà ïîòåðè  óñòîé÷èâîñòè). 

Â ðåçóëüòàòå ðåøåíèÿ çàäà÷ óñòîé÷èâîñòè îïðåäåëÿþòñÿ êðèòè÷åñêèå 
íàïðÿæåíèÿ. Èõ âåëè÷èíà ñðàâíèâàåòñÿ ñ äåéñòâóþùèìè â æèëêàõ 
íàïðÿæåíèÿìè. Äåéñòâóþùèå â æèëêàõ íàïðÿæåíèÿ íàõîäÿòñÿ íà îñíîâå 
ðåøåíèÿ çàäà÷è íàïðÿæåííî- äåôîðìèðîâàííîãî ñîñòîÿíèÿ æèëîê ðåøåòêè. 

Íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå æèëîê ðåøåòêè 

Ïîñòàíîâêà çàäà÷è. Íà ðèñóíêå 3 ïðåäñòàâëåíà ðàñ÷åòíàÿ ñõåìà, íà 
îñíîâå êîòîðîé ðàçðàáàòûâàëàñü èíæåíåðíàÿ ìåòîäèêà ïî îïðåäåëåíèþ 
íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â æèëêàõ ðåøåòêè òîêîîòâîäà. 

Ðåáðî ðåøåòêè, ðàñïîëîæåííîå â ðàéîíå ïåðåìû÷åê, ïðåäñòàâëåíî 
áàëêîé ÀÂ. Ïî êðàÿì áàëêè èìååòñÿ ñâîáîäíîå (øàðíèðíîå) îïèðàíèå. 
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Âíåøíåé íàãðóçêîé äëÿ äàííîé áàëêè ÿâëÿþòñÿ óñèëèÿ ВN  è НN . Ýòè 

íàãðóçêè ñ÷èòàþòñÿ èçâåñòíûìè èëè çàäàííûìè. Èõ âåëè÷èíà îïðåäåëåíà 
íà ïðåäûäóùèõ ñòàäèÿõ èññëåäîâàíèÿ. 

 

 
Ðèñóíîê 3. – Ðàñ÷åòíàÿ ñõåìà íàãðóæåíèÿ ðåáðà ðåø¸òêè 

 

Ãîðèçîíòàëüíûå æèëêè â ýòîé ðàñ÷åòíîé ñõåìå îòáðîøåíû, à èõ 

äåéñòâèå çàìåíåíî íåèçâåñòíûìè ðåàêöèÿìè iR , ãäå i=1,8 (ïî êîëè÷åñòâó 

æèëîê â èñõîäíîé êîíñòðóêöèè ðåøåòîê). Íà ðèñóíêå 1 ðåáðî ðàñïîëîæåíî 
âåðòèêàëüíî, à æèëêè – ãîðèçîíòàëüíî. Íà ðèñóíêå 2 ðåáðî ïîêàçàíî â 
ãîðèçîíòàëüíîì ïîëîæåíèè, à ðåàêöèè â æèëêàõ â âåðòèêàëüíîì 
ïîëîæåíèè. Íåèçâåñòíûìè, ïîäëåæàùèìè îïðåäåëåíèþ, òàêæå ÿâëÿþòñÿ 

ðåàêöèè â îïîðàõ AR  è ВR . 

Èíæåíåðíàÿ ìåòîäèêà 

Ïîä äåéñòâèåì âíåøíåé íàãðóçêè ВN , НN  áàëêà ïðîãèáàåòñÿ. Â òî÷êàõ 

aaaax 832 ,...,,= , ãäå a  ðàññòîÿíèå ìåæäó ðåàêöèÿ iR , èõ âåëè÷èíà 

îïðåäåëÿåòñÿ ïî ôîðìóëå 

 ii YCR ∗= , (1) 

ãäå iY - ïðîãèá áàëêè â òî÷êàõ aaaax 832 ,...,,= , C - êîýôôèöèåíò æåñòêîñòè 

æèëêè. 
Äëÿ óïðóãîãî (âèíêëåðîâñêîãî) îñíîâàíèÿ êîýôôèöèåíò æåñòêîñòè 

îïðåäåëÿåòñÿ êàê äëÿ ñòåðæíÿ  ïî ôîðìóëå 

 
ж

жж

L

FE
C = , (2) 

ãäå жE  – ìîäóëü óïðóãîñòè ìàòåðèàëà æèëêè, жF  – ïëîùàäü ïîïåðå÷íîãî 

ñå÷åíèÿ æèëêè, жL  – äëèíà æèëêè. 
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Èñõîäíûì óïðàâëåíèåì äëÿ îïèñàíèÿ ïðîãèáà áàëêè áûëî âçÿòî 
äèôôåðåíöèàëüíîå óðàâíåíèå èçãèáà â âèäå 

 )(xMEIY II −= , (3) 

ãäå Е  – ìîäóëü óïðóãîñòè ìàòåðèàëà ðåáðà, I  – ìîìåíò èíåðöèè 
ïîïåðå÷íîãî ñå÷åíèÿ ðåáðà. 

Èçãèáàþùèé ìîìåíò îò çàäàííîé âíåøíåé íàãðóçêè è ðåàêöèè îïîð 
îïðåäåëÿëñÿ ïî ôîðìóëå  

 axHajxi

i

j jaxВA axNjaxRaxNxRxM 61

8

1

1

1
6 >−>=

−

=> −+−+−−= ∑ ∑ |)(|)(|)()( )( . (4) 

Ïîäñòàâëÿÿ (4) â (3) è äâàæäû èíòåãðèðóÿ, áûëî ïîëó÷åíî âûðàæåíèå 
äëÿ îïèñàíèÿ ïðîãèáà áàëêè ñ òî÷íîñòüþ äî ïîñòîÿííûõ èíòåãðèðîâàíèÿ 

21 сс ,  â âèäå  

 

3 3 3
8 1

( 1)1 1

3

6 1 2

1 ( ) ( )
( ) { | |

6 6 6

( 6 )
| }.

6

i

A В x a j x j ai j

H x a

x x a x ja
Y x R N R

EI

x a
N c x c

−

> > −= =

>

− −
= − − + +

−
+ + +

∑ ∑
 (5) 

Ïîñòîÿííûå èíòåãðèðîâàíèÿ îïðåäåëÿëèñü èç ãðàíè÷íûõ óñëîâèé 

Lx ,0= ,  0== )()( Lyoy . Áûëî ïîëó÷åíî, ÷òî 02 =c , a  1c  îïðåäåëÿëñÿ ïî 

ôîðìóëå  

 6

6

666

33
8

1

1

1

32

1

)()()( aL
N

ajL
R

aL
N

LR
с Hi

i

j jВ
A −

+
−

−
−

+= ∑ ∑=

−

= , (6) 

ãäå 
L

a
a = . 

Ïóòåì ïîäñòàíîâêè (6) â (5)  ôîðìóëà (5) ïðåäñòàâëÿëàñü â âèäå  

 

3
3 3

8 1 3 3

( 1) 61 1

( ) { ( ) [( ) (1 )] |
6

( ) | [( 6 ) (1 6 )] | }.

A В x a

i

j x j a H x ai j

L
Y x R x x N x a x a

EI

R x ja N x a x a

>

−

> − >= =

= − − − − − − +

+ − − − − −∑ ∑
 (7) 

Èñõîäíûìè óðàâíåíèÿìè äëÿ ïîëó÷åíèÿ ðàçðåøàþùåé ñèñòåìû 
óðàâíåíèé, êðîìå âûðàæåíèÿ (7), ÿâëÿþòñÿ óðàâíåíèÿ ðàâíîâåñèÿ 
(ñòàòèêà) 

 

8

1

8

1

0,

7 (9 ) 3 0.

A В i H Вi

A В i Hi

R N R N R

R L N a R i a N a

=

=

− + + + =

∗ − ∗ + − − ∗ =

∑
∑

 (8) 

Íà äàííîì ýòàïå èìååì 10 íåèçâåñòíûõ: âîñåìü iR  è AR , ВR . 

Óðàâíåíèé ñòàòèêè - äâà. Çàäà÷à âîñåìü ðàç ñòàòè÷åñêè íåîïðåäåëèìà. 
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Íåäîñòàþùèå óðàâíåíèÿ áûëè ïîëó÷åíû èç óñëîâèé ñîâìåñòíîñòè 

äåôîðìàöèé. Ïðîãèá áàëêè (ðåáðà) )( ii xY , ãäå aaaaxi 832 ,...,,= , ðàâåí 

óäëèíåíèþ ñòåðæíÿ (æèëêè) 

 
C

R
xY i
ii =)(  (9) 

Èñïîëüçóÿ âûðàæåíèÿ (7) è (9), áûëè ïîëó÷åíû íåäîñòàþùèå âîñåìü 
óðàâíåíèé. 

Îáúåäèíÿÿ ýòè óðàâíåíèÿ ñ óðàâíåíèÿìè ñòàòèêè (8), áûëà ïîëó÷åíà 
ðàçðåøàþùàÿ ñèñòåìà óðàâíåíèé. 

Àíàëèç ïîëó÷åííîé íà äàííîé ñòàäèè ðàçðàáîòêè èíæåíåðíîé 
ìåòîäèêè ïîêàçàë, ÷òî êîýôôèöèåíòû ìàòðèöû òðóäíîîáîçðèìû, à 
îïðåäåëèòåëü ìîæåò áûòü íåäîñòàòî÷íî õîðîøî îïðåäåëåí.  

Äëÿ ïðèäàíèÿ êîýôôèöèåíòàì ìàòðèöû âèäà, óäîáíîãî äëÿ çàïèñè åå 
êîýôôèöèåíòîâ, ïðîñòîòû ïîëó÷åíèÿ àíàëèòè÷åñêîãî ðåøåíèÿ, íà îñíîâå 
êîòîðîãî ìîæíî îïåðàòèâíî ïðîâåðèòü ðàçëè÷íîãî ðîäà àíàëèçû, áûëè 
ïðîâåäåíû äîïîëíèòåëüíûå ïðåîáðàçîâàíèÿ. 

Íåñòàíäàðòíûì øàãîì â ïðîâåäåíèè äîïîëíèòåëüíûõ èññëåäîâàíèé 

áûëî òî, ÷òî íåèçâåñòíàÿ ðåàêöèÿ AR  áûëà ïåðåíåñåíà èç ëåâîé ÷àñòè 

ìàòðèöû â ïðàâóþ. Â èòîãå, íåèçâåñòíûìè â ëåâîé ÷àñòè îñòàâàëèñü òîëüêî 

ðåàêöèè iR . Ðåàêöèÿ ВR  â äàííóþ ñèñòåìó íå âõîäèëà, îíà îïðåäåëÿëàñü èç 

óðàâíåíèÿ ðàâíîâåñèÿ ïî íàéäåííûì iR  è AR . 

Âûáðàííûé ïóòü ðåøåíèÿ ñèñòåìû áîëåå äëèòåëüíûé, ÷åì ïðÿìîå 
÷èñëåííîå ðåøåíèå. Îí ïðåäïîëàãàåò ïîýòàïíîå ðåøåíèå ñèñòåìû. Âíà÷àëå 

îïðåäåëÿþòñÿ iR  ÷åðåç èçâåñòíûå ВN , НN  è íåèçâåñòíîå AR . Íà îñíîâàíèè 

âòîðîãî óðàâíåíèÿ ñòàòèêè (8) íàõîäèòñÿ ðåàêöèÿ AR , à ñ ïîìîùüþ 

ïåðâîãî – ðåàêöèÿ ВR . 

Ðàçðåøàþùàÿ ñèñòåìà óðàâíåíèé îòíîñèòåëüíî ðåàêöèé iR  èìåëà âèä  

 HiBiAiii ij NbNbRbRa 321

8

1
++=∑ =

. (10) 

Äèàãîíàëüíûå ÷ëåíû ìàòðèöû îïðåäåëÿëèñü ïî ôîðìóëå  

 
i

D
aii = , (11) 

ãäå 
a

D
ч6

= , 
с

cи=ч , 
3L

Y
с i
и = .  

Ïàðàìåòð ч  îòðàæàåò îòíîøåíèå êîýôôèöèåíòà èçãèáíîé æåñòêîñòè 

ðåáðà êàê áàëêè ( EI - æåñòêîñòü ïðè èçãèáå) ê êîýôôèöèåíòó æåñòêîñòè íà 
ðàñòÿæåíèå-ñæàòèå æèëêè êàê ñòåðæíÿ. 

Äëÿ âñåõ 81,...=i  êîýôôèöèåíò iia  îòëè÷åí îò íóëÿ. 
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Âñå êîýôôèöèåíòû âûøå ãëàâíîé äèàãîíàëè ðàâíû íóëþ, à íèæå – 
îòëè÷íû îò íóëÿ. Òàêèì îáðàçîì, ìàòðèöà ðàçðåøàþùåé ñèñòåìû èìååò 
òðåóãîëüíûé âèä. 

Äëÿ 82 ≤≤ i  è 1−= ij  êîýôôèöèåíòû íèæíåé ÷àñòè òðåóãîëüíîé 

ìàòðèöû íàõîäèëèñü èç äîâîëüíî ïðîñòûõ âûðàæåíèé  

 
i

ai
ajaij

2
3 1

1
])[(

)(
−

−−−= . (12) 

Â äàííîì ïðåäñòàâëåíèè óäàëîñü ðàçäåëèòü æåñòêîñòíûå 

õàðàêòåðèñòèêè êîíñòðóêöèè ),,( Dсcи  è ãåîìåòðè÷åñêèå ).(a  Æåñòêîñòíûå 

íàõîäÿòñÿ â äèàãîíàëüíûõ ÷ëåíàõ, ãåîìåòðè÷åñêèå – â íèæíåé ÷àñòè 
òðåóãîëüíîé ìàòðèöû. Ýòî ñäåëàíî äëÿ âîçìîæíîñòè ïðîâîäèòü ðàçëè÷íîãî 
ðîäà àíàëèçû.  

Êîýôôèöèåíò  ìàòðèöû â ïðàâîé ÷àñòè îïðåäåëÿëèñü ïî ôîðìóëàì 

äëÿ 81 ≤≤ i  Ai Raib ])([
2

1 1−= ; 032 == ii bb , 

äëÿ 82 ≤≤ i  
Bi N

i

ai
aib }

])[(
)({

2
3

2

1
1

−
−−=

; 03 =ib     (13) 

äëÿ  87,=i  Hi N
i

ai
ab }

])[(
)({

2
3

3

6
61

−
−−= . 

Àëãîðèòì ðåøåíèÿ ñèñòåìû ñîñòîÿë â ïîñëåäîâàòåëüíîì ðåøåíèè åå 
óðàâíåíèé.  

Ïåðâîå óðàâíåíèå ñîäåðæàëî â ëåâîé è ïðàâîé ÷àñòè ïî îäíîìó ÷ëåíó 

 ARbRa 11111 = , (14) 

ãäå Da =11 ; 2

11 1 ab −= ; AR
D

a
R

2

1

1−
= . 

Âòîðîå óðàâíåíèå áûëî ïðåäñòàâëåíî äâóìÿ ñëàãàåìûìè â ïðàâîé è 
ëåâîé ÷àñòÿõ 

 BA NbRbRaRa 2221222121 +=+ , (15) 

ãäå 
2

22

D
a = ; 

2
21

2
3

21

a
aa −−−= )( ; 3

22 21 )( ab −= ; 
2

1
2

3

21

a
ab −−−= )( . 

Çíàÿ ðåøåíèå äëÿ 1R  èç ïåðâîãî óðàâíåíèÿ (14) è èñïîëüçóÿ åãî âî 

âòîðîì (15), îïðåäåëÿëàñü ðåàêöèÿ 2R  

Òðåòüå óðàâíåíèå ñîäåðæàëî òðè ñëàãàåìûõ â ëåâîé ÷àñòè, è äâà - â 
ïðàâîé 

 BA NbRbRaRaRa 3231333232131 +=++ , (16) 
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ãäå 
3

33

D
a = ; 

3

2
1

2
3
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a
aa −−= )( ;  

3
1

2
3

32

a
aa −−= )( ; 3

31 31 )( ab −= ; 
3

2
1

2
3

32

a
ab −−= )( . 

Óðàâíåíèÿ ñåäüìîå è âîñüìîå â ïðàâîé ÷àñòè ñîäåðæàëè ñëàãàåìûå, 

ó÷èòûâàþùèå íàëè÷èå óñèëèÿ HN  â äîïîëíåíèè ê AR  è ВN . 
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a
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a
ab −−= )( . (17) 

Óðàâíåíèå ñåäüìîå â ïðàâîé ÷àñòè èìåëî ñåìü ñëàãàåìûõ, óðàâíåíèå 
âîñüìîå – âñå âîñåìü ñëàãàåìûõ 
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a
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Äëÿ îöåíêè âåëè÷èí ðåàêöèé iR  è îïðåäåëåíèÿ êà÷åñòâåííîé èõ 

êàðòèíû ðàñïðåäåëåíèÿ (îïðåäåëåíèÿ çíàêà iR ) áûëè ïðîâåäåíû 

ïðåäâàðèòåëüíûå ðàñ÷åòû. Ðàñ÷åòû ïðîâîäèëèñü ïðè ñëåäóþùèõ äàííûõ.  
Æåñòêîñòíûå ïàðàìåòðû êîíñòðóêöèè îïðåäåëÿëèñü ìîäóëåì 

óïðóãîñòè ìàòåðèàëà òîêîîòâîäà 2610150 смкгE /, ∗= , òîëùèíîé è øèðèíîé 

æèëîê è ðåáåð. Äëÿ ðåáðà 4510710 cмI −∗= , , смLp 314,= , смLж 213,=  , 

2210640 смFх
−∗= , . 

Îòíîøåíèå êîýôôèöèåíòîâ æåñòêîñòè 4920
ч6

,==
a

D  è 1220,==
ℓ

a
a . 

Â ðåçóëüòàòå ïîñëåäîâàòåëüíîãî ðåøåíèÿ ñèñòåìû, äëÿ ðàéîíà 
ñæèìàþùèõ óñèëèé áûëî ïîëó÷åíî  

 ВNR 63401 ,= , ВNR 302 ,= , ВNR 21503 ,= , ВNR 0204 ,=  (19) 

Çíà÷åíèå ñèëû HN  ïðàêòè÷åñêè íå îêàçûâàåò âëèÿíèÿ íà âåëè÷èíó 

äàííûõ óñèëèé. Îíà âëèÿåò íà 85 RR − , ãäå ýòè óñèëèÿ ïîëó÷èëèñü 

óñèëèÿìè ðàñòÿæåíèÿ. 

Ðàíåå ìàêñèìàëüíàÿ âåëè÷èíà óñèëèÿ гNВ 66= . Áûë ââåäåí 

êîýôôèöèåíò äèíàìè÷íîñòè, îòðàæàþùèé òî, ÷òî ñïàðåííûé òîêîîòâîä 
ìîæåò ïåðåâîäèòüñÿ èç îäíîãî ïîëîæåíèÿ â äðóãîå ïîä äåéñòâèåì 
äèíàìè÷åñêîé íàãðóçêè. Ìàêñèìàëüíîå çíà÷åíèå êîýôôèöèåíòà 

äèíàìè÷íîñòè 2=Дk . 

Òàêèì îáðàçîì, ðàñ÷åòíîå çíà÷åíèå óñèëèÿ гNВ 132266 =∗= . Äëÿ ýòîãî 

çíà÷åíèÿ âåëè÷èíû ðåàêöèé, ñîãëàñíî (19), áûëè  
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 гR 7831 ,= , гR 6392 ,= , гR 4283 ,= , гR 6424 ,= . (20) 

Ìàêñèìàëüíîå ñæèìàþùèå óñèëèå, êàê è îæèäàëîñü, íàõîäèòñÿ â 

ìåñòå äåéñòâèÿ óñèëèÿ ВN . Âåëè÷èíà åãî ñîñòàâëÿåò 63,4 % îò çíà÷åíèÿ 

ВN , âåëè÷èíà 2R  - 30 %, 3R -21,5%. 

Óñòîé÷èâîñòü ïåðâîíà÷àëüíîé ôîðìû æèëêè è ðåøåòêè 

Ïîòåðÿ ïåðâîíà÷àëüíîé ïðÿìîëèíåéíîé ôîðìû æèëêè íàñòóïàåò, 
êîãäà äåéñòâóþùåå ñæèìàþùåå óñèëèå â æèëêå ïðåâûøàåò êðèòè÷åñêîå. 

Äåéñòâóþùåå óñèëèå îïðåäåëåíî ïî ôîðìóëå (20). 
Êðèòè÷åñêèå óñèëèÿ â æèëêàõ îïðåäåëÿëèñü ïî ôîðìóëå Ýéëåðà 

 
22

2

м

р

L

EY
Pкр = , (21) 

ãäå м- êîýôôèöèåíò, ó÷èòûâàþùèé ãðàíè÷íûå óñëîâèÿ. 

Íà ïðàêòèêå â ìåñòå ïðèëîæåíèÿ ñæèìàþùåé ñèëû ВN  ïåðåìåùåíèÿ 

èç ïëîñêîñòè ðåøåòêè íè÷åì íå îãðàíè÷åíû. Â ýòîì ñëó÷àå ìîæíî ïðèíÿòü 
ãðàíè÷íîå óñëîâèå – ñâîáîäíûé êðàé. Íà äðóãîì êîíöå  íåîáõîäèìî 

æåñòêîå çàêðåïëåíèå. Â ýòîì ñëó÷àå 2м = . 

Â ïðèâåäåííûõ âûøå äàííûõ, âåëè÷èíà êðèòè÷åñêîãî óñèëèÿ, 

îïðåäåëåííàÿ ïî ôîðìóëå (21), ñîñòàâèëà гPкр 4128,= . Ìàêñèìàëüíàÿ 

âåëè÷èíà äåéñòâóþùåãî óñèëèÿ гR 7831 ,= . Òåîðåòè÷åñêè  ïîòåðÿ 

óñòîé÷èâîñòè ïåðâîíà÷àëüíîé ôîðìû íå äîëæíà ïðîèçîéòè, òàê êàê 

крPR <1 . Ìåñòíàÿ ïîòåðÿ óñòîé÷èâîñòè, îòðàæàþùàÿ ïåðåõîä îò 

ïðÿìîëèíåéíîé ôîðìû óñòîé÷èâîñòè ê ñëåäóþùåé ôîðìå óñòîé÷èâîñòè – 
èñêðèâëåíèþ æèëêè èç ïëîñêîñòè ðåøåòêè â âèäå îäíîé ñèíóñîèäû, ìîæåò 

ïðîèçîéòè ïðè äåéñòâèè êàêèõ-òî äîïîëíèòåëüíûõ óñëîâèé. Çíà÷åíèå 1R  

ñîñòàâëÿåò 65,2% îò êðèòè÷åñêîé ñèëû крP . Â ýòîì ñëó÷àå öåëåñîîáðàçíî 

ó÷åñòü íàëè÷èå íà÷àëüíûõ îòêëîíåíèé îò ïåðâîíà÷àëüíîé ôîðìû. Îíè 
ìîãóò áûòü â âèäå ìåñòíûõ ïðîãèáîâ. Áëàãîäàðÿ äâóì ôàêòîðàì, – 
íà÷àëüíîãî îòêëîíåíèÿ è òîãî ñëó÷àÿ, êîãäà äåéñòâóþùàÿ íàãðóçêà 
ñîñòàâèëà áîëåå 50% îò êðèòè÷åñêîé, âîçìîæåí íå ñêà÷êîîáðàçíûé ïåðåõîä 

ê ñëåäóþùåé ôîðìå ðàâíîâåñèÿ, à ïîñòåïåííûé. Ïðîãèá áàëêè Y  â ýòîì 
ñëó÷àå îïðåäåëÿåòñÿ ïî ôîðìóëå  

 

кр

o

P

R

Y
Y

−
=

1

, (22) 

ãäå oY  - íà÷àëüíûé ïðîãèá; R  - âåëè÷èíà äåéñòâóþùåãî â æèëêå óñèëèÿ. 
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Íà÷àëüíûé ïðîãèá äëÿ æèëêè ñ óñèëèåì гR 7831 ,=  áóäåò óâåëè÷åí â 

)/(
крP

R111 −  â 1, 53 ðàçà, äëÿ æèëêè ñ óñèëèåì гR 4282 ,=  â 1,28 ðàçà.  

Èçãîòîâèòü èäåàëüíî ïðÿìóþ ðåøåòêó äîñòàòî÷íî òðóäîåìêàÿ 
òåõíîëîãè÷åñêàÿ îïåðàöèÿ. Îäíîâðåìåííîå íàëè÷èå äâóõ, à òåì áîëåå â 
òðåõ óêàçàííûõ æèëêàõ íà÷àëüíûõ íåñîâåðøåíñòâ ìîæåò âûçâàòü ïðîãèá 
ðåøåòêè èç åå ïëîñêîñòè. Ýòà ìåñòíàÿ äåôîðìàöèÿ ìîæåò ïðèâåñòè ê îáùåé 
ïîòåðå óñòîé÷èâîñòè ñàìîé ðåøåòêè. 

Âûâîäû 

1. Ðàçðàáîòàíà èíæåíåðíàÿ ìåòîäèêà îïðåäåëåíèÿ óñèëèé â æèëêàõ 
ðåø¸òîê òîêîîòâîäîâ. 

2. Ðàçðåøàþùàÿ ñèñòåìà êîíòàêòíîé çàäà÷è âçàèìîäåéñòâèå æèëîê è 
ðåáðà ðåø¸òêè èìåëà âîñüìîé ïîðÿäîê (ñòåïåíü ñòàòè÷åñêîé 
íåîïðåäåëåííîñòè). 

3. Ìàòðèöà èñõîäíîé ðàçðåøàþùåé ñèñòåìû áûëà ïðèâåäåíà ê 
òðåóãîëüíîìó âèäó. 

4. Äàí àíàëèç êîýôôèöèåíòàì ìàòðèöû ñèñòåìû è ðàçðàáîòàí 
ñïåöèàëüíûé àëãîðèòì å¸ ðåøåíèÿ. 

5. Îïðåäåëåíû âåëè÷èíû äåéñòâóþùèõ ñæèìàþùèõ óñèëèé. Â 
ïðîöåíòîì îòíîøåíèè ê âåëè÷èíå âíåøíåãî óñèëèÿ âåëè÷èíû óñèëèé â 
æèëêàõ ñîñòàâèëè: â ðàéîíå äåéñòâèÿ âíåøíåé íàãðóçêè 63 %, â ïåðâîé 
ñîñåäíåé æèëêè 30%, âî âòîðîé ñîñåäíåé 21%. 

6. Îïðåäåëåíà âåëè÷èíà êðèòè÷åñêîãî óñèëèÿ â æèëêè, êîòîðàÿ ìîæåò 
ïðèâåñòè ê ìåñòíîé ôîðìå ïîòåðè óñòîé÷èâîñòè.  

7. Ñðàâíåíèå âåëè÷èí äåéñòâóþùèõ óñèëèé ñî çíà÷åíèÿìè 
êðèòè÷åñêèõ óñèëèé ïîçâîëèëî ñäåëàòü âûâîä î òîì, ÷òî ìåñòíîå ôîðìà 
ïîòåðè óñòîé÷èâîñòè ïðàêòè÷åñêè íå ðåàëèçóåòñÿ. 

8. Íàëè÷èå ïåðâîíà÷àëüíûõ ïðîãèáîâ èëè ìåñòíûõ äåôîðìàöèé â 
æèëêàõ ñ îäíîâðåìåííûì ó÷¸òîì âåëè÷èí ñæèìàþùèõ óñèëèé â æèëêàõ, 
ñîñòàâëÿþùèõ áîëåå 50% îò âåëè÷èí êðèòè÷åñêèõ óñèëèé, ìîæåò ïðèâåñòè 
ê îáùåé ïîòåðè óñòîé÷èâîñòè ðåøåòêè. 

ËÈÒÅÐÀÒÓÐÀ 
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ÈÍÔÎÐÌÀÖÈÎÍÍÎ – ÌÀÒÅÌÀÒÈ×ÅÑÊÎÅ ÎÁÅÑÏÅ×ÅÍÈÅ 
ÎÖÅÍÊÈ ÂËÈßÍÈß ÕÈÌÈ×ÅÑÊÎÃÎ ÑÎÑÒÀÂÀ ÍÀ ÑÂÎÉÑÒÂÀ 

ÊÎËÅÑÍÎÉ ÑÒÀËÈ 

Ðàññìàòðèâàåòñÿ ìåòîäèêà îöåíêè âëèÿíèÿ õèìè÷åñêèõ ýëåìåíòîâ íà 
ìåõàíè÷åñêèå ñâîéñòâà êîëåñíûõ ñòàëåé. Äëÿ ãåíåðàöèè ïðîãíîçíûõ ìîäåëåé 
îïòèìàëüíîé ñòðóêòóðû ïðåäëîæåíû â êà÷åñòâå èíòåãðàëüíûõ ïàðàìåòðîâ 
ôèçèêî-õèìè÷åñêèå êðèòåðèè, õàðàêòåðèçóþùèå ìåæàòîìíîå âçàèìîäåéñòâèå â 
ðàñïëàâå. Íà îñíîâå ìíîãîïàðàìåòðè÷åñêîé îïòèìèçàöèè îáîñíîâàí 
ðåêîìåíäóåìûé ñîñòàâ ñòàëè, îáåñïå÷èâàþùèé òðåáóåìûå ìåõàíè÷åñêèå 
ñâîéñòâà. 

Êëþ÷åâûå ñëîâà: Êîëåñíàÿ ñòàëü, ïàðàìåòðû ìåæàòîìíîãî âçàèìîäåéñòâèÿ, 
ïðåäåë ïðî÷íîñòè, òâåðäîñòü. 

Ðîçãëÿäàºòüñÿ ìåòîäèêà îö³íêè âïëèâó õ³ì³÷íèõ åëåìåíò³â íà ìåõàí³÷í³ 
âëàñòèâîñò³ êîëåñíèõ ñòàëåé. Äëÿ ãåíåðàö³¿ ïðîãíîçíèõ ìîäåëåé îïòèìàëüíî¿ 
ñòðóêòóðè çàïðîïîíîâàíî â ÿêîñò³ ³íòåãðàëüíèõ ïàðàìåòð³â ô³çèêî-õ³ì³÷í³ 
êðèòåð³¿, ùî õàðàêòåðèçóþòü ì³æàòîìíó âçàºìîä³þ â ðîçïëàâ³. Íà îñíîâ³ 
áàãàòîïàðàìåòðè÷íî¿ îïòèì³çàö³¿ îáãðóíòîâàíî ðåêîìåíäîâàíèé ñêëàä ñòàë³, ùî 
çàáåçïå÷óº íåîáõ³äí³ ìåõàí³÷í³ âëàñòèâîñò³.  

 

The method of assessment of the impact of chemical elements on the mechanical 
properties of the steel wheel. To generate predictive models of optimum structure 
proposed as integral parameters of physico-chemical criteria characterizing the 
interatomic interaction in the melt. Based multiparameter optimization substantiated 
recommended composition of the steel, which provides the required mechanical 
properties.  

 
Ñîñòîÿíèå âîïðîñà. Âûñîêèå òðåáîâàíèÿ, ïðåäúÿâëÿåìûå  ê 

ýêñïëóàòàöèîííûì ñâîéñòâàì æåëåçíîäîðîæíûõ êîëåñ ïðåäîïðåäåëÿþòñÿ 
èõ îòâåòñòâåííûì íàçíà÷åíèåì â ñòðóêòóðå ïîäâèæíîãî ñîñòàâà, 
íåïîñðåäñòâåííûì âëèÿíèåì íà áåçîïîñíîñòü äâèæåíèÿ è ñëîæíûìè 
ñïåöèôè÷åñêèìè óñëîâèÿìè ýêñïëóàòàöèè.  

Ñóùåñòâåííàÿ ìîäåðíèçàöèÿ ïóòè çà ïîñëåäíèå äåñÿòèëåòèÿ èçìåíèëà 
óñëîâèÿ ðàáîòû êîëåñíûõ ïàð. Óâåëè÷èâøàÿñÿ æåñòêîñòü ïîëîòíà 
îòðàçèëàñü íà ñîñòîÿíèè ðàáî÷èõ ïîâåðõíîñòåé êîëåñ. Âûùåðáèíû è 
êîíòàêòíî-óñòàëîñòíûå òðåùèíû ÿâëÿþòñÿ îñíîâíûìè ïðè÷èíàìè âûõîäà 
èç ñòðîÿ êîëåñíûõ ïàð. Âîññòàíîâëåíèå ãåîìåòðèè ïðîôèëÿ êàòàíèÿ êîëåñ 
îáòî÷êîé â áîëüøèíñòâå ñëó÷àåâ âåäåò ê ñóùåñòâåííîìó ñîêðàùåíèþ 
ðàñ÷åòíîãî ñðîêà ñëóæáû êîëåñíîé ïàðû. 

Íà îáðàçîâàíèå âûùåðáèí âëèÿåò öåëûé ðÿä ôàêòîðîâ 
ýêñïëóàòàöèîííîãî è ìàòåðèàëîâåä÷åñêîãî õàðàêòåðà. Ê ïåðâûì îòíîñÿòñÿ 
èíòåíñèâíîñòü òîðìîæåíèÿ, ñêîðîñòü äâèæåíèÿ âàãîíà, ñîñòîÿíèå 
òîðìîçíîé ñèñòåìû è äð. Ìàòåðèàëîâåä÷åñêèìè ôàêòîðàìè â ïåðâóþ 
î÷åðåäü ÿâëÿþòñÿ õèìè÷åñêèé ñîñòàâ êîëåñíîé ñòàëè è óðîâåíü òâåðäîñòè 
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êîëåñà. Â ñîçäàíèè àäåêâàòíûõ ìàòåìàòè÷åñêèõ ìîäåëåé, îïèñûâàþùèõ 
ìåõàíè÷åñêèå ñâîéñòâà êîëåñíûõ ñòàëåé, ïðèíöèïèàëüíîå çíà÷åíèå èìååò 
ðàçðàáîòêà ôèçèêî-õèìè÷åñêèõ êðèòåðèåâ, ñíèæàþùèõ ïàðàìåòðè÷íîñòü 
îïèñàòåëüíûõ ìîäåëåé, îáåñïå÷èâàþùèõ òðåáóåìóþ òî÷íîñòü. 

Ïîñòàíîâêà çàäà÷è. Ðàçðàáîòàòü ìåòîäèêó ãåíåðàöèè ïðîãíîçíûõ 
ìîäåëåé îïòèìàëüíîé ñòðóêòóðû ñ öåëüþ ó÷åòà ïîýëåìåíòíîãî âëèÿíèÿ 
ñîñòàâà êîëåñíûõ ñòàëåé íà èõ ìåõàíè÷åñêèå ñâîéñòâà äëÿ ïðèíÿòèÿ 
óïðàâëÿþùèõ ðåøåíèé. 

Ìåòîä ðåøåíèÿ çàäà÷è. Ñ öåëüþ îöåíêè âëèÿíèÿ õèìè÷åñêîãî ñîñòàâà 
êîëåñíîé ñòàëè íà åå  ìåõàíè÷åñêèå ñâîéñòâà èñïîëüçîâàíà ðàçðàáîòàííàÿ â 
È×Ì ÍÀÍÓ ìåòîäèêà ôèçèêî-õèìè÷åñêîãî ìîäåëèðîâàíèÿ, ïðèíöèï 
êîòîðîé çàêëþ÷àåòñÿ â îïèñàíèè õèìè÷åñêîãî ñîñòàâà ðàñïëàâà ÷åðåç  
êîìïëåêñ èíòåãðàëüíûõ ìîäåëüíûõ ïàðàìåòðîâ ìåæàòîìíîãî 
âçàèìîäåéñòâèÿ, õàðàêòåðèçóþùèõ åãî õèìè÷åñêîå è ñòðóêòóðíîå 
ñîñòîÿíèå. 

Ðåàëèçàöèÿ ðàçðàáîòàííîé ìåòîäèêè âêëþ÷àåò [1,2]: 
1. Ðàñ÷åò ìîäåëüíûõ ïàðàìåòðîâ ìåæàòîìíîãî âçàèìîäåéñòâèÿ äëÿ 

äàííîãî õèìñîñòàâà çàðÿäîâîãî ZY è ñòðóêòóðíîãî d ñîñòîÿíèÿ, êîòîðûå 
îïðåäåëÿþòüñÿ êàê ðåçóëüòàò ïîïàðíîãî âçàèìîäåéñòâèÿ âñåõ åãî m 
êîìïîíåíòîâ ïóòåì ðåøåíèÿ ñèñòåìû íåëèíåéíûõ m2 - m +1 óðàâíåíèé: 

 

 − ∆ =


− ∆ = = − = +


⋅ ∆ + ∆ =

'

"

' "

( ) 0,

( ) 0, 1,2,..., 1, 1,..., ,

4 ( , ) ( , ) 0,

ij

ij

a f e

a f e i m j i m

ZX a e ZY d e

 (1) 

ãäå ∆ '
ije  – êîëè÷åñòâî ýëåêòðîíîâ, êîòîðûå ëîêàëèçóþòüñÿ ïðè 

âçàèìîäåéñòâèè â íàïðàâëåíèè ñâÿçè −i j  íà ðàññòîÿíèè à (ïî äèàãîíàëè 

ÎÖÊ èëè ÃÖÊ-ðåøåòîê), ∆ "
ije  – íà ðàññòîÿíèè d=0,866⋅à ïî ãðàíè, 

− −∆ = ∆ ∆ ∆ ∆ ∆ = ∆ ∆ ∆ ∆' ' ' ' ' " " " " "
12 13 1, 12 13 1,( , ,. ., ), ( , ,. ., )ij m m ij m me e e e e e e e e e . 

Â ðåçóëüòàòå ðåøåíèÿ óêàçàííîé íåëèíåéíîé ñèñòåìû óðàâíåíèé 

îïðåäåëÿþòñÿ ∆ ∆ = − = +' ", , , 1,..., 1, 1,..., .ij ija e e i m j i m  

Ïàðàìåòð ZY îïðåäåëÿåòñÿ ïóòåì óñðåäíåíèÿ ýôôåêòèâíûõ çàðÿäîâ 

âñåõ òèïîâ ñâÿçåé −i j  ñ äëèíîé ñâÿçè d: 

 
α

−

= = = +

−
= ⋅ + ⋅ ⋅ ⋅ ∆∑ ∑ ∑

1
2 "

1 1 1

lg lg( / 2)
2 ,

om m m
Y k

k k l kl
k k l kk

Ru d
Z n n n e

tg
 (2) 

ãäå kn  – ìîëüíàÿ äîëÿ, o
kRu  – ðàäèóñ íåïîëÿðèçîâàííîãî àòîìà, αktg  – 

ïàðàìåòð, êîòîðûé õàðàêòåðèçóåò èçìåíåíèå ýëåêòðîííîé ïëîòíîñòè ïðè 

èîíèçàöèè àòîìà k-òîãî êîìïîíåíòà; 
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2. Ïîñòðîåíèå íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ ïðîãíîçíûõ 

ìîäåëåé äëÿ îñíîâíûõ ìåõàíè÷åñêèõ õàðàêòåðèñòèê (σâ, δ, ÍÂ è äð.) êàê 
ôóíêöèé îòäåëüíûõ ìîäåëüíûõ ïàðàìåòðîâ, òàê è èõ ñî÷åòàíèé;  

3. Îïðåäåëåíèå ðåêîìåíäóåìûõ äèàïàçîíîâ èçìåíåíèÿ êîíöåíòðàöèé 
êîìïîíåíòîâ ñîñòàâà, îáåñïå÷èâþùèõ òðåáóåìûé óðîâåíü ñâîéñòâ íà îñíîâå 
ìåòîäîâ, ïðèíÿòûõ â òåîðèè îïòèìèçàöèè.  

Èñïîëüçîâàíèå èíòåãðàëüíûõ ïàðàìåòðîâ ZY è d â êà÷åñòâå «ñâåðòêè» 
õèìè÷åñêîãî ñîñòàâà ìíîãîêîìïîíåíòíîãî ðàñïëàâà ïîçâîëÿåò ñíèçèòü 
ïàðàìåòðè÷íîñòü ìîäåëåé. Ðåàëèçàöèÿ ïðîöåäóð «ñâåðòêè» õèìè÷åñêîãî 
ñîñòàâà ìíîãîêîìïîíåíòíûõ æåëåçîóãëåðîäèñòûõ ðàñïëàâîâ ïî 
ïðåäëîæåííîé ìåòîäèêå îñóùåñòâëÿåòñÿ â ïðîãðàììíîì ìîäóëå «Ìåòàëë». 

Äëÿ ïðîâåäåíèÿ èññëåäîâàíèé î âëèÿíèè îñíîâíûõ õèìè÷åñêèõ 

ýëåìåíòîâ (Ñ, SI, MN)  íà ìåõàíè÷åñêèå ñâîéñòâà ñòàëè áûëè îòîáðàíû 
êîëåñà èç ñòàëè ìàðêè Ò è ìàðêè 2 ñ äåôåêòàìè íà ïîâåðõíîñòè êàòàíèÿ. 
Ïîñòóïèâøèå íà àíàëèç äàííûå î 764 ñîñòàâàõ êîëåñíîé ñòàëè (ÊÏ-Ò,  
ÊÏ-2) õðàíÿòñÿ â îïðåäåëåííûõ òèïèçèðîâàííûõ ôàéëàõ. Íà îñíîâå 
èíôîðìàöèîííî–ïîèñêîâîé ñèñòåìû îñóùåñòâëÿåòñÿ íàêîïëåíèå óêàçàííûõ 
äàííûõ â áàçàõ (ÁÄ), îáåñïå÷èâàþùåå îòîáðàæåíèå èíôîðìàöèè, èõ àíàëèç 
è êîìïëåêñíóþ èíòåðïðåòàöèþ äàííûõ, ïðîãíîçèðîâàíèå è ìîäåëèðîâàíèå 
ñèòóàöèé äëÿ ñîâìåñòíîé èíòåðïðåòàöèè è ïðåäñòàâëåíèÿ â òåðìèíàõ 
êîíå÷íîãî öåëåâîãî ñâîéñòâà. 

Ïðèìåð ïàñïîðòà òåõíîëîãè÷åñêèõ äàííûõ 
  !Äîêóìåíò ¹ 1; 

Êëþ÷åâûå ñëîâà=¹ ïëàâêè, îáîä, σâ, Í/ìì2, δ,  %, Ψ,  %, KCU+20, 

Í/ñì2, ÍÂ ãë 30ìì, ÍÂ òÀ , õèìñîñòàâ Ñ, SI, MN,P,S,CR,MO,NI, AL, CU,V; 
Ìàòåðèàë= êîëåñíàÿ ñòàëü; 
#$1Ìåõñâîéñòâà; 

¹ïëàâêè=; σâ=; δ=; Ψ=;  KCU+20=; ÍÂ ãë 30ìì=; ÍÂ òÀ=;  

41004  1019.2 13 29 0 285 229 
32001  989.8  16 44 41.2 298 235 
21002  1033.6 12 32 38.6 298 229 
42008  1015  13 33 37.9 298 235 
31002  990  11 28 40.3 293 235 
#$1Õèìñîñòàâ; 

¹ïëàâêè=;C=;SI=;MN=;P=;S=;CR=;;NI=; AL=;CU=; 
41004 0.61 0.35 0.74 0.007 0.005 0.09 0.04 0.030 0.05 0.005  
32001 0.61 0.32 0.68 0.007 0.013 0.07 0.05 0.028 0.08 0.006  
21002 0.58 0.32 0.72 0.012 0.007 0.1 0.08 0.018 0.08 0.007  
42008 0.59 0.31 0.74 0.011 0.011 0.1 0.08 0.023 0.09 0.007  
31002 0.59 0.31 0.72 0.019 0.005 0.13 0.07 0.02 0.09 0.006  
Ñîâîêóïíîñòü èíôîðìàöèè î ñîñòàâå è ñâîéñòâàõ ñòðóêòóðèðóåòñÿ 

ñîãëàñíî ôîðìèðîâàíèþ äîêóìåíòàëüíî-ôàêòîãðàôè÷åñêèõ áàç áàíêà 
äàííûõ «Ìåòàëëóðãèÿ» [3]. Ïðè ýòîì êëþ÷åâûå ñëîâà -Ïðåäïðèÿòèå, 
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Ìàòåðèàë- îïèñûâàþò äîêóìåíòàëüíóþ ÷àñòü, à -Ìåõñâîéñòâà, Õèìñîñòàâ- 
îïèñûâàþò ôàêòîãðàôè÷åñêóþ ÷àñòü. 

Äëÿ óêàçàííûõ ìàðîê ñòàëåé ñóùåñòâåííîå âëèÿíèå íà èõ ôèçè÷åñêèå 

ñâîéñòâà îêàçûâàåò ïàðàìåòð d – õàðàêòåðèçóþùèé ñðåäíåñòàòèñòè÷åñêîå 
ìåæüÿäåðíîå ðàññòîÿíèå ìåæäó âçàèìîäåéñòâóþùèìè àòîìàìè èññëåäóåìîé 
ñòàëè (ðèñ.1). 

 

 

à) á) 

Ðèñóíîê 1. – Çàâèñèìîñòü à – ïðåäåëà ïðî÷íîñòè,  
á – òâåðäîñòè îò ñòðóêòóðíîãî ïàðàìåòðà d 

Äîïîëíèòåëüíûé ó÷åò ïàðàìåòðà ZY îáåñïå÷èâàåò îïèñàòåëüíóþ 

òî÷íîñòü ïðîãíîçíûõ ìîäåëåé íà óðîâíå R ≥ 0,9. Èñïîëüçîâàíèå ïàðàìåòðîâ 

ìåæàòîìíîãî âçàèìîäåéñòâèÿ ñíèæàåò ïàðàìåòðè÷íîñòü ìîäåëåé è 
ïîâûøàåò èõ ôèçè÷íîñòü. Ýòî ïîçâîëÿåò èññëåäîâàòü âëèÿíèå ðàçëè÷íûõ 
ñî÷åòàíèé êîíöåíòðàöèé êðåìíèÿ, ìàðãàíöà è óãëåðîäà íà ïðî÷íîñòíûå è 
ïëàñòè÷åñêèå ñâîéñòâà êîëåñíûõ ñòàëåé ÊÏ-Ò è ÊÏ-2. Íà áàçå 
ýêñïåðèìåíòàëüíûõ äàííûõ ïîëó÷åíû ðåãðåññèîííûå óðàâíåíèÿ, 

îïèñûâàþùèå ìåõàíè÷åñêèå ñâîéñòâà êîëåñíûõ ñòàëåé (R ≥ 0,9): 

 σ = − × + ×36911 13171 11843 Y
Â d Z , (3) 

 = − × + ×,30 12046 4313 5861 YÍÂ ìì d Z , (4) 

 δ = × − × −130,1 203,6 342,5Yd Z , (5) 

ãäå σâ – ïðåäåë ïðî÷íîñòè, Í/ìì2, δ – îòíîñèòåëüíîå óäëèíåíèå,%, ÍÂ, 

30ìì – òâåðäîñòü. Èç ðèñóíêà 1 è ìîäåëåé (3-4) ñëåäóåò, ÷òî äëÿ êîëåñíûõ 
ñòàëåé ìàðîê ÊÏ-Ò è ÊÏ-2 ñ âîçðàñòàíèåì ôèçèêî-õèìè÷åñêîãî 

ýêâèâàëåíòà ZY ïðîèçâîäñòâåííûå ñâîéñòâà óâåëè÷èâàåòþñÿ. Êàê ñëåäóåò èç 
ëèòåðàòóðû, ñ ïîâûøåíèåì ëåãèðóþùèõ ýëåìåíòîâ (Si, Mn è äð.), ôèçèêî-

õèìè÷åñêèé ýêâèâàëåíò ZY âîçðàñòàåò, à õàðàêòåð çàâèñèìîñòè σâ, ÍÂ=f(ZY) 
èìååò ÷åòêî âûðàæåííûé îïòèìóì [4]. Äëÿ óòî÷íåíèÿ äèàïàçîíà 

èçìåíåíèÿ ïàðàìåòðà ZY, îáåñïå÷èâàþùåãî îïòèìàëüûå ïðî÷íîñòíûå 
ñâîéñòâà èññëåäóåìûõ ñòàëåé äîïîëíèòåëüíî èñïîëüçîâàëèñü ëàáîðàòîðíûå 
ýêñïåðèìåíòàëüíûå äàííûå ñ ïîâûøåííûì ñîäåðæàíèåì êðåìíèÿ è 
ìàðãàíöà (òàáë.1). Ïðåäñòàâëåííàÿ çàâèñèìîñòü íà ðèñóíêå 2 äàåò íàì 
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îñíîâàíèå äëÿ óòî÷íåíèÿ îãðàíè÷åíèé ïî èçìåíåíèþ èíòåãðàëüíîãî 

ïàðàìåòðà ZY ñ äèàïàçîíîì [1,235-1,245(å)] äëÿ èõ èñïîëüçîâàíèÿ â 
ïðîãðàìíîì êîìïëåêñå «Îïòèìèçàöèÿ» [2]. 

Èçìåíåíèå îñíîâíûõ ýëåìåíòîâ îñóùåñòâëÿëîñü â ñëåäóþùåì 
äèàïàçîíå: óãëåðîä: 0,51-0,7%, êðåìíèé: 0,4-1,7%, ìàðãàíåö: 0,6-1,5%.  

Íà ðèñóíêå 3 ïðåäñòàâëåí ôðàãìåíò âèäåîêàäðà ðàáîòû ïðîãðàììíîãî 
êîìïëåêñà «Îïòèìèçàöèÿ» ñ âûäà÷åé ðåêîìåíäóåìîãî ñîñòàâà êîëåñíîé 
ñòàëè â çàäàííîé ñèñòåìå îãðàíè÷åíèé. 

Òàáëèöà  

Ñîäåæàíèå îñíîâíûõ õèìè÷åñêèõ ýëåìåíòîâ è ìåõàíè÷åñêèå ñâîéñòâà 
êîëåñíîé ñòàëè äëÿ ëàáîðàòîðíûõ ýêñïåðèìåíòàëüíûõ äàííûõ 

 Ñîäåðæàíèå, % Ìåõàíè÷åñêèå ñâîéñòâà 
¹ Ñ Si Mn σâ, Í/ìì2 δ,% ÍÂ, 30ìì 
1 0,57 1,27 0,78 1137 10 326 
2 0,59 1,26 0,75 1147 9,8 331 
3 0,57 1,31 0,8 1137 9 335 
4 0,58 1,33 0,79 1078 4,7 341 
5 0,57 0,97 1,46 1137 7 326 
6 0,59 1,36 0,78 1166 6,5 345 
7 0,57 1,73 0,79 1156 7,7 331 
8 0,58 1,02 1,5 989 10,7 335 

 

 
Ðèñóíîê 2. – Çàâèñèìîñòü ïðåäåëà ïðî÷íîñòè îò çàðÿäîâîãî ñîñòîÿíèÿ ZY 

 
Ðèñóíîê 3. – Êàäð âûõîäíîãî äîêóìåíòà ðåøåíèÿ 
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Âûâîäû. Âûïîëíåíà îöåíêà ïîýëåìåíòíîãî âëèÿíèÿ  
îñíîâíûõ õèìè÷åñêîãî ñîñòàâà íà ìåõàíè÷åñêèå ñâîéñòâà êîëåñíûõ  
ñòàëåé è ïðåäëîæåíû ìîäåëè äëÿ èõ ïðîãíîçèðîâàíèÿ. Â  
êà÷åñòâå ìîäåëüíûõ ïàðàìåòðîâ îáîñíîâàíû ôèçèêî-õèìè÷åñêèå êðèòåðèè, 
õàðàêòåðèçóþùèå ìåæàòîìíîå âçàèìîäåéñòâèå â ðàñïëàâå.  
Íà îñíîâå ìíîãîïàðàìåòðè÷åñêîé îïòèìèçàöèè îáîñíîâàí ðåêîìåíäóåìûé 
ñîñòàâ ñòàëè: óãëåðîä (0,57-0,61%); ìàðãàíåö (0,9-1,1%);  
êðåìíèé (0,7-0,9%), ñîîòâåòñòâóþùèé ÃÎÑÒ 10791-2004. 
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ÔÈÇÈÊÎ-ÕÈÌÈ×ÅÑÊÈÅ ÊÐÈÒÅÐÈÈ È ÌÎÄÅËÈ ÄËß  
ÎÖÅÍÊÈ ÂËÈßÍÈß ØÈÕÒÎÂÛÕ È ÒÅÕÍÎËÎÃÈ×ÅÑÊÈÕ 
ÓÑËÎÂÈÉ ÍÀ ÐÀÑÏÐÅÄÅËÅÍÈÅ ÝËÅÌÅÍÒÎÂ ØÈÕÒÛ  

ÌÅÆÄÓ ×ÓÃÓÍÎÌ È ØËÀÊÎÌ 

Èçëîæåí íîâûé ïîäõîä ê ïîñòðîåíèþ êîìïëåêñíîãî ïîêàçàòåëÿ äîìåííîé øèõòû 
è òåìïåðàòóðíî-äóòüåâîãî ðåæèìà ñ èñïîëüçîâàíèåì îáîáùåííîé ôóíêöèè 
æåëàòåëüíîñòè Õàððèíãòîíà äëÿ êîíêðåòíûõ óñëîâèé ðàáîòû äîìåííîé ïå÷è. 
Ðàçðàáîòàíû ìîäåëè äëÿ ðàñ÷åòà êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ 
øèõòû ìåæäó ïðîäóêòàìè ïëàâêè ñ öåëüþ èõ äàëüíåéøåãî èñïîëüçîâàíèÿ ïðè 
ïðîãíîçèðîâàíèè ñîñòàâà ïðîäóêòîâ äîìåííîé ïëàâêè è îïòèìèçàöèè êà÷åñòâà 
÷óãóíà. 

Êëþ÷åâûå ñëîâà: ôèçèêî-õèìè÷åñêèå êðèòåðèè, ïðîãíîçíûå ìîäåëè, ðàñïðåäåëåíèå 
ýëåìåíòîâ, äîìåííàÿ øèõòà, ðàñïëàâ, ÷óãóí, øëàê. 

 

Âèêëàäåíî íîâèé ï³äõ³ä äî ïîáóäîâè êîìïëåêñíîãî ïîêàçíèêà äîìåííî¿ øèõòè ³ 
òåìïåðàòóðíî-äóòòºâîãî ðåæèìó ç âèêîðèñòàííÿì óçàãàëüíåíî¿ ôóíêö³¿ 
áàæàíîñò³ Õàððèíãòîíà äëÿ êîíêðåòíèõ óìîâ ðîáîòè äîìåííî¿ ïå÷³. Ðîçðîáëåíî 
ìîäåë³ äëÿ ðîçðàõóíêó êîåô³ö³ºíò³â ðîçïîä³ëó åëåìåíò³â øèõòè ì³æ ïðîäóêòàìè 
ïëàâêè ç ìåòîþ ¿õíüîãî ïîäàëüøîãî âèêîðèñòàííÿ ïðè ïðîãíîçóâàíí³ ñêëàäó 
ïðîäóêò³â äîìåííî¿ ïëàâêè òà îïòèì³çàö³¿ ÿêîñò³ ÷àâóíó. 

 

The new approach to construction of a complex indicator domain charge and 
temperaturno-dutevogo a mode with use of the generalised Harringtons function of 
desirability Harington for concrete working conditions of a blast furnace is stated. 
Models are developed for calculation of factors of distribution of elements charge 
between products of fusion for the purpose of their further use at forecasting of 
structure of products of domain fusion and optimisation of quality of pig-iron. 

 
Àêòóàëüíîñòü. Â ñîâðåìåííûõ óñëîâèÿõ äîìåííîé ïëàâêè 

íåñòàáèëüíîñòü ñíàáæåíèÿ ïðåäïðèÿòèé æåëåçîðóäíûìè ìàòåðèàëàìè è 
êîêñîì, èçìåíåíèÿ öåíîâîé ïîëèòèêè ïðèâîäÿò ê íåîáõîäèìîñòè ÷àñòûõ 
ïåðåøèõòîâîê è ôîðìèðîâàíèþ ðàáîòîñïîñîáíîé øèõòû ñ ïðèâëå÷åíèåì 
íåòðàäèöèîííûõ âèäîâ ñûðüÿ. Óñïåøíîå ðåøåíèå ýòèõ çàäà÷ ñâÿçàíî ñ 
óãëóáëåííûì èçó÷åíèåì è àäåêâàòíûì îïèñàíèåì ïðîöåññîâ ôîðìèðîâàíèÿ 
è âçàèìîäåéñòâèÿ ðàñïëàâîâ, ðàçðàáîòêè ôèçèêî-õèìè÷åñêèõ ìîäåëåé è 
îáîáùàþùèõ êðèòåðèåâ, ïîçâîëÿþùèõ îöåíèâàòü ñîñòàâ è ñâîéñòâà 
ïðîäóêòîâ ïëàâêè âî âçàèìîñâÿçè ñ ñûðüåâûìè è òåõíîëîãè÷åñêèìè 
ïàðàìåòðàìè ïðîöåññà è óïðàâëÿòü êà÷åñòâîì ïðîäóêöèè â íåñòàáèëüíûõ 
óñëîâèÿõ äîìåííîé ïëàâêè  

Â Èíñòèòóòå ÷åðíîé ìåòàëëóðãèè ÍÀÍÓ ðàçðàáîòàí è ïîñòîÿííî 
ðàçâèâàåòñÿ íîâûé ïîäõîä ê âûáîðó ðàöèîíàëüíîãî ñîñòàâà äîìåííîé 
øèõòû ïóòåì îïòèìèçàöèè øëàêîâîãî ðåæèìà, îñíîâàííîì íà 
ïðîãíîçèðîâàíèè ñîñòàâà è ñâîéñòâ ïðîäóêòîâ äîìåííîé ïëàâêè è ïðîöåññîâ 
âçàèìîäåéñòâèÿ ìåæäó íèìè [1]. 

                                    
©  Òîãîáèöêàÿ Ä.Í., Áåëüêîâà À.È., Ñòåïàíåíêî Ä.À., Ñêà÷êî À.Ñ., 2013 
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Ïîñòàíîâêà çàäà÷è. Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ âûáîð è 
îáîñíîâàíèå ôèçèêî-õèìè÷åñêèõ êðèòåðèåâ è ðàçðàáîòêà ìîäåëåé äëÿ 
ïðîãíîçèðîâàíèÿ êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ øèõòû ìåæäó 
÷óãóíîì è øëàêîì â êîíêðåòíûõ øèõòîâûõ è òåõíîëîãè÷åñêèõ óñëîâèÿõ. 

Èçëîæåíèå ìàòåðèàëà. Äëÿ ðåøåíèÿ çàäà÷ ïðîãíîçèðîâàíèÿ ñîñòàâà è 
ñâîéñòâ êîíå÷íûõ ïðîäóêòîâ äîìåííîé ïëàâêè íàìè èñïîëüçóåòñÿ ìåòîäèêà 
ôèçèêî-õèìè÷åñêîãî ìîäåëèðîâàíèÿ ìåòàëëóðãè÷åñêèõ ðàñïëàâîâ è 
ïðîöåññîâ, âêëþ÷àþùàÿ â ñåáÿ èäåþ ìîäåëèðîâàíèÿ âîññòàíîâèòåëüíîé 
ïëàâêè ïî ñõåìå «Øèõòà» + «Òåõíîëîãèÿ» = «Ïðîäóêòû ïëàâêè». 

Â ýòîì ñëó÷àå ñîñòàâ ïðîäóêòîâ ïëàâêè ðàññ÷èòûâàåòñÿ â çàâèñèìîñòè 
îò ñîñòàâà èñõîäíîé øèõòû è ïàðàìåòðîâ òåõíîëîãè÷åñêîãî ðåæèìà íà 
îñíîâå ïðîãíîçíûõ ìîäåëåé êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ 
ìåæäó ïðîäóêòàìè ïëàâêè, çàâèñÿùèõ îò êîíêðåòíûõ øèõòîâûõ è 
òåõíîëîãè÷åñêèõ óñëîâèé: LÝ=f (FØ; FÒ), ãäå FØ è FÒ – êîìïëåêñíûå 
ïîêàçàòåëè çàãðóæàåìîé øèõòû è òåõíîëîãè÷åñêîãî ðåæèìà.  

Ðàíåå â êà÷åñòâå ïàðàìåòðîâ øèõòû íàìè èñïîëüçîâàëèñü ïîêàçàòåëè: 
ñîäåðæàíèå Fe2O3 (áîãàòñòâî øèõòû) è ïàðàìåòðû øëàêîîáðàçóþùåé ÷àñòè 

øèõòû ρ è ∆e, îïðåäåëÿþùèå åå ñâîéñòâà, à â êà÷åñòâå òåõíîëîãè÷åñêèõ 

ïîêàçàòåëåé - ïîêàçàòåëè äóòüåâîãî ðåæèìà, òàêèå êàê: òåîðåòè÷åñêàÿ 
òåìïåðàòóðà ãîðåíèÿ Òò è äëèíà ôóðìåííîé çîíû LÔÇ, èñïîëüçîâàíèå 
êîòîðûõ ïîçâîëÿåò ó÷èòûâàòü òåïëîâîå ñîñòîÿíèå ãîðíà ïå÷è [2]. 

Ñ öåëüþ ïîâûøåíèÿ ïðîãíîçíîé ìîùíîñòè ìîäåëåé LÝ=f (FØ; FÒ) è 
áîëåå ïîëíîãî ó÷åòà âëèÿíèÿ øèõòîâûõ è òåõíîëîãè÷åñêèõ óñëîâèé íà 
ôîðìèðîâàíèå êîíå÷íûõ ïðîäóêòîâ ïëàâêè ðàçðàáîòàí èíòåãðàëüíûé 
ïîêàçàòåëü äîìåííîé øèõòû ÊØ, à òàêæå ïðåäëîæåí êîìïëåêñíûé 
ïîêàçàòåëü òåìïåðàòóðíî-äóòüåâîãî ðåæèìà ÊÒÄ. 

Ãåíåðàöèÿ ñòðóêòóðû îáîáùåííûõ ïîêàçàòåëåé ÊØ è ÊÒÄ 

îñóùåñòâëÿëàñü ñ èñïîëüçîâàíèåì îáîáùåííîé ôóíêöèè æåëàòåëüíîñòè 
Õàððèíãòîíà [3], ïîçâîëÿþùåé ðàçíîðàçìåðíûå ïîêàçàòåëè ïðåîáðàçîâàòü â 
áåçðàçìåðíóþ øêàëó æåëàòåëüíîñòè è «ñâåðíóòü» èõ â åäèíûé îáîáùåííûé 
ïîêàçàòåëü. Òàêîé ïîäõîä äàåò âîçìîæíîñòü âûïîëíèòü âñåñòîðîííþþ 
îöåíêó ìíîãîìåðíîãî îáúåêòà è ïîâûñèòü èíôîðìàöèîííóþ ìîùíîñòü 
èíòåãðàëüíîãî ïîêàçàòåëÿ. Ïðè ýòîì îáîáùåííûé ïîêàçàòåëü âêëþ÷àåò â 
ñåáÿ íåñêîëüêî êðèòåðèåâ, ÷òî ÿâëÿåòñÿ îñíîâîé äëÿ êîìïëåêñíîé 
îïòèìèçàöèè ïðîöåññà. 

Ìàòåìàòè÷åñêèé àïïàðàò ïåðåñ÷åòà êîíêðåòíûõ ïàðàìåòðîâ â 
àáñòðàêòíûå ÷èñëîâûå çíà÷åíèÿ ñâîäèòñÿ ê ñëåäóþùåìó. Çà îñíîâó áåðåòñÿ 
îäíà èç ëîãèñòè÷åñêèõ ôóíêöèé Å. Ê. Õàððèíãòîíà – òàê íàçûâàåìàÿ 
«êðèâàÿ æåëàòåëüíîñòè», êîòîðàÿ áûëà âûâåäåíà ýìïèðè÷åñêèì ïóòåì â 
ðåçóëüòàòå íàáëþäåíèé çà ðåàëüíûìè îáúåêòàìè èññëåäîâàòåëåé-

ýêñïåðèìåíòàòîðîâ. Åå ôîðìóëà: = − −exp( (exp( ))d y  (ðèñ.1) îïðåäåëÿåò 

ôóíêöèþ ñ äâóìÿ ó÷àñòêàìè íàñûùåíèÿ (â d → 0 è d → 1) è ëèíåéíûì 
ó÷àñòêîì (îò d = 0,2 äî d = 0,63). Îñü êîîðäèíàò Y íàçûâàåòñÿ øêàëîé 



“Ñó÷àñí³ ïðîáëåìè ìåòàëóðã³¿”, ¹ 16 – 2013 

ISSN 1991-7848  59 

÷àñòíûõ ïîêàçàòåëåé. Îñü d – øêàëîé æåëàòåëüíîñòè. Ïðîìåæóòîê 
ýôôåêòèâíûõ çíà÷åíèé íà øêàëå ÷àñòíûõ ïîêàçàòåëåé – [−2; +5]. 

Êàæäûé ïîêàçàòåëü ðàçáèâàåòñÿ íà êàòåãîðèè êà÷åñòâà: î÷åíü 
õîðîøåå, õîðîøåå, óäîâëåòâîðèòåëüíîå, ïëîõîå è î÷åíü ïëîõîå (ðèñ. 1) â 
ñîîòâåòñòâèè ñî ñòàíäàðòíûìè îöåíêàìè ïî øêàëå æåëàòåëüíîñòè. 
Çíà÷åíèå ÷àñòíîãî îòêëèêà, ïåðåâåäåííîå â áåçðàçìåðíóþ øêàëó 
æåëàòåëüíîñòè, îáîçíà÷àåòñÿ ÷åðåç di è íàçûâàåòñÿ ÷àñòíîé 
æåëàòåëüíîñòüþ. Çíà÷åíèå di = 0 ñîîòâåòñòâóåò àáñîëþòíî íåïðèåìëåìîìó 
óðîâíþ i-ãî ïàðàìåòðà îïòèìèçàöèè, çíà÷åíèå di = 1 – ñàìîìó ëó÷øåìó 
çíà÷åíèþ i-ãî ïàðàìåòðà Ñòàíäàðòíûå îòìåòêè íà øêàëå æåëàòåëüíîñòè 
ïðåäñòàâëåíû â òàáëèöå. Âûáîð îòìåòîê íà øêàëå æåëàòåëüíîñòè 0,63 è 

0,37 îáúÿñíÿåòñÿ óäîáñòâîì âû÷èñëåíèé: 0,63 ≈ 1 — (1/å), 0,37 ≈ (1/å). 

Çíà÷åíèå di = 0,37 îáû÷íî ñîîòâåòñòâóåò ãðàíèöå äîïóñòèìûõ çíà÷åíèé. 
Äàííàÿ ôóíêöèÿ îáëàäàåò òàêèìè ïîëåçíûìè ñâîéñòâàìè, êàê 
íåïðåðûâíîñòü, ìîíîòîííîñòü è ãëàäêîñòü. Êðîìå òîãî, â îáëàñòÿõ 
æåëàòåëüíîñòè, áëèçêèõ ê 0 è 1, "÷óâñòâèòåëüíîñòü" åå ñóùåñòâåííî íèæå, 
÷åì â ñðåäíåé çîíå. 
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Ðèñóíîê 1. – Ãðàôèê ôóíêöèè æåëàòåëüíîñòè  

))(exp(exp( yd −−=  
Òàáëèöà  

Ñòàíäàðòíûå îòìåòêè ïî øêàëå æåëàòåëüíîñòè 
Æåëàòåëüíîñòü Îòìåòêè íà øêàëå  

÷àñòíîé æåëàòåëüíîñòè di 
Êîäèðîâàííîå çíà÷åíèå 

ïîêàçàòåëåé yi 
Î÷åíü õîðîøî 1,00 – 0,80 1,5 –3,0 
Õîðîøî 0,80 – 0,63 0,85 – 1,5 
Óäîâëåòâîðèòåëüíî 0,63 – 0,37 0,0 – 0,85 
Ïëîõî 0,37 – 0,20 -0,5 – 0,0 
Î÷åíü ïëîõî 0,20 – 0,00 -1,5– - 0,5 

 
Íàçíà÷åíèå øêàëû æåëàòåëüíîñòè – óñòàíîâëåíèå ñîîòâåòñòâèÿ ìåæäó 

ïîëó÷åííûìè çíà÷åíèÿìè ïîêàçàòåëåé ñâîéñòâ è îöåíêàìè 
ýêñïåðèìåíòàòîðà îòíîñèòåëüíîé æåëàòåëüíîñòè òîãî èëè èíîãî ïîêàçàòåëÿ. 
Äëÿ ïîëó÷åíèÿ åäèíîé, îáîáùåííîé îöåíêè íåîáõîäèìî çàäàòüñÿ íàèáîëåå 
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æåëàòåëüíûìè çíà÷åíèÿìè îòäåëüíûõ ïðèíÿòûõ ê àíàëèçó ïîêàçàòåëåé, 
êîòîðûå ìîæíî óñòàíîâèòü ïî ðåêîìåíäàöèÿì ýêñïåðòîâ, ñòàíäàðòàì èëè 
èç ñîîòâåòñòâóþùèõ çàâèñèìîñòåé.  

Ñ èñïîëüçîâàíèåì øêàëû æåëàòåëüíîñòè äëÿ êàæäîãî ÷àñòíîãî  

ïîêàçàòåëÿ xi ðàññ÷èòûâàþòñÿ ñòàíäàðòíûå çíà÷åíèÿ ïî îñè îðäèíàò yi, ïî 
êîòîðûì îïðåäåëÿþòñÿ ÷àñòíûå ïîêàçàòåëè êà÷åñòâà â áåçðàçìåðíûõ 

åäèíèöàõ èçìåðåíèÿ di è ðàññ÷èòûâàåòñÿ îáîáùåííûé ïîêàçàòåëü D êàê 
ñðåäíåå ãåîìåòðè÷åñêîå èç ÷àñòíûõ ôóíêöèé æåëàòåëüíîñòè ñ ó÷åòîì 

çíà÷èìîñòè êàæäîãî ñâîéñòâà: β

=
=

1

n

ii
D Ïd , ãäå Ï – ïðîèçâåäåíèå ÷àñòíûõ 

ôóíêöèé æåëàòåëüíîñòè, di – èíäèâèäóàëüíûå ïîêàçàòåëè, n – êîëè÷åñòâî 

ïîêàçàòåëåé, β – ïîêàçàòåëü çíà÷èìîñòè ñâîéñòâà. 

Ïðè ðàçðàáîòêå îáîáùåííîãî ïîêàçàòåëÿ øèõòû áûëè èñïîëüçîâàíû 
ôàêòè÷åñêèå äàííûå ïîêàçàòåëåé ðàáîòû äîìåííûõ ïå÷åé Óêðàèíû è 
Ðîññèè. Ê ìàññèâàì ïðîèçâîäñòâåííûõ äàííûõ, ñôîðìèðîâàííûì ïî ñõåìå 
«Øèõòà» + «Òåõíîëîãèÿ» = «Ïðîäóêòû ïëàâêè», ñ öåëüþ óìåíüøåíèÿ 
ïîãðåøíîñòåé èçìåðåíèÿ õèìè÷åñêîãî ñîñòàâà êîìïîíåíòîâ øèõòû è 
ïðîäóêòîâ ïëàâêè, áûëà ïðèìåíåíà ïðîöåäóðà ìèíèìèçàöèè îòêëîíåíèé 
ìàòåðèàëüíîãî áàëàíñà [4] ïîçâîëÿþùàÿ óëó÷øèòü âçàèìîñâÿçè ïàðàìåòðîâ 
è óâåëè÷èòü òî÷íîñòü ïðîãíîçíûõ ìîäåëåé. 

Â ðåçóëüòàòå àíàëèçà ñáàëàíñèðîâàííûõ ìàññèâîâ äàííûõ î ðàáîòå 
äîìåííûõ ïå÷åé íà îñíîâå ìåòîäîâ ñòàòèñòè÷åñêîãî è ôàêòîðíîãî àíàëèçà 
âûÿâëåí êîìïëåêñ ñîîòíîøåíèé îêñèäîâ øèõòû è ïàðàìåòðîâ ïåðâè÷íûõ 
ðàñïëàâîâ, õàðàêòåðèçóþùèõ àãðåãàòíûå ïðåâðàùåíèÿ è âîññòàíîâëåíèå 

ìàòåðèàëîâ â ïå÷è [5]: 2/îáFe SiO , 2/CaO SiO , 2/MgO SiO , 2 3 2/Al O SiO , 

2 /R O CaO , /êò íôT Ò , ρ−∆/ ( / )ïðFeO e .  Ïîêàçàòåëü 2/îáFe SiO - îòíîøåíèå 

ñîäåðæàíèÿ æåëåçà ê ñîäåðæàíèþ êðåìíåçåìà â øèõòå, 2/CaO SiO  – 

îñíîâíîñòü, 2/MgO SiO , 2 3 2/Al O SiO , 2 /R O CaO  – ìàãíåçèàëüíûé, 

ãëèíîçåìíûé è ùåëî÷íîé ìîäóëè, нфТ
 – òåìïåðàòóðà ôèëüòðàöèè æèäêèõ 

ôàç ÷åðåç êîêñîâóþ íàñàäêó, ктТ  – òåìïåðàòóðà êàïåëüíîãî òå÷åíèÿ 

ðàñïëàâà, пшFeO  – ñîäåðæàíèå â ïåðâè÷íîì øëàêå, ∆e è ρ  – õèìè÷åñêèé 

ýêâèâàëåíò ñîñòàâà øèõòû è ïîêàçàòåëü ñòåõèîìåòðèè.  
Àíàëèòè÷åñêàÿ çàâèñèìîñòü îáîáùåííîãî ïîêàçàòåëÿ äîìåííîé øèõòû 

äëÿ óñëîâèé ÄÏ¹9 ÏÀÎ «ÀðñåëîðÌèòòàë Êðèâîé Ðîã» âûãëÿäèò 
ñëåäóþùèì îáðàçîì: 
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Àíàëîãè÷íûì îáðàçîì ñ èñïîëüçîâàíèåì îáîáùåííîé ôóíêöèè 
æåëàòåëüíîñòè ðàçðàáîòàí êîìïëåêñíûé ïîêàçàòåëü òåìïåðàòóðíî-äóòüåâîãî 
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ðåæèìà òäÊ , âêëþ÷àþùèé ïîêàçàòåëè äóòüåâîãî ðåæèìà ïëàâêè è 

îòõîäÿùèõ ãàçîâ. Òàê, â ðåçóëüòàòå àíàëèçà ôàêòè÷åñêèõ äàííûõ âûïóñêîâ 
÷óãóíîâ â óñëîâèÿõ ðàáîòû ÄÏ¹9, êîòîðûì ñîïîñòàâëåíû ïîêàçàòåëè 
çàãðóæàåìîé øèõòû è òåõíîëîãè÷åñêîãî ðåæèìà, áûëà óñòàíîâëåíà ñâÿçü 
êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ñåðû è êðåìíèÿ ñî ñòåïåíüþ èñïîëüçîâàíèÿ 

ãàçà ηCO, ïîêàçàòåëåì òåïëîâîãî ñîñòîÿíèÿ ãîðíà ãëóáèíîé ôóðìåííîé çîíû 

Lôç, à òàêæå ñ òåìïåðàòóðíûì èíäåêñîì ïå÷è ÒÈÏ, êîòîðûé «ñâÿçûâàåò» 
âåðõ äîìåííîé ïå÷è ñ åå íèçîì è ðàññ÷èòûâàåòñÿ ïî ôîðìóëå: 

− −
= •

−
2500 1550

*
1250ÊÃ

Òt T÷
ÒÈÏ

Ò Tä
, ãäå Tt – òåîðåòè÷åñêàÿ òåìïåðàòóðà ãîðåíèÿ 

êîêñà ó ôóðì, Têã, T÷, Tä – òåìïåðàòóðû êîëîøíèêîâîãî ãàçà, ÷óãóíà è 
äóòüÿ.  

Äëÿ óñëîâèé ðàáîòû ÄÏ¹9 ïîëó÷åíà çàâèñèìîñòü äëÿ ðàñ÷åòà 
êîìïëåêñíîãî ïîêàçàòåëÿ òåìïåðàòóðíî-äóòüåâîãî ðåæèìà: 

 η= ⋅ ⋅0,4 0,3 0,3
òä ÑÎ ÔÇÊ ÒÈÏ L ,  (2) 

Íà îñíîâå ïîëó÷åííûõ êîìïëåêñíûõ ïîêàçàòåëåé øèõòû è 
òåìïåðàòóðíî-äóòüåâîãî ðåæèìà ðàçðàáîòàíû àíàëèòè÷åñêèå çàâèñèìîñòè 
äëÿ ïðîãíîçèðîâàíèÿ êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ øèõòû 
ìåæäó ÷óãóíîì è øëàêîì: 

 = ⋅ ⋅0.19 0,43 0,38( / )Ls Ð Ê Êø Êòä , R=0,85 (3) 

 = ⋅ ⋅0.37 0,1 0,53( / )Lsi Ð Ê Êø Êòä , R=0,87 (4) 

 = ⋅ ⋅0.3 0,27 043( / )Lmn Ð Ê Êø Êòä , R=0,86 (5) 

ãäå Ð/Ê – ðóäíàÿ íàãðóçêà, õàðàêòåðèçóþùàÿ çàãðóçêó ìàòåðèàëîâ. 
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Ðèñóíîê 2. – Ôàêòè÷åñêèå è ðàñ÷åòíûå çíà÷åíèÿ êîýôôèöèåíòîâ 
ðàñïðåäåëåíèÿ ñåðû è êðåìíèÿ ïî ìîäåëÿì (3)-(4) äëÿ óñëîâèé ðàáîòû 

ÄÏ¹9 ÏÀÎ «ÀðñåëîðÌèòòàë Êðèâîé Ðîã» 
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Ïîêàçàòåëè ñòåïåíåé â âûðàæåíèÿõ (1-5) óêàçûâàþò íà äîëþ âëèÿíèÿ 
êàæäîãî ïîêàçàòåëÿ íà ðàñïðåäåëåíèå ýëåìåíòîâ øèõòû. 

Ñðàâíèòåëüíàÿ îöåíêà ôàêòè÷åñêèõ è ðàññ÷èòàííûõ ïî ìîäåëÿì (3)-(4) 
çíà÷åíèé êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ ñåðû è êðåìíèÿ 
ïðåäñòàâëåíà íà ðèñ. 2. Àäåêâàòíîñòü ìîäåëåé (3)-(5), îöåíèâàåòñÿ ïî 
çíà÷åíèþ êîýôôèöèåíòèà êîððåëÿöèè R è ïîêàçûâàåò áîëåå âûñîêóþ 
òî÷íîñòü ïî ñðàâíåíèþ ñ èñïîëüçóåìûìè ðàíåå ïðîãíîçíûìè 
çàâèñèìîñòÿìè êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ñåðû è êðåìíèÿ â 

âèäå: ρ η= ∆( , , , / , , )ý îá CO ÔÇL f Fe e Ð Ê L , äëÿ êîòîðûõ R2=0,51. 

Âûâîäû. Ñ èñïîëüçîâàíèåì îáîáùåííîé ôóíêöèè æåëàòåëüíîñòè äëÿ 
îöåíêè øèõòîâûõ è òåõíîëîãè÷åñêèõ óñëîâèé äîìåííîé ïëàâêè ðàçðàáîòàí 
èíòåãðàëüíûé ïîêàçàòåëü äîìåííîé øèõòû ÊØ, à òàêæå ïðåäëîæåí 
êîìïëåêñíûé ïîêàçàòåëü òåìïåðàòóðíî-äóòüåâîãî ðåæèìà ÊÒÄ. 

Ðàçðàáîòàíû àíàëèòè÷åñêèå çàâèñèìîñòè äëÿ ïðîãíîçèðîâàíèÿ 
êîýôôèöèåíòîâ ðàñïðåäåëåíèÿ ýëåìåíòîâ øèõòû ìåæäó ÷óãóíîì è øëàêîì 
íà îñíîâå êîìïëåêñíûõ êðèòåðèåâ øèõòû è òåìïåðàòóðíî-äóòüåâîãî 
ðåæèìà.  

Ïðåäñòàâëåííûå ôèçèêî-õèìè÷åñêèå êðèòåðèè è ìîäåëè ðàçðàáîòàíû ñ 
öåëüþ èõ èñïîëüçîâàíèÿ äëÿ ðåøåíèÿ çàäà÷ îáîñíîâàííîãî âûáîðà ñîñòàâà 
øèõòû, îáåñïå÷èâàþùåé âûïëàâêó òðåáóåìîãî êà÷åñòâà ÷óãóíà çà ñ÷åò 
îïòèìèçàöèè è óïðàâëåíèÿ øëàêîâûì ðåæèìîì â êîíêðåòíûõ øèõòîâûõ è 
òåõíîëîãè÷åñêèõ óñëîâèÿõ ïëàâêè.  
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ÂÈÇÍÀ×ÅÍÍß ÏÎÐßÄÊÓ ÎÁÅÐÒÀËÜÍÎ¯ ÑÈÌÅÒÐ²¯ 
ÊÐÈÑÒÀË²×ÍÈÕ ÒÀ ÊÂÀÇ²ÊÐÈÑÒÀË²×ÍÈÕ ÌÀÒÅÐ²ÀË²Â Ç 

ÂÈÊÎÐÈÑÒÀÍÍßÌ ÔÐÀÊÒÀËÜÍÎÃÎ ÀÍÀË²ÇÓ  

Â ñòàòò³ ðîçãëÿíóò³ êðèñòàë³÷í³ òà êâàç³êðèñòàë³÷í³ ñòðóêòóðè, äîñë³äæåí³ ¿õ 
ôðàêòàëüí³ õàðàêòåðèñòèêè. Ïîáóäîâàí³ êðèñòàë³÷í³ ñòðóêòóðè äðóãîãî, 
òðåòüîãî òà ÷åòâåðòîãî ïîðÿäê³â îáåðòàëüíî¿ ñèìåòð³¿, à òàêîæ 
êâàç³êðèñòàë³÷í³ ñòðóêòóðè íà îñíîâ³ ìîçà¿ê Ïåíðîóçà. Ðîçðàõîâàí³ ôðàêòàëüí³ 
õàðàêòåðèñòèêè îòðèìàíèõ ïîâåðõîíü ç ð³çíèì ñòåïåíåì äåòàë³çàö³¿.  

Êëþ÷îâ³ ñëîâà: ÊÐÈÑÒÀË²×Í² ÒÀ ÊÂÀÇ²ÊÐÈÑÒÀË²×Í² ÑÒÐÓÊÒÓÐÈ, 
ÔÐÀÊÒÀËÜÍÀ ÐÎÇÌ²ÐÍ²ÑÒÜ, ÔÐÀÊÒÀËÜÍÅ ÐÎÇÏÎÄ²ËÅÍÍß, ÔÐÀÊÒÀËÜÍ² 
ÑÈÃÍÀÒÓÐÈ, ÏÎÐßÄÎÊ ÎÁÅÐÒÀËÜÍÎ¯ ÑÈÌÅÒÐ²¯, ÌÎÇÀ¯ÊÈ ÏÅÍÐÎÓÇÀ, 
ÄÅÒÀË²ÇÀÖ²ß ÏÎÂÅÐÕÍ².  

 

Â ñòàòüå ðàññìîòðåíû êðèñòàëëè÷åñêèå è êâàçèêðèñòàëëè÷åñêèå ñòðóêòóðû, 
èññëåäîâàíû èõ ôðàêòàëüíûå õàðàêòåðèñòèêè. Ïîñòðîåíû êðèñòàëëè÷åñêèå 
ñòðóêòóðû âòîðîãî, òðåòüåãî è ÷åòâåðòîãî ïîðÿäêîâ ïîâîðîòíîé ñèììåòðèè, à 
òàêæå êâàçèêðèñòàëëè÷åñêèå ñòðóêòóðû íà îñíîâå ìîçàèê Ïåíðîóçà. 
Ðàññ÷èòàíû ôðàêòàëüíûå õàðàêòåðèñòèêè ïîëó÷åííûõ ïîâåðõíîñòåé ñ ðàçíîé 
ñòåïåíüþ äåòàëèçàöèè. 

 

The article describes the crystalline and quasicrystalline structure, studied their 
fractal characteristics. Crystal structures built of the second, third and fourth orders 
of rotational symmetry, and the quasicrystalline structure based Penrose mosaics. 
Calculated the fractal characteristics of the surfaces with varying degrees of detail. 

Âñòóï  

Êðèñòàë³÷í³ òà êâàç³êðèñòàë³÷í³ ìàòåð³àëè, ÿê ³ á³ëüø³ñòü ïðèðîäíèõ 
ìàòåð³àë³â, ìàþòü ñêëàäíó ôðàêòàëüíó ñòðóêòóðó. Ó çâ’ÿçêó ç öèì 
àêòóàëüíîþ çàäà÷åþ º äîñë³äæåííÿ òàêèõ ñòðóêòóð ìåòîäàìè ôðàêòàëüíîãî 
àíàë³çó. 

Ìåòîþ äàíî¿ ðîáîòè º ïîáóäîâà êðèñòàë³÷íèõ òà êâàç³êðèñòàë³÷íèõ 
ñòðóêòóð òà äîñë³äæåííÿ ¿õ ôðàêòàëüíèõ õàðàêòåðèñòèê. 

Ìàòåð³àëè òà ìåòîäèêè äîñë³äæåííÿ 

Â ïðîöåñ³ äîñë³äæåíü ïîáóäîâàí³ ôðàêòàëüí³ ïîâåðõîí³ êðèñòàë³÷íèõ 

òà êâàç³êðèñòàë³÷íèõ ñòðóêòóð çà äîïîìîãîþ ìåòîäà âèïàäêîâîãî çñóâó 
ñåðåäíüî¿ òî÷êè. Äàíèé ìåòîä ðîçïî÷èíàºòüñÿ ç òðèêóòíèêà, ùî ëåæèòü ó 
äîâ³ëüí³é ïëîùèí³. Ñåðåäí³ òî÷êè ñòîð³í òðèêóòíèêà ç’ºäíàíí³ ì³æ ñîáîþ 
òàêèì ÷èíîì, ùî òðèêóòíèê âèÿâëÿºòüñÿ ïîä³ëåíèì íà ÷îòèðè ìåíø³ 
òðèêóòíèêè. Ï³ñëÿ ÷îãî êîæíà ñåðåäíÿ òî÷êà çñóâàºòüñÿ âãîðó àáî âíèç íà 
ïåâíó, âèïàäêîâî îáðàíó âåëè÷èíó. Òàêèé ñàìèé ïðîöåñ çàñòîñîâóºòüñÿ äî 
êîæíîãî ç ìåíøèõ òðèêóòíèê³â, ïîò³ì äî ùå ìåíøèõ é òàê äàë³ 
íåñê³í÷åííî. Åòàïè ïîáóäîâè ôðàêòàëüíî¿ ïîâåðõí³ íàâåäåí³ íà ðèñ. 1. 
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Ó öüîìó ìåòîä³ çñóâó ñåðåäí³õ òî÷îê âèïàäêîâ³ âåëè÷èíè äëÿ 
ïåðåì³ùåííÿ ñåðåäí³õ òî÷îê óãîðó àáî âíèç êåðóþòüñÿ ïåâíèì çàêîíîì 
ðîçïîä³ëó, ÿêèé ï³äáèðàºòüñÿ, ùîá îòðèìàòè áëèçüêó àïðîêñèìàö³þ 
áàæàíî¿ ïîâåðõí³. Òàêèì ÷èíîì, çà äîïîìîãîþ ìåòîäó çñóâó ñåðåäíüî¿ 
òî÷êè ç ôðàêòàë³â ìîæíà ñòâîðþâàòè ôðàêòàëüí³ ñêëàäí³ ïîâåðõí³. Áóëî 
äîñë³äæåíî, ùî ó âñ³õ ïîâåðõîíü, ïîáóäîâàíèõ äàíèì ìåòîäîì ³ñíóº 
çàãàëüíà âëàñòèâ³ñòü: ì³ðà ïîð³çàíîñò³ àáî ñêëàäíîñò³ ¿õ ñòðóêòóðè 
âèì³ðþºòüñÿ ôðàêòàëüíîþ ðîçì³ðí³ñòþ [1]. 

 

 
Ðèñóíîê 1. – Åòàïè ïîáóäîâè ôðàêòàëüíèõ ïîâåðõîíü íà  

ïðèêëàä³ åëåìåíò³â ìîçà¿êè Ïåíðîóçà 

 
Â õîä³ äîñë³äæåííÿ áóëî ïîáóäîâàíî ÷èñåëüíó ê³ëüê³ñòü ôðàêòàëüíèõ 

ïîâåðõîíü êðèñòàë³÷íèõ ñòðóêòóð ç âèêîðèñòàííÿì íàâåäåíîãî ìåòîäó: 
ïîáóäîâàí³ êðèñòàë³÷í³ ñòðóêòóðè äðóãîãî, òðåòüîãî, ÷åòâåðòîãî ïîðÿäê³â 
ñèìåòð³¿ ç ð³çíîþ ê³ëüê³ñòþ ³òåðàö³é (â³ä 4 äî 9), ÿêà â³äïîâ³äàº çà ñòóï³íü 
äåòàë³çàö³¿ ïîâåðõí³ òà ïðîâåäåíèé àíàë³ç ¿õ ôðàêòàëüíèõ õàðàêòåðèñòèê 
(òàáëèöÿ 1). Ïðè öüîìó ïîáóäîâà ïîâåðõí³ ðîçïî÷èíàëàñÿ ç ðîçáèòòÿ 
ïî÷àòêîâî¿ êðèñòàë³÷íî¿ ðåø³òêè, ùî ïðåäñòàâëåíà êâàäðàòàìè (äëÿ 
êðèñòàë³÷íî¿ ñòðóêòóðè äðóãîãî ïîðÿäêó)  ÷è ïðÿìîêóòíèêàìè (äëÿ 
êðèñòàë³÷íî¿ ñòðóêòóðè ÷åòâåðòîãî ïîðÿäêó) íà äâà òðèêóòíèêè, äî ÿêèõ 
áóëî çàñòîñîâàíî ìåòîä âèïàäêîâîãî çñóâó ñåðåäíüî¿ òî÷êè.  

Ïîâåðõí³ êâàç³êðèñòàë³÷íèõ ñòðóêòóð – ïîâåðõí³ Ïåíðîóçà - áóëè 
ïîáóäîâàí³ íà îñíîâ³ ìîçà¿ê Ïåíðîóçà ç âèêîðèñòàííÿì ìåòîäó âèïàäêîâîãî 
çñóâó ñåðåäíüî¿ òî÷êè. Ïðè öüîìó ïîáóäîâà ïîâåðõí³ ðîçïî÷èíàëàñÿ ç 
ðîçáèòòÿ êîæíîãî ç ðîìá³â, ÿêèìè ïðåäñòàâëåíà ìîçà¿êà Ïåíðîóçà, íà äâà 
òðèêóòíèêè, äî ÿêèõ áóëî çàñòîñîâàíî ìåòîä âèïàäêîâîãî çñóâó ñåðåäíüî¿ 
òî÷êè. Äîö³ëüí³ñòü ïîáóäîâè ïîâåðõîíü Ïåíðîóçà çóìîâëåíà âëàñòèâ³ñòþ 
ñàìîïîä³áíîñò³ ìîçà¿êè Ïåíðîóçà, ÿêà ÿâëÿº ñîáîþ ìîäåëü êâàç³êðèñòàëó. 
Ïîâåðõí³ Ïåíðîóçà áóëè ïîáóäîâàí³ íà îñíîâ³ äâîõ âèä³â ìîçà¿êè Ïåíðîóçà 
– ìîçà¿êè Ïåíðîóçà, ïîáóäîâàíî¿ çà äîïîìîãîþ «çîëîòèõ» ðîìá³â ³ ìîçà¿êè 
Ïåíðîóçà, ïîáóäîâàíî¿ çà äîïîìîãîþ «çì³é» òà «äðîòèê³â» (ðèñ. 2) 
âèêîðèñòîâóþ÷è ïåâíèé âèä ðîçôàðáóâàííÿ. Êîæíó ç ïîâåðõîíü ìîæíà 
ïîáóäóâàòè ç ð³çíîþ ê³ëüê³ñòþ ³òåðàö³é (â³ä 4 äî 9), ÿêà â³äïîâ³äàº çà 
ñòóï³íü äåòàë³çàö³¿ ïîâåðõí³. 
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Ðèñóíîê 2. – Ìîçà¿êè Ïåíðîóçà, ïîáóäîâàí³ çà äîïîìîãîþ «çîëîòèõ» ðîìá³â 

(ë³âîðó÷) òà çà äîïîìîãîþ «çì³é» òà «äðîòèê³â» (ïðàâîðó÷) 

 
Äëÿ çîáðàæåíü ïîáóäîâàíèõ ïîâåðõîíü êðèñòàë³÷íèõ òà 

êâàç³êðèñòàë³÷íèõ ñòðóêòóð áóëî ïðîâåäåíî ôðàêòàëüíèé àíàë³ç, ùî 
ñêëàäàºòüñÿ ³ç âèçíà÷åííÿ ôðàêòàëüíî¿ ðîçì³ðíîñò³ òà ïîáóäîâè 
ôðàêòàëüíèõ ðîçïîä³ëåíü. Ôðàêòàëüíà ðîçì³ðí³ñòü âèçíà÷àëàñÿ ç 
âèêîðèñòàííÿì ìåòîäó BOX COUNTING [2], ÿêèé º íàéá³ëüø 
óí³âåðñàëüíèì òà äîçâîëÿº ïðàöþâàòè ³ç çîáðàæåííÿìè áóäü-ÿêî¿ 
ñòðóêòóðè. Äëÿ îòðèìàííÿ ôðàêòàëüíèõ ðîçïîä³ëåíü âèêîðèñòîâóºòüñÿ 

ìåòîä  êîâçàþ÷îãî â³êíà, ÿêèé ïîëÿãàº ó âèçíà÷åíí³ ôðàêòàëüíî¿ 
ðîçì³ðíîñò³ â ìåæàõ â³êíà, ðîçì³ð ÿêîãî ìîæíà çàäàâàòè äîâ³ëüíî. Â³êíî 
ïîï³êñåëüíî ïåðåì³ùóºòüñÿ ïî çîáðàæåííþ. Ïðè öüîìó íà êîæíîìó êðîö³ 
îá÷èñëþºòüñÿ ôðàêòàëüíà ðîçì³ðí³ñòü çîáðàæåííÿ, ùî ïîòðàïèëî ó 

êîâçàþ÷å â³êíî [2]. Ï³ñëÿ ÷îãî ïðîâîäèòüñÿ ïîáóäîâà ¿õ åìï³ðè÷íîãî 

ðîçïîä³ëó éìîâ³ðíîñòåé ( ) / max( )W D W D . Ñêëàäí³ çîáðàæåííÿ ï³ñëÿ 
îá÷èñëåííÿ ôðàêòàëüíèõ ðîçïîä³ëåíü äàþòü áàãàòîìîäàëüí³ ðîçïîä³ëè. 

Ðåçóëüòàòè äîñë³äæåíü òà ¿õ îáãîâîðåííÿ 

Àíàë³ç êðèñòàë³÷íèõ ïîâåðõîíü ç ñèìåòð³ºþ ð³çíèõ ïîðÿäê³â òà 
êâàç³êðèñòàë³÷íèõ ïîâåðõîíü Ïåíðîóçà äîçâîëèâ âèçíà÷èòè ¿õ ôðàêòàëüí³ 
ðîçì³ðíîñò³, ïîáóäóâàòè ðîçïîä³ëåííÿ ëîêàëüíèõ ôðàêòàëüíèõ ðîçì³ðíîñòåé 
òà ôðàêòàëüí³ ñèãíàòóðè, òîáòî ¿õ ôðàêòàëüí³ ìîäåë³. Â õîä³ äîñë³äæåííÿ 
áóëî âèçíà÷åíî çðîñòàííÿ ôðàêòàëüíî¿ ðîçì³ðíîñò³ ³ç çá³ëüøåííÿì 
ê³ëüêîñò³ ³òåðàö³é. Ïðè öüîìó â³äçíà÷åíî ìàéæå íà âñ³õ âèäàõ ïîâåðõîíü 
íåçíà÷íå çíèæåííÿ çíà÷åíü ôðàêòàëüíî¿ ðîçì³ðíîñò³ ïðè ê³ëüêîñò³ 
³òåðàö³é, ùî äîð³âíþþòü 5 òà 6 [3].  

Ðåçóëüòàòè äîñë³äæåíü êðèñòàë³÷íèõ ñòðóêòóð íàâåäåíî â òàáëèö³ 1, ç 
ÿêî¿ âèäíî, ùî ôðàêòàëüí³ ðîçïîä³ëåííÿ ìàéæå äëÿ âñ³õ âèä³â ïîâåðõîíü 
ìàþòü áàãàòîìîäàëüíèé ðîçïîä³ë ³ øèðîêèé ðîçêèä çíà÷åíü ôðàêòàëüíî¿ 
ðîçì³ðíîñò³, ÿêèé âêàçóº íà ñêëàäí³ çîáðàæåííÿ. Ôðàêòàëüíå ðîçïîä³ëåííÿ 
êîæíî¿ ³ç ïîáóäîâàíèõ ïîâåðõîíü ìàº ê³ëüê³ñòü ìîä, ÿêà ñï³âïàäàº ç 
ïîðÿäêîì ñèìåòð³¿. Òàêèì ÷èíîì, ôðàêòàëüí³ ìåòîäè äîçâîëÿþòü âèçíà÷àòè 
ïîðÿäîê îáåðòàëüíî¿ ñèìåòð³¿ êðèñòàë³÷íèõ ìàòåð³àë³â. 
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Òàáëèöÿ 1 

Ôðàêòàëüíà ðîçì³ðí³ñòü òà ôðàêòàëüí³ ðîçïîä³ëåííÿ ïîâåðõîíü ç 
îð³ºíòàö³éíîþ ñèìåòð³ºþ äðóãîãî, òðåòüîãî òà ÷åòâåðòîãî ïîðÿäê³â 

Çîáðàæåííÿ 
ïîâåðõí³ 

Ôðàêòàëüíà 
ðîçì³ðí³ñòü, nD  

(n – ñòóï³íü 
äåòàë³çàö³¿ ïîâåðõí³) 

Ôðàêòàëüí³ ðîçïîä³ëåííÿ 

Ñèìåòð³ÿ  
2-ãî ïîðÿäêó 

 

4 1,65D =  

5 1,81D =  

6 1,86D =  

7 1,79D =  

8 1,85D =  

9 1,87D =   

Ñèìåòð³ÿ  
3-ãî ïîðÿäêó 

 

4 1,58D =  

5 1,73D =  

6 1,75D =  

7 1,67D =  

8 1,72D =  

9 1,74D =   

Ñèìåòð³ÿ  
4-ãî ïîðÿäêó 

 

4 1,72D =  

5 1,85D =  

6 1,85D =  

7 1,87D =  

8 1,85D =  

9 1,85D =   

 
Â òàáëèö³ 2 ïðåäñòàâëåí³ çîáðàæåííÿ ïîâåðõîíü Ïåíðîóçà òà ðîçïîä³ë 

¿õ ëîêàëüíèõ ôðàêòàëüíèõ ðîçì³ðíîñòåé. Ôðàêòàëüíå ðîçïîä³ëåííÿ 
íàâåäåíî äëÿ âñ³õ âèä³â ïîâåðõîíü ëèøå ïðè ê³ëüêîñò³ ³òåðàö³é, ùî 
äîð³âíþº 9, îñê³ëüêè ðîçïîä³ë ëîêàëüíèõ ôðàêòàëüíèõ ðîçì³ðíîñòåé â³ä 
ê³ëüêîñò³ ³òåðàö³é ³ñòîòíî íå çì³íþºòüñÿ. Öåé ôàêò ãîâîðèòü ïðî òå, ùî â³ä 
á³ëüøî¿ äåòàë³çàö³¿ ïîâåðõí³ ¿¿ îñíîâí³ âëàñòèâîñò³ çàëèøàþòüñÿ 
íåçì³ííèìè.  

Ç òàáëèö³ 2 âèäíî, ùî ôðàêòàëüí³ ðîçïîä³ëåííÿ ìàéæå äëÿ âñ³õ âèä³â 
ïîâåðõîíü ìàþòü áàãàòîìîäàëüíèé ðîçïîä³ë ³ øèðîêèé ðîçêèä çíà÷åíü 
ôðàêòàëüíî¿ ðîçì³ðíîñò³. Êîæíà ìîäà òàêîãî ðîçïîä³ëó â³äïîâ³äàº êëàñòåðó 
çîáðàæåííÿ, ùî ìàº áëèçüê³ çíà÷åííÿ ëîêàëüíèõ ðîçì³ðíîñòåé. Ïðè öüîìó 
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ñë³ä â³äçíà÷èòè, ùî ôðàêòàëüíå ðîçïîä³ëåííÿ áóäü-ÿêî¿ ³ç ïîâåðõîíü 
Ïåíðîóçà ìàº ï’ÿòü òàêèõ ìîä. Öå âêàçóº íà îáåðòàëüíó ñèìåòð³þ ï'ÿòîãî 
ïîðÿäêó, ÿêó ìàº ìîçà¿êà Ïåíðîóçà, à îòæå - ³ ïîâåðõí³ Ïåíðîóçà. 
Âèíÿòêîì º ïåðøà ïîâåðõíÿ, ôðàêòàëüíå ðîçïîä³ëåííÿ ÿêî¿ ìàº 
íîðìàëüíèé õàðàêòåð, à ìîäè ìàéæå íå âèä³ëÿþòüñÿ, ùî âêàçóº íà ¿¿ 
â³äíîñíó îäíîð³äí³ñòü. Ã³ñòîãðàìà ëîêàëüíèõ ôðàêòàëüíèõ ðîçì³ðíîñòåé 
ïðè öüîìó âóæ÷å, ùî ñâ³ä÷èòü ïðî ïåðåâàæàííÿ ñòðóêòóð ç íåâåëèêèì 
ðîçêèäîì çíà÷åíü ôðàêòàëüíî¿ ðîçì³ðíîñò³. Òàêèé ìåòîä âèçíà÷åííÿ 

ïîðÿäêó îáåðòàëüíî¿ ñèìåòð³¿ çàïðîïîíîâàíî ó ðîáîò³ íàçèâàòè ìåòîäîì 
ôðàêòàëüíèõ ðîçïîä³ëåíü.  

Òàáëèöÿ 2 

Ðîçïîä³ëåííÿ ëîêàëüíèõ ôðàêòàëüíèõ ðîçì³ðíîñòåé çîáðàæåíü Ïåíðîóçà 
Çîáðàæåííÿ ïîâåðõí³ 

Ïåíðîóçà 
Ôðàêòàëüí³ ðîçïîä³ëåííÿ 

¹1 

 
 

¹2 

 
 

¹3 

 
 

Òàêèì ÷èíîì, âèÿâëåíà ìîæëèâ³ñòü âèêîðèñòàííÿ ôðàêòàëüíîãî 
àíàë³çó äëÿ âèçíà÷åííÿ ïîðÿäêó îáåðòàëüíî¿ ñèìåòð³¿ êâàç³êðèñòàë³÷íèõ 



“Ñó÷àñí³ ïðîáëåìè ìåòàëóðã³¿”, ¹ 16 – 2013 

68  ISSN 1991-7848 

ìàòåð³àë³â. Òàêîæ, ó äàíîìó âèïàäêó, ìîæíà ãîâîðèòè ³ ïðî ³äåíòèô³êàö³þ 
êðèñòàë³÷íèõ òà êâàç³êðèñòàë³÷íèõ ñòðóêòóð çà äîïîìîãîþ ïîáóäîâè 
ôðàêòàëüíèõ ðîçïîä³ëåíü: ïðè îòðèìàíí³ ôðàêòàëüíèõ ðîçïîä³ëåíü ç 
ïåâíîþ ê³ëüê³ñòþ ìîä ìîæíà çðîáèòè âèñíîâîê ïðî êðèñòàë³÷í³ àáî 
êâàç³êðèñòàë³÷í³ âëàñòèâîñò³ äàíî¿ ñòðóêòóðè. 

Âèñíîâêè 

Ìîçà¿êè Ïåíðîóçà ìàþòü âëàñòèâ³ñòü ñàìîïîä³áíîñò³ òà 
âèêîðèñòîâóþòüñÿ ïðè ïîáóäîâ³ ôðàêòàëüíèõ ïîâåðõîíü - ïîâåðõîíü 
Ïåíðîóçà, ÿê³ ó ñâîþ ÷åðãó ÿâëÿþòü ñîáîþ ìîäåëü êâàç³êðèñòàë³â. Â õîä³ 
äîñë³äæåíü áóëè ïîáóäîâàí³ ïîâåðõí³ äðóãîãî, òðåòüîãî, ÷åòâåðòîãî 
ïîðÿäê³â ñèìåòð³¿, ïîâåðõí³ Ïåíðîóçà íà îñíîâ³ äâîõ âèä³â ìîçà¿êè ç 
ð³çíèìè ðîçôàðáóâàííÿìè òà ïðîâåäåíèé àíàë³ç ¿õ ôðàêòàëüíèõ 
õàðàêòåðèñòèê. Àíàë³ç ïîâåðõîíü Ïåíðîóçà äîçâîëèâ âèçíà÷èòè ¿õ 
ôðàêòàëüí³ ðîçì³ðíîñò³, ïîáóäóâàòè ðîçïîä³ëåííÿ ëîêàëüíèõ ôðàêòàëüíèõ 
ðîçì³ðíîñòåé òà ôðàêòàëüí³ ñèãíàòóðè. 

Áóëî âèçíà÷åíî çðîñòàííÿ ôðàêòàëüíî¿ ðîçì³ðíîñò³ ³ç çá³ëüøåííÿì 
ê³ëüêîñò³ ³òåðàö³é. Ïðè öüîìó â³äçíà÷åíî ìàéæå íà âñ³õ âèäàõ ïîâåðõîíü 
íåçíà÷íå çíèæåííÿ çíà÷åíü ôðàêòàëüíî¿ ðîçì³ðíîñò³ ïðè ê³ëüêîñò³ 
³òåðàö³é, ùî äîð³âíþþòü 5 òà 6. 

Ðîçïîä³ë ëîêàëüíèõ ôðàêòàëüíèõ ðîçì³ðíîñòåé â³ä ê³ëüêîñò³ ³òåðàö³é 
³ñòîòíî íå çì³íþºòüñÿ, ùî ãîâîðèòü ïðî ïîñò³éí³ñòü îñíîâíèõ âëàñòèâîñòåé 
ïîâåðõîíü ïðè çá³ëüøåíí³ äåòàë³çàö³¿ ïîâåðõí³.  

Â õîä³ àíàë³çó âèÿâëåíî, ùî ôðàêòàëüí³ ðîçïîä³ëåííÿ ìàéæå äëÿ âñ³õ 
âèä³â ïîâåðõîíü ìàþòü áàãàòîìîäàëüíèé ðîçïîä³ë ³ øèðîêèé ðîçêèä 
çíà÷åíü ôðàêòàëüíî¿ ðîçì³ðíîñò³. Ïðè öüîìó ñë³ä â³äçíà÷èòè, ùî 
ôðàêòàëüíå ðîçïîä³ëåííÿ áóäü-ÿêî¿ ³ç ïîâåðõîíü ìàº òàêó ê³ëüê³ñòü ìîä, 
ÿêà ñï³âïàäàº ç  ïîðÿäêîì îáåðòàëüíî¿ ñèìåòð³¿, ÿêèé ìàº êîæíà ç 
àíàë³çîâàíèõ ïîâåðõîíü. 
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Äí³ïðîïåòðîâñüê. – 2012. – Ñ. 155–164. 
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9
 

ÊÐÈÒÅÐÈÀËÜÍÛÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ ÊÈÍÅÒÈÊÈ È 
ÌÀÑÑÎÎÁÌÅÍÀ ÏÐÈ ÑÎÂÌÅÑÒÍÎÌ ÂÎÑÑÒÀÍÎÂËÅÍÈÈ 

ÌÀÐÃÀÍÖÀ È ÊÐÅÌÍÈß 

Àííîòàöèÿ. Ïîêàçàíî, ÷òî ïðè âîññòàíîâëåíèè ýëåìåíòîâ èç æèäêèõ îêñèäíûõ 
ïëåíîê â æèäêèå ìåòàëëè÷åñêèå ôàçû âåëè÷èíà ÷èñåë Äàìêåëåðà èìååò ïîðÿäîê 
10-7...10-16, ÷òî ñâèäåòåëüñòâóåò î âûñîêèõ âîçìîæíîñòÿõ äèôôóçèîííûõ 
ïðîöåññîâ ïî ñðàâíåíèþ ñ êèíåòè÷åñêèìè è ÷èñòî êèíåòè÷åñêîì ðåæèìå ïðîöåññà. 
Äëÿ òàêèõ óñëîâèé âîññòàíîâëåíèÿ ôèçèêî-õèìè÷åñêèå êðèòåðèè ðàâíîâåñèÿ  
Ðà = 0 è êîíòàêòà Êî = 1, ÷òî óêàçàëî íà ïîëíóþ íåîáðàòèìîñòü ïðîöåññà è åãî 
èíâàðèàíòíîñòü. Òàêèå ïðîöåññû âñåãäà ïîäîáíû è íå çàâèñÿò îò ìàñøòàáà 
ìîäåëè, à òàêæå îò ïðåîáðàçîâàíèÿ ïåðåìåííûõ, õàðàêòåðèçóþùèõ õîä ïðîöåññà 
(êîîðäèíàòû, âðåìÿ). 

Êëþ÷åâûå ñëîâà: ìîäåëèðîâàíèå, âîññòàíîâëåíèå, ÷èñëî Äàìêåëëåðà, êðèòåðèé, 
êèíåòèêà. 

 

Ïîêàçàíî, ùî ïðè â³äíîâëåíí³ åëåìåíò³â ç ð³äêèõ îêñèäíèõ ïë³âîê ó ð³äê³ 
ìåòàëåâ³ ôàçè âåëè÷èíà ÷èñåë Äàìêåëåðà ìàº ïîðÿäîê 10-7..10-16, ùî ñâ³ä÷èòü ïðî 
âèñîê³ ìîæëèâîñò³ äèôóç³éíèõ ïðîöåñ³â â ïîð³âíÿíí³ ç ê³íåòè÷íèìè ³ ÷èñòî 
ê³íåòè÷íîìó ðåæèì³ ïðîöåñó. Äëÿ òàêèõ óìîâ â³äíîâëåííÿ ô³çèêî-õ³ì³÷í³ 
êðèòåð³¿ ð³âíîâàãè Ðà=0 ³ êîíòàêòó Êî=1, ùî âêàçàëî íà ïîâíó íåçâîðîòí³ñòü 
ïðîöåñó ³ éîãî ³íâàð³àíòí³ñòü. Òàê³ ïðîöåñè çàâæäè ïîä³áí³ ³ íå çàëåæàòü â³ä 
ìàñøòàáó ìîäåë³, à òàêîæ â³ä ïåðåòâîðåííÿ çì³ííèõ, ùî õàðàêòåðèçóþòü õ³ä 
ïðîöåñó (êîîðäèíàòè, ÷àñ). 

 

It is shown that the reduction of the liquid element oxide films in the liquid metal 
phase Damkohler number value is of the order of 10-7-10-16, reflecting the high 
possibilities of diffusion processes, as compared to a purely kinetic and kinetic mode 
process. For these conditions the recovery physicochemical equilibrium criteria Ra = 0 
and contact Co = 1, which indicated the complete irreversibility of the process and its 
invariance. These processes are always similar and do not depend on scale model, and 
transformation of the variables characterizing the process (the position, time). 

Ââåäåíèå 

Â âîññòàíîâèòåëüíûõ ìåòàëëóðãè÷åñêèõ ïðîöåññàõ íàèáîëåå øèðîêî 
èñïîëüçóåòñÿ óãëåðîäîòåðìè÷åñêîå âîññòàíîâëåíèå. Ïðè åãî ïðîâåäåíèè â 
øàõòíûõ ïå÷àõ, ðàáîòàþùèõ ñëîåâûì ïðîöåññîì, ïðÿìîå âîññòàíîâëåíèå 
îñóùåñòâëÿåòñÿ èç æèäêèõ îêñèäíûõ ïëåíîê, ñòåêàþùèõ ïî êóñêàì 
óãëåðîäèñòîãî âîññòàíîâèòåëÿ (êîêñà) [1]. Â ýòîì ñëó÷àå îïðåäåëÿþùåå 
çíà÷åíèå èìååò ïîòîê óãëåðîäà, ðàñõîäóåìîãî íà âîññòàíîâëåíèå ðàçëè÷íûõ 
ýëåìåíòîâ. 

Èçëîæåíèå îñíîâíîãî ìàòåðèàëà 

Â îáùåì âèäå ðåàêöèÿ âîññòàíîâëåíèÿ ýëåìåíòà òâåðäûì óãëåðîäîì èç 
ïëåíêè æèäêîãî îêñèäà ñ îáðàçîâàíèåì ïëåíêè æèäêîãî ìåòàëëà  èìååò 
âèä  
  (ÅÎn) + n Còâ = [E ] + n COãàç. (1) 

                                    
©  Ïðîéäàê Þ.Ñ., Ìÿíîâñêàÿ ß.Â., Êàìêèíà Ë.Â., 2013 



“Ñó÷àñí³ ïðîáëåìè ìåòàëóðã³¿”, ¹ 16 – 2013 

70  ISSN 1991-7848 

Óðàâíåíèå ãîìîãåííîãî ïðîöåññà îáðàçîâàíèÿ i-ãî ýëåìåíòà [E], êã/ì3, 
â ìåòàëëè÷åñêîé ôàçå è åãî äèôôóçèîííîãî ïåðåíîñà èìååò âèä: 

 
,

2

2

x
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Dr

ф

E
ii ∂
∂

∂
∂

−=  (2) 

ãäå ri – ñêîðîñòü îáðàçîâàíèÿ i-ãî ýëåìåíòà, êã/(ì3 c), Di – êîýôôèöèåíò åãî 
äèôôóçèè â ìåòàëëè÷åñêîé ôàçå, (ì2/ñ). Ïðèâåäåíèå óðàâíåíèÿ (2) ê 
áåçðàçìåðíîìó âèäó ñäåëàíî ñ ïîìîùüþ ââåäåíèÿ áåçðàçìåðíûõ âåëè÷èí: 

êîíöåíòðàöèè ρ
i=E/Emax è êîîðäèíàòû , ãäå Emax – ìàêñèìàëüíàÿ 

êîíöåíòðàöèÿ ýëåìåíòà, â êà÷åñòâå êîòîðîé ìîæåò áûòü ïðèíÿòà 

êîíöåíòðàöèÿ, ðàâíîâåñíàÿ ñî øëàêîì,  – òîëùèíà ïëåíêè ìåòàëëà. 

Ñîîòâåòñòâåííî, Ei = ρ
i Emax è . Ïîñëå ïîäñòàíîâêè è 

ñîîòâåòñòâóþùèõ ïðåîáðàçîâàíèé áóäåò  

 

.
EFo 2

22

η∂
ρ∂δρ∂ i

ii

ii

D

r
−=

Д

 (3) 

Òàêèì îáðàçîì, ïîëó÷åíî äâà êðèòåðèÿ: ÷èñëî Ôóðüå äèôôóçèîííîå 

 è âòîðîå ÷èñëî Äàìêåëåðà , êîòîðîå ÿâëÿåòñÿ ìåðîé 
îòíîøåíèÿ èçìåíåíèÿ ÷èñëà ìîëåé îò õèìè÷åñêîé ðåàêöèè ê èçìåíåíèþ 
÷èñëà ìîëåé îò ìîëåêóëÿðíîãî ïåðåíîñà.   

Ìîæíî ñ÷èòàòü, ÷òî ñêîðîñòü ðåàêöèè ñ îáðàçîâàíèåì ìåòàëëè÷åñêîé 

ïëåíêè ïðîïîðöèîíàëüíà ïðîèçâåäåíèþ êîíñòàíòû ñêîðîñòè ðåàêöèè ki, 
êã/(ì3 ñ), íà êîíöåíòðàöèþ óãëåðîäà è ðàçíîñòü ðàâíîâåñíîé è òåêóùåé 
êîíöåíòðàöèé âîññòàíàâëèâàåìîãî ýëåìåíòà. Â íà÷àëüíûé ìîìåíò 
îáðàçîâàíèÿ ïëåíêè [E]=0, ïðè âçàèìîäåéñòâèè ïëåíêè îêñèäà ñ òâåðäûì 

óãëåðîäîì ac = 1, òî ïðè PCO=1 ðàâíîâåñíàÿ ñî øëàêîì  êîíöåíòðàöèÿ 
ýëåìåíòà 

  (4) 
ãäå KPi –  êîíñòàíòà ðàâíîâåñèÿ ðåàêöèè âîññòàíîâëåíèÿ  (1).  

Ñêîðîñòü ðåàêöèè âîññòàíîâëåíèÿ ðàâíà ïîòîêó óãëåðîäà íà 
ïîâåðõíîñòè êîíòàêòà êóñêà âîññòàíîâèòåëÿ ñ îêñèäíîé ïëåíêîé  

  êã/(ì2 ñ), (5) 

îòêóäà  èëè  

  (6) 

Âåëè÷èíà  ââåäåíà â âûðàæåíèå äëÿ ri ñ öåëüþ ïåðåñ÷åòà 
ïîâåðõíîñòíîé êîíñòàíòû ñêîðîñòè â îáúåìíóþ; ïðèíÿòî, ÷òî ðåàêöèÿ 
ïðîòåêàåò â îáúåìå ìåòàëëè÷åñêîé ïëåíêè.  

Ïîñëå ïîäñòàíîâêè ñîîòâåòñòâóþùèõ âåëè÷èí â âûðàæåíèå äëÿ ÷èñëà 
Äàìêåëåðà ïîëó÷åíî  
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  (7) 
Íà îñíîâàíèè äàííûõ ïî êèíåòèêå ñîâìåñòíîãî âîññòàíîâëåíèÿ Mn è 

Si [2, 3] ðàññ÷èòàíû îñíîâíûå îòíîøåíèÿ êèíåòè÷åñêèõ è ìàññîîáìåííûõ 
õàðàêòåðèñòèê ïðîöåññîâ ïðè ñîâìåñòíîì âîññòàíîâëåíèè Mn è Si èç 

îêñèäíîãî ðàñïëàâà: íà êóñêàõ óãëåðîäèñòîãî âîññòàíîâèòåëÿ ïðè =7.10-8  

ì è ïëåíêàõ æèäêîãî ìåòàëëà, íàñûùåííûõ óãëåðîäîì, ïðè =4.10-4  ì, 
êîòîðûå ïðèâåäåíû â òàáëèöå.  

 

Òàáëèöà 

Îòíîñèòåëüíûå õàðàêòåðèñòèêè êèíåòèêè è ìàññîîáìåíà ïðè  
ñîâìåñòíîì âîññòàíîâëåíèè Si è Mn 

Çíà÷åíèÿ ïðè òåìïåðàòóðå, îÑ 
Âåëè÷èíà 

Åäèíèöà 
èçìåðåíèÿ 1400 1500 1600 1650 

IÑ 
Mn êã/(ì2 ñ) 1,65 10-6 2,63 10-6 5,68 10-6 8,24 10-6 

IÑ 
Si êã/(ì2 ñ) 5,4 10-8 2,7 10-7 1,65 10-6 1,65 10-6 

[Mn] êã/ì3 6540 6470 6130 5870 
[Si] êã/ì3 55 170 550 860 
DMn ì2/ñ 3,62 10-9 4,52 10-9 5,5 10-9 6,03 10-9 
DSi ì2/ñ 2 10-9 2,29 10-9 2,6 10-9 2,76 10-9 

 ì 7 10-8 7 10-8 7 10-8 7 10-8 
kMn êã/(ì3 ñ) 2,38 10-13 1,29 10-13 1,06 10-13 1,02 10-13 
kSi êã/(ì3 ñ) 6,43 10-12 2,38 10-12 1,22 10-12 9,2 10-13 
DaMn  2 10-16 4,47 10-16 8,33 10-16 1,07 10-15 
DaSi  2,42 10-15 3,14 10-15 6,83 10-15 9,8 10-15 

 ì 4 10-4 4 10-4 4 10-4 4 10-4 
kMn êã/(ì3 ñ) 1,32 10-9 7,37 10-9 6,05 10-10 5,8 10-10 
kSi êã/(ì3 ñ) 3,67 10-8 1,36 10-8 6,97 10-9 5,25 10-10 
DaMn  6,56 10-9 1,46 10-8 2,72 10-8 3,49 10-8 
DaSi  7,9 10-8 1,02 10-7 2,32 10-7 3,2 10-7 

 
Êàê âèäíî, âî âñåõ ñëó÷àÿõ çíà÷åíèÿ ÷èñëà Da íà ìíîãî äåñÿòè÷íûõ 

ïîðÿäêîâ íèæå åäèíèöû. Ýòî ñâèäåòåëüñòâóåò î âûñîêèõ âîçìîæíîñòÿõ 
äèôôóçèîííûõ ïðîöåññîâ ïî ñðàâíåíèþ ñ êèíåòè÷åñêèìè â îáúåìàõ 
æèäêèõ ìåòàëëè÷åñêèõ ïëåíîê êàê îáðàçóþùèõñÿ íà êóñêàõ òâåðäîãî 
âîññòàíîâèòåëÿ, òàê è íà ñòåêàþùèõ ïëåíêàõ æèäêîãî ìåòàëëà, 
íàñûùåííîãî óãëåðîäîì. Ñëåäîâàòåëüíî, ïðè ñóùåñòâóþùèõ óñëîâèÿõ 
âîññòàíîâëåíèÿ ñêîðîñòè ìàññîîáìåííûõ ïðîöåññîâ ðàâíû  ñêîðîñòè ïðÿìîé 

ðåàêöèè – U ïð  [4]:     

 Uïð = Uîáì,   Uîáð = 0, (8) 
ãäå – ñêîðîñòü ïðîöåññîâ ìàññîîáìåíà, Uîáð – ñêîðîñòü îáðàòíîé ðåàêöèè.   

Äëÿ õàðàêòåðèñòèêè îòíîøåíèÿ ñêîðîñòè ðåàêöèè Uïð n·r  ê ñêîðîñòè 

îáìåíà â òåîðèè ôèçèêî-õèìè÷åñêîãî ïîäîáèÿ [4] ñóùåñòâóþò êðèòåðèè 

ðàâíîâåñèÿ Ðà=Uîáð /Uïð  è êîíòàêòà Êî=Uïð/Uîáì. Äëÿ óñëîâèé 
âîññòàíîâëåíèÿ Si è Mn â æèäêèå ìåòàëëè÷åñêèå ïëåíêè Ðà=0, Êî=1. 
Òàêèå çíà÷åíèÿ êðèòåðèåâ ñâèäåòåëüñòâóþò, ÷òî ýòè ïðîöåññû ïîëíîñòüþ 
íåîáðàòèìû è èíâàðèàíòíû â êèíåòè÷åñêîì îòíîøåíèè, ò.å. âñåãäà ïîäîáíû 
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è íå çàâèñÿò îò ìàñøòàáà ìîäåëè, à òàêæå íå çàâèñÿò îò ïðåîáðàçîâàíèÿ 
ïåðåìåííûõ, ñâÿçàííûõ ñ ýòèìè âûðàæåíèÿìè, â ÷àñòíîñòè ïðè ïåðåõîäå 
îò âðåìåííûõ êîîðäèíàò ê ëèíåéíûì.  

Ïðè âîññòàíîâëåíèè ýëåìåíòà óãëåðîäîì, ðàñòâîðåííûì â ìåòàëëå, 
óðàâíåíèå äëÿ óãëåðîäà ìîæåò áûòü çàïèñàíî êàê:   

 
,
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+∑=  (8) 

ãäå ri  – ñêîðîñòü ðåàêöèè âîññòàíîâëåíèÿ i-ãî ýëåìåíòà.   

Â ñâîþ î÷åðåäü ri = k· ([E]Ð – [E ]í),  ïðè [E]í = 0,  ri = ki · [E]P,  

ãäå [E]Ð – ðàâíîâåñíàÿ ñî øëàêîì è [E] í  – íà÷àëüíàÿ  
êîíöåíòðàöèÿ âîññòàíàâëèâàåìîãî ýëåìåíòà. Ðàâíîâåñíàÿ  

êîíöåíòðàöèÿ âîññòàíàâëèâàåìîãî ýëåìåíòà ïðè a[C] = 1 è   
PCO  =1  áóäåò  òàêîé æå, êàê (3).   

Â ýòîì ñëó÷àå ñêîðîñòü ðåàêöèè ìîæåò áûòü çàïèñàíà   

 , (9) 

ãäå   

Ñêîðîñòü èçìåíåíèÿ êîíöåíòðàöèè óãëåðîäà, êã/(ì3
·ñ) ìîæåò áûòü 

çàìåíåíà ïîòîêîì óãëåðîäà – IC, íî â ñâÿçè ñ òåì, ÷òî ýòîò ïîòîê èìååò 

åäèíèöó èçìåðåíèÿ êã/(ì2
·ñ), âñå ÷ëåíû óðàâíåíèÿ (8) äîëæíû áûòü 

óìíîæåíû íà õàðàêòåðíûé ðàçìåð, â êà÷åñòâå êîòîðîãî âûáðàíà òîëùèíà 

ïëåíêè ìåòàëëà – . Ïðèâåäåíèå óðàâíåíèÿ ê áåçðàçìåðíîìó âèäó ìîæåò 

áûòü ñäåëàíî òàêæå ââîäîì áåçðàçìåðíîé êîîðäèíàòû  è áåçðàçìåðíîé 

êîíöåíòðàöèè : 
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Âûðàæåíèå ïîä çíàêîì åñòü ÷èñëî Äàìêåëåðà, ò.å. áåçðàçìåðíûé 
ïîòîê óãëåðîäà íà âîññòàíîâëåíèå ðàâåí ñóììå ÷èñåë Äàìêåëåðà ïî 
óãëåðîäó.  

Äëÿ ñòàöèîíàðíîãî ïðîöåññà èçìåíåíèå ãðàäèåíòà  êîíöåíòðàöèè 

 è óðàâíåíèå (10) ïðèìåò âèä  

 IC  = ∑ n k’i  KPi X( EOn). (11) 
Äëÿ ñëó÷àÿ âîññòàíîâëåíèÿ, íàïðèìåð, Si, Mn è Fe  óðàâíåíèå (11) 

áóäåò  

 IC = n1 k’Mn KMn X(MnO) + n2 k’Si KSi X(Si O2) + n3 k’Fe KFe X(FeO), (12) 
ãäå k’Mn, k’Si, k’Fe – îòíîñèòåëüíûå êîíñòàíòû ñêîðîñòåé ðåàêöèé 

âîññòàíîâëåíèÿ êã/(ì2
·ñ); KMn, KSi, KFe – êîíñòàíòû ðàâíîâåñèÿ ðåàêöèé 

âîññòàíîâëåíèÿ. Ðàñïðåäåëåíèå ïîòîêà óãëåðîäà ìåæäó 
âîññòàíàâëèâàåìûìè ýëåìåíòàìè ìîæåò áûòü íàéäåíî îïðåäåëåíèåì 
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îòíîñèòåëüíûõ êîíñòàíò ñêîðîñòåé íà îñíîâàíèè ýêñïåðèìåíòàëüíûõ 
äàííûõ, íàïðèìåð, ìåòîäàìè ìíîæåñòâåííîé êîððåëÿöèè. 

Çíà÷èòåëüíî áîëåå ñëîæíûì ÿâëÿåòñÿ ðàñ÷åò óãëåðîäà íà 
âîññòàíîâëåíèå îòäåëüíûõ ýëåìåíòîâ. Ïðè ðàñ÷åòàõ âçàèìîäåéñòâèÿ 
ìåòàëëà ñî øëàêîì ìîãóò áûòü ñëó÷àè, êîãäà êîíöåíòðàöèÿ îäíèõ 
ýëåìåíòîâ â ìåòàëëå íèæå, à äðóãèõ âûøå, ðàâíîâåñíûõ ñî øëàêîì. Îäíàêî 
â ïðîöåññàõ ñîâìåñòíîãî âîññòàíîâëåíèÿ ýëåìåíòîâ òâåðäûì óãëåðîäîì èç 
îäíîãî è òîãî æå øëàêîâîãî ðàñïëàâà, êîãäà òîëüêî íà÷èíàåò 
îáðàçîâûâàòüñÿ ïëåíêà ìåòàëëè÷åñêîãî ðàñïëàâà òðóäíî ïðåäïîëîæèòü, ÷òî 
êîíöåíòðàöèÿ ýëåìåíòà â ìåòàëëå ìîæåò áûòü âûøå ðàâíîâåñíîé ñ 
îêñèäíûì ðàñïëàâîì. Íàèáîëåå âåðîÿòíûì ñëåäóåò ñ÷èòàòü îáðàçîâàíèå 
ìåòàëëè÷åñêîãî ðàñïëàâà ñ ñîäåðæàíèåì ýëåìåíòîâ, ðàâíîâåñíûì ñî 
øëàêîâûì ðàñïëàâîì. Ïðè èçâåñòíîé âåëè÷èíå ïîòîêà óãëåðîäà ìàññà 
âîññòàíîâëåííîãî ìåòàëëà äëÿ òðåõ âûøåóïîìÿíóòûõ ýëåìåíòîâ áóäåò  
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Âûâîäû 

Ïðè óãëåðîäîòåðìè÷åñêîì âîññòàíîâëåíèè ìàðãàíöà è êðåìíèÿ èç 
æèäêèõ îêñèäíûõ ïëåíîê ñêîðîñòü ðåàêöèè ðàâíà ïîòîêó óãëåðîäà íà 
ïîâåðõíîñòè êîíòàêòà êóñêà âîññòàíîâèòåëÿ ñ îêñèäíîé ïëåíêîé. Âåëè÷èíà 

êðèòåðèÿ Äàìêåëåðà äëÿ ýòèõ ðåàêöèé èìååò ïîðÿäîê 10-7-10-16, ÷òî 
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ñðàâíåíèþ ñ êèíåòè÷åñêèìè â îáúåìàõ æèäêèõ ìåòàëëè÷åñêèõ ïëåíîê. 

Ñêîðîñòü ðåàêöèè âîññòàíîâëåíèÿ ýëåìåíòîâ áóäåò îïðåäåëÿòüñÿ 
ïîòîêîì óãëåðîäà íà ïîâåðõíîñòè êîíòàêòà êóñêà âîññòàíîâèòåëÿ ñ 
îêñèäíîé ïëåíêîé, à ðàñïðåäåëåíèå ïîòîêà óãëåðîäà ìåæäó 
âîññòàíàâëèâàåìûìè ýëåìåíòàìè ìîæåò áûòü íàéäåíî îïðåäåëåíèåì 
îòíîñèòåëüíûõ êîíñòàíò ñêîðîñòåé íà îñíîâàíèè ýêñïåðèìåíòàëüíûõ 
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ÈÑÑËÅÄÎÂÀÍÈÅ ÏÐÎÖÅÑÑÀ ÎÁÐÀÁÎÒÊÈ ÂÍÅØÍÅÉ 
ÏÎÂÅÐÕÍÎÑÒÈ ÒÐÓÁÛ ÑÒÐÓÉÍÛÌ ÏÀÐÎÏËÀÇÌÅÍÍÛÌ 
ÐÀÇÐßÄÎÌ Â ÂÈÄÅ ÒÎ×Å×ÍÎÃÎ ÈÑÒÎ×ÍÈÊÀ Ñ ÏÎÌÎØÜÞ  

ÅÃÎ ÊËÅÒÎ×ÍÎ-ÀÂÒÎÌÀÒÍÎÉ ÌÎÄÅËÈ 

Ïðèâåäåíû ðåçóëüòàòû ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ ïðîöåññà îáðàáîòêè 
âíåøíåé ïîâåðõíîñòè òðóáû ñòðóéíûì ïàðîïëàçìåííûì ðàçðÿäîì â âèäå 
òî÷å÷íîãî èñòî÷íèêà. 

Êëþ÷åâûå ñëîâà: îáðàáîòêà ïàðîïëàçìåííûì ðàçðÿäîì, êîíöåíòðèðîâàííûé 
ïîòîê ýíåðãèè, ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå, êëåòî÷íûå àâòîìàòû, 
ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ, ñêîðîñòü íàãðåâà, ñêîðîñòü îõëàæäåíèÿ. 

 

Íàâåäåíî ðåçóëüòàòè ìàòåìàòè÷íîãî ìîäåëþâàííÿ ïðîöåñó îáðîáêè çîâí³øíüî¿ 
ïîâåðõí³ òðóáè ñòðóìåíåâèì ïàðîïëàçìåííèì ðîçðÿäîì ó âèãëÿä³ òî÷êîâîãî 
äæåðåëà.  

Êëþ÷îâ³ ñëîâà: îáðîáêà ïàðîïëàçìåííèì ðîçðÿäîì, êîíöåíòðîâàíèé ïîò³ê åíåðã³¿, 
ìàòåìàòè÷íå ìîäåëþâàííÿ, êë³òèíí³ àâòîìàòè, åôåêòèâíà ïîãîííå åíåðã³ÿ, 
øâèäê³ñòü íàãð³âó, øâèäê³ñòü îõîëîäæåííÿ. 

 

The results of mathematical modeling of processing outside of the pipe jet of steam-
plasma discharge in the form of a point source.  

Keywords: steam-plasma discharge treatment, a concentrated stream of energy, 
mathematical modeling, cellular automata, the effective heat input, the rate of 
heating, cooling rate. 

 
Ââåäåíèå. Ñîçäàíèå íîâûõ ìàøèíîñòðîèòåëüíûõ ìàòåðèàëîâ è 

óëó÷øåíèå êà÷åñòâà ñóùåñòâóþùèõ ÿâëÿåòñÿ îäíèì èç êëþ÷åâûõ çàäàíèé 
íàó÷íî-òåõíè÷åñêîãî ïðîãðåññà. Ïîñòîÿííîå óæåñòî÷åíèå òðåáîâàíèé ê 
ìàòåðèàëàì, ýêñïëóàòèðóåìûõ â àãðåññèâíûõ ñðåäàõ, âàêóóìå, ïðè 
âûñîêèõ òåìïåðàòóðàõ è äàâëåíèÿõ, à òàêæå â äðóãèõ ýêñòðåìàëüíûõ 
óñëîâèÿõ, ñòàâèò òðóäíîðàçðåøèìûå â ìàòåðèàëîâåä÷åñêîé íàóêå âîïðîñû. 
Âàæíîå ìåñòî â ðåøåíèè äàííîé ãëîáàëüíîé ïðîáëåìû ïðèíàäëåæèò 
ïîâåðõíîñòíûì ñëîÿì òâåðäûõ òåë. Èìåííî îíè îòâåòñòâåííû çà èçíîñî- è 
êîððîçèîííóþ ñòîéêîñòü è óñòàëîñòíóþ ïðî÷íîñòü, à òàêæå çà ðÿä äðóãèõ 
ôèçèêî-ìåõàíè÷åñêèõ õàðàêòåðèñòèê. Âîçìîæíîñòè òðàäèöèîííûõ ìåòîäîâ 
îáðàáîòêè ïîâåðõíîñòíûõ ñëîåâ èñ÷åðïàíû â îòëè÷èè îò íîâîé òåõíîëîãèè 
ñ èñïîëüçîâàíèåì êîíöåíòðèðîâàííûõ ïîòîêîâ ýíåðãèè (ÊÏÝ).  

Ïîñòàíîâêà çàäà÷è èññëåäîâàíèÿ. Àêòóàëüíîé ÿâëÿåòñÿ çàäà÷à 
ìàòåìàòè÷åñêîãî ìîäåëèðîâàíèÿ èçìåíåíèå òåìïåðàòóðû â ëîêàëüíûõ 
òî÷êàõ îáúåìà è ïîâåðõíîñòè îáðàáàòûâàåìîãî èçäåëèÿ ñ öåëüþ àíàëèçà 
äèíàìèêè ïðîòåêàíèÿ òåõíîëîãè÷åñêîãî ïðîöåññà è ôîðìóëèðîâêè 
ðåêîìåíäàöèé ïî åãî îñóùåñòâëåíèþ. 

Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæäåíèå. Ïðè âîçäåéñòâèè ÊÏÝ íà 
ïîâåðõíîñòü òåë ÷àñòü ïîòîêà ýíåðãèè ÷àñòè÷íî îòðàæàåòñÿ îò ïîâåðõíîñòè, 
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à îñòàëüíàÿ ïîãëîùàåòñÿ â òîíêîì ïîâåðõíîñòíîì ñëîå âåùåñòâà, âûçûâàÿ 
åãî íàãðåâ, ïëàâëåíèå è èñïàðåíèå â çàâèñèìîñòè îò ðåæèìà îáðàáîòêè. 
Ïðîöåññû ïåðåñòðîéêè ñòðóêòóðû, ðàçâèâàþùèåñÿ ïðè ýòîì, ïðîèñõîäÿò â 
óñëîâèÿõ, äàëåêèõ îò òåðìîäèíàìè÷åñêèõ ðàâíîâåñíûõ, è ïîçâîëÿþò 
ïîëó÷àòü ïîâåðõíîñòíûå ñëîè ñ óíèêàëüíûì êîìïëåêñîì ôèçèêî-
ìåõàíè÷åñêèõ ñâîéñòâ. Ñèñòåìàòè÷åñêèå èçó÷åíèÿ òåïëîâûõ ÿâëåíèé, 
ðàçâèâàþùèõñÿ â èçäåëèÿõ ïðè âîçäåéñòâèè ÊÏÝ, ïîçâîëÿåò îïðåäåëèòü 
íàèáîëåå ýôôåêòèâíûå òåõíîëîãè÷åñêèå ïðîöåññû, ñôîðìóëèðîâàòü 
îñíîâíûå òðåáîâàíèÿ ê ýíåðãåòè÷åñêèì õàðàêòåðèñòèêàì ÊÏÝ è îïðåäåëèòü 
îïòèìàëüíûå ðåæèìû âîçäåéñòâèÿ. 

Îäíàêî îòñóòñòâóåò ïðåäñòàâëåíèå î ìåõàíèçìàõ èçìåíåíèÿ ñòðóêòóðû 
è ñâîéñòâ ïîâåðõíîñòíûõ ñëîåâ ïîä âîçäåéñòâèåì ÊÏÝ, à òàêæå âûáîð 
îïòèìàëüíûõ ðåæèìîâ îáðàáîòêè, âñå ýòî ÿâëÿåòñÿ ñåðüåçíûì 
ïðåïÿòñòâèåì âíåäðåíèÿ äàííûõ òåõíîëîãè÷åñêèõ ïðîöåññîâ. Äëÿ 
ñîêðàùåíèÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ïî îòðàáîòêå òåõíîëîãè÷åñêîãî 
ïðîöåññà èñïîëüçóåòñÿ ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå.  

Íà äàííûé ìîìåíò ìîäåëåé îïèñûâàþùèõ òåðìè÷åñêîå âîçäåéñòâèå 
ïàðîïëàçìåííîãî ðàçðÿäà (ÏÏÐ) íà ïîâåðõíîñòü òðóá â ñóùåñòâóþùåé 
íàó÷íî-òåõíè÷åñêîé ëèòåðàòóðå íå âûÿâëåíî. Äëÿ ïîñòðîåíèÿ ìîäåëè 
òåðìè÷åñêîãî âîçäåéñòâèÿ ðàçðÿäà íà ïîâåðõíîñòü òðóáû, íåîáõîäèìî 
îáîáùèòü ýëåêòðè÷åñêèå õàðàêòåðèñòèêè ðàçðÿäà è íà èõ îñíîâå ïðîâåñòè 
ðàñ÷åò ýíåðãåòè÷åñêîãî áàëàíñà.  

Òàêèì îáðàçîì, â ðåçóëüòàòå êîìïëåêñíûõ ýêñïåðèìåíòàëüíûõ 
èññëåäîâàíèé ôèçè÷åñêèõ ïðîöåññîâ ñòðóéíîãî ïàðîïëàçìåííîãî ðàçðÿäà 
ìåæäó òîêîïðîâîäÿùèì òâåðäûì àíîäîì (îáðàáàòûâàåìàÿ òðóáà) è 
ýëåêòðîëèòè÷åñêèì êàòîäîì â õîäå îáðàáîòêè ïîâåðõíîñòè 
êîððîçèîííîñòîéêèõ òðóá, áûëî ïðîâåäåíî îáîáùåíèå ýëåêòðè÷åñêèõ 
õàðàêòåðèñòèê íåîáõîäèìûõ äëÿ ïðîâåäåíèÿ ðàñ÷åòà ýíåðãåòè÷åñêîãî 
áàëàíñà, à òàêæå ìîäåëèðîâàíèå òåðìè÷åñêîãî âîçäåéñòâèÿ ðàçðÿäà íà 
ïîâåðõíîñòü òðóáû. 

Î÷åâèäíî, ÷òî âàæíîé õàðàêòåðèñòèêîé ðàçðÿäà ÿâëÿåòñÿ 
ýíåðãåòè÷åñêèé áàëàíñ. Èñõîäÿ èç ïðèíöèïîâ òåðìîäèíàìèêè, ìîæíî 
çàïèñàòü òåïëîâîé áàëàíñ â ìåæýëåêòðîäíîì çàçîðå, ñâÿçûâàþùèé ïðèõîä 
è ðàñõîä òåïëà: 

 полезнеупрупрэпэнприх QQQQQQ ++++= ......   (1) 

ãäå прихQ  – îáùåå êîëè÷åñòâî òåïëà, ïîñòóïèâøåãî â ýëåìåíòû öåïè 

ýëåêòðîëèòíî-ïëàçìåííîé óñòàíîâêè ïðè ïðîõîæäåíèè òîêà; ..энQ  –

 êîëè÷åñòâî òåïëà, íà íàãðåâ ýëåêòðîëèòà â îáëàñòè çàæèãàíèÿ ðàçðÿäà; 

..эпQ  – êîëè÷åñòâî òåïëà, íà ïàðîîáðàçîâàíèå ýëåêòðîëèòà â îáëàñòè 

çàæèãàíèÿ ðàçðÿäà; .упрQ  – êîëè÷åñòâà òåïëà, íà óïðóãèå ñòîëêíîâåíèÿ â 

îáëàñòè ãîðåíèÿ ðàçðÿäà; .неупрQ  – êîëè÷åñòâà òåïëà, íà íåóïðóãèå 
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ñòîëêíîâåíèÿ â îáëàñòè ãîðåíèÿ ðàçðÿäà; .полезQ  – êîëè÷åñòâà òåïëà, 

ïîñòóïàþùèå â àíîä äëÿ åãî îáðàáîòêè â îáëàñòè ãîðåíèÿ ðàçðÿäà. 
Ðàññìîòðèì ïîäðîáíî ñïîñîáû îïðåäåëåíèÿ êàæäîé èç ñòàòåé 

òåïëîâîãî áàëàíñà.  
Ïðè îáðàáîòêå ïîâåðõíîñòè òðóáû ïàðîïëàçìåííûì ðàçðÿäîì ïðèõîä 

òåïëà çà ñ÷åò ðàáîòû ýëåêòðè÷åñêîãî òîêà [1] ìîæíî çàïèñàòü êàê 
ôóíêöèþ. 

 tUItSjUQприх ⋅⋅=⋅⋅⋅=  [Äæ],  (2) 

ãäå I  – ñèëà òîêà â ìåæýëåêòðîäíîì ðàññòîÿíèè ïðè îáðàáîòêå ÏÏÐ 

ïîâåðõíîñòè òðóáû, [À]; U  – íàïðÿæåíèå â ìåæýëåêòðîäíîì ðàññòîÿíèè 

ïðè îáðàáîòêå ÏÏÐ ïîâåðõíîñòè òðóáû, [Â]; t  – âðåìÿ îáðàáîòêè ÏÏÐ 

ïîâåðõíîñòè òðóáû, [ñ]; j  – ïëîòíîñòü òîêà â ìåæýëåêòðîäíîì ðàññòîÿíèè 

ïðè îáðàáîòêå ïàðîïëàçìåííûì ðàçðÿäîì ïîâåðõíîñòè òðóáû, [À/ì2];  

S  – ïëîùàäü ïîâåðõíîñòè òðóáû îáðàáàòûâàåìàÿ ïàðîïëàçìåííûì 
ðàçðÿäîì, [ì2]. 

При обработке поверхности трубы пароплазменным разрядом расход 

тепла за счет нагрева электролита под действием электрического тока 

можно представить в следующем виде: 

 ( )нкээзрэн ТТсmQ −⋅⋅=..  [Äæ]  (3) 

ãäå эзрm  – ìàññà ýëåêòðîëèòà â çîíå çàæèãàíèÿ ðàçðÿäà, [êã];  

эс  – ñðåäíÿÿ óäåëüíàÿ òåïëîåìêîñòü ýëåêòðîëèòà, [Äæ/(êã·Ê)];  

кТ  – òåìïåðàòóðà ãàçîæèäêîñòíîé ñìåñè ïðè äàííîì äàâëåíèè, [Ê];  

нТ  – íà÷àëüíàÿ òåìïåðàòóðà ýëåêòðîëèòà, [Ê]; G  – ðàñõîä ýëåêòðîëèòà 

(ýêñïåðèìåíòàëüíàÿ âåëè÷èíà), [ì3/ñ]; H  – âûñîòà ïëåíî÷íîãî  

êèïåíèÿ (ýêñïåðèìåíòàëüíàÿ âåëè÷èíà), [ì]; L  – ìåæýëåêòðîäíîå 

ðàññòîÿíèå, (ýêñïåðèìåíòàëüíàÿ âåëè÷èíà), [ì]; эρ  – ïëîòíîñòü 

ýëåêòðîëèòà, äëÿ 2% ( ) 424 SONH  ïðè 20ºÑ ðàâåí 1010,1 [êã/ì3]. 

Ïðè îáðàáîòêå ïîâåðõíîñòè òðóáû ÏÏÐ ðàñõîä òåïëà çà ñ÷åò 
ïàðîîáðàçîâàíèÿ ýëåêòðîëèòà ïîä äåéñòâèåì ýëåêòðè÷åñêîãî òîêà ìîæíî 
ïðåäñòàâèòü â ñëåäóþùåì âèäå: 

 эиспээп mQ γ⋅= ...  [Äæ], (4) 

ãäå испэm .  – ìàññà èñïàðèâøåãîñÿ ýëåêòðîëèòà â çîíå çàæèãàíèÿ 

ðàçðÿäà, [êã]; эγ – óäåëüíàÿ òåïëîòà ïàðîîáðàçîâàíèÿ, [Äæ/êã]. 
Âûñîòà ñòîëáà ïàðîïëàçìåííîãî ðàçðÿäà îïðåäåëÿëàñü ïî ôîòîãðàôèÿì 

ïîëó÷åííûõ ïðè ñêîðîñòíîé ôîòîñúåìêå. Íà ôîòîãðàôèè ïàðîïëàçìåííûé 
ðàçðÿä çàêðûâàëà ïàðîãàçîâàÿ îáîëî÷êà è ìåøàëà îáúåêòèâíî îöåíèòü åãî 
ãåîìåòðè÷åñêèå ðàçìåðû è ïðîâåñòè èõ àíàëèç. Äëÿ ýòîãî ïîëó÷åííîå 
èçîáðàæåíèå, îáðàáàòûâàëîñü â ñèñòåìå MATLAB ïóòåì êîíòðàñòèðîâàíèÿ 
ñèíåé öâåòíîé ñîñòàâëÿþùåé â ïàêåòå Image Processing Toolbox. Ïîñëå 
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ýòîãî çàìåðÿëèñü ïàðàìåòðû ÏÏÐ: ìåæýëåêòðîäíîå ðàññòîÿíèå è âûñîòà 
ñòîëáà ïàðîïëàçìåííîãî ðàçðÿäà. 

Âîçäåéñòâèå ïàðîïëàçìåííîãî ðàçðÿäà íà ïîâåðõíîñòü îáðàáàòûâàåìîãî 
èçäåëèÿ (ñì. ðèñ. 1) îñóùåñòâëÿåòñÿ â ðåçóëüòàòå ðÿäà ñëîæíûõ, 
âçàèìîñâÿçàííûõ ïðîöåññîâ ýíåðãåòè÷åñêîãî, ìàññîâîãî è çàðÿäîâîãî 
îáìåíà ÷àñòèö ïëàçìû ñ àòîìàìè îáðàáàòûâàåìîãî èçäåëèÿ. Ðåçóëüòàòîì 
òàêîãî âçàèìîäåéñòâèÿ ÿâëÿåòñÿ äåñîðáöèÿ àòîìîâ è ìîëåêóë ñ ïîâåðõíîñòè 
òåëà, ðàñïûëåíèå è èñïàðåíèå ÷àñòèö ìàòåðèàëà, èçìåíåíèå ñòðóêòóðû è 
ôàçîâîãî ñîñòàâà. Ïðè ïëàçìåííîé îáðàáîòêå ïðîèñõîäèò âçàèìîäåéñòâèå 
ìàòåðèàëà ïîâåðõíîñòè èçäåëèÿ ñ àêòèâíûìè è íåàêòèâíûìè ÷àñòèöàìè 
ïëàçìû, èìåþùèìè âûñîêóþ êèíåòè÷åñêóþ è ïîòåíöèàëüíóþ ýíåðãèè [2]. 

Ïðè ôèçè÷åñêîì âçàèìîäåéñòâèè ïëàçìû ñ ïîâåðõíîñòüþ, ÷àñòèöû 
îáëàäàþò â îñíîâíîì êèíåòè÷åñêîé ýíåðãèåé. Çàðÿæåííûå ÷àñòèöû òàêæå 
èìåþò âûñîêóþ ïîòåíöèàëüíóþ ýíåðãèþ – ýíåðãèþ ðåêîìáèíàöèè. Â ñâÿçè 
ñ ýòèì, ïðè ñîóäàðåíèè çàðÿæåííûõ ÷àñòèö ñ ïîâåðõíîñòüþ 
îáðàáàòûâàåìîãî òåëà ïðîèñõîäèò ðàñïûëåíèå ïîâåðõíîñòè. Ïðè 
õèìè÷åñêîì âçàèìîäåéñòâèè ïëàçìû ñ ïîâåðõíîñòüþ, ÷àñòèöû îáëàäàþò â 
îñíîâíîì ïîòåíöèàëüíîé ýíåðãèåé. Ïðè ñîóäàðåíèè çàðÿæåííûõ ÷àñòèö ñ 
ïîâåðõíîñòüþ îáðàáàòûâàåìîãî òåëà ïðîèñõîäèò ôîðìèðîâàíèå õèìè÷åñêèõ 
ñîåäèíåíèé [3-5]. Â ñòîëáå ÏÏÐ íåïðåðûâíî ïðîèñõîäÿò ïðîöåññû 
èîíèçàöèè è äåèîíèçàöèè çàðÿæåííûõ ÷àñòèö. Â óñòàíîâèâøåìñÿ ðåæèìå 
èîíèçàöèîííûå è äåèîíèçàöèîííûå ïðîöåññû íàõîäÿòñÿ â ðàâíîâåñèè [6-9]. 
Ðàññìîòðèì ýëåìåíòàðíûå ïðîöåññû â ïëàçìå ñòîëáà ðàçðÿäà, ïðèâîäÿùèå 
ê âîçíèêíîâåíèþ çàðÿæåííûõ ÷àñòèö è ê èõ ïîòåðÿì.  

 
Ðèñóíîê 1. – Ñõåìà ýëåìåíòàðíûõ ïðîöåññîâ â òâåðäîì òåëå, 

èíèöèèðóåìûõ îáðàáîòêîé ÏÏÐ 
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Íà ðèñóíêå 1 ïðèâåäåíà ñõåìà ÏÏÐ. Ïðè óïðóãèõ ñîóäàðåíèÿõ 

ýëåêòðîíà ñ àòîìîì íå ïðîèñõîäèò äåôîðìàöèè àòîìíîé ñòðóêòóðû, à 

ñëåäîâàòåëüíî, è åãî èîíèçàöèè. Ýòè ñòîëêíîâåíèÿ âîçíèêàþò â òåõ 

ñëó÷àÿõ, êîãäà çàïàñ ýíåðãèè äâèæóùåãîñÿ ýëåêòðîíà ìàë è îí ëåãêî 

îòðàæàåòñÿ àòîìíûì ýëåêòðîííûì îáëàêîì, ðåçóëüòàòîì äàííûõ 

ñòîëêíîâåíèé ÿâëÿåòñÿ ïîâûøåíèå òåìïåðàòóðû ïëàçìû [9]. Ïðè îáðàáîòêå 

ïîâåðõíîñòè òðóáû ÏÏÐ, ïîòåðè íà óïðóãèå ñîóäàðåíèÿ íà åäèíèöó ïóòè 

îïðåäåëÿþòñÿ ïî ñëåäóþùåé ôîðìóëå [10]: 
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ãäå nn  – ÷èñëî íåéòðàëüíûõ ÷àñòèö â åäèíèöå îáúåìà, [ì-3];  

σ  – ýôôåêòèâíîå ñå÷åíèå ñîóäàðåíèé, [ì2]; em  – ìàññà ýëåêòðîíà, 

31101,9 −⋅=em  [êã]; M  – ìàññà ìîëåêóëû ãàçà â ñòîëáå ðàçðÿäà, [êã];  

E  – ýíåðãèÿ ýëåêòðîíà, [Äæ]; 0v  – ñêîðîñòü ýëåêòðîíà, [ì/ñ]; c  – ñêîðîñòü 

ñâåòà, ñ=3·108 [ì/ñ]; x  – ñðåäíÿÿ äëèíà ñâîáîäíîãî ïðîáåãà ýëåêòðîíà, [ì]. 

Ïðè íåóïðóãèõ ñòîëêíîâåíèÿõ ÷àñòèö, ýíåðãèÿ ïåðåäàåòñÿ â âèäå 

ýíåðãèè èîíèçàöèè. Ïðè ýòîì ýëåêòðîí íåéòðàëüíîãî àòîìà ïåðåõîäèò ñ 

íèçêîãî óðîâíÿ íà âûñîêèé óðîâåíü, ïîòåíöèàëüíàÿ ýíåðãèÿ àòîìà ðàñòåò è 

àòîì âîçáóæäàåòñÿ èëè èîíèçèðóåòñÿ, ðåçóëüòàòîì äàííûõ ñòîëêíîâåíèé 

ÿâëÿåòñÿ ñâå÷åíèå ñòîëáà ÏÏÐ [9]. Ïðè îáðàáîòêå ïîâåðõíîñòè òðóáû ÏÏÐ 

ïîòåðè íà íåóïðóãèå ñîóäàðåíèÿ íà åäèíèöó ïóòè îïðåäåëÿþòñÿ ïî 

ñëåäóþùåé [11]: 
 

 

4

2 2
. 0 0

2 2 2 2
0 0 0 0

2 2 22
2

0
2

1

4

ln ln2 2 1 1 1

2 1

n

íåóïð e

e pe

e n ZdQ

dx m v

m v W v v v

c c cv
W

c

π ε
⋅ ⋅  = ⋅ ⋅  ⋅ ⋅ ⋅ 

  
    ⋅ ⋅  ⋅ − ⋅ ⋅ − − + + − 
      ⋅ ⋅ −   
    

[Äæ/ì]  (6) 

 

ãäå 0ε  – ýëåêòðè÷åñêàÿ ïîñòîÿííàÿ, 12

0 1085,8 −⋅=ε  [Ô/ì]; Z  – àòîìíûé 

íîìåð âåùåñòâà âûáèðàåì ïî ïåðèîäè÷åñêîé ñèñòåìå õèìè÷åñêèõ ýëåìåíòîâ 

Ä.È. Ìåíäåëååâà; peW  – êèíåòè÷åñêàÿ ýíåðãèÿ ýëåêòðîíà [Äæ];  

W  – ñðåäíÿÿ ýíåðãèÿ èîíèçàöèè àòîìîâ ãàçà, [Äæ]; 
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Îïðåäåëåíèå äëèíû ïðîíèêíîâåíèÿ (ïðîõîæäåíèÿ) ýëåêòðîíîâ 

ïîä÷èíÿåòñÿ çàêîíó Òîìñîíà è Âèääèíãòîíà, ïîëó÷åíî âûðàæåíèå 

ñïðàâåäëèâîå äëÿ îáëàñòè íåðåëÿòèâèñòñêèõ ñêîðîñòåé ýëåêòðîíîâ ïðè 

кВU 100 ≤ [12]. 
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ãäå eR  – äëèíà ïðîíèêíîâåíèÿ ýëåêòðîíîâ â ãàçå [ì]; гρ  – ïëîòíîñòü ãàçà 

[êã/ì3]; 11104 ⋅== constb [ñì2
·â2/ã]. 

Áûëî âûÿâëåíî, ÷òî ïðè ñòàáèëüíîé îáðàáîòêå ïîâåðõíîñòè òðóáû 

ÏÏÐ, ïîòåðè ýíåðãèè íà íàãðåâ ýëåêòðîëèòà ñîñòàâëÿþò äî 20% îò 

âêëàäûâàåìîé ýíåðãèè. Ïîòåðè íà ïàðîîáðàçîâàíèå ýëåêòðîëèòà ñîñòàâëÿþò 

äî 5%. Ïîòåðè íà óïðóãèå è íà íåóïðóãèå ñîóäàðåíèÿ ñîñòàâëÿþò 

ñîîòâåòñòâåííî 91 ìÄæ è 30 Äæ, ÷òî ñîñòàâëÿåò äî 3% îò âêëàäûâàåìîé 

ýíåðãèè. Êîýôôèöèåíò ïîëåçíîãî äåéñòâèÿ ÏÏÐ ïðè îáðàáîòêå ïîâåðõíîñòè 

òðóá ñîñòàâëÿåò 70-75% îò ïîäâîäèìîé ýíåðãèè. 

Ìîäåëèðîâàíèå ïðîöåññà òåïëîâîé îáðàáîòêè âíåøíåé ïîâåðõíîñòè 

òðóáû ïðîèçâîäèëîñü íà îñíîâàíèè ðàçðàáîòàííîé êëåòî÷íî-àâòîìàòíîé 

ìîäåëè çàòâåðäåâàíèÿ ñ ó÷åòîì ôàçîâîãî ïåðåõîäà. Áûëî ïðèíÿòî, ÷òî 

âíåøíÿÿ ïîâåðõíîñòü òðóáû èç êîððîçèîííî-ñòîéêîé ñòàëè 08Õ18Í10Ò 

îáðàáàòûâàåòñÿ ÏÏÐ. Â ñîîòâåòñòâèè ñ òåõíîëîãèåé äëÿ ñîçäàíèÿ ÏÏÐ 

ïðèìåíÿåòñÿ êîëüöåâîé ýëåêòðîä-èíñòðóìåíò, êîòîðûé ðàâíîìåðíî 

ðàñïûëÿåò ýëåêòðîëèò íà âíåøíþþ ïîâåðõíîñòü â âèäå êîëüöà ñ 25 

îòâåðñòèÿìè, êàæäîå îòâåðñòèå ñîçäàåò ëàìèíàðíûé ïîòîê ýëåêòðîëèòà, 

ïîñëå ïîäà÷è íàïðÿæåíèÿ ãîðèò óñòîé÷èâûé ïàðîïëàçìåííûé ðàçðÿä, 

îáðàçóÿ çàìêíóòîå êîëüöî ïëàçìû íà âíåøíåé ïîâåðõíîñòè òðóáû.  

Äëÿ óäîáñòâà ðàñ÷åòà, áûëè ââåäåíû óïðîùåíèÿ, ñâÿçàííûå ñ 

ðàññìîòðåíèåì îäíîãî òî÷å÷íîãî èñòî÷íèêà, êîòîðûé ñîîòâåòñòâóåò  

îäíîé ñòðóå (ñì. ðèñ. 1). Â õîäå îáðàáîòêè ïàðîïëàçìåííûé ðàçðÿä 

äâèæåòñÿ âäîëü íàïðàâëåíèÿ ñêàíèðîâàíèÿ ïîâåðõíîñòè òðóáû, ïðè  

ýòîì â çîíå äåéñòâèÿ ðàçðÿäà ïðîèñõîäèò áîìáàðäèðîâêà ïîâåðõíîñòè 

èîíàìè è ýëåêòðîíàìè. Òåìïåðàòóðà áîìáàðäèðóåìîé ïîâåðõíîñòè 

ïîâûøàåòñÿ, è â çàâèñèìîñòè îò ìîùíîñòè ðàçðÿäà, õèìè÷åñêîãî ñîñòàâà 

îáðàáàòûâàåìîãî èçäåëèÿ ïðîèñõîäèò ìîäèôèêàöèÿ ïîâåðõíîñòè ñ 

îïëàâëåíèåì èëè áåç îïëàâëåíèÿ [13]. 
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Ïðè ìîäåëèðîâàíèè ìîäèôèêàöèè ïîâåðõíîñòè èñïîëüçîâàëèñü 

ñëåäóþùèå ïàðàìåòðû ïàðîïëàçìåííîãî ðàçðÿäà è ýëåêòðîä-èíñòðóìåíòà: 

ðàçðÿä ãîðèò ïðè íàïðÿæåíèè 800 2500U В= … , ïëîòíîñòè òîêà ðàçðÿäà 

20,29 0,13j A мм= … , äëèíå ñòðóè ýëåêòðîëèòà 8L мм= , äèàìåòðå ñòðóè 

ýëåêòðîëèòà 2, 2d мм= , ðàñõîä ýëåêòðîëèòà 2,5 /Q мл с= , òåìïåðàòóðà 

ýëåêòðîëèòà 293 333
ЭЛ
Т К= − , ýëåêòðîëèò ( )4 42

20 /NH SO г л , àòìîñôåðíîå 

äàâëåíèå. Ñêîðîñòü ñêàíèðîâàíèÿ ïîâåðõíîñòè òðóáû ïàðîïëàçìåííûì 

ðàçðÿäîì âàðüèðîâàëàñü â äèàïàçîíå 0,1 5 /v мм c= − . Îáðàçåö òðóáû 

âûïîëíåí èç êîððîçèîííîñòîéêîé àóñòåíèòíîé ñòàëè 08Õ18Í10Ò.  

Ïðè ïðîãðàììíîé ðåàëèçàöèè ìîäèôèêàöèè ïîâåðõíîñòè òðóáû 

âûïîëíåí ðàñ÷åò äëÿ òðåõìåðíîé ìîäåëè ñ ïàðàìåòðûìè îáðàçöà: äëèíà 

0,5 ì; äèàìåòð 16 ìì, òîëùèíà ñòåíêè 1,5 ìì; òåïëîôèçè÷åñêèå ïàðàìåòðû 

êîððîçèîííîñòîéêîé àóñòåíèòíîé ñòàëè 08Õ18Í10Ò ïëîòíîñòü 7900 êã/ì3; 

òåìïåðàòóðà êîâêè 1220-900°Ñ (íà÷àëî-êîíåö); òåìïåðàòóðà ïëàâëåíèÿ 

(ñîëèäóñ) – 1400°Ñ; êîýôôèöèåíò òåïëîïðîâîäíîñòè 16-18 Âò/(ì·ºÑ); 

óäåëüíàÿ òåïëîåìêîñòü 750 Äæ/êã·ºÑ; ñêðûòàÿ òåïëîòà ôàçîâîãî ïåðåõîäà 

250 êÄæ/êã. Ãðàíè÷íûå óñëîâèÿ: íà áîêîâûõ ïîâåðõíîñòÿõ òåïëîâîé ïîòîê 

ðàâåí íóëþ 20 /T n Вт м∂ ∂ = , íà âåðõíåé è íèæíåé ïîâåðõíîñòÿõ çàäàíî 

ãðàíè÷íîå óñëîâèå êîíâåêòèâíîãî òåïëîîáìåíà: êîýôôèöèåíò òåïëîîáìåíà – 

( )2150 Вт м Кα = ⋅  è èçëó÷åíèÿ, êîýôôèöèåíò ÷åðíîòû 0,6, òåìïåðàòóðû 

îêðóæàþùåé ñðåäû è îáúåêòà ñêàíèðîâàíèÿ – 20ºÑ.  

Ïàðàìåòðû êëåòî÷íî-àâòîìàòíîé ìîäåëè: øàã ïî x  – 0,000303 ì,  

ïî y  – 0,000313 ì. Øàã ïî z  ïðèíÿò 0,0001 ì èñõîäÿ èç ôèçè÷åñêèõ 

ïðåäïîñûëîê, ïîñêîëüêó èíòåðåñóåò ãëóáèíà ïðîïëàâëåíèÿ (ïðîãðåâà) ïðè 

ñêàíèðîâàíèè ïîâåðõíîñòè ïàðîïëàçìåííûì ðàçðÿäîì; ðàñ÷åòíîå âðåìÿ 

çàâèñèò îò ñêîðîñòè ñêàíèðîâàíèÿ, øàã ïî âðåìåíè 0,00003 ñ îïðåäåëåí èç 

êðèòåðèÿ óñòîé÷èâîñòè êëåòî÷íî-àâòîìàòíîãî àëãîðèòìà äëÿ 

òåðìîäèíàìè÷åñêîé ìîäåëè. 

Íà ðèñóíêàõ 2 è 3 ïðèâåäåíî òåìïåðàòóðíîå ïîëå ïðîöåññà îáðàáîòêè 

âíåøíåé ïîâåðõíîñòè êîððîçèîííîñòîéêîé òðóáû èç ñòàëè 08Õ18Í10Ò 

ðàçìåðîì Ø16×1,5 ìì ñòðóéíûì ïàðîïëàçìåííûì ðàçðÿäîì â âèäå 

òî÷å÷íîãî èñòî÷íèêà. Òåìïåðàòóðíîå ïîëå ïðåäñòàâëåíî â âèäå öâåòîâîé 

êàðòû íà êîòîðîé òåìíî ñèíåìó öâåòó ñîîòâåòñòâóåò òåìïåðàòóðà 273 Ê, 

æåëòî-îðàíæåâîìó 873 Ê – 1273 Ê.  
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à) ã) 

  

á) ä) 

  

â) å) 

Ðèñ. 2. Âèçóàëèçàöèÿ ïðîöåññà îáðàáîòêè âíåøíåé ïîâåðõíîñòè 
êîððîçèîííîñòîéêîé òðóáû èç ñòàëè 08Õ18Í10Ò ðàçìåðîì Ø16×1,5 ìì 

ñòðóéíûì ïàðîïëàçìåííûì ðàçðÿäîì â âèäå òî÷å÷íîãî èñòî÷íèêà. 
Òåìïåðàòóðíîå ïîëå çîíû îáðàáîòêè (âèä ñâåðõó): ïðè ïîñòîÿííîé ìîùíîñòè 

ðàçðÿäà 1500 Âò, ñêîðîñòü äâèæåíèÿ èñòî÷íèêà à) 0,5 ìì/ñ; á) 1,0 ìì/ñ; 
â) 2,5 ìì/ñ; ïðè ïîñòîÿííîé ñêîðîñòè äâèæåíèÿ èñòî÷íèêà 1,0 ìì/ñ, 

ìîùíîñòü ðàçðÿäà ã) 900 Âò; ä) 1500 Âò; å) 1700 Âò 
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à) ã) 

  

á) ä) 

  

â) å) 

Ðèñ. 3. Âèçóàëèçàöèÿ ïðîöåññà îáðàáîòêè âíåøíåé ïîâåðõíîñòè 
êîððîçèîííîñòîéêîé òðóáû èç ñòàëè 08Õ18Í10Ò ðàçìåðîì Ø16×1,5 ìì 

ñòðóéíûì ïàðîïëàçìåííûì ðàçðÿäîì â âèäå òî÷å÷íîãî èñòî÷íèêà. Òåìïåðàòóðíîå 
ïîëå çîíû îáðàáîòêè (ïî ñå÷åíèþ ñòåíêè òðóáû): ïðè ïîñòîÿííîé ìîùíîñòè 

ðàçðÿäà 1500 Âò, ñêîðîñòü äâèæåíèÿ èñòî÷íèêà à) 0,5 ìì/ñ; á) 1,0 ìì/ñ; 
â) 2,5 ìì/ñ; ïðè ïîñòîÿííîé ñêîðîñòè äâèæåíèÿ èñòî÷íèêà 1,0 ìì/ñ, ìîùíîñòü 

ðàçðÿäà ã) 900 Âò; ä) 1500 Âò; å) 1700 Âò 

Âûâîäû 

Â ðåçóëüòàòå ìîäåëèðîâàíèÿ áûë óñòàíîâëåí ðÿä çàêîíîìåðíîñòåé, 
êîòîðûå çàêëþ÷àþòñÿ â ñëåäóþùåì: 

1) Ïðè ïîñòîÿííîé ìîùíîñòè ðàçðÿäà (ñì. ðèñ 2 à,á,â) ñ óâåëè÷åíèåì 
ñêîðîñòè îáðàáîòêè îò 0,5 ìì/ñ äî 2,5 ìì/ñ, îáëàñòè íàãðåòûå âûøå 
îïðåäåëåííîé òåìïåðàòóðû (íàïðèìåð, âûøå 600 Ê), óìåíüøàþòñÿ ïî 
ïëîùàäè, à ñîîòâåòñòâóþùèå èçîòåðìû ñóæèâàþòñÿ â íàïðàâëåíèè, 
ïåðïåíäèêóëÿðíîì ôðîíòó äâèæåíèÿ èñòî÷íèêà ýíåðãèè, è ñãóùàþòñÿ 
âïåðåäè ðàçðÿäà. 

2) Ïðè ïîñòîÿííîé ñêîðîñòè îáðàáîòêè ïàðîïëàçìåííûì ðàçðÿäîì 
(ñì. ðèñ 2 ã,ä,å) óñòàíîâëåíî, ÷òî ñ óâåëè÷åíèåì ìîùíîñòè ðàçðÿäà îò 
900 Âò äî 1700 Âò, îáëàñòè íàãðåòûå âûøå 500 Ê çíà÷èòåëüíî 
óâåëè÷èâàþòñÿ ïî ïëîùàäè, ïðè÷åì èõ ðàçìåðû ðàñòóò íå ïðîïîðöèîíàëüíî 
óâåëè÷åíèþ ìîùíîñòè, à áîëåå èíòåíñèâíî. 

3) Âëèÿíèå ñêîðîñòè îáðàáîòêè ïðè ïîñòîÿííîé ìîùíîñòè ðàçðÿäà íà 
ðàçìåðû òåìïåðàòóðíîãî ïîëÿ ïî ñå÷åíèþ ñòåíêè òðóáû (ñì. ðèñ 3 à,á,â, 
ïîêàçûâàåò, ÷òî ñ óâåëè÷åíèåì ñêîðîñòè îò 0,5 ìì/ñ äî 2,5 ìì/ñ äâèæåíèÿ 
ïàðîïëàçìåííîãî ðàçðÿäà, ïðèâîäèò ê òîìó, ÷òî ÷åì áûñòðåå äâèæåòñÿ 
èñòî÷íèê, òåì ìåíüøå òåïëà ðàñïðîñòðàíÿåòñÿ âïåðåäè íåãî, è òåì áûñòðåå 
óáûâàåò òåìïåðàòóðà âïåðåäè èñòî÷íèêà. Ïðè ýòîì, åñëè èñòî÷íèê áóäåò 
äâèãàòüñÿ ÷ðåçâû÷àéíî áûñòðî, òî ïðàêòè÷åñêè âñå òåïëî áóäåò 
ðàñïðîñòðàíÿòüñÿ ïîçàäè íåãî. Ïîçàäè æå èñòî÷íèêà òåìïåðàòóðà 
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ðàñïðåäåëÿåòñÿ ðàâíîìåðíî, è åå ðàñïðîñòðàíåíèå íå çàâèñèò îò ñêîðîñòè. 
Ñòåïåíü âûòÿíóòîñòè òåìïåðàòóðíîãî ïîëÿ îïðåäåëÿåòñÿ íå àáñîëþòíîé 

âåëè÷èíîé ñêîðîñòè v , à ñëîæíûì ïàðàìåòðîì v a , âûðàæàþùèì 

îòíîøåíèå ñêîðîñòè v  ê êîýôôèöèåíòó òåìïåðàòóðîïðîâîäíîñòè a . 
Ãëóáèíà îáðàáîòêè ïîâåðõíîñòè òðóáû ïàðîïëàçìåííûì ðàçðÿäîì 
îïðåäåëÿëàñü â öåíòðå äåéñòâèÿ ðàçðÿäà è ñîñòàâëÿåò 10 ìêì (ñì. ðèñ. 3). 

4) Ïðè òåðìè÷åñêîì öèêëå ñêîðîñòü îõëàæäåíèÿ, ðàññ÷èòûâàþò â 

çàâèñèìîñòè îò ýôôåêòèâíîé ïîãîííîé ýíåðãèè q v  (îòíîøåíèå ìîùíîñòè 

ðàçðÿäà ê ñêîðîñòè åãî äâèæåíèÿ), ôîðìû è ðàçìåðîâ îáðàáàòûâàåìîé 
òðóáû, íà÷àëüíîé òåìïåðàòóðû òðóáû. ×åì áîëüøå ýôôåêòèâíàÿ ïîãîííàÿ 

ýíåðãèÿ q v , òåì íèæå ïðè ïðî÷èõ ðàâíûõ óñëîâèÿõ ñêîðîñòü îõëàæäåíèÿ 

(ñì. ðèñ. 5, 7). 
5) Íà ðèñóíêå 4 ïðèâåäåíà çàâèñèìîñòü ñêîðîñòè íàãðåâà âíåøíåé 

ïîâåðõíîñòè òðóáû îáðàáàòûâàåìîé ïàðîïëàçìåííûì ðàçðÿäîì îò 
ýôôåêòèâíîé ïîãîííîé ýíåðãèè, ïðè ïîñòîÿííîé ìîùíîñòè ðàçðÿäà 
1500 Âò, ïîêàçàíî, ÷òî ñ óâåëè÷åíèåì ñêîðîñòè äâèæåíèÿ èñòî÷íèêà 
ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ óìåíüøàåòñÿ, òàê æå êàê è ñêîðîñòü 
íàãðåâà. Áûëî óñòàíîâëåíî, ÷òî ððè ñêîðîñòè äâèæåíèÿ ïàðîïëàçìåííîãî 
ðàçðÿäà 0,1 ìì/ñ, ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ ñîñòàâëÿåò 15 êÄæ/ì, 
ñêîðîñòü íàãðåâà – 2130 Ê/ñ. Ïðè ñêîðîñòè äâèæåíèÿ ïàðîïëàçìåííîãî 
ðàçðÿäà 5,0 ìì/ñ, ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ ñîñòàâëÿåò 0,3 êÄæ/ì, à 
ñêîðîñòü íàãðåâà – 778 Ê/ñ. 

 
Ðèñ. 4. Çàâèñèìîñòü ñêîðîñòè íàãðåâà âíåøíåé ïîâåðõíîñòè òðóáû 

îáðàáàòûâàåìîé ïàðîïëàçìåííûì ðàçðÿäîì îò ýôôåêòèâíîé ïîãîííîé 
ýíåðãèè, ïðè ïîñòîÿííîé ìîùíîñòè ðàçðÿäà 1500 Âò 

 
6) Íà ðèñóíêå 5 ïðèâåäåíà çàâèñèìîñòü ñêîðîñòè îõëàæäåíèÿ âíåøíåé 

ïîâåðõíîñòè òðóáû ïîñëå îáðàáîòêè ïàðîïëàçìåííûì ðàçðÿäîì îò 
ýôôåêòèâíîé ïîãîííîé ýíåðãèè, ïðè ïîñòîÿííîé ìîùíîñòè ðàçðÿäà 
1500 Âò, ïîêàçàíî, ÷òî ñ óâåëè÷åíèåì ñêîðîñòè äâèæåíèÿ èñòî÷íèêà 
ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ óìåíüøàåòñÿ, à ñêîðîñòü îõëàæäåíèÿ 
óâåëè÷èâàåòñÿ.  
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Ðèñ. 5. Çàâèñèìîñòü ñêîðîñòè îõëàæäåíèÿ âíåøíåé ïîâåðõíîñòè òðóáû 
ïîñëå îáðàáîòêè ïàðîïëàçìåííûì ðàçðÿäîì îò ýôôåêòèâíîé ïîãîííîé 

ýíåðãèè, ïðè ïîñòîÿííîé ìîùíîñòè ðàçðÿäà 1500 Âò 

 

 
Ðèñ. 6. Çàâèñèìîñòü ñêîðîñòè íàãðåâà âíåøíåé ïîâåðõíîñòè òðóáû 

îáðàáàòûâàåìîé ïàðîïëàçìåííûì ðàçðÿäîì îò ýôôåêòèâíîé ïîãîííîé 
ýíåðãèè, ïðè ïîñòîÿííîé ñêîðîñòè äâèæåíèÿ èñòî÷íèêà 1,0 ìì/ñ 

 

 
Ðèñ. 7. Çàâèñèìîñòü ñêîðîñòè îõëàæäåíèÿ âíåøíåé ïîâåðõíîñòè òðóáû 
ïîñëå îáðàáîòêè ïàðîïëàçìåííûì ðàçðÿäîì îò ýôôåêòèâíîé ïîãîííîé 

ýíåðãèè, ïðè ïîñòîÿííîé ñêîðîñòè äâèæåíèÿ èñòî÷íèêà 1,0 ìì/ñ 
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7) Ðàñ÷åò ðîêàçàë, ÷òî ïðè ñêîðîñòè äâèæåíèÿ ïàðîïëàçìåííîãî 
ðàçðÿäà 0,1 ìì/ñ, ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ ñîñòàâëÿåò 15 êÄæ/ì, 
ñêîðîñòü îõëàæäåíèÿ – 1015 Ê/ñ. Ïðè ñêîðîñòè äâèæåíèÿ ïàðîïëàçìåííîãî 
ðàçðÿäà 5,0 ìì/ñ, ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ ñîñòàâëÿåò 0,3 êÄæ/ì, 
ñêîðîñòü îõëàæäåíèÿ – 6900 Ê/ñ. 

8) Íà ðèñóíêå 6 ïðèâåäåíà çàâèñèìîñòü ñêîðîñòè íàãðåâà âíåøíåé 
ïîâåðõíîñòè òðóáû îáðàáàòûâàåìîé ïàðîïëàçìåííûì ðàçðÿäîì îò 
ýôôåêòèâíîé ïîãîííîé ýíåðãèè, ïðè ïîñòîÿííîé ñêîðîñòè äâèæåíèÿ 
èñòî÷íèêà òåïëà 1,0 ìì/ñ, ïîêàçàíî ÷òî ñ óâåëè÷åíèåì ìîùíîñòè ðàçðÿäà 
îò 900 Âò äî 1700 Âò ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ óâåëè÷èâàåòñÿ, à 
òàêæå óâåëè÷èâàåòñÿ ñêîðîñòü íàãðåâà. Ïðè ìèíèìàëüíîé ìîùíîñòè 
ðàçðÿäà (äëÿ äàííîãî ðàñ÷åòà) 900 Âò, ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ 
ñîñòàâëÿåò 0,9 êÄæ/ì, ñêîðîñòü íàãðåâà – 658 Ê/ñ. Ïðè ìàêñèìàëüíîé 
ìîùíîñòè ðàçðÿäà (äëÿ äàííîãî ðàñ÷åòà) 1700 Âò, ýôôåêòèâíàÿ ïîãîííàÿ 
ýíåðãèÿ ñîñòàâëÿåò 1,7 êÄæ/ì, ñêîðîñòü íàãðåâà – 1383 Ê/ñ. 

9) Íà ðèñóíêå 7 ïðèâåäåíà çàâèñèìîñòü ñêîðîñòè îõëàæäåíèÿ âíåøíåé 
ïîâåðõíîñòè òðóáû ïîñëå îáðàáîòêè ïàðîïëàçìåííûì ðàçðÿäîì îò 
ýôôåêòèâíîé ïîãîííîé ýíåðãèè, ïðè ïîñòîÿííîé ñêîðîñòè äâèæåíèÿ 
èñòî÷íèêà òåïëà 1,0 ìì/ñ, ïîêàçàíî ÷òî ñ óâåëè÷åíèåì ìîùíîñòè ðàçðÿäà 
îò 900 Âò äî 1700 Âò ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ óâåëè÷èâàåòñÿ, à 
ñêîðîñòü îõëàæäåíèÿ óìåíüøàåòñÿ. Òàê, ïðè ìèíèìàëüíîé ìîùíîñòè 
ðàçðÿäà (äëÿ äàííîãî ðàñ÷åòà) 900 Âò, ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ 
ñîñòàâëÿåò 0,9 êÄæ/ì, ñêîðîñòü îõëàæäåíèÿ – 9184 Ê/ñ. Ïðè 
ìàêñèìàëüíîé ìîùíîñòè ðàçðÿäà (äëÿ äàííîãî ðàñ÷åòà) 1700 Âò, 
ýôôåêòèâíàÿ ïîãîííàÿ ýíåðãèÿ ñîñòàâëÿåò 1,7 êÄæ/ì, ñêîðîñòü 
îõëàæäåíèÿ ðàâíà – 6220 Ê/ñ.  
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