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THE CENTRIFUGAL PUMP, HYDROPHOBIZATION TECHNOLOGIES, IMPELLER, DURABILITY, EFFICIENCY, ASSEMBLY, TESTING
Object of research or development: impeller and rotor of a centrifugal pump of the «ODDESSE zentralasien» brand- UPP 13 – 7 / 6.
Purpose of the work: To develop a methodology for the design of a centrifugal pump with increased performance indicators, such as: efficiency, durability of the main machine units, reliability.
Method and methodology of conducting the work:  analysis of existing theories of the interaction of liquids with surfaces of the centrifugal impeller and the impact of the contact angle of smachivaemogoti on the hydraulic efficiency of the pump, the engineering analysis of the strength of the impeller, made of polymer material in NASTRAN/PATRAN and selection of sectional drives for sufficient strength impellers for industrial test, comparing the parameters of surface roughness after 3D printing technology, FDM and SLA for setting up a double centrifugal wheel , working in real conditions of pressure and flow.  
Work results:
- the training manual "Designing hydraulic machines in the Nastran/PATRAN integrated environment" was written and sent to the printing house;
- the analysis of technological processes of hydrophobization used at modern pumping enterprises was carried out;
 - As a result of the analysis, it was revealed: as a type of modification - for pumps of the "KM" type, a modification based on a surfactant, and for pumps of the "CM" type - on the basis of fluoroplastic; the limiting realizable contact angle of wettability for surfactants is 135 °, for fluoroplastic - 150 °; for the SIC method - 130 °, modernization in order to increase energy efficiency, the increase in efficiency for medium-speed pumps with surfactant surfaces will lead to an increase in the efficiency of about 1.3%, when applying a fluoroplastic coating 2%, when applying SIC 1.7%;;
- based on the results of research of existing technologies to improve the interaction of the flow with the impeller surface, a technology for applying a fluoroplastic coating was proposed;
- based on the results of the study, the design of an automated line for applying a fluoroplastic coating to the centrifugal impeller of the pump was proposed;
- verification calculations of polymer impellers with a disc thickness of 2 mm were performed in the NASTRAN environment, the stress level of 118 MPA in cross-sections from operating loads was determined, these results allow to conduct industrial tests on polymer wheels with a disc thickness of 2 mm;
- printed impellers with spatial blades by SLA technology for pump assembly;
- the parameters of 3D printing of the first prototypes of impellers with spatial blades using the SLA technology were selected: printing along the X and Y axes, depending on the diameter of the extruder nozzle - 0.6 mm; printing along the vertical Z axis (layer thickness) - 0.2 mm; printing speed mm / s - 35 mm / s; extruder temperature - 220 ° C; heating table temperature - 60 ° C, position 450;
- the possibilities of replacing metal impellers with polymer ones have been studied; 
- developed technology for assembling a pump with polymer impellers;
- completed a set of design documentation in the amount of 12 drawings of 2D format and geometric 3D models - tested on the industrial stand of the plant in order to determine the hydrodynamic characteristics, the test results show an increase in efficiency by 2%; 
- based on the research results, the article "Determination of  the rational number of blades of the centrifugal wheel of a submersible pump" was published in the Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 №2 / 7 (104) 2020 49 p., indexed in the Scopus database  (51% percentile);
- the study resulted in the publication of an article “Computer simulation and investigation vibration parameters of a centrifugal submersible” in the Journal of Vibroengineering, vol. 22, no. 5, pp. 993-1005, Aug. 2020.https: //doi.org/10.21595/jve.2020.21014 (SCOPUS).. 
  The scientific novelty lies in the development of a method for rapid prototyping of working bodies of a centrifugal submersible pump made of polymer materials for industrial testing.
Degree of implementation. It is proposed to introduce a method of rapid prototyping through 3D printing and the creation of a digital twin of the main impeller of a centrifugal pump, which will reduce the economic costs of the plant for carrying out full-scale tests and will allow predicting the price of new products. At the third stage of 2020 the PUMP software module was introduced into production for the automated design of the channel geometry and the curvature of the centrifugal impeller blade, and the CAD/CAE/CAM method of computer design of centrifugal pump assemblies was also introduced into the production of the «KARLSKRONA LC AB» plant..
Scope: The results obtained will influence the development of the science of hydraulics, the science of designing machines for pumping liquid media, the development of the design of computer-aided design systems used in the development of designs of machines with paddle wheels, the method of parametric design and optimization of paddle wheels.  
Recommendations for the implementation or the results of the implementation of research results: the automated PUMP module was introduced into production, computer-aided design techniques were also introduced using the NASTRAN integrated environment to carry out verification and design calculations of centrifugal pump units. It is also recommended to introduce the technology of rapid prototyping of centrifugal wheels for industrial tests and further development of the design.
Cost-effectiveness or relevance of the work: at present, high power submersible pumps are widely used for pumping liquid media from wells. In order to expand the capabilities of downhole pumps, the implementation of 3D printing technology of the main parts and components of the pump, as well as the use of hydrophobic coatings of the inner cavity of the pump, is used. Thereby reducing mechanical and electrical losses, increasing the service life and production volume. The probability of achieving an economic effect in this case is close to 100 %, i.e. an increase in the power coefficients. The average service life of the pump increases.
Forecast proposals for the development of the research object
The use of high-strength polymer for the manufacture of centrifugal impellers is a promising direction in pump engineering and may be the topic of further research.
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DEFINITIONS, SYMBOLS AND ABBREVIATIONS

In this research work report, the following terms are used with appropriate definitions:
Efficiency - the efficiency factor. 
MCP - multi-stage centrifugal pump;
P - the density of the pumped medium;
Paxial - axial force;
CAD – computer added designed; 
CAE - computer added engineering;
CAM - computer added manufacturing;   
FR - radial force;
H - pressure.
SC - surfactant coatings 
SIC -  surfactant inhibitor coatings




















INTRODUCTION

Assessment of the current state of the scientific and technical problem being solved. The development of energy saving determines the importance of improving the efficiency of equipment that uses most of the energy consumed. Pumping equipment is one of the most significant consumers of electrical energy. Thus, the drive of pumps (mainly centrifugal) at some CHPPs consumes up to 10% of the total energy generated at the station [1]. In general, the total share of consumption of pumping equipment operating in industry, according to various estimates, is from 15 to 25% of all generated electricity. Currently, more and more stringent requirements are imposed on the operational reliability of pumping equipment, which can determine the reliability of the entire technological cycle in which it is used, which is especially important at large power facilities. [2]. Thus, the first way to reduce the energy consumption for the pump drive, which is important for the considered case, is to expand the effective working area of the pump.
Volumetric efficiency is determined by the amount of fluid leaks through the impeller throat seals, which depend on the size of the clearances of these seals and on the nature of the interaction of the fluid with the solid surfaces of the clearances and behind the disk cavities formed by the impeller and the pump casing. Mechanical efficiency is primarily determined by disc losses due to fluid friction against the outer surfaces of the impeller discs and the inner surfaces of the pump casing. They depend on the amount of fluid leaks through the disc sinuses and on the nature of the hydrodynamic interaction of the fluid with the corresponding solid surfaces. [3]
The hydraulic efficiency is determined by the losses of the hydrodynamic head in the flow path of the pump, which are made up of the following main components:
- impact losses when the liquid flow enters the impeller;
- losses due to hydraulic friction when the fluid flow interacts with the walls of the inter-blade channels;
- vortex losses associated with the circulation and expansion of the liquid in the inter-blade diffuser channels;
- losses in the diffuser behind the impeller.
Thus, all losses in the pump are determined either by the geometry of the impeller or by the nature of the interaction of the fluid flow with the solid surfaces of the flow path.
The nature of the interaction of a fluid flow with solid surfaces is determined by the hydrodynamic properties of these surfaces, the properties of the fluid (density and viscosity), velocity and pulsation characteristics at the outer boundary of the boundary layer, as well as the pressure gradient along the streamlined solid surface. Moreover, the last two factors, in turn, depend on the geometry of the flow path of the pump [4]. Today, there are two main ways to solve the problem of increasing reliability and efficiency: the development and manufacture of new pumps, more advanced than the previous generation, or the modernization of existing equipment. The second way - the modernization of functioning pumps - makes it possible for a relatively quick and low-cost set of measures to increase the efficiency and reliability of pumping equipment. 
Thus, the following three directions of increasing the pump efficiency can be distinguished:
- improving the geometry of the flow path of the pump in order to reduce vortex losses, which are especially large at low pump flows;
- changing the properties (modification) of solid surfaces interacting with the pumped liquid;
- reduction of vibration of the rotor-wheel system
Thus, up to 10% of the electricity generated at CHPPs is spent on the operation of pumping units. In the cost of operating costs for servicing pumps, payment for electricity for the drive is up to 85%. Moreover, over time, the energy consumption of the considered units grows due to the increasing wear of the elements of the pumping unit associated with the nature of the pumped medium, operation in a non-design mode, as well as the conditions of repair and subsequent operation. In addition, additional, negative effects are manifested - an increase in noise and vibration over time. Along with the development and creation of new, more advanced centrifugal pumps, the direction associated with their modernization is relevant. Moreover, modernization can be implemented both by replacing pump elements (assemblies), and by based on imparting new properties to the elements of pumping units [5]. The basis for increasing the efficiency of centrifugal pumps is the improvement of the hydrodynamic properties of the flow path, which in turn reduces losses in the transfer of mechanical energy to the working stream. Of considerable interest to operating organizations are modifications that change the hydrodynamic interaction of the surfaces of the flow path elements and the working flow without changing the pump design. The implementation of this approach is possible on the basis of changes in the properties of the functional surfaces of centrifugal pumps with structured coatings that reduce losses.
Selection of means of hydrophobization of flow channels. As a structured coating, it is promising to use surfactants (surfactants) and fluoropolymers, which create hydrophobic effects, which reduce losses and provide surface protection from corrosion processes, while simultaneously increasing operational reliability. Many centrifugal pumps operate under conditions of rapid wear of the flow path elements by abrasive particles contained in the pumped liquid. Protecting the surface of these pumps can significantly extend their life. At present, in the production and modernization of operating pumps, various coatings are used to increase the resistance of the surfaces of the flow path to abrasive wear. Basically, these are coatings based on ceramics and polymer materials [6, 7]. Ceramic-based coatings [8, 9] provide an increase in the service life of centrifugal pumps when applied to various structural elements (RC and other elements of the flow path, floating seal rings), the most loaded and exposed to aggressive media, abrasive and erosive wear. Lining of the surface with various elastomeric materials (rubbers and rubbers based on them) is also used [10, 11]. Various types of such coatings also make it possible to increase the surface resistance to erosive wear, which is extremely active in cavitation conditions, to provide protection against corrosion and to increase resistance to aggressive chemical agents [12].
Currently, in order to increase the service life of the manufactured equipment, pump manufacturers use thermal gas coatings [13]. In addition, coatings based on tungsten carbide, applied by a high-speed gas-thermal method, are used, which have high wear resistance, low friction coefficient, high corrosion resistance (including in aggressive media), show high performance under conditions of hydroabrasive wear, and are also characterized by the absence of sparking. When modernizing operating pumping equipment, in addition, coatings are often used that can provide partial restoration of the geometry of the flow path elements. These are mainly coatings based on polymer materials. Therefore, the selection of hydrophobic means that improve the flow kinematics is an urgent task, the solution of which will lead to an increase in the overall pump efficiency.
Another way to increase the indicators of energy saving and efficiency of centrifugal pump wheels is to make them from wear-resistant thermoplastic plastics with a finite isotropic structure - low-pressure polyethylene, polycarbonate, glass-filled nylon, etc. The closed design of the pump wheels predetermines the technological complexity of their manufacture from materials similar to those mentioned.
In foreign and domestic pump engineering, research is continuing to find the optimal process flow diagrams for manufacturing parts from polymers that meet the necessary technical and economic requirements. The main methods of processing plastic products include pressing, injection molding, extrusion, vacuum forming, blowing, stamping. In some cases, mechanical processing from blocks of material is also used. The use of polymer compositions for the manufacture of impellers of centrifugal pumps is associated with significant technological difficulties [12]. So, all metals are characterized by a high coefficient of friction and inability to dry friction, and powder compositions exhibit insufficient resistance to cavitation. In addition, ESP working bodies made of metals are also characterized by a large mass due to the high density of the material.
For example, «ИНЖНЕФТЕПЛАСТ» company used carbon composites for the production of centrifugal pump parts, these materials are distinguished by unique corrosion and chemical resistance (1-14 pH), low specific density (less than 2 g/cm3), can have high operating heat resistance (above 250°C) and maintain strength properties at high temperatures. The latter fundamentally distinguishes them from conventional polymer compounds. The USA has experience in the manufacture of pumping equipment from carbon materials. However, the high cost of such equipment limits their use, and, in general, they are used for special tasks, in particular, for purposes related to military needs, and in the chemical and nuclear industries, where their thermal and chemical resistance is in maximum demand. MIM-technologies are based on injection molding of parts from various metal and ceramic powders. In Russia, there is experience in the manufacture and implementation of pumps with working bodies both from metal powder and from ceramic powders. However, their entry to the mass market is also hindered by the high cost and instability of some types of oxide ceramics in environments containing water. At the same time, the main goals were to give the product the following characteristics: heat resistance within 250-300 ° C, chemical resistance, surface hydrophobicity (low ability to deposit salts, the angle of edge wetting with water and salt solutions exceeds 90°), abrasion resistance and the possibility of long-term operation under conditions dry friction. In addition, it was necessary to maintain an acceptable cost of the product. The problem for this company was the situation with the vagueness of technical requirements for the physical and mechanical properties of products during operation, ensuring the implementation of the principle "necessary/sufficient". That is, the spectrum of properties that you need to focus on. [14]. Considering the above, it can be concluded that improving the pump's energy performance by upgrading the impeller with hydrophobicity or replacing it with a polymer wheel is a promising topic for further research.
Basis and initial data for the development of the theme. In the conditions of modern economic relations, there is a need to increase the efficiency of using the products of machine-building production with the use of the latest technologies on a large scale. One of the important aspects in solving this problem is to improve the quality of products by domestic manufacturers, which will lead to the state entering the world machine-building market to a leading position. This is easy to achieve if the manufacturer will conduct in-depth scientific research on the direction of its activities and introduce the latest technologies into the production process.
One of these domestic manufacturers is a young but rapidly developing enterprise in Kazakhstan - the machine-building plant "KARLSKRONA LC AB" LLP, working in the field of solutions for the management of fluid flows in the field of water supply, water treatment, heating, sewerage, as well as various technological processes based on modern equipment and advanced Kazakhstani technologies. The plant is an authorized dealer and service partner of such leading world manufacturers of pumping equipment as Oddesse (Germany), Sulzer (Finland), Grundfos (Denmark), and realizing the importance and prospects of development of the domestic industry, in 2011 launched a production enterprise in the city of Shymkent, where the production of pumping stations, submersible pumps, as well as control cabinets for them, using the automatics of ABB, Mitsubishi is carried out. All products manufactured and supplied by the company have certificates of conformity, submersible pumps and control cabinets are goods of Kazakhstan origin and have ST-KZ certificates.
Justification of the need for research. Currently, high power submersible pumps are widely used for pumping liquid media from wells.
 Modern global trends in research and development of pumps and pumping equipment are based on the following technological principles:
-  high energy efficiency;
- maximum compactness of installations and convenience during the subsequent operation of the equipment;
- automated control over the activity of pumping units with the possibility of remote control;
-  compliance with accepted environmental safety standards;
-  constant updating of the assortment;
-  ease of installation and subsequent maintenance.
This approach ensures the high quality of the units and the ability to choose the equipment that best suits the customer's requirements. The modern pumping equipment market is represented by a variety of configuration options for various production. For connoisseurs of domestic quality and a demanding approach to every detail, the products of domestic leaders in the production of pumps are suitable: the group of companies «ГМС Ливгидромаш» JSC, «Джилекс» and «Насосы Ампика» companies. We also have European, Asian and American pump manufacturers with a long history of successful work, such as Pedrollo, Tapflo, Finish Thompson, Value, Grundfos and many others.
It can be stated that unfortunately the hydraulic test readings of the pump brand, UPP 18 – 11 / 6 at the stand of the plant "KARLSKRONA LC AB" shows the overall efficiency of the pump 40.25 %, while the test rate of a similar pump of German production is 58 %. This work is aimed at designing and optimizing the design of the UPP brand pump 18 – 11 / 6 to increase energy and strength indicators.
Information about the planned scientific and technical level of development. The results of scientific research carried out within the framework of the project will be published in foreign publications with a non-zero impact factor of at least 2 (two) scientific publications, within the framework of the project for the entire research period, as well as in an international journal on Mechanical Engineering and others. Materials of the book "Проектирования центробежных машин в системе NASTRAN" will be sent to the publishing house "Ғылым" for publication.
Information about the metrological support of research work. The tasks were solved based on the analysis of experimental data. The use of mathematical models makes it possible to conduct a process of multivariate design with an assessment of the pump's qualities and the choice of the optimal option at the design stage, which makes it possible to reduce the amount of work on finishing pumps at experimental stands. Currently, quasi-three-dimensional methods have proved to be effective for assessing flow and losses in vane pump systems, which require little time to implement, compared to three-dimensional methods, and which give satisfactory results in practice. Reducing the time and improving the quality of pump design is possible with the use of computer-aided design (CAD) systems, which are based on mathematical models (MM) for calculating the flow, losses and predicting the characteristics of the central pump. Modern techniques and capabilities of computer-aided design systems make it possible to optimize the structure by force factors, by the mass of the structure, by the flow rate of the liquid medium. Research on rotor dynamics will be based on the fundamental principles of vibration theory. Until recently, the provision of vibration reliability of the blade apparatus was mainly due to the improvement of calculation and experimental methods, the determination of natural frequencies in order to detune from dangerous resonances, as well as by specifying the permissible static stresses. 
Research and development work will be carried out at the KazNRTU named after K.I.Satpayev, which for this has a technical base equipped with modern equipment, for example, an accredited computing cluster with a peak performance of 34.6 TFLOPS, registration certificate KZ.T.02.1333, 3D printer "Dimension Elite », Test bench for the pumping equipment of the Oddesse Company.
Relevance. Scientific and technological needs are expressed in the need to create recommendations for creating a design of a centrifugal pump with increased performance will affect the improvement of assembly and processing technologies for the main units of pumping equipment, which will lead to an increase in the pump pressure characteristic, to a decrease in power consumption, an increase in pump efficiency, and will increase competitiveness domestic pumps.
The results obtained will affect the development of the science of hydraulics, the science of designing machines for pumping liquid media, the development of the design of computer-aided design systems used in the development of designs of machines with impeller wheels on the method of parametric design and optimization of impeller wheels.
Scientific novelty. When developing the design of a centrifugal pump with increased performance indicators, a multi-stage centrifugal pump produced in Kazakhstan at «KARLSKRONA LC AB» LLP will be used as a prototype, machine parts and assemblies will be optimized in terms of kinematic power and energy indicators, as a result of which parts with new geometry, as well as sealing elements with increased sealing properties.
Preliminary stages of research: 0218RK00829, AP05134409-OT-18 "Design of the main components of the centrifugal pump with the development of an automated module for parametric creation of the main wheel geometry." 0219РК00410 AP05134409-OT-19 CАD/ /CAE/CAM end-to-end design and optimization of the geometry of the impeller of a centrifugal submersible pump with increased performance
The aim of the stage. Selection of means of hydrophobization of a centrifugal wheel, assembly of a pump with polymer wheel prototypes and industrial tests to determine the efficiency of the designed pump.
Tasks of the stage. Research of existing methods of hydrophobization, selection of modern equipment for the technological process of applying hydrophobic coatings. Investigation of the possibility of conducting industrial tests with wheels made by sterolithography technology, carrying out the strength calculation of a centrifugal wheel made of liquid polymer, printing impellers using SLA technology. Technology design and assembly of a UPP 18 - 11/6 pump with polymer wheels. Industrial testing. 
Solving these problems will improve the interaction of the elements of the flow path of centrifugal pumps and the working medium, thereby increasing the energy efficiency of the pump by increasing the hydraulic efficiency, using the model of the digital twin of the centrifugal impeller for testing the pump, using the developed technology to assemble multistage centrifugal pumps with polymer impellers.
1 Design of the main nodes of the centrifugal pump with development of the automated module on parametrical creation of geometry of the main wheel

1.1 Law of systematic study of existing CP analogues

As a result of the planned work at the first stage, the terms of reference for the design of the pump design with increased performance indicators should be drawn up.
When choosing the best option, you have to take into account various quality criteria, among which there are contradictory ones. Therefore, the task of designing the pump is multi-criterion. To solve this problem, in our project, in agreement with the partner plant KARLSKRONA, one criterion was chosen as the decisive efficiency. Based on the analysis (Table 1), the reference efficiency of 60% was taken. In table 1 appendix G the comparative analysis of the existing models is presented at the market of centrifugal pumps
According to the hydrodynamic tests carried out on the basis of the partner plant, the following results of the efficiency of serial models were obtained. Figure 1 and table 2 appendix G 
When compiling the terms of reference, the parameters of the designed pump, such as the speed factor, and the permissible cavitation margin, were also determined. The terms of reference were drawn up
Submersible and downhole pump is designed for pumping of solution with sulphuric acid content for extraction of minerals by method of downhole underground leaching.
Composition of pumped solution:
1) water with sulfuric acid content - 40 g per 1 l.;
2) chlorine - 2 g per 1 l.;
3) fine impurities (sand) - 50 g per 1 m3
4) density - 1050 kg/m3
5) temperature - 20-40 ̊ С
Parameters of the pump are specified in table 3 Appendix G

1.2 Analytical determination of the main geometrical parameters of impeller

For analytical determination of centrifugal wheel geometry parameters, the methods of the authors Lomakin A.A., [15 11], Kuznetsov A.V., [16 13], Rzhebaev N.K. [17] were compared, we selected the method [17]
Initial data: Q=13m3/h giving; H =55 m pressures; N = 2850 rpm motor speed; iQ = 1-number of streams; iH = 7-number of stages.
To improve computational accuracy and as a consequence of the geometric parameters of the wheel, a module was compiled to calculate the geometry of the flow channel and the curvature of the blade in the Payton programming language
In figure 1 appendix G  the module in console option and result of calculation of curvature is presented

1.3 Static calculation and selection of sections of the designed CP units

To select the optimal version of the pump design diagram for the specified parameters, optimization calculations were performed, according to the procedure given in the literature [18]
In the practice of designing pumps, centrifugal dimensions are most often set not on the basis of strength, but on the basis of design considerations and depending on technological capabilities. In addition, new pumps are usually designed on the basis of tested prototypes. Therefore, when designing, the main importance is the test calculation for the strength of the main elements of the pump design: shaft, impeller, housing, key or pin connection, coupling. [19].
The task of verification calculation is to determine the values   of parameters with which, in each particular case, the loss of strength (destruction) of a particular element (normal or tangent stresses, deformations, rotation speed, etc.) is associated, followed by comparing them with some limit permissible values. Automated calculation of pump rotor shaft strength was performed in NASTRAN/PATRAN program. The preliminary stage for finite element calculation was the creation of an adequate calculation scheme and the preparation of input data. In figure 3 Appendix G charts of tension and movements of the bearing rotor wave of CN are submitted/
Analysis of the results showed a sufficient safety factor at maximum supply, according to the diagram σmax==158 MPa, the allowable stress for steel 40Х [σ-] = 680 MPa, the coefficient of safety factor was 4.3. In the form of recommendations, it can be said that the use of steel of grade 40Х leads to an increase in the cost of the pump, at such a level of stress in the sections of the shaft, it is possible to manufacture a shaft from steel with a lower strength value of Steel 10.

1.4 Rotor Dynamics Study

The reliability and life of the centrifugal pump is largely determined by its vibratory state. The technology for calculating the critical speed of the pump rotor is complex, and until now it is not possible to accurately determine it due to the impossibility of reliable prediction of coefficients that take into account the effect of all possible factors that affect the vibration state of the pump. [20].
At the present stage of the development of computer technologies, the problem of determining the intrinsic frequencies of rotor systems based on linear mathematical models is well defined in automatic mode, for these studies the Patran Module of the standardized DMAP procedure "Rotodynamics" included in the sequence of solving the dynamic problem MSC.Nastran was used. (in all versions since 2004). When choosing the calculation type, calculation of complex eigenvalues of SOL 107- direct method, Frequency diagram is obtained as a result of calculation of complex eigenvalues by direct method using ASYNC option, at rotor rotation frequencies 0, 900,1800,2700,3000 rpm. [20]. 
In figure 4 Appendix G one of forms of flexural fluctuations of the rotor is presented
Based on the frequency results, a Campbell diagram was constructed for zero and maximum feed Figure 5 Appendix G
Despite the fact that the oscillation tones of the second model are 20% lower than the models in zero feed, we can say that the machine operates relatively stably.
It is not possible to compensate for the instability of movement in the launch zone by changing the circuit structurally, for example, the use of a bearing at the lower end of the shaft, by successfully solving the problem of smooth entry of the machine into working mode - the use of a magnetic coupling.
Magnetic clutches for pumps allow the transfer of torque to the pump shaft from the electric motor using magnetic fields generated by permanent magnets instead of clamping devices. At the same time, there is no need to withdraw the shaft from the flow part of the pump to the drive device, which makes it possible to make the flow part in the form of a completely sealed system operating without leaks, with a smooth start, which are characteristic of pumps with mechanical shaft seals.
Brief conclusions on the results of R & D 
On the basis of the pump pressure characteristics Q = 13 m3/h, H = 55 m, efficiency = 40% determined by the test of the pump of the brand "ODDESSE zentralasien" - UPP 13-7/6 and systematic studies of existing CP analogues, a priority efficiency indicator was chosen, the reference value is taken as 60%. The developed terms of reference for the development and design of the downhole multi-stage centrifugal pump unit made it possible to design the main units of the CP. On the basis of multivariable calculations of the energy and power indicators of the CP, a computer model of the design of the CP was built.
The strength calculations carried out indicate a sufficient strength margin factor σ_max = 286 MPA, the allowable stress for steel 40Х [σ_-]=680 MPA, the safety margin factor was 2, 37. The calculation for the durability of the rotary shaft showed a life margin of 1.7, which means that the shaft can operate safely until the uranium well is fully operational. Analysis of the results of the static calculation showed the possibility of replacing the material of the CP shaft with a less expensive one. Dynamic analysis of determining the critical rotor speeds by constructing a Campbell diagram showed instability of movement and vibration during the start-up of the CP. Certain frequencies of disturbed oscillations, critical speeds of rotation for the first forms of oscillations -366, 488.732 Hz are in the area of   47 Hz (2200 rpm) for reverse and direct precession, respectively. Additional damping elements in the form of magnetic coupling must be introduced to ensure steady input of CP into operating mode.
The created flowchart allowed to design the first console version of the automated module in the Python programming language for parametrical drawing of geometry of a centrifugal wheel, verification with analytical calculations yielded good results in respect of consistency with analytical results of dв= 0.026 m, D0  =0.047, D1=0.41, D2=0.21, b1=0.03, b2=0.02  m and showed good performance in calculations and saving of time for design of geometry of the CN driving wheel.















2 CAD/CAE/CAM end-to-end design and optimization of centrifugal submersible pump impeller geometry with improved performance

2.1 Systematic study of methods of optimization and methods of construction of impellers of centrifugal analogues of CP

At this stage of the study, methodologies for digital design and optimization of CP nodes were used. The work included the following steps: creating an automated module user interface for designing the geometric characteristics of the CN impeller in the MATLAB environment; Using CAD/CAE/CAM End-to-End Design to Create and Optimize Centrifugal Wheel Model, CAD Design in COMPASS engineering analysis of impeller strength, development of power scheme for analysis of vibration activity, dynamic calculations of forced oscillations of NASTRAN/PATRAN shaft-wheel system; determination of rotor life at complex stress state in NASTRAN/FATIGUE ESCS; 3D FDM printing of the first centrifugal wheel prototypes.
When designing a new design of CN impellers, graphoanalytic methods are widely used, when it is not possible to find a mathematical solution to this process, for example, the process of fluid flow movement in the pump, similarity theory is used. This theory allows you to model physical phenomena without solving or even compiling physical equations. Applying the similarity theory, it is possible to choose a model pump, the flow cavity of which is similar in its geometry to the cavity of the designed pump.
In designing the impeller, the NIR participants considered it more appropriate to use the design and analytical method, since it gives a more detailed picture of the distribution of meridian speeds, depending on the meridian profile of the wheel and the shape of the blade.
Based on the hydrodynamic calculation algorithm compiled at the first stage of 2018, an automated module and a user interface in the MATLAB program were developed.
At the stage of 2019, the automated module was supplemented with an algorithm for drawing the profile of the blade with determining its geometry through Cartesian coordinates, which are set as a function of the girth angle and wheel radius determined in cylindrical coordinates.
This created algorithm allows you to accurately draw the geometry of the designed blade in any CAD system, and in particular the drawings and wheel model were executed in the COMPASS program. Figure 6 appendix Z represents windows of the user interface of the automated module. On design data of the automated module the model of a centrifugal wheel with cylindrical blades figure 7 appendix Z was constructed
To optimize the geometry of the impeller, the cylindrical blades were replaced with double curvature blades. The blade of the double curvature impeller allows the stage to work with greater efficiency while maintaining the head compared to the cylindrical blade, the greater the supply, the more noticeable this is. The selection of optimal velocity ratios and the optimal expedient shape of the flow portion are among the main ways to significantly improve the performance of the submersible centrifugal pump stage. During the design of the double curvature blade, an automated construction method was developed.
The algorithm of the developed method for creating a 3D impeller model:
1. The wheel channel is sketched according to the data table of the automated module "PUMP"
2. The rotation operation creates a shell 3D model of the CP flow channel
3. To profile the blade of double curvature, the bush line of the blade, Cartesian coordinates, which are defined in the automated module "PUMP," is selected as the calculated one and the sketch is drawn by coordinates using the curve "spline by points."
4. Using the recommendations given in the manual [21] for centrifugal wheels with the space surface of the blades at the inlet, the following angles of attack are recommended:
- on the external line of current ;
- on the average line of current ;
- by bushing line of current .
The developed method of construction and model of the wheel with blades of double curvature constructed by the automated method are given in figure 8 Appendix Z.

2.2 Calculation of stress-strain state and analysis of impact of number of wheel blades on vibration activity of rotor of designed wheel

Damage to the CP impeller leads to a decrease in operational performance (supply, head and pressure), which leads to deterioration and complication of the process, as well as to associated economic costs. Due to the fact that the sudden failure of the pump unit due to any defect can create an emergency situation and cause additional repair costs, the determination of the operational life of the impellers is undoubtedly relevant [21]. To calculate the stress-strain state of the designed impeller using the finite element method, the NASTRAN PC was used.
Calculation for strength of impeller of submersible centrifugal downhole pump includes calculation of blades for tension from action of centrifugal forces and calculation of disks, action of liquid pressure on front and rear part of rear disk. Calculation of blades for tension consists in determination of stress caused by centrifugal force.
The analysis of a picture of tension of the driving wheel shows (figure 9 appendix Z) that the maximum tension σ_max=181mPA arises on the periphery of a disk of the driving wheel in the field of an adjunction of shovels. And maximum displacements occur in blades y_(max )=  2∙〖10〗^(-3)  m. In the analytical calculation of the number of blades of the CN wheel, we got that z_i=8,5 (z_i- количество blades), here the question arose about choosing the number of blades between the numbers 9 and 8, and this problem was solved based on the dynamic characteristics of the rotor, that is, the response of the system to the force at a frequency of 400 Hz (8 blades), and a frequency of 450 Hz (9 blades)
Resonant conditions of the AChH CN rotor were investigated in the range of own frequencies of fluctuation of the rotor of 4000 Hz, influence of hydrodynamic force of Fr  at a frequency of fr = 450 of Hz is presented in figure 10 appendix Z.
At number of shovels of the 8th centrifugal wheel, a system response to influence of hydraulic force at a scapular frequency of 400 Hz, are submitted on AHCh(AХЧ) to the chart in figure 11 appendix Z.
Analyzing the frequency spectra of vibration (Figure 5.6 Appendix B), the dynamic gain at resonance is determined. Coefficient η=δ/δ_ст    is determined through the ratio of amplitude of forced harmonic oscillations δ to static movement δ_ст under the action of force equal to amplitude of harmonic excitation. The largest amplitude arises from perturbation by the unbalance force δ=2∙〖10〗^(-3)m, according to the results of the VAT(НДС), the static movement δ_ст=9,29∙〖10〗^(-5) m, thus, the dynamic gain at resonance is η=20. For pumps, the dynamic coefficient according to the data [22] can be within the limits of 20... 25. According to [23] for rotor aggregates, the value of the coefficient? must not exceed 50.
Computer calculation of CP shaft durability in complicated state. During long-term operation, in addition to the design, additional loads may appear that reduce the fatigue strength of the parts. When fatigue damages accumulate on the surface of rotor shafts, destruction processes can begin. During operation of the centrifugal pump, the alternating loading cycle gives a load from the residual imbalance, which in the design scheme was taken into account as a radial force acting on the rotor. The service life of the shaft rotor is determined by wear; after six thousand hours of work, they are buried in the well.
The durability calculation was carried out in the FATIGUE module using the S-N (stress-number of cycle) method of calculating the total durability, as a result of which the safety factor for fatigue durability of parts with respect to the design (standard) service life should be determined, this parameter is taken as the operating time of the uranium well in the amount of 6000 hours. Figure 9 shows the result in the Log of Life (Cycles) view. In the diagram, the smallest durability is expressed by the number 9.5 of the decimal logarithm. By presenting durability values in logarithmic units, durability isolines provide a more understandable interpretation of the calculation results. Figure 12 appendix Z
Operation time before destruction is 7640 hours. The designed service life of the rotary shaft is 6000 hours, as a result of computer simulation, the operating life of the machine is 7640 hours, therefore, the fatigue strength margin is 1.27. According to the designed dimensions of the centrifugal wheel, the technological process and parameters of the 3D printing of prototypes for hydrodynamic tests were selected. Figure 13 appendix Z
Performance:
- for hydrodynamic calculations and design of meridian section and profiling of CP wheel blade, user interface of automated module in MATLAB environment is developed;
- the geometric dimensions of the impeller CP are defined as the diameter of the shaft d_в=0,0157 m, the diameter of the wheel hub d_cm= 0.0189 m, the diameter of the entrance to the wheel D_0=0,0578 m, the approximate diameter of the beginning of the blades D_1=0,0462 m, the outer diameter of the wheel D_2=0,0949 m, the width of the channel at the entrance b_1=0,0096 m, the inlet angle of the blade β_1Л=29, the outlet angle of the blade β_2Л=24, the number of blades z = 9;
- according to the design data, a 3D model of the CP wheel with cylindrical blades was built;
- the geometry of the CР driving wheel is optimized, CР wheel 3D model with spatial blades parameters of the blade of double curvature with parameters for the vtulochny line of current β_α= 〖29〗^0  is constructed; for the middle current line 〖 β〗_β=〖27〗^0, for the outer current line 〖 β〗_с=〖24〗^0, output angle β_2Л=〖24〗^0;
- an automated method of designing and constructing the 3D geometry of the impeller with double curvature blades in CAD systems has been created;
- design mechanical diagram for automated static calculation of CP wheel;
- automated calculations in the integrated NASTRAN/PATRAN environment for determination of stress-strain state of the designed CP wheel were performed, σ_max=181 MPa, permissible stress for steel 40Х [σ_-]=680 MPA, safety factor was 3, 37;
- design mechanical scheme for hydrodynamic calculations with determination of value of disturbing forces and frequencies at which perturbation occurs Pdis = 8.4 H frequency f = 50 Hz, F_r==105 Hat frequency f = 400 Hz at 8 blades, f = 450 Hz at 9 blades;
- computer analysis of vibration activity and amplitude-frequency response of the shaft-wheel system in rigid supports in the MSC NASTRAN system, frequency range of natural oscillations of the rotor 200... 4000 Hz, harmonics at frequency 1330 Hz with amplitudes δ = 2∙10-3;
- the analysis of results of the automated calculation of vibroactivity and an amplitude-frequency response of a system a shaft wheel is carried out with conclusions the coefficient of dynamic strengthening at a resonance is equal in rigid support η = 20. For pumps, the dynamic data factor can be within the limits of... 20 25;
- minimum coefficient of dynamic stability of the shaft-wheel system in rigid supports is determined, k = 4;
- analysis of influence of fluid pulsation forces at blade frequencies was carried out, and when comparing versions of the wheel with 8 and 9 blades, a choice was made in favor of 8 blade impeller;
- computer analysis of rotor durability in MSC FATIGUE system was carried out, the shaft durability in the volume of 7400, hours was determined, which was the value of durability coefficient 1.7;
- parameters 3D printing of the first prototype impellers with cylindrical and spatial blades of FDM technology are selected: printing on X and Y axes, depends on the diameter of the extruder nozzle - 0.4 mm; printing along the vertical Z axis (layer thickness) - 0.2 mm; printing speed mm/s - 30 mm/s; extruder temperature - 220 ° C; heating table temperature - 60° C, location 450;
- printed the first prototype impellers with cylindrical and spatial blades FD technology;
- recommendations on rapid prototyping of CP impellers have been developed;
- set of design documentation for centrifugal wheels is completed.










3 Analysis of means of hydrophobization of flow channels of the centrifugal wheel
 
3.1 Conducting a systematic study of methods for improving the hydrodynamic properties of centrifugal wheels

For the selection of hydrophobization tools, studies of existing methods of applying hydrophobic coatings were performed in order to improve the hydrodynamic parameters of the designed wheel.
Modification of the flow part of the centrifugal wheel is a promising way to modernize pumping equipment for both manufacturers and operating organizations. The main advantage of this modernization is the preservation of the geometry of the working elements of the flow part and the design of the pump as a whole without changing.
The main goals of modifying the flow part surfaces to improve the efficiency and reliability of centrifugal pumps are:
-  reduction of roughness (reduction of hydraulic friction losses);
- improving the corrosion resistance of the surface;
- increased resistance to erosion and abrasive wear.
One of the promising areas that are currently being developed due to progress in the field of protection technologies and improving the efficiency of power equipment is [24]  changes in the hydrodynamic interaction of the surface and the working flow.
These tasks can be solved by:
- additional surface treatment of flow part elements;
- creating various coatings on the surfaces of the flow part.
Surface modification by additional mechanical processing is practically not widespread when upgrading pumping equipment by operating organizations. This is due to the fact that such modernization requires expensive high-tech equipment necessary for processing complex surfaces of the flow part, such as closed channels of the Republic of Kazakhstan, with restrictions on the processing of landing surfaces.
In the course of the study, data were analyzed on methods for improving the hydrodynamic characteristics of the wheel based on the method of using surfactants based on fluoroplast and technologically the method of using surface-active corrosion inhibitors [25]. Currently, the world's leading manufacturers of pumping equipment use coatings that provide corrosion protection for flow parts made of cast iron. Some of these coatings also slightly reduce the surface roughness. One of the types of such coatings is based on cataphoresis [26] (figure 14).
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Figure 14 - Impeller made by casting cast iron in a sand mold, the surface of which is protected by a coating based on cataphoresis

However cataphoresis coatings are not suitable for pumps that distill aggressive media for UPP pumps 18 – 11 / 6 we considered the possibility of using coatings based on fluoropolymer.
Also, the following results of the author's research served as a justification for choosing the method of hydrophobization based on fluoroplast [27]. When considering a centrifugal pump with an average speed coefficient, the feature of these hydraulic units was a significant external surface of the impeller disks, as well as the presence of a discharge device whose working cavities are connected to the suction area of the impeller. Modifications (both on the basis of surfactants and on the basis of fluoroplast) of the entire surface of the impeller, the value of the increase in efficiency is comparable and is about 2 %. The impeller that have been upgraded differ in their outer diameter; the wettability angle for these modification options (on cast iron, based on the analysis of a number of data) is about 130° for surfactants and 150° for fluoropolymers; other design features are identical; accordingly, based on the data we can say that the loss of hydraulic friction for the two impellers will be different, as the disk friction losses, the level of losses associated with leaks through the front seal and through the unloader will also vary (modification of surfactant-based losses are higher), therefore, the increase in efficiency for the same diameter (for sizes of different types) will be different in the case of PTFE is higher.
After processing with fluoroplast, the roughness of the raw surfaces of the impeller (including the roughness of the surfaces of disks and internal channels) in the initial state averaged 75 microns.
After the formation of the fluoroplastic coating, the surface roughness of the disks decreased and averaged from 35 to 45 microns. The surface of the impeller has acquired pronounced hydrophobic properties. The value of the edge angle was approximately 1500.
The efficiency increase in the optimal mode was 1.7 % after creating a hydrophobic coating based on surface-active corrosion inhibitors, and 1.8% after creating a fluoroplastic hydrophobic coating. It is noted that, despite the decrease in surface roughness when creating a fluoroplastic coating, the values of the increase in efficiency are approximately equal, which suggests that the determining value of the hydrophobicity of the surface when reducing hydraulic losses.
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Figure 15- КМ 65- 50 - 160 pump efficiency

The research data were summarized in table 4, where a comparative analysis of three methods of hydrophobization of the flow part of a centrifugal pump is obvious

Table 5-Comparative analysis of the results of hydrophobization methods

	Method water repellency treatment
	surfactants
	surface-active corrosion inhibitors
	Based on fluoroplast

	Roughness
	35-45 micrometer
	35-45 micrometer
	35-45 micrometer

	Edge wettability angle

	1350
	1300
	1500

	efficiency
	1,3%
	1,7%
	1,5-2%



3.2 Use of fluoroplast for creating hydrophobic coatings on the surfaces of the flow part of centrifugal pumps

Fluoroplast-4 (polytetrafluoroethylene, or "Teflon") is the most chemically stable of all known polymers. It does not burn, does not dissolve in any solvent at temperatures up to 260 °C, and is not affected by acids and alkalis (even highly concentrated ones), strong oxidizing agents, and other aggressive substances [28]. Fluoroplast-4 does not withstand only the effects of molten alkali metals, as well as chlorine TRIFLUORIDE, fluorine gas at 150 °C or increased pressure; it swells in perfluorocerosene at temperatures of about 300 °C. Biologically, fluoroplast-4 is harmless. Destruction with a significant release of gaseous products begins only at temperatures slightly higher than 415 °C. Fluoroplast-4 exhibits the most pronounced hydrophobic properties among polymers. Water absorption in 24 hours is 0.00 %.
To increase energy efficiency, a discrete modification is required, which should consist of the following: the sealing surfaces and the axial force discharge system must be left in their original state (for pumps in the delivery state) , or the surfaces must be cleaned and modified (including hydrophobization, but with a wetting angle of up to 100°) - for units that were in operation; the surface of the driven disk and the blade system must be modified (the wettability angle of 130° or higher), and the surface of the drive disk must either be left in its original state, or modified with a wettability angle of up to 100°. If the conditions for upgrading to improve energy efficiency are met, the efficiency increase for medium-speed pumps will be about 4-5 %[29 5].
The results of energy and cavitation tests to study the effect of hydrophobic fluoroplastic coating on the surfaces of the impeller demonstrate:
- increasing the pressure characteristics of the pump after creating a hydrophobic coating, which is due to a decrease in hydraulic friction losses that pass into the head;
- maintained the efficiency of the pump to ensure the pressure;
- reduced power consumption, especially in the operating range, which is due to a reduction in the power consumed to compensate for hydraulic losses;
- increase the pump efficiency by 1.5-2 % in optimal operation mode;
- the reduction in power consumption is approximately 90 watts.
Despite a slight reduction in surface roughness when creating a fluoroplastic coating, the increase in efficiency is 1.5-2 %, as in the case of modernization by creating a hydrophobic coating based on surface-active corrosion inhibitors, which leads to the conclusion that the determining factor in reducing hydraulic losses is the hydrophobicity of the coating, and not the surface roughness. [28]. Based on the results of the study, the following technology and equipment for applying fluoroplast will be proposed. To create a fluoroplast coating on the impellers of pumps, a technological complex is proposed, consisting of technological lines shown in figure 16.
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Figure 16-Production areas of the technological complex for creating structured fluoroplastic coatings

The coatings are applied by pneumatic spraying followed by heat treatment of the wheel. The first step is to prepare the part for coating and clean the surface, pre-heat the part, and then start spraying. Based on research on the equipment used for applying fluoroplastic coatings, we offer an automated coating line. The line for spraying powder materials is shown in figure 17.
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1 –bath with pseudosignal layer ; 2 – rotary table; 3 – motor; 4 – bath of a fluidized bed of powder; 5 – powder collector; 6 – fan; 7 – bag filter; 8 – rotating mandrel; 9 low products;10 – coloured product; 11 – chamber for sputtering; 12 – an atomizer; 13 – a hose; 14– pneumatic chamber; 15-pneumatic chamber ; 16 –pipe for air supply ; 17 – porous partition; 18 – fittings for air supply; 19 – ejectors; 20 powder material; 21-roller conveyor for feeding; 22 - curing oven;

Figure 17 - Scheme of the installation for spraying of powder materials for pump parts
Technological complex and stages of modernization of operating centrifugal pumps based on fluoroplast implemented and proposed by the author G. p. Khovanov [8]. The composition of production sites for improving the hydrodynamic characteristics of pump impeller surfaces using structured fluoroplastic coatings is listed below.
The surface preparation area is represented by two technological lines: a cleaning line and a washing and degreasing line. To clean the functional surfaces of pumps before applying the coating, the technology of jet-abrasive cleaning is applied. The industrial jet cleaning chamber KCO-100 of the injection type is installed in the cleaning line (figure 19). The chamber is equipped with exhaust ventilation and a high-efficiency filter with a recuperator.
 The design of the chamber uses the principle of ensuring electrical safety of installations: the supply voltage is only suitable for the filter module, and the abrasive supply is controlled using pneumatic units; lighting of the working area is implemented using low voltage. Thus, the voltage of 220V and 380V to the body of the camera, which is directly operated by the operator, is not supplied. In the working chamber (figure 18), air and air-abrasive lines are connected to the injection nozzle. The speed and flow rate at the nozzle outlet are controlled by the air pressure and nozzle diameter.
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Figure 18-KCO-100 working chamber with an injection nozzle

The air supply to the CSR-100 is provided by an industrial compressor of the OMV series with an air dryer and receiver (figure 19). The compressor is mounted on a vibration-proof, moisture-resistant carrier frame attached to the receiver, and does not require a special Foundation. The electrical switchboard is integrated into the sound-absorbing casing of the compressor.
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Figure 19-General view of the cleaning process line.

The area of application of Fluoroplastic powder is represented by an impassable chamber. Individual lighting is installed in the camera, and its walls are made of transparent plastic, which provides the necessary lighting for the workplace. Together with the camera, a filter-recuperator with individual supply and exhaust ventilation is mounted on a separate frame. The three-stage filter recuperator allows you to return 97% of the powder that has not settled on the parts for further use. The application of fluoroplastic powder to the working surfaces of pump parts in the chamber is provided by a spray gun with electrostatic and tribostatic barrels. The powder is supplied from the discharge hopper of the gun by injection due to the supply of compressed air through the barrel of the gun. The gun is operated by an oil-free coaxial electric compressor.
The fluoroplast polymerization section is represented by a polymerization chamber, which is made on the basis of a chamber muffle electric furnace. The chamber has a pull-out tray and is insulated on the inner surfaces with mulite-silica fire-resistant fiber with built-in electric wire heaters. The pallet is heat-insulated with fire-resistant fireclay bricks. The chamber is equipped with a powerful Autonomous exhaust ventilation of the ejector type. The technical characteristics of the camera are shown in the table 6

Table 6 - technical characteristics of the polymerization chamber

	№
	Name of parameter
	Value

	1
	Maximum operating temperature, º С
	1100

	2
	Power, kW
	20,0

	3
	Mains voltage, V
	380

	4
	dimensions of the working chamber:
	

	5
	- width, mm
	600

	6
	-height, mm
	1050

	7
	-depth, mm
	840

	8
	The volume of the working chamber, l
	500
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Figure 20-General view of the polymerization chamber with temperature field sensors.

The polymerization chamber is equipped with an individual controller (figure 20), which has an interface for connecting to a computer and provides:
- automatically heating the camera, temperature stabilization and cooling the camera;
- setting and maintaining the temperature for the entire period of operation;
- setting and maintaining temperature over time intervals;
- discreteness of setting the temperature 1°C;
- discreteness of setting time intervals of 1 min;
- setting time intervals from 1 to 9999 min;
- audible alarm of excess temperature.
Having researched the market of polymerization chambers, we offer a new generation Politex camera for the hydrophobization process
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Figure 21 - the Curing chamber of the company Politex
4 Study Prospects for the use of polymer wheels in centrifugal pumps

4.1 Checking the strength of the impeller of a centrifugal pump made of polymer material 

The production cycle of centrifugal wheels with increased hydrodynamic properties is possible with the use of new composite polymer materials, in addition, the technological process of wheel production can be reduced by one labor-intensive stage-hydrophobization by applying fluoropolymer, which was mentioned above. 
The performance of the wheels of centrifugal pumps increases, and the strength is provided if they are made of wear-resistant thermoplastic plastics with a finite isotropic structure:  low-pressure polyethylene, polycarbonate, glass-filled nylon, etc. The closed design of the pump wheels determines the technological complexity of their manufacture from materials similar to those mentioned.
In foreign and domestic pump engineering, research continues to be conducted to find optimal schemes for the technological process of manufacturing polymer parts that meet the necessary technical and economic requirements. The main methods of processing plastic products include pressing, injection molding, extrusion, vacuum forming, blowing, and stamping. In some cases, mechanical processing of blocks of material is also used.
The use of polymer compositions for the manufacture of impellers of submersible centrifugal pumps is associated with significant technological difficulties. The centrifugal pump wheel is a closed type spatial structure [29]
For example, KMM-E pumps of a new generation for petroleum products and highly flammable liquids, pumps that pump petroleum products and other highly flammable liquids, in accordance with the state standard of Russia 52743-2007 (EN 809: 1998) " Pumps and pumping units for pumping liquids. General safety requirements" should have a number of design features. KMM-E pumps are manufactured using the most modern technologies. Thus, body parts are obtained by casting metal using gasified models. Impellers of KMM-E pumps are obtained from a conductive composite material by casting on molten rods. In addition, KMM-E pumps have a number of design features that increase their reliability and ensure safety during operation. [30]
 To determine the hydrodynamic characteristics and conduct industrial tests, photopolymer wheels were printed using SLA technology with geometric parameters designed on the "PUMP" module and with double curvature blades. The choice of stereolithography technology was based on the criteria of roughness and surface quality of printed products. In accordance with the manufacturing technology and the requirements applied to the details of the stage of centrifugal submersible pumps, an absolute roughness value of 3 microns is allowed on the internal surfaces of the structural elements. Figure 22 shows samples of wheels printed with SLA and FDM technology.
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а) FDM technology printed wheel, б) SLA printed wheel
Figure 22 – Samples of wheels

The most advanced and widespread materials in additive manufacturing include photopolymers-substances that change their properties and aggregate state when they are exposed to ultraviolet rays.
Advantages of photopolymers in comparison with other materials for 3D printing:
·  high detail and perfectly smooth surfaces of printed objects;
· the ability to grow geometrically complex products (accuracy - up to 0.025 mm on 25.4 mm parts);
· превосходные excellent physical and mechanical properties of finished models and prototypes;
· large selection of 3D printing materials with various properties;
· простота easy post-processing – they are easy to glue, sand, paint, etc.
However, in order for the polymer wheel to withstand real loads under real loading conditions during testing, it is necessary to increase the thickness of the disk walls and conduct a strength calculation. 
The task of checking the static strength of the disk is to determine the stresses that occur under the action of operational loads. Comparing them with the permissible stresses allows you to evaluate the performance of the structure. In this formulation, the problem is the content of the verification calculation of the disk strength. 
The wheel model was imported from the CAD system, since the wheel was created as an Assembly of elements, the "Boolean" operation was used in the PATRAN preprocessor to combine all the parts. this created computer model corresponds to the technology of manufacturing the wheel by casting. The grid was approximated by eight-node tet structural elements. to generate a detailed grid, the element size was chosen from the condition of the smallest size of the wheel wall thickness of 0.002 m. The dimension of the problem with this size of the face of the final element was 256700 elements. Figure 23 shows a finite element grid of a centrifugal wheel with 8 blades

[image: ]

Figure 23 – Final mesh of the polymer wheel

In the input data, the data on the mechanical properties of the material were changed, the wheel made of photopolymer has the following mechanical characteristics elastic modulus E=10 GPA, Poisson's ratio =0,25 [31]

Table 7 - The input data for the static calculation 

	№
	Parameter
	Value 

	1
	Material
	steel

	2
	Elastic modulus Е
	10109 PА

	3
	Poisson Ratio
	0,25

	4
	Support 1
	The ball joint around the axis of rotation of the model 

	5
	Support 2
	The ball joint around the axis of rotation of the model

	6
	  The inlet pressure to the wheel
	

	7
	  Pressure at the exit of the wheel 
	0,56МPА

	8
	- centrifugal force 
	24,19 N

	9
	Calculation type
	Static Solver 120



The results of calculations of polymer centrifugal wheels are shown in figure 5. the Maximum stress in a centrifugal wheel with 8 blades is σ_max = 118MPA, which indicates a sufficient strength coefficient of the polymer wheel.
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Figure 24 - Diagrams of stresses in the wheel are made of photopolymer

4.2 Pump Assembly and carrying out industrial tests

For industrial testing, the pump with polymer wheels was disassembled and assembled (3 wheels). The main components are a metal body and a two-disc impeller with blades. Connection to the pipeline is carried out by means of branch pipes (pressure and suction).
The design of the centrifugal submersible pump includes:
- the impeller is the main element of the equipment made of polymer material;
- impeller blades that create a centrifugal force to suck in water;
- housing that protects the impeller from mechanical damage;
- the suction area through which the liquid is pumped;
- pressure pipe that transfers water from the pump to the pipeline system;
- non-return valve that prevents water from escaping from the pump to the source;
- safety net required to protect the working part of the pump from impurities that negatively affect the operation of the device.
With the help of a motor, the wheels begin to rotate around their axis, the blades located on them create a lifting (centrifugal) force that moves the liquid along the sleeve. The increased pressure "pushes" water into the pipeline. Due to the design features, the flow "twists", so a leveling device is located at some distance from the sleeve: water passes through it, and then enters the pressure water supply.
The impellers move freely along the shaft in the axial direction and are limited in movement by the lower and upper guide devices. The axial force from the impeller is transmitted to the lower textolite ring and then to the shoulder of the guide device. Part of the axial force is transmitted to the shaft due to wheel friction against the shaft or wheel sticking to the shaft during salt deposition in the gap or metal corrosion. The torque is transmitted from the shaft to the wheels. 
Impellers are made of polymer material. The guide devices are connected to each other along the peripheral parts, in the lower part of the housing they all rest on the lower bearing and the base, and from above they are clamped in the housing through the upper bearing housing.
Specifications. The technical condition of the parts of the centrifugal pump should be determined in accordance with the defect and repair cards. After assembling the pump, the shaft must rotate by hand without jamming the impeller. The ends of the edges of the fan blades must be in the same plane. Figure 25 shows the Assembly of a pump with polymer wheels
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Figure 25-Pump Assembly with polymer wheel

The formation of the Assembly scheme was carried out taking into account the convenience of Assembly work and Assembly quality control, while taking into account the number of Assembly jobs, the availability of necessary technological equipment and equipment, the possibility of reducing the Assembly time, reducing its cost, and the use of mechanization and automation tools.
Assembly sequence. A shaft is installed in the housing, on which a locking ring is pre-dressed, then two bearings and an oil seal are pressed. Another oil seal is put on the installed shaft, and a key is installed on which the hub is put on. a spacer sleeve is put on the shaft, the impeller chamber is installed on it, which is compressed by the impeller with a fluoroplastic ring, which are tightened with a bolt after Assembly. The last step is to install the shaft in the electric motor. The flow diagram of the centrifugal submersible pump Assembly is shown in figure 26
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Figure 26-pump Assembly Flow chart 

4.3 Test conditions 

The tests were carried out on a certified test stand of the brand "Oddesse pumping equipment Test stand" in accordance with the state standard 6134.
In-plant testing of the pump: 
- performance characteristics, mechanical testing, is carried out on the factory drive with adjustable speed according to the technological instructions. Tests are performed at maximum speed, on water (as a working medium) with a relative density of 1.0 or higher;
- the actual head-flow, power, and efficiency values will be determined from factory performance tests;
- the design point is the only point at which performance is guaranteed. The shape of the curve is not guaranteed;
- the flow rate at which the pump stops is defined as the minimum flow rate of the pump
During installation testing, the factory auxiliary lubrication system and the factory auxiliary sealing system are used. The test results are shown in figure 27
[image: ]

Figure 27-UTP 13-7/6 pump test Report

The test report shows an efficiency of 42.1% percent, the increase in efficiency compared to the original pump model is 2%.  





CONCLUSION

Brief conclusions on the results of scientific research work 
The results of the research work correspond to the tasks planned according to the calendar plan:
1. Based on the results of research and calculations of the main pump nodes in NASTRAN/PATRAN computer systems, a manual was submitted to the Piarika publishing house. The manual describes General theoretical concepts of the finite element method and its practical application in the PATRAN finite element analysis module, which is part of the NASTRAN integrated system. A method for creating finite element models, methods for setting boundary conditions, performing numerical calculations, and analyzing their results is described. Training materials allow you to use examples to learn how to enter information about the research object, select the appropriate options from the program interface, and control all actions on the display screen. These examples demonstrate the capabilities of the software product to solve strength problems in the design of pumping equipment. It is intended for University students, as well as designers of machines and mechanisms.
2. The developed set of design documentation in the amount of 12 2D drawings and 12 3D models will allow developing technological processes for manufacturing a wheel with double curvature blades and with new geometric parameters of the Meridian section.
3. The conducted research and comparative analysis of the parameters of hydrophobization methods allow us to make a choice in favor of the technological method of applying a fluoroplastic coating. By results of research the result was revealed: the type of update - for pumps type "KM" modification-based surfactants, and for pumps of type "SM" - based on PTFE; limit implemented by contact angle wettability for PAV - 135°, for PTFE 150°; for the PIAC - 130° method, modernization to improve energy efficiency, an increase in the efficiency coefficient for medium-speed pumps with surfactant surfaces leads to an increase in the value of the efficiency coefficient of the order of 1.3%, when applying a fluoroplastic coating of 2%, when applying a PIAC of 1.7%;
4. The use of the developed technology for rapid prototyping and creating a digital twin of the impeller will allow you to avoid design errors and reduce the cost of fine-tuning the design of the centrifugal pump.  
5. The printed impeller with SLA technology is as close as possible to the roughness of the wheel produced from metal by stamping in terms of the roughness parameters of 3 microns.  Calculations for the strength of a polymer impeller with a modified disk thickness from 1 m to 2 mm allowed testing the pump in real power conditions.
6. Industrial tests show a 2% increase in the efficiency of a submersible centrifugal pump due to changes in the geometry of the flow channel and the curvature of the blade.
Assessment of completeness of solutions to tasks
The tasks set for 2020 have been fully completed.
Research work on the project was carried out on the basis of the University's collective use laboratory using the power of a supercomputer. A team of performers, including 1 candidate of technical Sciences, 11 employees with experience as a designer at a machine-building plant, 1 PhD doctoral student, 1 Junior researcher. The project has the necessary research infrastructure: production facilities, modern research equipment, access to sources of scientific and technical information. The licensed computer aided design system MSC NASTRAN was used in the research. 
Results of evaluation of the technical and economic efficiency of the project within the partner enterprise and machine-building enterprises the project meets the goals and strategy of the enterprise aimed at modern trends in creating digital design and creating digital doubles in order to reduce the economic costs of testing physical models.
Results of evaluation of the scientific and technical level of research work performed. Research work was carried out at the modern technical level for the design and calculation of pump units, the highest-level computer-aided design system MSC NASTRAN was used, digital models of centrifugal wheels were manufactured using the latest technologies of layer-by-layer cultivation. To calculate large tasks on the basis of the University's shared use laboratory, the power of a supercomputer was used. A team of performers, including 1 candidate of technical Sciences, 1 doctor of PhD, 1 employee with experience as a designer at a machine-building plant, 1 Junior researcher. The project has the necessary research infrastructure: production facilities, modern research equipment, access to sources of scientific and technical information.
Research work was carried out in accordance with the international standard ISO 10006 " Administrative quality management. Guidelines for ensuring the quality of project management."  For the successful implementation of project tasks, there are laboratory facilities equipped with the appropriate infrastructure. Patent and license security of research is carried out by the relevant service of the organization at all stages of the project.
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	Сentrifugal pump rotor dynamics study
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Исаметова М.
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	«The simulation of the service life of the rotary shaft of a centrifugal pump» 
	в материалах Международной конференции  6th International BAPT Conference “POWER TRANSMISSIONS 2019” June 19-22, 2019, Varna, Bulgaria MATEC Web of Conferences (indexed in Conference Proceedings Citation Index Web of Science).
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Нусипали Р.
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Machines. Technologies. Materials.
Scientific Technical Union of Mechanical Engineering «Industry-4.0» Bulgaria
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	1. 
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Standard work schedule
	The cipher of the task stage
	Names of works under the contract and the main stages of its implementation
	Due date
	Expected result

	
	
	Beginning
	Ending
	

	1.
	Conducting a systematic study of existing analogues of the CP
	January 2018
	November 1, 2018
	Systematic research will be conducted on existing analogues of the Central heating system. a technical task will be formed

	1.1
	Static calculation and selection of the cross section of the nodes of the designed СР
	January 2018
	July 2018
	Be held static calculation and selection of cross-section nodes of the projected operation. Will be developed a computer model of the structure of CР

	1.2
	Creating an algorithm for creating a parametric model of the impeller
	July 2018
	2018November 1, 2018
	The program algorithm for creating a parametric model of the impeller will be created

	2.1
	Development of the main wheel of the Central control unit of the optimal shape
	January 2019
	March 2019
	The main wheel of the Central heating system of optimal shape will be developed. The model of the main wheel of the СР will be optimized

	2.2
	Development of the power scheme for the hydrodynamic model of the rotor and impeller of the Central control unit
	April 2019
	June 2019
	The power scheme for the hydrodynamic model of the rotor and impeller of the CР will be developed

	2.3
	Design of the Central heating system rotor in the MSC ADAMS module
	July 2019
	September 2019
	The rotor of the Central control unit in the MSC ADAMS module will be designed.
The CPU rotor model will be optimized

	2.4
	Optimizing the shape of the main wheel
	October 2019
	November 1, 2019
	The shape of the main wheel will be optimized. the model of the main wheel will be printed using additive technology on metal

	3.1
	Preparation of design and technological documentation and training manual
	January 2020
	March 2020
	Design and technological documentation and training manual "design of centrifugal machines in the NASTRAN, ANSYS system" will be prepared»

	3.2
	Selection of means for hydrophobization of flow channels
	April 2020
	June 2020
	The selection of means of hydrophobization of flow channels will be carried out . Parameters of the hydrophobization technology will be selected

	3.3
	Building a CP   with optimized nodes
	July 2020
	September 2020
	The СР will be assembled with optimized nodes. A prototype of the Central control system will be received

	3.4
	Testing of the prototype
	October 2020
	November 1, 2020
	The test results of the prototype will be obtained. Two articles will be published in peer-reviewed foreign scientific publications with an impact factor indexed in SCOPUS and two articles in foreign and domestic journals with a non-zero impact factor. An application for a patent of the Republic of Kazakhstan will be submitted
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APPENDIX E

Tables and figures from Chapter 1

Table 1-Analysis of existing downhole multi-stage centrifugal pumping units

	№
	The manufacturer's name, brand of pump
	Efficiency (with an electric motor power of 1.5 kW) %
	Duration between major repairs (depending on the medium being pumped)

	1
	«GRUNDFOS» MS 402
	71,0
	1-3 years

	2
	«ЛИВГИДРОМАШ» - ЦНСВ 12,5-40
	50,0
	1-3 years

	3
	«CALPEDA» - MXV4 25-220
	58,0
	1-3 years

	4
	«PEDROLLO» - 65R12/15
	60,0
	1-3 years

	5
	«ODDESSE zentralasien» - UPP 13-7/6
	40,72
	1-3 years

	6
	«ZDS» - O3.150.45.DRP
	65,0 
	1-3 years
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Figure 1-test Report


Table 2-test Data

	Q
(м3/час)
	H
(м)
	U
(В)
	I
(А)
	P
(кВт)
	COS
	P2
(кВт)
	F
(Гц)
	КПД мас.ч.
(%)

	7,80
	74
	232,40
	8,25
	5,91
	0,80
	4,71
	50,00
	33,40

	11,34
	66
	233,00
	8,91
	6,30
	0,82
	5,16
	50,01
	39,51

	13,22
	59
	232,80
	9,03
	6,39
	0,82
	5,22
	50,00
	40,72

	14,10
	55
	232,20
	8,97
	6,33
	0,82
	5,22
	49,99
	40,49

	16,58
	40
	232,20
	8,76
	6,21
	0,82
	5,07
	49,98
	35,65

	18,71
	26
	232,80
	8,43
	5,97
	0,81
	4,80
	49,98
	27,61
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Figure 2 - window for the console version of the module
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Figure 3-maximum supply voltage Map



Table 3 - Parameters of the pump

	№ п/п
	Name value
	Overview
	Dimension
	Value

	
	1. Technical task

	1
	Pump volume flow nominal
	QH
	М3/ч
	13

	  2                  
	Pump head
	HH
	м
	55

	3
	Rotational speed
	nH
	rpm
	2850

	4
	Allowed cavitation margin
	Δhдоп
	м
	14

	5
	Pressure promotora
	Pno
	МПа
	7,3

	6
	Working fluid
	вода с содержанием серной кислоты

	7
	Temperature
	t
	оС
	20-40

	8
	Density
	p
	Кг/м3
	1050

	9
	Saturated steam pressure
	pHn
	МПа
	6,18ЗЕ-01

	10
	Kinematic viscosity
	v
	см2/с
	0,044

	11
	The minimum acceptable pump efficiency
	ηmin
	%
	50

	12
	Min. Resource between major repairs
	T
	ч
	40000

	13
	Shaft location
	Vertical

	19
	Direction of rotation of the shaft from the input side
	Clockwise

	14
	Shaft end seals
	Frontal

	15
	Other requirement
	Pump weight-no more than 15 kg
Drive motor-electric motor 2AMZ-3000
Daily schedule of work of pump:
0-00– 6-00 30% QH; 6-00-8-00 125% QH;
8-00 – 22-00 100% QH; 22-00-24-00 80 % QH

	16
	1. Efficiency of consumed power and the diameter of the pump shaft

	1
	Number of pump stages
	N
	м
	7

	2
	Average speed coefficient of the stage
	nS
	
	120
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Figure 4-the Fifth form of perturbed oscillations at a frequency of 1800 Hz
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    а)с зазором                                                       б) без зазора

Figure 5-Campbell Diagram for a supported model














APPENDIX G

Figures from Chapter 2
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Figure 6-Interface of the automated PUMP module (MATLAB) with calculated data
[image: ]

Figure 7-3D model of a Central engine wheel with cylindrical blades

[image: ]
Figure 7-3D model of a CN wheel with cylindrical nozzle paddles 8-3D model of a designed wheel with double curvature paddles and a developed method for constructing a double curvature paddles

Table 4 - 

	1. create a sketch of the wheel channel according to the data table of the automated module " PUMP”
	[image: ]

	2. the rotation Operation creates a 3D shell model of the Central heating system flow channel
	[image: ]

	3.  To profile a blade of double curvature, the calculated one is the bushing line of the blade, the Cartesian coordinates of which are defined in the automated "PUMP" module and the sketch is drawn from the coordinates using the spline curve by points.
	[image: ]
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Figure 9-distribution of equivalent stresses across the impeller
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Figure 10 - quartermaster of the rotor at a frequency of 450 HZ
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Figure 11-AHF of the rotor at a frequency of 400 HZ
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Figure 12 - Results of calculation of durability
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a) wheel with cylindrical blades b) wheel with double curvature blades
Figure 13-models of wheels grown by 3D printing
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b)

Figure 6. Distribution of equivalent siresses on the impeller (a) and
distribution of siresses in the area of contact of the blades fo the
impeller disks (b)

Character of damages and destructions of impellers on experience
of operation of pump units shows that cracks arise on periphery of a
disk begin with arca of accession of blades to disks (Figure 7). It
should be noted that this situation with the SSS of the designed
wheel is not identical with the stresses of the factory wheels, since
the factory wheels are made by stamping and welding, and the
developed wheel models the geometry of the wheel made by
casting.

At the CAM stage, to ensure the possibility of rapid testing of
prototypes of the cenrifugal borehole pumps working stages in
order to determine performance characteristics when optimizing the
geometry of the stages and viscosity of the pumped fluid,
simulation and prototyping software packages are used together
[11]. The geometry of the prototype is calculated on a specially
created mathematical model in the computer algebra system
MATLAB ®. The model of the working stage is created in the
SolidWorks software package. The studied stages were made on the
installation of rapid prototyping.

‘The following printer print settings are used:

— plastic printing: acrylonitrile butadiene styrene;
— printing along the X and Y axes depends on the diameter of
the extruder nozzle - 0.4 mm;

— printing along the vertical Z axis (layer thickness) - 0.2 mm;

— print speed in mm per second - 30 mm’s;

— extruder temperature - 220° C;

—the temperature of the heating table is 60° C.

The total number of settings exceeds 100, taking into account the
initial software configuration of the printer.
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Figure 7. Wheel samples made by welding and stamping () and
wheel with a crack made by moulding (b).

It should be noted, that one of the important settings of the printing
process is the positioning of the model. Several printing options
were carried out when the model was installed in the positions 90°,
180°, 45°, and the most favorable position, which gives less
roughness and the optimal number of supports, is the angle of the
model position at 45°.

Through a 3D printer (Figure 8a) the first prototypes of centrifugal
wheels were printed (Figure 8c) with cylindrical blades and with
blades of double curvature. The printing time was six hours. For
further experiments and tests, it will be necessary to finalize the
surface of the wheels by grinding and applying a hydrophobic
coating to obtain a roughness Rz 40 — 20 um.

The main window of the FLASHPRINT program (Figure 8b),
which allows generating a compatible G-code wheel model.

To further improve the prototype of the impellers, an analysis of the
quality and parameters of the 3D printing process was conducted.
Based on the data presented in [12], it was decided to continue
making prototypes of wheels and guiding devices for hydrodynamic
tests using SLA technology (laser sterolithography), since the
possible roughness will be 0.31 mm on the Ry scale, which is as
close as possible to the surface parameters real wheels of class 9 Rz
40 — 20 um, such a surface in the flow channels of the wheel will
give the smoothest possible flow of distilled circulation liquid.
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Figure 8. 3D printer for making prototype centrifugal wheel models
(a), main window of the FLASHPRINT program, and printed pump
wheel (c).

6. Conclusions

At the CAD stage, the principal wheel with cylindrical blades was
designed. Design was carried out in an automated module "PUMP",
created by a working group of designers. A model of the centrifugal
pump wheel was created based on the calculation results.

To optimize the impeller geometry, the method of creating wheels
with a spatial shape or a double curvature shape was used. When
profiling such a shape of the blade, the well-known graphic method
of conformal mapping was not used, but an criginal construction
method was created, based on the capabilities of the 3D modeling
program and on the PUMP automated calculation data and the
geometric method for creating parabolic curves lying between the
tangents to the curve.

At the CAE stage, computer strength calculations of the optimized
impeller were carried out, a design scheme was compiled with
determination of the magnitude and frequency of the disturbing
forces, a computer analysis of the amplitude-frequency response of
the rotor-rigid support system, a computer analysis of the rotor
durability was conducted.

The strength calculations of the wheel indicate a sufficient safety
factor for the designed wheel with spatial blades Opg, is 181 MPa,
the allowable stress for steel 40Cr [0_] is 680 MPa and the safety
factor is 3.8.

At the CAM stage, the first wheel prototypes were printed using
FDM technology, during the muiltivariate process, the optimal
parameters of the 3D printing process were selected. At this stage,
recommendations were developed for the manufacture of prototypes
of impellers, so SLA technology (laser sterolithography) was
proposed as the optimal technology for the quality of the printed
surface.
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blades is shown. The results of the CAE strength calculation of the designed wheel in the NASTRAN program are
provided. The experience of using CAM systems and 3D printing technology to create a centrifugal impeller prototype is
given in the article.

Key words: Submersible centrifugal pump, centrifugal wheels, CAD/CAE/CAM, 3D modeling, designing,
MATLAB, stressed-strain state, prototype.

ML.E. HcameToBa, P.K. Hycimoan, V.JI. AATapdexos, A.M. JlyiiceHFaan
(Carbaes VHuuBepcuTeTi, AmvaTsl, Kasakcran. E-mail: rollan@mail. ru)

AJTATABTI TEXHOJIOT S APKBLIBI ZKACAJIFAH IIPOTOTHIITI KOJITAHBIII OPTATAH
TEIIKIII CYACTBI COPFBIHBIH HEIT3IT JOHFAJIATBIH OHTAHTAH/IBIPY

Amgarna. Makanaja ypaHIs! IIaHMaaya apHATFAH OPTAJAH TENKIII CyacTI CODFBIHBIH HETi3Ti JOHFAIAFbIH
CAD/CAE/CAM apksIIbl xo06anay omicreMeci Gepimren. CAD caTBICBIHAAFBI jKoGanay »KYMBICTApl CHIIATTATFaH,
MATLAB opTachIHIa )KacalFaH MePHIHAH KHMACHIHBIH IPO(HIIH XKoHe JOHFATAKTapAblH KATaKIIAChIH JKoGamayra
apHAJFaH aBTOMATTAHIBIPEUTFAH MOIy Ib/IiH JKYMBIC iCTeY JIOTHKACHI CHIIATTaIFaH. KalaKia tap Isis IpoQHUIiH cyperTey
anropurimi GepinreH. OpTajaH TeNKill COPFBIHBIH KOC KHCBIKTHI JOHFATaK KalaKIIAIAphIH OHTAillaHIBIPBLIFAH
mpodHuIiH Xkacay omicreMeci cumarTamrad. JKoGalnaHFaH KOC KHCHIKTBI JOHFAlaK KalakIIATapOblH KepHEYI MeH
GepiKTiriH aHBIKTayFa apHATFaH €CENTEy MEXaHHKATBIK cXeMachl cHmartamraH. NASTRAN GarmapiamachiHma
JKOGATAHFaH JOHFATAKTBIH OepikTiriH ecenteymiy CAE HoTmkenepi KenripimreH. OpTajaH TEIKIII COPFBIHBI
JIOHFQIAFbIHBIH NPOTOTHINH JXKacayFa apHaFaH CAM xyiienepi MeH 3D Gachll LIbFapy TEXHONOTHACHH KOITAHY
TaXipHOeci CHIaTTalFaH.

TyiiiH ce3aep: opTajaH TeIKilll CyacThl COPFBI, OpTafaH Telkim Jorramakrap, CAD/CAE/CAM, 3D yiriney,
skoGamay, MATLAB, KepHeyi KYif, IPOTOTHIL

CopFBITap — JKepacThl MaifMalay TeXHOTOTHACHIHBIH MaHBI3/Ib] S1eMeHTTepiHiH 6ipi GOIBII TaGhLTaIbl
JKSHe OI1ap OHAIPICTiH GapIIbIK Ke3eHepiHe KongaHbUIaabl. COHIBIKTaH a0 IbIKTh TAHay1a GipiHI opeIHIa
OHBIH CAIaChl MeH XYMBIC Y3aKTHIFBI GOTIBII TaGkLIaIEl. JKYMBIC Ke3iHle Y3iTicTepre JoHe XKYMbIC CAFAThIHBIH
a3a10BIHA JKOTI Gepyre GomMaiins. IIILIHEIHIA 1, COHFBI JKaFAalia COPFBUTAPILI XKHi ayBICTEHIPYFa Typa Kelei,
GYIT KOCBIMIIIA KapXKBIIBIK JKOHe YaKbIT MIBIFBIHIAPEIHA SKEIill CoFamsl [1,2].

YpaHZbl IIaiiMamayFa apHATFaH OpTajaH TENKIIl CyacTEl COPFBI Jkep OeTiHae KOMJaHBLIATHIH
COpFBITApAaH epeKineneHei. CyacTbl COPFBIIAP CATANBIPHIHEIH CHIPTKBI AHAMETPIHIH IIeKTeymi GomybIMeH
epeKIIeleHe i JKoHe OapBl apHaifbl KOHCTPYKIIHAIE! COPFBI el KapacTHIPaIbLOTe MeKTeyl JHaMeTpIiK
emIeMepre KapaMacTaH, ollap JKOFApH! apIHIIBI JkaHe Komaitsl ITOK cakTaysl Kepek.

ByriHri TaHZa COPFBl JKAOIOBIFBIHBIH HETi3ri TOPANTaphIHEIH Oipi peTiHZe OpTajaH TelKimn
JIOHFaITaKTap/IBIH OHTAILTBI TeOMeTPHACHIH JKo0anay e3eKTi Macele GOMbII TaGbLIanbL. Kasipri Ke3ie HapeIKTa
JKeTiCTIKKe JKeTy YINH ©HepKSCINTiK KoCiMOpHHIAp 6HIMHIH OHZIpiC YaKBITBIH KbICKApTHIN, KYHBIH
TOMEHJETIll, camachlH JKaKCapTy YIIH JKYMBIC icTeyre MoxOyp. OCHl GarbITTa OHMIpICTI AaMBITyIa
CAD/CAM/CAE -TYIKiTiKTi jko6amay TYKBIPDEIMIaMachl OCHI Macelelepii IIeNmyIiH eH THiMIi Kypamsl
GobI TaGBLIamsI [3,4].

COPFHIHEI JK0GaIayFa apHATFAH MalTiMeTTep:

Q=13M% car-Gepy

H=55 M-apbIH

N=2850 aifH/MHH- 31eKTp KO3FaITKBIIBIHBIH aifHATy CaHBI

ig=1-aFBIH CaHBI

ig=7- caTELIap CaHBI

CAD xe3eHinge MATLAB MaTeMaTHKAIIBIK OPTAaCBIH/A THAPOJHHAMHKANBIK eceNTeynep i Kyprisyre,
JIOHFATAKTBIH apHACHIH JKOHE KalaKIIanapAbl IPOGHIZeyre apHATFaH aBTOMATTAHIBIPHLIFAH MOIYIh
KYPHUIIBL KanaKmassH TpoGHIiH camy aTropHTMi THTHHEAPI KOOpAHHATTAP 1A AHBIKTAFAH KAMTY GYDPBIIIE!
JKoHE JOHFAlaK pPagHyChl (YHKIMACH! TypiHZe OepiireH eKapaTThl KOOPIHHATTApD apKBIUIBI OHBIH
TeOMETPHACHH aHBIKTayaH TYPajbl.

X; =1;-cosf;: y; =1; -sinf;

MYyHIAFBLY;, ¥;-KaHATTapABIH IO(HIiHAer HYKTeNep/IiH KOOPIHHATTaphl,
7; - calfkec KOOPIHHATTAFHI PaTHyC,
;- colikec KOOPIHHATTAFEI KAMTY GYDBIIIBL.
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OCHI KYPBUTFaH alIropHTM Ke3-kenreH CAD xyifeciHze skoGanaHFaH KalaKIIaHbIH TeOMETPHACHH 11
calyFa MYMKiHZiK OepeZi. l-cypeTTe aBTOMATTAaHIBIPBUIFAH MOJYIBIiH MaiJaTaHyIIEl HHTepeHCiHiH
Tepesenepi KepceTireH.
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Cyper 1. PUMP (MATLAB) aBTOMAaTTaHBIPBLIFaH MOIYIBIIH eCenTey MaTiMeTTepiMeH NaiTanaHyms! HHTeppetici

Cyper 2. OpTajjaH TeIKilll CyacTHICOPFBIHBIH IHIHHAPII KalaKIIaasl JoHFaIarbHbIH 3D yirici

JKYMBICIITBI JOHFATAKTHIH TeOMEeTPHACHIH OHTaHIaH/BIPY dicTepiHiH 6ipi - KOC KHCHIKTBIK KaTaKIIanap
skacay. JKYMBICIIIBI IOHFATAaKTHIH KOC KHCHIKTBIKTHIK KaTaKIIaTaphl ITHHAPIIK KaTaKIIaMeH CalbICTHPFaHa
yikeH ITOK-MeH JKYMBIC icTeyre MYMKIHAIK Gepeli jkoHe Gepiilic KymleffreH caifblH ocepi apTa Gepeni.
OHTaHIBl KBUIAMIBIK apaKaThIHACKIH TaHZAy JKOHe aFbIH OeITiHiH OHTAMIBI INIIiHI - CyacThl opTalaH
TEIIKilll COPFBIHBIH CaTHLIAPBIHBIH CHIIATTMACKIH XKaKCapTyIbIH HeTi3ri aicTepiHiH 6ipi Gombln TaGbLIams! [5].

OpTajaH TeNKilll CODFHIHBIH JOHFATAFBIHBIH KalaKIIAaTaphHBH IPOQHIIH caly omicTepiHiH Gipi
KoHbopMIsl GeifHeney ogici. byn mpodmiaeyniH rpagHKambK oici GOIBII caHANAIbl XKOHe OHBIH MIHI
KepCeTireH JKYMBICKA ColKec JOHFAIAK KallaKIIaChIHBIH IUIIHHPIH XHeTiHe IpoQIbIeHreHiriHae [6].
JKYMBICIIBI JIOHFAlaKTarbl aifHamy OeTTepiH FaHa OeT peTiHAe KapacThIpaMbl3. Tek Tik OGypHIIIIeH
KHBLTBICATBIH HOPMAJI CHI3HIK GOHBIHIAFE! MePHIHAHIBIK XKBULIAMIBIFE TYPAKThI GOTAb! el KaObUTTaHa L.
AFBIH/IB OCBLTTAM BIKIIAM/IAY TEHKBLITIAMIBIKTE! MEPH/THAH AFbIHBIHEIH OiPRIHFail CXeMAachl JIell aTaa bl JKoHe
TeOPHATBIK HeT1i3i JKOK.

KonpopMae! GeitHeney ofici IpaHKANbIK GOTFAHIBIKTAH, KATaKMIAHBIH IPOQHIBIIK CBI3BIKTaPHIH
Ka3BIK JKYMBICIIBI CBI30anaphlHa aybICTHIPY Ke3iHae ayBITKyNap Haifga Goaybl MYMKiH [7]. COHIBIKTaH 6i3
Ka3ipri 3aMarrel CAD xyitenepinne 3D ynrinepai KypyZAblH jKaHa IiCiH KacalbIK. By aJlic JOHFaTaKTBIH
3D MojeniHe KaTaKIIaHBI Tikelel mpodHmaeyre MyMKiHAiK Gepeni. BT aBTOMATTH peKHMIe JeKapTTBIK
KOOpIHHATTAp GOMBIHINA JKY3IiK JANMAIKKe TeifiH OpBIHIAFaHIBKTaH GeIMIeKTiH JMI/iriHe JKOFaphLIaTaIbl
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JKyMEBICIIB IeHTeneKTiH 3D yiriciH jKacayFa apHaIFaH diCTiH alrOPHTMi:

1. ABTOMATTAHIBIPEIEFAH MOZYIBIIH MATiMeTTepi KepCeTilreH KecTere Colfkec JOHTeleK apHACKIHBIH
9CKH3i CalbIHAIBL.

2. AHHAI/IBIPY OTePALHACH APKBLTEI OPTATAH TETKINl COPFHIHBIH aFBIH/IbI APHACHIHBIH KaOBIKIIATE 3D
YIrici KyphlIabL.

3. Koc KHCHIKTHI KalaKIIAHEl NpOQHIBAEY YIIiH, eCenTik peTiHAe AeKapTThl KOODIHHATTAPEHI
ABTOMATTAHJBIPHLIFAH MOJYNJAe AHBIKTATFAH KANAKIIAHBIH TONKeTiK CHISHIFEI KaOBLIJAHFAH JKOHE JKoHe
HOGais! be3be CHI3BIFRIHBIH KOMeriMeH KOOpIHHATATAp GOMBIHIIA KYPAacTEIPITATBL.

4. HycKayImBIKTarbl [8] YCHIHBICTAapIBI ecKepill OpTajaH TeNKilll JOHFANAKTapIBIH KeHIiCTiK GerTi
KaNaKIIaTapbIHBIH TeMeHeTiel KipeGepicTeri madyblaay GyphIIITaphl YCHIHBIIAIBI:

CEIPTKEI TOK CBI3BIFEI apKBLTBI Af, = +(1¢ + 3°);

CBHIPTKBI TOK CHI3BIFBIAPKBLTEL Ay = +(5¢ + 7°);

CEIPTKEI TOK CEI3BIFRIAPKBITEL AS, = +(7¢ + 10°).

JKekemnereH jxarmaifnapia, NOHFANAKTHIH KipeGepiciHIeri jkOFaphl apbIHFa OaiIaHBICTHI COPFBIIA
KaBHTALHA JKOMBIIFAH JKAFbIIAia (€KIHIII CATBIIBI COPFBLIAP, KOII CATHLIEI COPFBIIAPIBIH Kelleci caThlIaph!)
TIeTKi TOK CHI3BIKTApHI YIIIiH Keneci Mabyklnaay GYpHIITaphIH KOIJaHCa GoNabl:

AB. = —(0° + 3%): AB. = +(10° + 15°).

5. CHIPTKBI JKOHE OPTAHFBI TOK CBHI3HIKTAPH! YIIiH KHCBHIKTBIH TACTAIIKBI JKOHE COHFBI XKAaHAMAlIaphl
ApKBUTBl IapaGolla TYPFBI3Y epeikeciH KONAaHBII NMPOGHIBAI KHCHIKTap Kypsllamsl (Cyper3). Byn amic
GepinreH ecTepieri mapaGomara JXaHACKAH TY3ynep apKbUIBI OpBIHZaTaibl IlapaGomara jkaHAMaHBIH
Ke0eyliKk GYpHIITaphI CHIPTKEI TOK ChI3BIKTAPEIHA CYHBIKTEIKTBIH KaIly GYPHINTAPE PeTiHAe AaHBIKTATABL

Be = Br —ABa+ 4B (©)

MyHZIaFEL S - «PUMP»aBTOMATTaHABIPBIFAH MOAYITiH/e aHBIKTATFaH Kally GYpPHIIIEI.
A o - «PUMP» MozymiHzeri ManiMeT GoifbIHIIa MabykIaay,
A B, - yCHIHBIMAApFa Caiikec mMaGybL1ay GYPBIIIEL.

Bg = Bm — OBy +ABg (2)

MyHzars: f - «PUMP» aBTOMATTaHIBIPBLIFAH MOy /TiHe AHBIKTAIFaH KAy GYPHIIIBI.

A [s’B - «PUMP» MomymiHzeri ManiMeT GOHBIHIIA MaGykI1aay,

A B - yCHIHBIMAApFa caiikec MaGybl1ay GYPBIIIBL.

BacTanksl O HYKTeCiHeH IIBIFATHIH NapaGoOTaHBIH ecTepi, JoFal HeMece CYifip GYpHIIITa OpHAIacysl
MyMKiH. Bepinrenren OA xeHe OB ecTepzi TeH GelikTepre GelliHiN xoHe Gely HYKTelepiH HeMipIeHesi.
Bipaeit HoMmipmi Gely HYKTelepiH pPeTHMEH TY3y CBI3BIKTapDMeH KOCBHITAJbl. ATBIHFAaH CHI3BIKTap TOGBIHA
IleKalla apKblIbl Tapaboria JkaHaMa KHCBIFBIH XKyprizeMis (Cypet 3) [9].

Cyper 3. Kanama axiciMeH mapa6oI1a KHCHIFBIH TYPFBI3Y.
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6. KanakmaHbIH TeOMETPHSACH «KHCHIK CBISBIKTAD ApKBUIBI JKA3BIKTEIKY» OIEPAIHACH! apKBLIBI
JKacalabl.

3amanayn CAD jKyifelepiH KOlJaHy a3 JKYMBICTHI Tallall eTeTiH, JQIIri jKOFaphl OpTaJaH TeMKill
COPFBIHBIH KeHICTIKTi KalaKIIalbl JOHFAIaFbIH XKacayFa MyMKiHIik Gepai (Cyper 4).

Cyper 4. JKoGanaHFaH K0¢ KHCBIKTI KaJIaKIIa/ bl JOHFATaKThIH 3D yirici

CAE xyiiecinge NASTRAN apKbLIbI k002 1aHFaH T0HFATAKTBIH KepHeyIi-1e(opManusiaHFal
KYIiiH ecentey

ANATTHIK TOKTATyNApABl ecKepMeTeHJe, JKYMBICIIBI JOHFATAKTApIBIH 3aKbIMIAIYB COPFBLIBIK
KOHJIBIPFBUTAP/BI KOCTIAPIB! XKOHIeyre TOKTATKAHIa aHBIKTAlTagbl. HerisiHeH, 3aKbIMIaHyIap XHeKTepae
KeTiK TypiHIe JKSHeJHCKiHIiH KalaKIIaTapMeH OaiTaHBICKAH jKepiHIe jKapBIKTap TYpiHZe KepiHemi. 25L
GonaTTaH JKAcalFaH JOHFATAKTBIH HiTIMJepiH (paKTOrpadHANBIK 3epTTey HOTHIKECiHIe XKaphIKTap MeH
KeTIKKaKyTIBIK OY3BLTy HOTIXKeCiHZe IIaiia GONATHIHIBIFEI aHBIKTAIIB! [10]. JleMek, XKYMbBIC Ke3iHme
JIOHFANaK IHKIZIK JKyKTeMelepre Tam Gomamel. JKYMBICIIBI JOHFATAKTAPIBIH 3aKBIMIAIYBl COPFEI
KOHJIBIPFBUTAPBIHBIH JIPiTiHiH XOFaphLIaybIHA XoHE MOMBIHTIpEKTep MeH MEXAHHKAIBIK THEF bI3/IaF BIIITAPIBIH
Mep3iMiHeH GYphIH OY3BUTyBIHA SKeflefli, AFHH COPFBI KOHIBIPFRICHIHBIH TeXHHKANBIK JKaFJaiibIHA TyTacTail
acep eTeni. COHBIMEH KaTap, )KYMBICIIEl JOHFATAKTapAbIH 3aKbIMIATYBDKYMBIC OHIMIIMITiHIK (Gepy, aphIH
JKGHE KBICEIM) TOMeHJeyiHe oOKeill COFagbl. Byl TeXHONTHANBIK IPOLECTIH HAIapIayblHA JKoHe
KypiereHyiHe, COHali-aK SKOHOMHKATIBIK IIBIFEIHAAPFA SKeTiI coFabl. COPFBI KOHBIPFBICHHBIH Ke3 KelreH
aKayNbIKKA GAfiTaHBICTB! KEHeTTeH iCTeH IIBEYHl TOTeHINe KAFJail TYFBI3yhl JKSHE KOCHIMINA JKOHIEY
TIBIFBHIAPBIH Ty IBIPYBI MyMKiH GONFAHIBIKTAH, XKYMbICIIE JOHFATAKTAPILIH HaiiTalaHy Mep3iMiH aHbIKTay
ce3ci3 e3eKTi MacerTe GombIT TaGbLIams! [11].

JKYMBICIIEI TOHFATAKTAPJBIH KepHeyTi-TeopMAHATBIK KYiiH aKbIPIBI MeMeHT JiCiMeH ecenTey
ymiz NASTRAN GafaaplaMach! HaifIanaHbLIIEL

OpTajaH TeNKilll CyacTh COPFBIHBIH JKYMBICIIE TOHFAlTaFblH OepikTikke ecenTey KalakIIamapiabl
OpTaJaH TemKill KYII ocepiHeH GONATBIH CO3BUIYFa ecemTeyleH JKoHe IHCKIIepIi ecenTey, CYHBIKTBIK
KBICHIMBIHEIH apTKBl JHCKiHiH aJIBIHFBI JKOHE apTKbI JKAaFbIHA 9CePiH ecenTeyai KaMTHIL. Kamakmamapis!
CO3BUTYFa ecelTey OpTaJaH TENKilll KYII dCepiHeH Maiia GOIaThIH KepHey i aHFIKTayIaH TYPabl.

KenneHeH KHMaChIHBIH TYPAKTHI ayJaHBI Gap KallaKIIamap YIIiH opTaJaH TeIKilll KYII Keneci popMymna
GoifbIHIIa TaGbUIaE! [12]:

Fe=p w*F(Rrr2), 3)
Myszars: R ksHe I — KalaKIIanapIbIH CRIPTKBI XKoHe illKi paxHycTepi, M (5 - cypeT);

MoH/IepiH ecenTen GoFaHHAH Keitin Fc=5.6 H KyIIiH ecenTey cxeMackIH/a (5 - CypeT) KepceTilren et
GapIBIK KalaKIIanapra TycipeMis.

422 Ne1 2020 Becrnux KasHHTY




image84.jpeg
o TexHHKaNBIK FBIJIBIMI AP

S
NOM

Cyper 5. JloHFalaKTHH KepHeyTi-TeopMalHaTaHFaH KYHiH CTaTHKATIBIK TallayFa apHAIFaH eCeNTey CXeMAachl.

Maceneni memry ymis ceris Tyiiaai TET KypsUTBIMIBIK 31eMeHTi TaHTanbL. CofaH KeHiH MeKapanbK
mrapTTaps! Gepinai. AffHany eci OZ eciHe caiikec Kemei. JIOHFaTaKTIH imki 6emiri OX, OZ ecTepi GoiibIMeH
GekiTinren, sran UX = UZ = 0. EcenTey npollecine JOHFAaNaKTHIH aifHATYB! HOTH)KeCiHe Naiiia GOTaThIH
OpTaZaH TeIKill KYMTepAiH KOCHIHABICH oHe NASTRAN GargapraMalblK KellleHIMeH ecelTeyilep
HOTHXKECiHJle aJbIHFAaH CYHBIKTHIK KBICBIMBIHBIH ocepi eckepimmi. 40X GoNaTTaH )acayFaH >KYMBICIIBI
JIOHFAITaKThIH MeXaHHKAIBIK KaCHeTTepi albIHIbl [13]: TeMIepaTypanbIK aFbIHFa GaiIaHBICTBI CePIiMILTIK
Monyi; ITyaccor kod@umuenti — 0,3; GONATTHIH THEBBABEE! — 7850 Kr/M3.KepHeyli KyHeri XKyMBICIIBI
JIOHFAIIaKThIH CYpPeTiH (6-CypeT) Tangay KesiHAe MaKCHMAIIBI KePHEeY 0,4, = 117MIIATHCKiHIH XHeriHge
KalakIanapMeH KaHACy affiMarbIHIAFbl Mak1a GOTATEIHILFEH KepceTeli (7-cypeT). ATl MAKCHMATIB OPBIH
AYBICTBIPY KaNaKIIANapaa Y ax=2" 1073 M Taiiaa 6onasl.

a) 6)
CypeT 6. a) DKBHBANETTIK KePHEYIEP/IiH KYMBIC JOHFATAFbIHA Tapalybl
6) KepHeynep/is TOHFalaK AHCKiCIMEH KalaKIIaTap/IblH KHBUIBICY afiMaFbIHa TapamIysl

Cyper 7. JloHFanakTapasIE Yirinepi a) IlItamiray skaHe Micipy apKbUTBI JaHBIHATFaH
6) KYI0 apKBUIBI JaibIH/a/FaH XKaPHIKIIACHL ap JOHFalaK

CAM  CaTBICHIHAA, OPTANBIKTAHIBIPRUTFAH YHFBIMAIBIK CODFBITAPIABIH JKYMBIC —CATHUTAPBIHBIH
TPOTOTHNTEPiH JKBUIJAM CHIHAY MYMKIiHZIITiH KaMTaMachl3 €Ty YVINiH, COPBIUIATHIH CYHBIKTBIKTBIH
CATBUTAPBIHBIH TeOMETPHSCH! MeH TYTKBIPIBIFBIH OHTAMTAHIBIPY Ke3iHTe KYMBICIIEI CHIIATTAMAlIaphIH
AHBIKTay YIIiH MOZeNbAey JXOHe IPOTOTHITEY OaFJaplaMalblK ITaKeTTepi Gipre KolmaHBLTambel [14].
IIpotoTHnTiH TreoMeTpHsickl MathLAB 15 KoMIbIOTepmik anreGpa KyleciHge apHAHBl KypbUTFaH
MaTeMaTHKAIBIK MoJelb/e ecenTenreH. JKyMbIc KeseHiHiH Mozmeni SolidWorks GargapiaManbIK KelleHiHe
JKacalFaH. 3epTTeleTiH caTblIap JKBIIAaM IPOTOTHITEY KYPHIEFBICHIHIA JKACAIIEL.
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Bachill MBFapy KYPSUFRICHIHBIH Kefleci mapaMeTprepi KoIaHbIIIbL:

— ITACTHK GACHIII IIBIFAPY: AKPHIOHHTPHIOYTaIHEHCTHPOT;

— X xeHe Y ecTepiHZe Gachll IIBFapy SKCIPYAePJiH CaTaMacHIHBIH JHaMeTpiHe GailTaHBICTHI
Gomagsr — 0.4 MM;

— Z BepTHKAIb oci GoifbIMeH GachII MbFapy (KaGaT KalbIHIBIFEL) — 0.2 MM;

—  GachlN MBFapy XKbUTIaMIBIFEI— 30 MM/C;

— 3KCTpyZep TeMmepaTypackl — 220 °C;

— KBUIBITY YCTeliHiH TeMIepaTypachl — 60° C.

BachIl MBFAPy KYPHUIFEICHIHBIH GaCTAIKE! KOHQHIYPAIHSACEH ecKepceK, GaITayIap/IblH JKallbl CAaHB!
100-1eH acajsl.

AlfTa KeTepIIiK JKaFbIIai, GACHI IIBFAPYIbIH TEXHOIOTHATBIK IIPOLECIHIH MAHBI3IB! GaITayIapHIHbIH
6ipi - yIrisi opHaTy. YJIriHi Gackln WBIFapy Kesinae apTypii Gypsimrra 90°,180°, 45° opHanacThIpsi GipHeni
HYCKaJapjia JKy3ere achpbUUIbI. YIIriHi 45° GyphIlineH Gachlll MIbFapFaH Ke3fe eH a3 Kelip-OybIpIIbIKTE
KOpCeTill OHTAILITBI JKAFBIAM Ty IBIPIBL.

—=

an

CypeT 8. opTajiaH TENKIlI JeHreIeKTiHIPOTOTHIITIH GachI WIbFapyFa apHaiFaH 3D npuHTep xkoHe G-code KypyFa
MyMkiHik 6eperin FLASHPRINT Gaf1apiaMachHBIH HETisri Tepeseci.

JKYMBICIIBI TOHFAIAKTBIH IPOTOTHITIH OIaH dpi JKaKcapTy YIIiH 3D GachlIl MIBFapy HPOIECiHiH camacsl
MeH TeXHOJIOTHANBIK ITapaMeTplIepiHe Talay Jkacamisl. Oae6HerTe [15] KenTipinreH MamiMeTTep HeTiiHITe
SLA TeXHOINOTHACHIH (TTa3epli CTepolHTOrpadHs) KONJaHA OTHIPHII, JOHFATAKTap MeH OarbITTaybIII
KYPBITFBLTAPFA THAPOIHHAMHKATIBIK CHIHAKTAD XKYPTi3y YIIiH OIap/IbIH NPOTOTHIITEPiH OHIIPY /I KaTFacTEIPY
Typanbl IIemiM KaGbUIIaHABl. OHTKeHI MYMKiH GONAaTBIH Kelip-OyaeIpnblk RZ mkamaceiHza 0,31 MKM
Gomazsl, Oy Kelip-GYABIPIBIK KOMIAHBICTAFBI 9-IIBI KiIacTarbl RZ40-20 TOHFanaKTapblH apaMeTplIepiHe
GapHIHIIA XAKBIH G0Tabl. JIOHFATAKTEIH OCBIH/A! GeTTepi aFbIHIB apHATapaa CYHEIKTHIKTHIH TEricC aFbIHBIH
MeliITiHIIe MAKCHMAIIbI KAMTaMachI3 eTefli.

KopBITBIHABI

CAD Ke3eHiHIe IHIHHADPII KalaKMadbl HeTisri JOHFanaK jkoGamaHmbl. JKoGaHBI koGamaymibliap
JKYMBICIIBI TOOBI aBTOMATTaHIBIPELTFaH PUMP MoxyiiHze Xkacansl. Ecenrey HoTKenepi GoifbIHIIA OpTaTaH
TeIIKIlll COPFRIHBIH JOHFAIIaFbIHBIH YITici XKacalIbl.

JKYMBICIIBI IOHFATAKTHIH I'€OMETPHACHH OHTAiiTaHIBIPY YIIH KeHICTIKTIK HeMece KOC KHCBIKTBIK
TIIHA JOHFANTaKTapAbl JKacay ofici KommaHeUIIH. KamakmaoslH OyHIaH HilNHIH Opodmmbaey KesiHme
KeHiHeH TaHBIC TpadHKAIBIK dic KoquaHbIIMail 3D ynriney GaraapnaMachIHBIH MYMKiHIIKTepiHe joHe
PUMP aBTOMATTAaH/BIPEUFAH ecenTey MoIiMeTTepiHe XoHe JKaHaMalIap MeH KHCHIK CHI3BIKTAP/IBIH apackHIa
OpHAIACKaH ITapaGoNaNblK KHCHIKTapAbl KYPYABIH TeOMETPHANBIK SIiCiHe HeTi3/lelTeH epeKile Kypy dici
JKAcaIIbL.
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CAE Ke3eHiHIe OHTAIUTAHIBIPBUTFAH JKYMBICIIBI JOHFAIAaKTapHIHBIH OepiKTiriHe KOMIIBIOTEpIIK
ecernTeyJIep KYPri3ini, GY3yImbl KyIITepAiH MeImepi MeH KHiTiTiH aHBIKTaHTHIH eCeNTey CXeMachl KacallIbl,
POTOPABIH KaTaH TipeK JKYieciHiH aMIITHTYa/IbIK-)KHLTIKTiK peaKIHAChIHa KOMIIBIOTEPIIK Tanay JKacammibl,
POTOPABIH JKYMBIC iCTey Y3aKTBEFbIHA KOMIIbIOTEPIIK TalIay XKacambl.

JIoHFaNaKTHIH GepiKTiriH ecenTey jkoGalaHFaH KeHiCTIKTi KalaKIIadapsl TOHFANAKTBIH JKeTKiTKTi
Kayincisaik ko3 QHIHeHTiH KopceTelli Opyay=117 MIIA, GonaT YIIiH pyKcaT eTinreH kepHey 40X [o_]=680
MIIA, Kayincizaik kosddHIHeHTi 5,8-1i Kypagsl.

CAM ke3eHiHze FDM TeXHOOTHACEIMEH JOHFaNaKTapIblH alfFallIKbl IPOTOTHITEP] IIBIFAPBLIB, KOIl
HYCKAJIBI Iporecc KesiHae 3D Gachll MBFapy OpoLeciHiH OHTaiIb! TapaMeTplepi TaHaI bl OCHI Ke3eH e
JKYMBICIIIBI JOHFATAKTHIH OPOTOTHIITEPiH jKacay GOMBIHINA YCHIHBICTAP JKACAIIBL. BachI IBIFAPBUFAH GETTiH
CamachlH GOffBIHIIA OHTAMIBI TeXHONOTHA peTiHZe SLA TeXHONOrHACH (ITa3epilik CTepoIHTOrpadus)
YCHIHBLIIBL.
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Hcameroa ML.E., Hycimomu P K., AnrapGekos V.1, Jlyiicerrama A.M.

ONTHMH3AIHAS TIABHOTO KOJIeCa HeHTPOOe;KHOT0 OTPYAKHOTO HACOCA HA OCHOBE MPOTOTHIA BBINOTHEHOT 0
IOCPeICTBOM AIHTHBHBIX TeXHOIOTHI

Pestome. B cTaThe IpHBEEHa METOJHKAa CKBO3HOTO mpoekTHpoBaHHA CAD/CAE/CAM pabodero Komeca
TOTPY/KHOTO IIEHTPOGEKHOTO HACOCA A BHINEIATHBARHSA ypaHa. OMHCAHBI KOHCTPYKTOPCKHE PaGoTE! Ha sTare CAD,
OIHCAHA JIOTHKA PAGOTEL, aBTOMATH3HPOBAHHOTO MO A IPOCKTHPOBAHHA POGHIIA MEPHHAHHOIO CEUCHHA H JIOTIACTH
KoJleca, cosgaHHoro B cpene MATLAB. IIpHBefieH aIrOPHTMOM IPOPHCOBKH NPOQHIA TomaTkH. OIHCaH METOX
TIOCTPOGHHA ONTHMH3HDOBAHHOTO NPO(HIA JomacTH Komeca I[H ¢ aBOiHOH KpHBH3HOH. OIHMCaHa pacUeTHast
MEXaHHYECKas CXeMa U ONPEEICHHA HANPAKCHH H NPOTHOCTH CIPOSKTHPOBAHHOTO KOJIeca C JIOTACTAMH JBOHHOM
KPHBH3HEL [IpHBeeHs! pe3ynsTaTsl CAE IPOYHOCTHOTO pacieTa CIPOeKTHPOBAHHOTO Koleca B mporpamMMe NASTRAN.
Ommcansl ombIT npuMeHerHs CAM cHCTeM H TeXHONOTHH 3D meWaTH 1A CO3MAHHA MPOTOTHIIA PaGodero Kormeca

LEHTPOGEIKHOrO HACoCa
KirodeBble CJI0BA:IOIPY)XHOH IEHTPOOGEKHBIH Hacoc, IeHTpoGexHsle komeca, CAD / CAE / CAM, 3D
MOJeIHPOBAHHe, IpoeKTHpoBaHHe, MATLAB, HanpsokeHHO-Ae()OPMHPOBAHHOE COCTOAHHE, IPOTOTHIL.

VIIK331.4(075.8)

A. Baykenzheeva, A.Imangalieva
(Kazakh Academy of Transport and Com-munication, Almaty city, Kazakhstan.
E-mail: aigul_bkz@mail.ru)

SOME OF THE ISSUES OF MAKING A STANDARD FOR THE EVALUATION AND
MANAGEMENT OF RISK IN ENVIRONMENTAL MANAGEMENT, MANAGEMENT OF
HEALTH AND SAFETY

Abstract:the article discusses some of the issues of making a standard for the evaluation and management of risk
in environmental management, management of health and safety. The main content of this document, standard or documented
procedure is given. The basic principles of preparation are given. And also the method of risk analysis "bow Tie".

Key words: risks in the field of professional and environmental safety, environmental aspects, prevention of
accidents in the field of professional and environmental safety, minimizing the negative consequences of accidents for
people, the environment and property of the organization, ensuring the preventive nature of risk assessment and
management.

A.C. Baiiken:xkeeBa, A.K. IMaHraaneBa
(Kazaxckas akaJeMHs TPAHCIIOPTa H KOMMyHHKAI[HIm» HM. M. THIHbIIMAeBa, AIMAThL, KazaxcraH,
aigul_bkz@mail.ru)

HEKOTOPBIE BOITPOCBI COCTABJIEHHAA CTAHIAPTA IIPEIIPAUATHS ITO ONEHKE 1
VIIPABJIEHHAIO PUCKAMH B OBJIACTH 9KOJIOTHYECKOI'O MEHET’KMEHTA,
MEHE/I’)KMEHTA OXPAHBI 3/IOPOBbS I OBECIIEYEHUS BE3OITACHOCTH TPY A

AHHOTAIHSA: B CTaThe pacCMAaTPHBAIOTCA HEKOTOPHIE BONPOCHI COCTABIIEHHA CTAHIAPTA IPEANPHATH 110 OLCHKE
H YNPABIEHHIO PHCKAMH B OGNACTH SKOTIOTHIECKOTO MEHE DKMEHTA, MEHEIKMEHTA OXPAHBI 310POBbA H O0eCTIeUeH S
GesomacHOCTH Tpyna. IIDHBOTHTCA OCHOBHOE CONEpKAHHE 3TOTO JOKYMEHTA, CTAaHIApTa HITH JOKYMEHTHPOBAHHOMH
TIpONENYPEL JIaHBI 0CHOBHBIE IPHHITHITEI COCTABIEHHA. A TAK:Ke IPHBEIEH METO] aHAITH3a PHCKOB « [ alcTyK — GaGodkay.

KitroueBble CI0BA:DHCKH B 0GIACTH NPOGMECCHOHATBHOH H SKONOTHUECKOH Ge30MacHOCTH, JKONMOTHUECKHE
ACTIEKTEI, TPETYNpEKICHHE TNPOHCIIECTBHH B OGNACTH TPOGMECCHOHANBHOH H SKONOTHIECKOH Ge30macHoCTH,
MHHHMH3AITHA HETATHBHBIX TIOCITE/ICTBHI TIPOHCIIECTBHIT A MO/, OKPYJKAoIIIeH CPe/Ibl H HMYIIECTBA OPTaHH3aIIHH,
oBecreueHHe NPeTyNPeKIAtOIIEro XapaKTepa OlEHKH H YIPABJICHHA PHCKAMH.

Beenenne

B mocrneiHee JecSATHIETHe I OOeCIedeHHs HeOOXOMHMMOTrO YPOBHS COCTOSHHSA 3JOPOBBA H
6e30I1aCHOCTH PaGOTHHKOB GONBIIOE YHCIO PaGoTOAaTeNeil KPYIHBIX H CPeTHHX OpTaHmH3amiii PK BHEAPAIOT
y ce0s CHCTeMbl YIPABIEHHsA PHCKAMH I OOecIedeHHs 310POBhS H Ge30IIaCHOCTH, KOTOphIe BXOIAT B
HHTeTPHPOBAHHYIO CHCTeMY MeHe[JKMEHTA KauecTBa, SKOINOTHYECKOro MeHe[KMeHTa H MeHe[KMeHTa
OXPAaHHI 3710POBbA H 00eCIIeueH s Ge30IIaCHOCTH TPya.

426 Ne1 2020 Bectuuxk KasHHTY
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KABATTAII 6CIPY 9 JICIMEH OPTAJJAH TEIIKIII COPFbIHBIH JK¥MBICIIBI
JIOHY AJIATBIHBIH ITPOTOTHIITH JKOBAJIAY JKOHE TAUBIHIAY

Anoamna.Maxanaoa ypanoel wiaiiManayea apHaneaw opmaoax Mmenxiui Cyacnivl COPEbIHbIH
nezizei Ooneanazvin CAD/CAE/CAM apxwiner owcobanay adicmemeci bepinzen. Joweanaxmoiy
npomomunin xcacay ywin oaiivin eHiMHiy 6emxi kedip-byoviprvizst apkeinet 3D 6acein wiwizapy
npoyeciniy napamempiepine manday ocacardsi. Tanday Hecizinde cmepeo-numozpadus
MeXHONO2UACH! MAHOANObI HCIHE OHOIDIC HCARBIOALBIHOA 2UOPOOUHAMUKATBIK COIHAKMAPObI 00aH
opi Jcypeizy yuiin opmadan menxiut OOH2ANAKMapObiy NPOMOMUNi 6ACHITLIN UWILIZAPINObL.

Tyiiin  ce30ep:opmadan menxiwi copzei, 3D npunmep, owcymvicut Oonzanax, FDM
mexwonoauscet, SLA mexnonozuscor.

CoprplTap — KepacThl IaiiManay TeXHOJIOTHSCHIHBIH MaHBI3NIBI 3IeMEHTTEPIHIH Gipi GOIBII
TaOBUIA/bl JKOHE ONIAp OHMIPICTIH GapibIK KeseHIepiHe KolITaHbLTambl. COHIBIKTAH KaOIBIKTEI
TaHJayJa GIpIHINI OPBIHJA OHBIH CAIlachl MEH JKYMBIC Y3aKTBIFEI GOJIBIN TaObUTanbL JKyMbIc Ke3iHne
Y3imcTepre jKoHe JKYMBIC CaraTBIHBIH a3alObIHA KO Oepyre GonMaiinsl. IIIBIHBIHIA Ja, COHFBI
JKaFJafia COPFBLIApIBI JKHi ayBICTBIDYFa Typa Kelemi, O KOCBIMINA KapKBUIBIK JKOHE YaKBIT
IIBIFBIH/APIHA SKeJII coFasl [1,2].

Vpannas! mafiManayFa apHaIFaH opTajaH TeIKill CYacThl COPFHI jKep GeTiHIe KOITaHBLIATBIH
CcoprFBlIapaaH epekimreneHeni. CyacTsl COPFBUTIAp CAaTBUIAPBIHBIH CHIPTKBI JHAMETPIHIH IIEKTeyl
GOIyBIMEH epeKIIeleHe i JKoHe OlapIbl apHaibl KOHCTPYKIHSUIBI COPFBI JIeNl KapacThIpajsl. OTe
IeKTeyT AHaMeTPIK elIeMIepre KapaMacTaH, ONap JKOFapbl apBIHIBI JkoHe Komaimsl ITOK
CaKTayHI KepekK.

Byrinri TaHma COPFBI JKAOIBIFBIHBIH HETIi3rl TOPAaNTapbIHBIH Oipl peTiHAe OpTagaH TEIKiII
JIOHFaIAKTap/IbIH OHTAIIBI FeOMETPICHIH 00aay, IPOTOTHIIIH JkacayKoHe OHbI ChIHAKTAH 6TKI3y
©3eKTi Macelle GOJBIN TaGhUTambl. Kasipri Kesde HapblKTa JKETICTIKKE JKeTy YIIH ©HEpPKACINTiK
KACIMOPBIHAAD OHIMHIH OHIIPIC YaKbITBIH KbICKAPTBIN, KYHBIH TOMEHJETII, CalachlH JKaKCapTy
YUIH KyMBIC icTeyre MaxOyp. Ochl GarbiTTa oHipicTi gambityna CAD/CAM/CAE -TYNKLTKTI
JKoOallay TYKBIPBIMIAMAchl OChI Mace/IeNep il IIeNTy/IiH eH THIMAI KypaIbl GOJIbII TaGbUTans! [3,4].

CoOpFBIHEBI X00alayFa apHaIFaH MATIMETTep:

Q=13M/car-Gepy

H=55 M-apeiH

N=2850 aifH/MUH- 371eKTp KO3FAITKBIIIBIHBIH aifHATy CaHBI

ig=1-aFBIH CaHBI

i=7- caThLIap CaHbI

CAD xeseninze MATLAB MaTeMaTHKAJIbIK OpPTachlHAa T'HIPOIHHAMHKAIBIK ecelTeyiepai
JKYPrisyre, —JNOHFATAKTBIH  apHACBIH JKOHE  KalAKIIaTapAbl — IiNmMueyre apHaJFaH
ABTOMATTAH/BIPBUIFAH MOZYIb KYPBULNB. KamakiuraHelH NPOGWIIH caly alropuTMi IWIHHAPIL
KOOpJMHATTAapJa AHBIKTAFaH KaMTy OYpHINIBI JXKoHE IOHFalaK PagHychl (YHKIHACH TYpiHIE
GepiIreH JeKapTTH KOOPAHHATTAP apKBUIBI OHBIH T€OMETPHACHIH aHBIKTaylaH TYPajbl.

x; =71;-cosf; ;y, =1, -sinf,, (1)
MYHJAFBLx,,y,- KalaKlanap NpOQWTIHIEri HYKTelepHiH KOOPAMHATIApEL, r,- Calikec
KOODIHHATTAFbI PAJIHYC,H, - CAHKeC KOOPIMHATTAFEI KAMTY GYPHINIEL.
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OcBl  KYPBUIFaH amroput™M kes-kemreH CAD kyifeciHie jKoOalaHFaH KalTaKIIAQHBIH
TEOMETPHACBHIH I calyFa MYMKIHIIK Oepemi. l-cypeTTe aBTOMATTAaHIBIPBUIFAH MOIYIBIIH
TaiaTaHy B! HHTEPQeHCIHIH Tepesenepi KopCeTimreH.

- |

Bmearme Suamuegame
Mmoo 21238 gy
" ol o
S—— oursier
Nogasa C: 00036 wdc & ] < s
sacros e cara 2530] o Pr— ooz,
e —
Aoryerauoe 5] uns OE—— oesane = =
st 1050| w3 N 23 0a
Pr——— - Fo T —

Konwsecreo erynevei £ 7
22 1am

Kosgauarer K. 11s Hapymrusd gaauacrp 02: S001e wom s
{
Koagonyren iz I e Aarocra o B o 2uds06 235088
e SRt " 2eses 294148
Wnpiwa nonacri a eweage 000510034 3, e
T w2 new  39esto
swucam | Brogyo yron nonac B1: 295185 rpag 91603 araor2 v
Bunanot yron ponacrn 82 205022 pag
Secno nonacrei = s @ 005
ir ~
004
ook 003
lpogunupoeamus ravans 15 20
00z
001
180 0
210 330
260 300
210

Cyper 1. PUMP (MATLAB) aBTOMATTaHIBIPbUIFaH MOJYIb/IH €CENTey MaIiMeTTepiMeH NaiTanaHyIIb
HHTepdeiic

OpTajaH TeIKIll JOHFATAKThl jkoOamay KesiHIe IBINIAKTapABIH CaHBl Keleci dopMyra
OOMBIHIIIA aHBIKTAJIa Ibl:

sinZ(By+Ba) - ©)

MyHjarbl: 7; -Kalakla eHiHiH OpTAHFBI HYKTECIHiH Kipic GeMiriHmeri paamycel, r, —
JKYMBICIIE! JIOHFATaKTHIH IIEIFBIC GOTIriH/Er PATHYCEL, f; , f, - KaTaKIIAHBIH Kipic JKoHE IIBIFEIC
GeririHeri GYPHIIIbL.

AHATHTHKAIBIK ~ ecenTeyje =85, OKYMBIC  OHIMILNII  JKOFapBICOPFBLIAPIBIH
KOHCTPYKIHACHIH Kypy YIIH 9 MeH 8 apachlHIarbl KalaklIa CAaHBIH TaHZAay Typalsl Macele
TYBIH/JAHIBL

AnblHFaH TpodUIbAl TaiJamaHBIl JKOOATAHFAH TOFBI3 KalaKIIackl 0ap JKYMBICIIBI
JoHFaTakTeiH 3D Momeni 2-cypeTTe KepceTinreH. L[MIHHIPIIK Kajlakmiackl Gap JOHFalIaKThIH
TEOMETPHACHl ~ KalaKIIACBIH KOC ~ KHCBIKTBIK  CBISBIKTHI  IAHJQTaHBIT ~ JKacay — apKBUIBI
OHTaIAHIBIPEUIFaH. JKYMBICIIEI JOHFATAKThIH KaJaKIIACKIH KOC KHCBIKTBIKTBI €Till JKacay KOFaphl
apBIH CaKTAIFaH JKaFblIaiia ITHHAPIIK KalaKulaJapMeH CaIbICTBIPFaHAa jKorapbl IIOK cakram
JKYMBIC icTeyre MYMKIHIIK Oepeli jkoHe OepLTIC HEFYPIBIM YIKeH 6oica, COFYPIBIM O
afiTapipIKTail Gaiikamamel. JKbUITAMABIKTBIH OHTAMIBI KO3(GGUINEHTTEPIH TaHIAY JKOHE arblH
GOIITiHIH OHTAMIB! MLIiHI - CyacThl OPTAJaH TENKIIICYacThl COPFBIHBIH CATBICBIH JKAKCAPTYIbIH
HeT13T1 ToclIepiHiH Oipi.
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Cyper 2.0pTafiaH TEMKIlI CyacThl COPFBIHBIH WHIIHHAPII KalaKIIaIs! JOHFalaFbIHBH 3D yirici

HakTbl Mozenbpre jKaKblH OPTAJaH TEIKIII JOHFATAKTBIH NMPOTOTHINIH Jkacay Ke3iHIe Herisri
hakTop GOJIBIN Kelip-OyIbIPIIbIK MapaMeTpi GofibiHmIa 3D GachI NIBIFAPy TEXHOMOTHACHIH TaHAAY
6onapl. CyifbIK doTomomuMepMeH (cTepo-muTorpadus) KYMBIC KacalHThlH SLA TeXHOTOTHACHIH
TaHJaFaH/Ia, aBTOPABIH [ 5] YCBIHBICTAPBI €CKEPLII.

©OHIIpic TEXHOIOTHACHIHA JKoHe OPTAJaH TEMKIII CyacTHl COPFBICH CAaTBICHIHBIH OolIIeKTepiHe
KOHBLIATHIH TaJalTapFa caffkec KYPBUIBIMIBIK 3IeMEHTTEp/IH imki Gerrepine 0,3 MM-re jeffiHri
a06COIIOTTI Kelip-OYABIPIIBIK PYKCAT eTLIe .

BeTTiH camachlH AaHBIKTAHTBIH MaHBIOBl mapamerp - ym emmemai CAD-MopemiHIH
TYIHYCKACHIHBIH Calachl. BHPTyanabl MOJeTb - YIIOYPHIITAapIbIH JKaObIK TOpHI TypiHmeri 3D
OeTTepieH Typansl. bBeTTiH Kemip-OYIBIPIBIFBI TODIBIH calachlHAa Tikeseil —GafllaHBICTHL
OchlTaiiIIa, TeMeH CaIaibl YII eJIIeMl YITiHI KolaHFaH Ke3ae MoJeNnbey AepekTep daiipiana
KOPCETUIreH Makpo MacIITalThl Kedip-OYABIPIEIK (3-CypeT, a) QU3HMKAIBIK YIriHI KYpy KesiHIe
Taiina Gomaipl JKoHe NPHHTEPIIH HeMece NPHHTEPIIH calachlHAa CEHIMCI3 HOTHKelep Oepemi.
TaHma/FaH TeXHOJIOTHSHBIH THIMAUTITL 3-cyperTe FDM ixoHe SLA TeXHOTOTHSATAapBH KONTaHA
OTBIPHII GachLIFaH MOJIEIbIEPiH YIrinepi KepceTimreH [6].

a) 3)

Cyper 3. JKyMBICIIBI TOHFaTaKTapABIH IpoToTHITEpi: a) FDM TeXHOIOIHACHIH KOJAHbII GachbLIFaH IPOTOTHIL;
9) SLA TeXHOIOTHACHIHBIH KOMETiMeH GachLIFaH IPOTOTHIL

OpTajaH TeNKill JOHFATAKTapAblH IIPOTOTHITEPl JKOOANAHFAH JOHFATAKTBIH KbICHIM
CHIIATTAMATAphIH  CBIHAY YIIH THAPOAHHAMHKAIBIK  CBHIHAKTAp JKYPri3yre  MYMKIHIIK
Geperi. JIOHFAIaKThl JSCTYPIIi JKOJIMEH JKacayFa apHa/FaH jkKaOAbIK KommaHmsra 150 000 AKII
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JIOIUIapbIHA ANHATATBIHBIH eCKepceK, Oyl OHmipicke JKoHe JKaGIBIKKA MNereH IIBIFBIHAPHIbI
YHeMIeyre MyMKIHIIK Gepesi.
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P.K. Hycimaan, SLK. T'orman,M.E. HcameToBa
Pa3paboTKa M H3TOTOBJIeHHe MPOTOTHIA PA0Overo Kojleca HeHTPOOEKHOTO HACOCA METOJOM MOCI0iHOTO
BBIDAIHBAHHS

Pesrome. B cTaThe IpHBeIeHa METOIHKA CKBO3HOTro IpoekTHpoBanui CAD/CAE/CAM paGodero koneca
TOTPYKHOTO NEHTPOGEKHOro HACOCa A BRIIETAIHBAHKA ypasa. i1 IPOH3BOCTBA NPOTOTHIIA KOIECa, GBLT
TPOBE/ICH AHAIH3 APAMETPOB TEXHOIOTHIECKOTO Ipolecca 3D IedaTH 110 IepoX0BATOCTH IOBEPXHOCTH TOTOBBIX
m3tenuit. Ha ocHOBe aHaH3a GBUTa BEIGPAHA TEXHOOTHA CTEPEO-THTOrPadHH H IPOH3BEICHA IIEYATh IEHTPOOEKHEIX
KOJIeC [UIA POBE/ICHHA JATBHSHIIEX CTCHIOBBIX THIPOIMHAMHEYECKHX HCIBITAHHI B YCIOBHAX 3aBOJIA.

KiroueBble c;10Ba:LEHTPOGEKHBIH Hacoc, 3D-npuHTep, paGodeekoneco, FDM -TexHOTOrHH, SLA -TeXHOIOTHH.

R.K. Nussipali, Y.K. Gotman, M.E.Isametova
Design and manufacture of the prototype of the impeller of a centrifugal pump by the method of layer-by-
layer cultivation
Abstract. The article presents the methodology for the CAD/CAE/CAM end-to-end design of the impeller of a
submersible centrifugal pump for leaching of uranium. For the wheel prototype manufacture an analysis of the
parameters of the 3D printing process was carried out on the surface roughness of the finished products. Based on the
analysis, the technology of stereo lithography was selected and centrifugal wheels were printed for further bench
hydrodynamic tests on plant.
Keywords:centrifugal pump, 3D printer, impeller, FDM technology, SLA technology.
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TEMIPMEH APMATYPAJIAHF AH BETOH/IBI KABATTAII KYIO
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Hasedeno memoduxy CAD/CAE/CAM nackpisnozo npoexmy-
sauns polouozo Koneca cesucmyninuacmozo 3azmGHO20 HACO~
¢y mapicu «ODDESSEzentralasien> — UPP 13-7/6, wo 3acmoco-
6YEmbC 015 NePeKaUYBaHHA CipHaHOT Kuc.10mu 6 zidpoMemanypei.

Jlocidocentis nposodunucs 3 memoro nidsuusenns KKJT naco-
ca, wo eunycxaemvcs na 3a600i TOB <KARLSKRONA LC AB»>
(Kasaxcman). Tlposedeno komniomepni pospaxymcu eiouenmpo-
6020 xoz1eca 3 8 9 ronamicaru na migicmo ¢ CAE cucmei uio-
20 pienn NASTRAN. Busnaueno eénnue xitvkocmi onamox 6io-
4enmpo60zo KoECa HA piseHb HANPYICEHD, WO CUHUKAIOMD 6
Nepemunax qonamox nokpusHoz0 i OCHO6H020 duckis sidueHmpo-
6020 Koneca. MaxcumManvie HAPYICEHN 6 NEpeMUNGX Koleca 3
8 onamsamu docseno piens 319 Mlla i dxs Koneca 3 9 nonamamu
199 MiTa. Byno poseasymo eniue wucia Ionamox ua Ounaii-
i xapaxmepucmuxu pomopnozo sany. Jin upozo Gy 3:M00ew0-
6ani po3paxyHKosi Mexaniumi ma KoMn 1omepHi cXeMU OUHAMIHHOZ0
PospaxynKy Onn GUHAHENHS aMMAIMYOHO-HACMOMNUX XapaK-
mepucmux pomopnozo eany. Amnimydu eapmomix na uacmo-
max, euxmuKawux nycauielo pidunu na Aonamxosiii uacmomi
400 Iy i 450 T'y, docsenu suauenns 1-10~ i 810 m sionosiono.
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1. Introduction channels and an increase in friction. However, hydraulic

calculations are not related to the dynamic properties of the

In industrialized countries, centrifugal pumps of various
designs are used in many industries; their number and unit
capacity are increasing.

The task of designing pumping equipment is complicated
by the fact that until now, a sufficiently rigid relationship
has not been established between almost all the parameters
of the CPs, which are structurally variable, operational
(technical), vibrational, technological, etc. One of the im-
portant parameters is the number of impeller blades and
their optimal choice should be based on hydraulic calcula-
tions, for structural reasons, as well as taking into account
the strength and dynamic characteristics of the wheel [1, 2].

Determination of the number of blades of the working
bodies of the central heating system is based on hydraulic
calculations: if the number of blades is small, the blades are

overloaded (high flow rates, cavitation, etc.), with a large
number of blades, there is a narrowing of the inter-blade

rotor, and certainly can not serve as a convincing explana-
tion for the decrease in the strength of the centrifugal wheel
and the dynamic properties of the rotor shaft

To solve this multicriteria problem, it is productive to
use the CAD/CAE/CAM method of end-to-end design.
Computer simulation of the CAD geometry of the wheel,
calculated on the basis of fluid flow hydraulics, allows the
strength and dynamic characteristics of centrifugal wheels
with a variable number of blades to be determined in the
CAE system.

The final in this cycle of design work is the use of CAM
systems, that is, the possibility of creating a prototype of the
wheel when the image of the product is not completely deter-
mined and the use of expensive equipment for manufacturing
is extremely expensive. Prototypes of centrifugal wheels
allow hydrodynamic tests on stands under production condi-
tions to determine the pressure characteristics of the pump.
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The relevance of the work is that the design and im-
provement of centrifugal pumps is an important production
task, the successful solution of which leads to an increase of
performance of this equipment.

2. Literature review and problem statement

In [3], the results of research to determine the influence
of the number of blades on the flow kinematics in the centrif-
ugal wheel of a single-stage pump are presented. It is shown
that wheels with the number of blades 5 and 9 have higher
flow friction inside the channels, and the most optimal is a
wheel with 7 blades. However, there are still unresolved is-
sues related to the strength of the centrifugal wheel and the
increase in its metal content. In [4], the mutual influence of
the number of wheel blades 5, 6, 7 and the number of diffuser
blades 8, 9, 10 was considered. As a result of research based
on numerical modeling, it was found that the case 7+8 has a
minimum wheel oscillation, but the influence of pulsation of
the forces on the rotor - wheel system was not identified, and
this is important, since the dynamic characteristics of the
rotor affect both the efficiency value and the strength of the
shaft as a whole.

The approach of selecting the wheel by strength param-
eters was used in [5], but it was based only on variations in
the speed of rotation of the rotor shaft, but not on the influ-
ence of flow pulsation and the strength of the centrifugal
wheel, which depends on the choice of the number of blades.

In [6], studies of failure processes of engineering units of
a centrifugal pump are presented. The study is based on the
analysis of rotor shaft fatigue using a modified Goodman
test. The authors of the paper [7] gave results on the study of
the influence of the natural frequencies of vibrations of the
centrifugal wheel on the strength of the shaft caused by the
difference in the number of wheel blades and the diffuser.
The work [8] was devoted to calculating the strength of
disks based on the use of a modified method of successive
approximations in displaced Chebyshev polynomials. In [9],
it was found that the destruction of the impellers of pumping
units in the form of cracks and chips in most cases occurs due
to fatigue failure of the metal. The dependence of the fatigue
life of the impeller made of 25L steel on the influence of the
pumped medium was determined.

In all these works, insufficient attention was paid to the
study of the influence of the number of blades, both on the
strength of the wheel itself and on the dynamic characteris-
tics of the rotor shaft. All this suggests that it is advisable to
conduct a study to determine the optimal number of blades
that meet the criteria for the strength of the centrifugal
wheel and the dynamics of the shaft of a multi-stage pump.

3. The aim and objectives of the study

The purpose of the study is to determine the optimal
number of blades of the centrifugal wheel of a submersible
centrifugal pump. This will make it possible to design a cen-
trifugal pump with improved performance indicators, such
as strength, durability and high efficiency.

To achieve this goal, the following objectives were set:

— create a design mechanical scheme for static and dy-
namic calculation of the wheel of a seven-stage centrifugal
pump;

— perform calculations on the strength and ampli-
tude-frequency response of the rotor-wheel system;

—conduct a comparative analysis of the strength and
dynamic characteristics of centrifugal wheels with 8 and 9
blades;

— choose a technology for growing parts in layers and
create a prototype of a centrifugal wheel with an optimal
number of blades.

4. Research materials and methods

The object of the study is the centrifugal wheel of a ver-
tical submersible seven-stage pump for pumping sulfuric acid
into a uranium well.

Input data for pump design:

— Q (feed)=13 meter cubic per hour;

— N (head)=55 meter;

—N (number of revolutions of the electric mo-
850 rpm;

— ig (number of flows)=t;

— i (number of stages)=7.

At the CAD stage, an automated module to perform
hydrodynamic calculations and profiling the channel of
the wheel and the blade was created in the mathematical
environment of MATLAB. The algorithm for drawing the
profile of the blade includes the determination of its geom-
etry through the Cartesian coordinates, which are specified
as a function of the circumference and radius of the wheel,
defined in cylindrical coordinates.

tor)

x,=1;-c0s0,; 9, =7;-sind, 0

where x;, y; — coordinates of the points belonging to the pro-
file of the blade, 7; — corresponding to the coordinate, §; — the
angle of coverage corresponding to the coordinate.

This created algorithm allows you to accurately draw
the geometry of the designed cylindrical blade in any CAD
system. Fig. 1 presents the user interface windows of an au-
tomated module.
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Fig. 1. Interface of the automated PUMP module (MATLAB)
with calculated data

When designing a centrifugal wheel, the number of
blades is determined by the formula

z,:a.s-"*—’?-sin%(s,wz), ®

A+

where 7 is the radius of the midpoint of the width of the
blade at the inlet, r9 is the radius of the wheel rotor at the
output, By, B2 — input and output angle of the blade





image96.jpeg
In the analytical calculation z=8.5, to create a pump
design with increased performance indicators, the question
of choosing the number of blades between the number 9 and
8 arises.

Fig. 2. 3D model of the designed wheel with double curvature
blades

Fig. 2 shows the 3D model of the designed wheels with
nine blades. The geometry of the impeller with a cylindrical
blade has been optimized by creating a double curvature
blade. The impeller blade of double curvature allows the
stage to work with greater efficiency while maintaining the
pressure in comparison with a cylindrical blade, and the
larger the feed, the more noticeable it is. The choice of opti-
mal velocity ratios and the optimal appropriate form of the
flow part are one of the main ways to significantly improve
the performance of a submersible centrifugal pump stage.

5. Creation of a design mechanical scheme for static and
dynamic calculation

The task of checking the static strength of the wheels in
two versions is to determine the stresses arising under the
action of operational loads. Comparison of stresses arising in
the sections of the wheel, with allowable stresses allows us
to evaluate the performance of the construction. Evaluation
of the strength of the wheel can also be done by comparing
the working frequency of the rotor with the frequency of ro-
tation at which the damage of the disk or a sharp increase in
its size due to the fluidity of the material. The performance
of the disk should be estimated by equivalent stresses, the
determination of which is possible by the numerical finite
element method.

To study the influence of the number of blades on the
strength of the wheel and on the dynamics of the rotor, a
NASTRAN/PATRAN highest level computer-aided design
system was chosen [10, 11].

5.1. Grid generation

The wheel model was imported from the CAD system,
since the wheel was created as an assembly of elements
(cover disk, main disk and 9 blades), the “Boolean” oper-
ation was used in the PATRAN preprocessor to combine
all parts, so such created computer model corresponds to
the manufacturing technology of the wheel. The mesh was
approximated by eight-node TET structural elements; to
generate a detailed mesh the element size was chosen from
the condition of the smallest size of the wheel wall thick-
ness of 0.001 m.

The dimension of the problem with such a value of the
face of the finite element is 256,000 elements.

Fig. 3 shows the finite element grid of a centrifugal wheel
with 9 blades.

Fig. 3. Finite element wheel model

5.2. Operating conditions for static analysis

The strength calculation of the impeller of a submers-
ible centrifugal borehole pump includes the calculation
of the blades tension from the action of centrifugal forces
and the calculation of the disks tension from the action of
fluid pressure on the front and rear of the cover and main
disks [12, 13].

The calculation of blades tension is in the determination
of the stress caused by centrifugal force. For blades that have
a constant cross-sectional area, the centrifugal force is found
by the formula [14]:

(=)
ma

F=p-o-F 3)

where R and r are the outer and inner radius of the blade,
respectively, m.

The scheme of application of centripetal forces is shown
in Fig. 4.

Fig. 4. Computational scheme for the static analysis of the
wheel RAS in the plane perpendicular to the axis of rotation

In the process of calculation, the total impact of centrif-
ugal forces arising from the rotation of the wheel and the
influence of fluid pressure on the walls of the disks on the
impeller was taken into account [15, 16].

‘When modeling the computational scheme, it must be
taken into account that the pressure distribution over the
surfaces of the impeller disks is not constant, but depends
on the form of fluid movement in the sinuses of the stage. In
this case, finding the pressure distribution over the surfaces
of the impeller disks is reduced to solving the problem of
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the relative liquid rest in a rotating coordinate system. The
pressure in the gap between the wheel and the casing (on the
front or rear disk) p(r) will be the sum of the pressure at the
wheel outlet py and the pressure p,(7), due to the action of
centrifugal force on the liquid [17, 18].

For a uniform rotation of the liquid, two mass forces act
on its elementary volume: gravity and centrifugal inertia of
the liquid.

Ina centrifugal pump, the angular velocity of the rotor is
so great that gravity can be neglected compared to centrif-
ugal force. Then the differential hydrostatic equation will
have the following form

dp=p(0} - x-dv+0}-y-dy). “4)

From (4) by integration we obtain the law of pressure
distribution, which has a parabolic shape

p(r) p_;z 1 4C. )

The integration constant Cis defined from the condition
that the pressure on the radius 75 is equal to the pumping
pressure p, then

.
p(r)=p,+ 2

(6)

In formula (6), the first term is the outlet pressure, the
second term is the pressure due to the action of centrifugal
force on the liquid.

Centrifugal pumps are assembled as multi-stage to in-
crease the pressure. Such a pump is a series of single-stage
pumps, the impellers of which are settled on a common shaft
and are connected in series (Fig. 5).

From (4) by integration we obtain the law of pressure
distribution, which has a parabolic shape.

¥
5p 6p Tp
Fig. 5. Pressure distribution in pump stages [19]

p 2 3 4p

In this case, the head created by each wheel is added and
the total head of the injector is equal to the sum of the heads
of the separate stages. According to the pressure distribution
scheme in the pump (Fig. 6), the wheel of the sixth section
is the most loaded.

Taking into account the above, to test the influence of
the number of blades on the strength of the wheel, the sixth
stage of a centrifugal multistage pump was selected. For
strength calculation of the wheel of the sixth stage, the de-
sign scheme is presented in Fig. 7.

The pressure at the inlet P5 and at the outlet Pg was
determined by the formula expressing the dependence of
pressure on the developed pressure:

FB=p-g-H, @

where P;, H; are pressure and head of i-th stages, respective-
ly, p is the density of the flowing liquid, and g is the acceler-
ation of gravity

P2 P2

z f[,L,i;,L "

Fig. 6. Pressure distribution on both sides of the wheel
(blade pumps)
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Fig. 7. Loading scheme of the centrifugal wheel of
the sixth stage
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The input data for the static calculation are listed in
Table 1.

Table 1

Input data for the static calculation

No. Parameter Value
1 Material steel
2 Modulus of elasticity E 210! Pa
3 Poisson’s ratio 03
Swivel hinge with rotation
4 Support 1 about an axis
- Swivel hinge with rotation
B Support 2 about an axis
P5— pressure at the inlet of
6 the whel 04MPa
7 P — pressure at the outlet of 056 MPa
the wheel
8 F. — centrifugal force 2419N
9 Calculation Type Static Solver 120

In the settings of Solver 120, the CASI parameter was
selected, which allows calculating large-size tasks from solid
elements.
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6. Calculations of the amplitude-frequency response of
the rotor-wheel system

In order to really simulate the pressure changing over
the surface of the wheel disks, we used the Spatial Field ap-
plication, which describes a data set that changes according
to the real set in the Cartesian or cylindrical coordinate
system. Considering the main modeling condition that the
computer model must be adequate to the wheel's functioning
conditions, the second term in analytical formula 3 will be
represented through the Spatial Field, which expresses the
dependence of the pressure of the centrifugal forces of the
liquid on the radius of the wheel.

In order not to violate the symmetry of the location of
the support, when creating the boundary conditions for the
displacements of the wheel, RBE2 elements were used [20].

To perform the static calculation, the Solver120 solver
was chosen, the Cassio solver settings allowed to reduce the
calculation time.

6. 1. Operating conditions for dynamic analysis

The CP operation is based on the transfer of mechanical
energy of a liquid during the force action of the blades on it.
During operation, all the parts of the CP are affected by dy-
namic influences of a different nature. A change in the mode
of operation of the central nervous system is accompanied
by a change in load. The determination of dynamic effects
is necessary to consider the issues of strength and forced
oscillations of the rotor of the CP rotor.

In [21], the influence of radial force on the rotor at the
blade frequency was found out

Ji=1z ®)

where f, is the blade frequency, / is the rotation frequency, z
is the number of centrifugal impellers.

The problem of choosing the optimal number of cen-
trifugal impeller blades was solved based on the dynamic
characteristics of the rotor, i.e., the amplitude-frequency
response of the system to the influence of the hydrodynamic
force F, at a frequency of 400 Hz (8 blades), and a frequency
of 450 Hz (9 blades).

The task of determining the AFC of the pump rotor is
reduced to calculating the eigenvalues of the frequencies o,
the modes of natural vibrations at the corresponding value of
the frequency @, and a further study of the resonant states
of the rotor of the AFC of the CP is studied in the range of
eigenfrequencies of the oscillation of the rotor.

For the given boundary conditions in the FE model, the
eigenfrequencies of the rotor were determined using the
Lanczos method [22]. The data on the first six modes are
shown in Table 2.

Table 2
Data on the first six modes
Results
Rotor Waveform
The form | Frequency of free oscillations Hz.
1t form Torsional 200
2nd form Bending 1,300
3rd form Bending 1,393
4th form Torsional 2,089
5th form Bending 3455
6th form Bending 3460

Forced vibrations of the CP are convenient to be repre-
sented graphically in the form of AFC for the identification
of which it is necessary to solve the equation

[M]-{a}+[B]-{g} +[C]-{a} = {F ()} ®

where [M], [B], [C] — matrix of masses (inertia), damping

and system rigidity; {¢}, {¢}, {q} — generalized movements

of nodes and their derivatives; (F(1)} ~generalized forces [23].
In matrix form, we represent equation (9) as

[»"] 1 . [0
o [m®] . [

o] [o] [m]]|{a"}
[b“)] 0] . [0 {qu)}
o [+*] - [

[o] [o] ["]] 1"}
[T 101 - [0
L o [®] -« [ [{a®}] _

]

For the mathematical model of forced vibrations repre-
sented by equation (9), the corresponding computer model
will be implemented by entering data, such as the mass of
the rotor [M] with mounted seven wheels, the structural
damping coefficient [B], the system rigidity [C], which de-
pends on the module the elasticity of the steel 40X (40Cr)
material and from the wheel parts cross sections geometry,
the component F(t) w ill be described by the amplitude, i. e.
the value of the hydrodynamic radial force and the pulsation
frequency of this force equal to 400 Hz and 450 Hz for eight
and nine centrifugal blades, respectively.

The hydrodynamic radial force acting on the CP rotor is
divided into two components: static and dynamic. The static
component of the radial force is a force averaged over time.
The dynamic component of the radial force is caused by the
non-stationary flow in the flowing part of the guide apparatus
and causes pulsations of pressure and fluid velocity [24]. The
direction and magnitude of the radial force are shown in Fig 8.

(10)

o [ {Foo}

Fig. 8. Direction and magnitude of radial forces
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The complex nature of the spatial flow in the flow part of
the pump and the viscous properties of the pumped liquid do
not allow to determine an accurate analytical dependence of
the radial force on the feed. Therefore, analytical dependenc-
es of the radial force value on the feed of the CP are obtained
on the basis of experimental data and the adopted simplifica-
tions. The derivation of the analytical formula of radial force
is presented in the paper. For an approximate calculation of
the radial force, one uses the following dependence [25]

E=K pgH-D,b, an
where K, — radial force coefficient, (K,=0.36); Dy — outlet
wheel diameter, D>=0.515 meters; by — outlet wheel width,
by=0.111 meters; p — fluid density, p=1,000kg per meter
cubic; g — gravity acceleration; H — current head, meters.

Input data and boundary conditions for determining the
effect of the number of centrifugal impeller blades on the
frequency response of the rotor were summarized in Table 3.

Table 3

Input data and boundary conditions for determining the
effect of the number of centrifugal impeller blades

No. Parameter Value

1 Material steel

2 | Modulus of clasticity E 210" Pa

3 Poisson's ratio 03

4 Steel density 1,500 kg per m*
Swivel hinge with rotation

3 Support 1 about an axis
Swivel hinge with rotation

6 Support 2 about an axis

7 | B redil bydrodymamic 03N

force
F, — radial force from the
8 wheel disbalance Eat
9 F, — axial force 12N
Static Solver 120
10 | Caleulation Type syt

Fig. 9 shows a finite element model of the rotor with sup-
ports modeled using the RBE2 elements option.

Fig. 9. Finite element model of the rotor

17009774
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Using the superposition principle, the radial forces act-
ing on each pump stage were modeled as a concentrated force
applied at the center of the rotor shaft.

7. Comparative analysis

The task of testing the static strength of the disk s to de-
termine the stresses arising under the action of operational
loads. Comparison of them with permissible stresses allows
us to evaluate the performance of the construction. In this
setting, the task is the content of the verification calculation
of the strength of the disk. The calculation results for cen-
trifugal wheels with 8 and 9 blades are not shown in Fig. 10.
The maximum stress in a centrifugal wheel with 9 blades
is Gpyx=199 MPa, and the stress level in the wheel with
8 blades reached Gy, =319 MPa.

Fig. 10. Tension diagrams: @ — in a wheel with eight blades;
b= inawheel with nine blades

In addition, the stress distribution image showed the
most dangerous places in the wheel, it is the junction of the
blades and disks, which corresponds to the observation given
in. Fig. 11 shows the adequacy of the computer model of the
physical model of the places of maximum stress concentration.

Since the task of choosing the number of blades is mul-
tifactorial, in order to clarify the effect of this parameter on
the vibratory activity of the rotor shaft, the results of dy-
namic calculation on determining the amplitude-frequency
characteristics of the rotor were analyzed.

As a result of calculating the static strength of the shaft
in the NASTRAN program, equivalent stresses (Fig. 12, a)
and values of static deflections of the shaft (Fig. 12, b) are
obtained.
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f,=450 Hz is shown in Fig. 13, the frequency
corresponding to nine blades in a centrifugal
wheel.
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Fig. 11. Concentrations of tension in the wheel: 7568-00¢
a— distribution of maximum stresses in the wheel; 7.09-00
b — breakdown of centrifugal wheels oot
S
Analysis of the results showed a sufficient safety factor o
at maximum feed, according to the diagram 6,,,,= 4.46-00¢
8,~9,2107 m the permissible stress for steel [ 4.02:00¢

the coefficient of safety is 10, 2.

In the frequency range under consideration, one harmon-
ic appears at the lowest frequency equal to 1,330 Hz, and
the fifth cigenfrequency appears at a higher frequency of
3,560 Hz, which can be ignored. The value of the oscillation
amplitude of the rotor is §=2-10-3 m (Fig. 12, the blue line is
for the node in the center of the rotor).

defauit_Fringe
Max 9 29-005 @Nd 6304
Min 2.71-005 @Nd 4470
defauit_Deformation
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The resonant states of the rotor of the central oscil- L
lator frequency response were studied in the eigenfre- Fig. 12. Static strength of the rotor in the maximum
quency range of the oscillation of the rotor at 4,000 Hz, feed mode: @ — equivalent stresses;
the influence of the hydrodynamic force F, at a frequency b — displacement plot
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Fig. 13. AFC of the rotor at a frequency of 450 Hz
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When  the number of blades of a centrifugal wheel is
eight, the response of the system to the influence of hydrau-
lic force at a blade frequency of 400 Hz is presented in the
AFC diagram in Fig. 14.
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Fig. 14. AFC of the rotor at a frequency of 400 Hz

In the diagram above, two harmonics are shown at a
frequency of 1,330 and 3,560 Hz, and at the lowest fre-
quency a maximum peak of an amplitude occurs as equal
to 6=1-10"" m.

Analyzing the influence of the number of blades on the
stress state of the wheel, safety factors k were found as fol-
lows: for nine blades £=2.19, for eight blades £=1.4, which are
identified sufficient for the case.

8. CAM design, prototype centrifugal wheels creation

‘When creating a prototype of a centrifugal wheel, close
to the real model, the primary factor was the selection of 3D
printing technology by roughness parameter. When choos-
ing SLA technology that works with liquid photopolymer
(stereolithography), the author’s data [28], given in Table 3,
were taken into account.

In accordance with the manufacturing technology and
the requirements applied to the parts of the centrifugal
submersible pump stage, an absolute roughness of up to
0.3 mm is permissible for the inner surfaces of the structural
elements.

An important parameter that determines the quality of
the surface is the quality of the original three-dimensional
CAD-model. The virtual model is a 3D surface in the form
of a closed grid of triangles. The surface roughness direct-
ly depends on the quality of the grid. Thus, when using a
low-quality three-dimensional model, macro scale roughness
(Fig. 15, a), indicated in the simulation data file, can appear
when buildinga physical model and give unreliable results of
the quality of the printer or the effectiveness of the selected
technology. Fig. 15 shows model prototypes printed using
FDM and SLA technologies [29].

The prototypes of centrifugal wheels make it possible
to conduct hydrodynamic tests to test the pressure char-
acteristics of the designed wheel, which leads to savings
in production costs for the manufacture and equipment, so
equipment for the manufacture of a centrifugal wheel costs
the company $ 150,000.

2674003

Amplitude of the node in the
middle of the rotary shaft

31403 3SAANT 4004003

b

Fig. 15. Prototypes of the
impeller: @ — prototype printed
using FDM technology;

b — prototype printed using SLA
technology

9. Discussion of computer analysis results

Based on this analysis, we conclude that a wheel with
eight blades, despite a higher rate of stresses, has a sufficient
margin of safety, and pulsation of hydrodynamic force in the
channels of such a wheel causes a lower amplitude-frequency
response, therefore, for the prototype manufacture model
with eight blades is chosen.

Analysis of the AFC diagrams of the rotor for the blade
frequencies of 400 Hz and 450 Hz allows to choose 8 blade
impellers, because the diagram in Fig. 13 has 4 harmonics
with the largest amplitude of 810 m, while the diagram
in Fig. 9 indicates the occurrence of two harmonics with
a maximum amplitude of 110 m (Fig 12, 13), that is, the
dynamic forces that occur when the 9-blade wheel causes a
large vibration activity of the rotor, which leads to a loss of
efficiency and a reduction in the service life of the techno-
logical system.

The authors in [26,27] propose to evaluate the dynamic
gain coefficients as indicators of vibration activity of the shaft.
Analyzing the frequency spectra of vibration (Fig. 12, 13),
we determine the coefficient of dynamic gain at resonance.
The coefficient n:ai
amplitude of the forced harmonic vibrations  to the static
displacement 8, by a force equal to the amplitude of the
harmonic excitation. The greatest amplitude occurs from a
disturbance at the blade frequency of 450 Hz 5810 m, ac-
cording to the results of SSS static movement 8,=9.29-10% m,
thus, the coefficient of dynamic gain at resonance is equal to
1=8.9. At a frequency of 400 Hzn=1For pumps, the dynamic
coefficient according to [26] can be in the range of 20..25.
According to [27] for rotary units, the coefficient n must not
exceed 50.

The analysis of the influence of the number of blades on
the rotor vibrational activity showed the advantage of the

is determined by the ratio of the
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design of a wheel with eight blades, since the amplitude peak
reaches the lowest value for all the investigated frequen-
cy cases.

10. Conclusions

1. The computational mechanical scheme for the static cal-
culation of the sixth wheel of a seven-stage centrifugal pump
was compiled using the NASTRAN program, the boundary
conditions were determined as the pressure values P; at the
inlet and Pg at the output of the centrifugal wheel. The com-
putational mechanical scheme for the dynamic calculation of
the rotor shaft was compiled using the NASTRAN program,
the boundary conditions were determined as values of the
hydrodynamic force F, and the blade frequencies equal to
400 Hzand 450 Hz.

2. The strength calculations for the centrifugal wheel
with eight and nine blades have been carried out. The
analysis of the results showed the maximum stress in a
centrifugal wheel with nine blades equal to 6,,~199 MPa,
and the stress rate in the wheel with eight blades reached
Omax=319 MPa, and both types of the wheel have a sufficient
strength coefficient. The amplitude-frequency character-

istics of the rotor shaft were determined as follows: at a
frequency of 400 Hz the amplitude of deviation from the
equilibrium state equals to =110 m and at a frequency
of 450 Hz equals to 8=8-10"' m. The coefficient of dynamic
strength coefficient at resonance is equal to 1=8.9 at a fre-
quency of 450 Hz and n=lat a frequency of 400 Hz.

3. After comparing the parameters of the static calcula-
tion of the centrifugal wheel, it was found that the strength
of both wheels with 8 and 9blades has acceptable values
of safety margin. Comparison of the amplitude-frequency
response of the rotor shaft, from the influence of the radial
force pulsation in the centrifugal wheel indicates an increase
in dynamic gain when resonating in a variant with a wheel
with 9 blades. That is, the design of the wheel with 9 blades
will lead to greater vibration activity of the shaft, which
means a decrease in the overall efficiency of the pump. Based
on this, when designing the centrifugal wheel, the choice of a
design with § blades was made.

4. An analysis on the quality of the surface of printed
parts has been carried out with 3D technologies so that the
preference was given to SLA technology and the surface
roughness of the prototype was identified as equal to 3 pm.
For further hydrodynamic tests, a prototype of a centrifugal
wheel with eight blades has been printed.
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Abstract. The dynamic characteristics of one of the centrifugal pump critical parts such as the
rotor shaft are studied in the article whilst the highest level NASTRAN CAD PATRAN module
was used to carry out the dynamic analysis. During the analysis a computational mechanical
scheme has been compiled as well as force factors generating rotor vibrations have been
determined. The axial, radial and hydrodynamic forces affecting the impeller and pump shaft have
been calculated according to the analytical formula. Under the given boundary conditions in the
FE model and the chosen method for determining the natural vibrations, a numerical solution of
the equations of free and forced vibrations has been found using the algorithms of the NASTRAN
program. The natural vibrations of the rotor have been determined using the Lanczos method. The
dynamic stability of the shaft, the stress-strain state of the shaft and its displacement under static
loads, the frequency and shape of the natural vibrations of the rotor necessary for the calculations
have been determined. The amplitude-frequency characteristics of the system have been
determined and analyzed for affection by external forces at the reverse and blade frequencies.
Using the amplitude parameters of the forced oscillations, the dynamic gain of the rotor has been
determined. Based on the amplitude-frequency parameters, the option of the number of blades for
the working centrifugal impeller of the pump has been justified. The technique of computer
simulation and determination of the vibroactivity parameters of a submersible centrifugal pump
rotor shaft is given in the article.

Keywords: centrifigal pump, dynamic characteristics, NASTRAN, amplitude-frequency
parameters, vibroactivity, mechanical system, stress and strain state, finite element method, axial
force, hydrodynamic radial force.

1. Introduction

Vibration is the diagnostic sign of most failures during the pump exploitation. As a rule,
failures are accompanied by the destruction of individual parts of the seal assemblies and rolling
bearings as well as the centrifugal pump (CP) main parts failure. The most common defects in the
parts of the CP are shown at Fig. 1.

To define vibration, it is necessary to study the dynamic characteristics of the oscillatory
system and the natural forms and frequencies of oscillations, the response to external influence in
the form of an AFC (amplitude-frequency characteristic) are at the first instance for the study [1].

Modeling is the basis of a theoretical study of the CP dynamics. Modeling of dynamic
processes is used to determine the response of a mechanical system to external influences. External
influences can be deterministic or random. Upon the previous fact, the response of a mechanical
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system is to be described by a periodic or random function respectively. When modeling dynamic
processes, it is necessary to build a model that describes the movement of each point of a
mechanical system depending on external influences which occurs as the main problem of the
dynamics of machines [2]. The CP is a rotary unit the main elements of which are the shaft,
impeller and bearings.

2. Statement of problem and research objectives

Performing the main function of the transmission of torque, the kinematic parameters of the
rotor change in time while the rotor is considered as an oscillatory system. Centrifugal pump rotor
makes interconnected and torsional oscillations in three mutually perpendicular directions.

Analytical methods for studying the oscillations of real rotors are very laborious. Therefore,
numerical methods are used, in particular, the finite element method is applied. The method is
based on the variational principles of mechanics, based on determining the minimum potential
energy of mechanical system when the corresponding parameters are varied.

This method includes the following steps for solving dynamic problems: constructing a
dynamic rotor model in a finite element form; identification of dynamic affects; determination of
the rotor stress and strain state (SSS) parameters under static affect and supports parts’ reaction to
the selected CP operation modes; calculation of the parameters of free and forced oscillations of
the rotor [3].

3. The finite element model of centrifugal pumps

The approach for building dynamic models of the CP of this type is identical. A centrifugal
multistage pump, which is used to leach uranium, was adopted as an object of study. The principal
and dynamic scheme of rotor circuit of the CP of UPP 13-7/6 type is shown at Fig. 1.

[
a) b)
Fig. 1. Rotor schematic diagram a) principal scheme; b) dynamic scheme

As far as the choice was made in favor of the FEM of the NASTRAN/PATRAN system for
studying dynamic processes, let us present the rotor circuit diagram (Fig. 2) in the form of a finite
element model. Schematic diagram displays the elastic-mass characteristics of the mechanical
system of the “rotor-support parts”. There are several approaches for the creation of FE models
[4]. First, we create the rotor geometry according to the working drawings (Fig. 3).

To build the FE model of the rotor let us use solid elements of the TET type. For the support
parts modeling let us use the operating conditions, the upper end is connected by means of a finger
coupling, the lower end is connected to a hydrodynamic bearing in the form of a layer of distilled
liquid [5].

The feature of modeling in the program is the use of RBE2 elements connecting the node and
the group of nodes with rigid rods, allowing to impose restrictions on movements along three axes
and to set the rotation of the shaft around its axis (Fig. 2).

994 JOURNAL OF VIBROENGINEERING. AUGUST 2020, VOLUME 22, ISSUE §




image108.jpeg
COMPUTER SIMULATION AND INVESTIGATION VIBRATION PARAMETERS OF ACENTRIFUGAL SUBMERSIELE PUM.
MADINA ISAMETOVA, BEKNUR OMARBEKOV, ROLLAN NUSSIPALT, ULAN ANGARBEKOV, AYSEN ISAMETOV.

4. The theoretical provisions for boundary conditions definition for computer model of
centrifugal shaft stress-strain statement

In the general case, the calculation of the shaft strength is determined by the joint action of
bending from the radial force and from the axial pressure force transmitted to the shaft from the
impeller. The calculation of the UPP 13-7/6 CP shaft for static strength has been carried out as a
calculation of a beam in hinged-rigid supports using the constructed FE model (Fig. 3).

Fig. 2. The finite element model of the CP rotor shaft

Let us compose a computational loading scheme for each of the operating modes of the CP
(Table 2). During the operation of the CP the hydraulic radial force F,., the hydraulic axial force
F,, the inertia force of the imbalanced mass of the centrifugal wheels F, and also the reaction of
the rolling bearings R4 and Rp act on the shaft.

Using the principle of independence of the action of forces, we determine the type of loading
under the action of the above forces. Under the action of the hydraulic radial force F,, the shaft
bends in two planes, and the hydraulic axial force F, the shaft operates under tension and
compression.

The loads acting on the rotor perpendicular to the Z axis are related to the transverse forces.
Under the action of transverse loads, rotor vibrations are perturbed along the X and Y axes. In this
case, the center of gravity of each section moves along a closed path. Transverse loads are
mechanical and hydraulic by their nature. The mechanical nature of the transverse forces acting
on the rotor refers to kinematic, force and parametric affects.

Force action include centrifugal inertia due to rotor imbalance, shaft misalignment,
manufacturing defects of couplings and rolling contact bearings. The kinematic effect appears as
aresult of a geometric disruption of the geometric shapes of the mantling bodies, in particular, the
non-cylindrical nature of the mantling of the shaft and the rolling bearing, different sizes of the
rolling bodies, waviness, faceting of runner, etc. [6]. Force disturbance is described as follows:

E,=m-w?-e-cos(w -t), (1)

where m — rotor mass, w — angular rotation velocity, e — specific imbalance (eccentricity).
The amplitude of the inertia of the imbalanced mass of the centrifugal wheels F,, determination
for the strength ata known residual unbalance of the wheel is possible using the following formula:

Rp=m-e-w? 2)
where me is the permissible sufficient imbalance of the wheel, kg-m (for example, the expression
“permissible residual imbalance of 100 g-mm means that for a wheel with a radius of 100 mm,

external radius balancing should be performed with an accuracy of 1 g, which is technologically
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achievable), w — angular rotation speed of the pump rotor, 1/s. the value of the eccentricities of
wheels with different diameters are given in Table 1. [7].

To calculate the radial force from the imbalance, we used SolidWorks capabilities to determine
the mass of a 3D model of a centrifugal wheel; these capabilities of modern CAD systems allow
us to determine volume-mass characteristics of any bodies of complex geometric shape, in our
case for seven wheel sections with directive vanes of mass m = 7.2 kg.

Table 1. Eccentricity with different impeller diameters
Impeller outer diameter, mm | <300 | 300-500 | 500-1000 | 1000-2000
Eccentricity, mm 0.075 0.100 0.150 0.200

Therefore, Eq. (2) cannot be used, since it is given in the theory of rotor balancing, for the
reason that centrifugal wheels are hollow, until they are filled with distilled medium, then to
calculate the radial force in Eq. (2), an adjustment must be made so that the mass will be composed
as the mass of the section adding the mass of the distilled liquid:

Rp = (mf +m5)-e -w?, 3)

where m; — medium mass, m; — centrifugal wheel section mass.
The mass of sulfuric acid at a given feed has been determined by the formula:

(0, —Dy)?

4
7 b, @

me=p-m-
where D, — outer diameter of the centrifugal wheel, m; D, — shaft diameter, m; b — width of the
meridian wheel section, m; p — distilled liquid density, kg/m’.

Considering the principle of superposition of forces, the radial resultant force acting on the
shaft was calculated as the sum of the forces from the imbalance at each stage of the rotor.

In addition, one of the causes of shaft deflection is the radial force. It represents the hydraulic
force in the plane of the impeller, arising from the variable impact of the impeller and the guiduing
tool (or guide vane). It varies in magnitude and direction depending on the pump flow rate and it
acts on the shaft and bearings, Fig. 3 shows the direction of the distributed radial hydraulic force.

The hydrodynamic radial force acting on the CP rotor is divided into two components: static
and dynamic. The static component of the radial force is a force averaged over time. The dynamic
component of the radial force is caused by the non-stationary flow in the flowing part of the guide
apparatus and causes pulsations of pressure and fluid velocity [8].

Fig. 3. Direction and magnitude of radial forces

The complex nature of the spatial flow in the flow part of the pump and the viscous properties
of the pumped liquid do not allow us to determine an accurate analytical dependence of the radial
force on the feed. Therefore, analytical dependences of the radial force value on the feed of the
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CP are obtained on the basis of experimental data and the adopted simplifications. The derivation
of the analytical formula of radial force is presented in the paper. For an approximate calculation
of the radial force the following dependence is used [9]:

F=K.p-g-H-D,-by, 5)

where K, — radial force coefficient, (K, = 0.36 admitted according [10]); D, — outlet wheel
diameter, D, = 0.515 meters; b, — outlet wheel width, b, = 0.111 meters; p — fluid density,
p = 1000 kg per meter cubic; g — gravity acceleration; H — current head, meters.

5. Axial forces

The loads acting on the rotor along the Z axis are related to axial forces. In a cantilever type
CP the rotor is affected by the axial force due to the pressure difference at the outer sides of the
main and covering disks, which occurs due to the difference in their areas (Fig. 4(a)). In horizontal
CP with a double-entry inlet impeller, the rotor is unloaded by the action of axial force, since the
impeller is symmetrical to the vertical plane perpendicular to the Z axis.

Usually we separate pressures to acting on the external and to internal surfaces of the disks of
the impeller. The unilateral inlet impeller is affected by the action of surface pressure forces
directed along the Z axis. In order to determine the resulting axial load, it is necessary and
sufficient to consider the pressures acting on the outer and inner surfaces of the main and covering
disks (Fig. 4(b)).

it

Dy

|

P

Pe.

2/}

T AL

a) Pressure distribution over the surface of the discs b) Pressure distribution in the pump stages
Fig. 4. Scheme of pressure distribution on the surfaces of the disks

The complex nature of the flow and the viscous properties of the liquid make it difficult to
determine the axial force, therefore, an analytical dependence in an approximate form is used. The
axial force is determined by the formula below.

The axial force can be approximately determined as the difference between the pressure forces
at the right and left sides in the range from R, to Ry:

3
Pazial =7+ (Rf —R})-H-y, 6)

where P, ,;,; — thrust force in N; R, — impeller inlet outer radius in meters; R, — shaft radius in
meters; H — pump head in meters, y — fluid volumetric weight in kg per meter cubic [8].
Taking into account the fact that the CP is designed to pump sulfuric acid with density of
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1050 kg per meter cubic, the axial and radial force values from the imbalance were found. Loading
conditions and boundary conditions are listed in the data table for performing static and dynamic
calculations.

Boundary conditions in the computational scheme are given in the Table 2.

Table 2. Boundary conditions in the computational scheme

No Parameter Value
1 Material steel
2 Modulus of elasticity E 2x1011Pa
3 Poisson’s ratio 0.3
4 Support 1 Swivel hinge with rotation about an axis
5 Support 2 Swivel hinge with rotation about an axis
6 P axial L2KN
7 Radial hydraulic force 105N
8| Strength from imbalance of hinged parts 84N
9 Calculation type Static

As a result of calculating the static strength of the shaft, equivalent stresses has been obtained
(Fig. 5(a)) as well as the values of the static shaft bendings (Fig. 5(b)).

The analysis of the results showed a sufficient safety factor at maximum feed, according to the
diagram: 0,,q,= 34.6 MPA, 8c7 = 9.29%10° meters, allowable stress for steel is 0_ = 450 MPA,
safety factor amounted to 10.2.

546400
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a) Equivalent stresses b) Diagram of displacements
Fig. 5. Static strength of the rotor in maximum feed mode

detauit_Finge

6. Mathematical and computer modeling of free rotor vibrations

Free vibrations completely determine the dynamic properties of mechanical system and are of
primer importance in the analysis of forced vibrations, therefore, using the finite element model
let us determine the spectrum of eigenfrequencies of vibrations of the central rotor.

General equation of motion in matrix form is to be represented as follows Eq. (7). To describe
the motion only under the influence of a restoring (elastic) force without taking into account
energy dissipation, let us use the following equation:

[M]{d} + [K]{a} = 0, (7

where [M], [K] — matrix of masses (inertia) and rigidity of the system; {q}, {G} — generalized
movements of knots and their derivatives.

In finite element analysis, as a rule, the unknowns are the displacements of the nodes of the
FE model. To determine the entire displacement field in the FE model interpolation is used, that
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is, the values of the unknown displacement are calculated by means of the FE shape (polynomial)
function. Depending on the type, each FE is assigned to the corresponding form function. Using
of the shape function allows us to determine the displacement vector of any point inside the FE
model.

Mathematically the definition of generalized displacements comes down to solve the system
of algebraic equations. As a rule, the system of equations is solved by matrix methods. In this case,
the rigidity matrices [K] and masses [M] in Eq. (8) of the FE model being analyzed are quadratic
diagonal. In diagonal matrices, it is accepted that the mass is concentrated in the nodes of the FE
model. The size of these matrices is equal to the number of degrees of freedom of all nodes of the
model. Let us represent Eq. (7) in the following form:

[m(l)] [o] - [o0] {,-]-(1)} [k(l)] [o] - [o0] {q(l)}
o1 @] oo JE@H o kD] o e g g

o o - meYlEey) Lo o e ) ()
Solution of the Eq. (8) is sought in the form [11]:
{a} = {qo}sinwo t, ©

where w, —values of eigenfrequencies; {q} — the full vector of nodal displacements of the system;
{qo} — amplitude column matrix.

The full vector q is a function of the independent displacement components and rotation angles
with respect to the corresponding axes. The full displacement vector is represented in the
following form:

@)= (1)@ ___{q(m}}r_ (10)

By substituting Eq. (9) into Eq. (8) we obtain a homogeneous system of algebraic equations of
the form [10]:

(K] - w3[MDiq} = 0. (1)
System Eq. (8) has a nonzero solution if the determinant is zero:
det([K]— w?[M]) = 0. (12)

In this case, the problem is reduced to calculating the eigenvalues of the frequencies w, and
the eigenvalues of the vectors of the generalized displacement g, thus, q determines the shape of
the natural oscillations at the corresponding value of the frequency w,. By the given the boundary
conditions in the FE model and the selected method for determining the natural vibrations we find
the numerical solution of the system of algebraic Eq. (8) using algorithms of the NASTRAN
program .The natural vibrations of the rotor are determined using the Lanczos method [11].

The Lanczos method is one of the matrix methods for solving systems of equations. It is used
to calculate the eigenvalues of vibration modes. The method is especially effective for obtaining
low frequencies which indicate the behavior of the model. The Lanczos method is based on an
iterative method for solving systems of equations [12]. Let us study the natural oscillations of the
rotor when installing it at hinged-rigid supports. Let us restrict ourselves to study the natural
vibrations of the rotor only. The boundary conditions correspond to the Table 2. In the free
oscillations frequency range from 0 to 4000 Hz the rotor has four forms of bending vibrations
along the X and Y axes, as well as one torsional vibration around Z (Fig. 6).
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Table 3. Free vibrations of the rotor on articulated rigid supports

Rotor waveform Results
The form | Frequency of free oscillations Hz
Istform | Torsional 200
ndform | Bending 1300
3rd form Bending 1393
4th form | Torsional 2089
Sth form Bending 3455
6th form Bending 3460
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Fig. 6. Forms of oscillation of the rotor on hinged-rigid supports

In order to evaluate the values of bending, torsional and longitudinal (axial) shaft rigidity it is
necessary to calculate the dynamic stability by the safety factor k determination:

(13)

where f, — value of eigenfrequency of free oscillations; f — the rotational velocity of the rotor is

fip
=12,
f
f=50Hz
1000

Table 4. Free oscillations of the rotor

Oscillation form | Value of eigenfrequencies Hz | Actual margin of safety k
1st form torsional 200 4

2nd form bending 1300 26

3rd form bending 1393 27.6

4th form bending 2089 41.7

5th form torsional 3455 69

6th form bending 3460 69.3
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To compare the obtained values of the eigenfrequencies of oscillations and the coefficients of
dynamic stability, let us record the values of first 6 forms only (Table 4) as follows.

The minimum dynamic stability margin is equal to k = 4. The natural frequencies of the
oscillations of the rotor calculation is made for rigid supports without taking into account damping.

According to the obtained values of the dynamic stability factor k, it can be argued, that the
bending, torsional and longitudinal (axial) rigidity of the UPP 13-7/6 pump rotor are sufficient for
the system stability.

7. Mathematical and computer modeling of forced rotor vibrations

The CP operation is based on the transfer of mechanical energy of the flowing liquid during
the force action of the blades on it. During operation all the parts of the CP are affected by dynamic
influences of a different nature. A change in the mode of operation of the CP is accompanied by
a change in load. The determination of dynamic effects is necessary to consider the issues of
strength and forced oscillations of the CP rotor.

The main dynamic effects in the CP are the pressure forces from the flowing fluid in the
moving parts of the CP. The magnitude and direction of the pressure forces acting on the rotor
parts are determined by the nature of the fluid flow in the guiding tool, i.e. the impeller [13].

Forced vibrations of the CP are convenient to be represented graphically in the form of AFC
for which it is necessary to solve the following equation:

[M]{g} + [CHq} + [K]{a} = (F(D)}, (14)

where [M], [C], [K] — matrix of masses (inertia), damping and system rigidity; {G}, {¢}, {q} -
generalized movements of nodes and their derivatives; {F(t)} — generalized forces.
In matrix form, we represent Eq. (14) in the following form:

O] O o (@) [ o - o] (a®)
O ] - o |JE o ] o |

o o - medlEey) Lo o e e o)
[k®] [0} - [0] 7({a®} {FO®} (15)
O U I U R SR ETON

o o - k@) (o)

For the mathematical model of forced vibrations represented by Eq. (14), the corresponding
computer model will be implemented by entering data such as the mass of the rotor [M] with seven
wheels mounted, the structural damping coefficient [C], the system rigidity [K] which depends on
the module the elasticity of the steel material and from the wheel parts cross sections geometry,
the component F(t) is to be described by the amplitude, i.e. the value of the hydrodynamic radial
force and the pulsation frequency of this force equal to 400 Hz and 450 Hz for eight and nine
centrifugal blades respectively.

Under the influence of the unbalanced force F, at a revolution frequency of 50 Hz applied at
the point of the center of mass of the rotor along the Y axis in a given frequency range from 0 to
4000 Hz the forced harmonic oscillations has been calculated. The result of the calculation of
harmonic oscillations is presented in the form of AFC (Fig. 7).

In the frequency range under consideration, one harmonic appears at the lowest frequency
equal to 1330 Hz, which corresponds to the second form of intrinsic bending vibrations of the
rotor along the Y axis (Table 4), and the fifth eigenfrequency appears at a higher frequency of
3560 Hz so it can be ignored. The value of the amplitude of the oscillations of the rotor is equal
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to § =2-10° m (Fig. 7 the blue line is for the node in the center of the rotor).
e
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Fig. 7. AFC with the harmonic effect of unbalance force at a frequency of 50 Hz

In [15] the effect on the rotor of radial force at the blade frequency was found as following:
fr=f-z (16)

where f, — blade frequency, f — rotational frequency, z — number of centrifugal impeller blades.
‘When designing a centrifugal wheel, the number of blades was determined by the formula:

65 T+,

1
S sing (B + ), an
where r; — radius of midpoint of inlet blade width, r, — impeller outlet radius, B, B, — inlet and
outlet angle of the blade.

In the analytical calculation number of blades is z; = 8.5, so the question of choosing the
number of blades between 8 and 9 arose, and the problem was solved based on the dynamic
characteristics of the rotor, that is, the response of the system to the action of a force at a frequency
of 450 Hz (eight blades), and 400 Hz (nine blades).

The resonant states of the rotor of the central oscillator frequency response has been studied
in the eigenfrequency range of the oscillation of the rotor 4000 Hz, the influence of the
hydrodynamic force F, at a frequency f,, = 450 Hz is shown at Fig. 8.

100003
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100006

100007

100008

Displacements, Translational

100008

100010 + + + +
0 440007 869:002 133003 1780003 2220003 2674003 311003 355003 4000003

Frequency
Fig. 8. Rotor AFC at a frequency of 450 Hz

‘When the number of blades of a centrifugal wheel is eight, the response of the system to the
influence of hydraulic force at a blade frequency of 400 Hz is as presented in the AFC diagram at
Fig. 9.
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Fig. 9. Rotor AFC at a frequency of 400 Hz

8. Analysis of forced vibration result

The analysis of the AFC of the rotor diagrams for the blade frequencies of 400 Hz and 450 Hz
brings us to choose eight blade impellers, so the diagram at Fig. 9 has four harmonics with the
largest amplitude of 10 m, while the diagram at Fig. 8 indicates the occurrence of two harmonics
with a maximum amplitude of 10* m (Figs. 8, 9), that is, the dynamic forces arising at the 9th
impeller cause high vibrational activity of the rotor, which leads to a loss of efficiency and a
decrease in the service life of the technological system.

Analyzing the frequency spectra of vibration (Figs. 7-9) we determine the coefficient of
dynamic gain at resonance. The coefficient = §/8¢r is determined through the ratio of the
amplitude of the forced harmonic oscillations & to the static displacement §¢r under the action of
a force equal to the amplitude of the harmonic excitation. The largest amplitude arises from
perturbation by the imbalance force equal to § = 2-107 m, according to the results of the SSS the
static displacement is equal to 8o = 9.29-10°° m, thus, the dynamic gain at resonance is equal to
1 = 20. For pumps the dynamic coefficient according to [16] can be in the range of 20 to 25.
According to [17] for rotor units the value of the coefficient 7 should not exceed 50.

Madina Isametova — setting the task and research goals and development of a calculated
mechanical scheme, analytical determination of boundary conditions: forces, dynamic indicators,
ie. the frequency of pulsation of forces, analysis of results. Beknur Omarbekov — computer
simulation of the strength of the rotor of a centrifugal pump in NASTRAN, analysis of results.
Ulan Angarbekov — creating 3D models ina CAD system. Rollan Nussipali — computer simulation
of the problem of the amplitude — frequency response of the shaft-wheel system in NASTRAN,
technical support of the publication. Aysen Isametov — computer simulation of the problem of the
amplitude — frequency response of the shaft-wheel system in NASTRAN, translated into English,
analysis of results.

9. Conclusions

1) Computational mechanical scheme for determining the stress and strain state of the rotor
shaft of a centrifugal submersible pump was composed.

2) The static loading factors of the pump were determined and the numerical values of the
radial, axial, and unbalance forces were found.

3) The finite element analysis in the NASTRAN/PATRAN system allowed us to determine
the Mises stress levels. The analysis of the results showed a sufficient safety factor at maximum
feed, the maximum stress iS Opq, = 34.6 MPA, the static displacement is §¢7 = 9.29-10° m,
allowable stress for steel is [0_] = 450 MPA and safety factor is 10.2.

4) The frequencies and forms of natural vibrations of the rotor shaft in the range from 0 to
4000 Hz were determined.
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5) The values of the blade frequencies of the hydraulic disturbing force for a case of a
centrifugal wheel with eight and nine blades were determined in theory, the AFC of the rotor at
400 Hz and 450 Hz were determined. Analysis of the results of the AFC made it possible to choose
the impeller with eight blades according to the criterion of vibrational activity.

6) At a frequency of 50 Hz it has been found that the most dangerous rotor resonance occurs
at the second natural frequency of 1330 Hz with an amplitude of § = 210 m, in the form of
bending vibrations from the imbalance of the mounted parts. In this case, with a high level of
vibration, a sudden destruction of the shaft occurs at the mounting of the impeller due to an
increase in static stress to a dangerous level.

7) The coefficient of dynamic stability k = 4-69.3 for six forms of natural vibrations is
determined, the range of coefficients indicates sufficient bending and torsional rigidity of the rotor
shaft.

8) Based on the results of the AFC, the dynamic gain coefficient n =20 was determined,
which corresponds to the standard values for the pumps.
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Tpunoxenus 1.36
& JloroBopy Ne__ ot 2018 r.
Ha TPaHTOBOE (PHHAHCHPOBAHHE

TEXHHUECKAS CNEHUPHKALKA H
KAJIEHJAPHBIH ILTAH PABOT

TTo noroeopy No ot 2018.rona

1. HexoMMepueckoe aKIEOHePHOE 0511eCTBO
«Kajaxckuii HANHOHATLHBIH HCCIEAOBATENLCKHI TEXHHIECKUH yHRBEPCHTET
umenn K.H. Carnacsa»

1.1 Io npuopnTeTy: 2. IHepreTHKa H MAITHHOCTPOCIIHE

1.2 ITe mommpuoputery: 2.3 TpaHCIOPTHOE, CENbCKOXO3ANCTBEHHOE, HETErasoBoe M
TOPHO-METANTyPriuieckoe ManiiHOCTPO_HHE.

1.3 Io Teme mpoexra: No AP05134409 «Pa3paboTka KOHCTPYKUHH LCHTPOOEKHOIO
HAacoca ¢ MOBBIMEHHEIMU NOKA3ATE/IMH PaBOTOCIOCOGHOCTI

1.4 O6umaa cymma npoekta 24 000 000 (Osadyamy 4empipe MUIIUOKU) MeH2e, B TOM
HHCTIe ¢ PA3GHBKOH 10 TofaM, 2 BEITOHEHMS paboT COMTACHO MyHKTY 3:

- #a 2018 rox - B cymme 8 000 000 (BoceMb MUILITHOHOB) meHze;

- #a 2019 rox - B cymme 8 000 000 (Bocemb MMILIHOHOB) meHze;

- 1a 2020 rox - B cymme 8 000 000 (BoceMb MUILTHOHOB) nieHze.

2. Xapaxmepucmura HaAyHHO-MeXHUHECKON HPOOYKI{ILI 1O KEQTUDUKAUUOHHBIM
RPUBRAKAM U IKOHOMUNECKUE NOKAZAMENH

2.1 Hanpagnienue paGotsi: VicenenoBarns B 061acTi pOTOPHBIX MALIMH

2.2 O6nacTh IpHMEHeHHs: MalIdHOCTpoeHHe

2.3 KoHeuHBIH pe3yrbTaT:

- 32 2018 rox: KomnptoTepras Moaenp KOHCTPYKUHH HEHTPOGECKHOTO HACOCA, ANTOPHTM
TIPOTPAMMBI 10 CO3/AHKIO TAPAMETPHYECKOM MO/ENH KPhUTbYATKY;

- 33 2019 rox: Cozmaxnas TexHosorneit 3D meuarn MOJeNb ONTHMH3NPORAEHOI
KPBUIbYATKH LEHTPOOEKHOro Hacoca, MyGIHKaLHEsA Pe3y/IbTaToOB HCCIeNOBAHIN B H3JAHUAX C
UMOaK1-PaKIopoM;

- 3a 2020 rox: OnerTHEN 0Opasel; neHTPOGENHOrO Hacoca. ByayT omyGumkoBars: 2
CTaTbM B pelleH3HpyeMble 3apyOeHEIX Haydnblx H3TAIMAX ¢  HMIAKT-(PakTopom
HHISKCHPYEMBIX SCopus H 2 CTaThi B 3apyOeXKHBIX H OTEUECTBEHHBIX JKYPHAIAX ¢ HEHYIEBBIM
nMnakT-paxTopoM. Byzer mozana 3aseka Ha natent PK. ByZeT MOAroToRNeHO 1 Omy6IMKOBAHO
ydefHoe nocobue.

2.4 TlatenaTOCTIOCOOHOCTH: TATEETOCTIOCO0EH. 5

2.5 HayuHo-TeXHMYECKHil YPOBeHb (HOBH3HA): PeKOMEHJallMM MO  CO3JaHHIO
KOHCTPYKIHsS LeHTPoOekKHOT0 Hacoca C MOBBUICHHBIMH TIOKa3aTenaMu paborocnocofHOCTH
TaKHMH Kakx: KOBd)ldl.lHeHT TIOJIE3HOTO )I[eﬁCIBHﬂ, JOJNTOBEYHOCTE OCHOBHBIX Y3/10B MallMHBI,
HANEKHOCTE,

2.6 Ucnonp3oBanue HAy4HO-TEXHUYECKOH TIPOAYKIEH OCYIIECTBIACTCA: 3aKa3quKoM H
HcnonsuTeneM COBMECTHO.

2.7 Bua 4cuonb30BaHus  pedyibTaTa HAydHOM #  (WiM)  HAYSHO-TEXHHYECKOM
jestensEocTH: ONBITHBI 06pasel, mybuKanny, yuebHoe nocobue.

3. Haumenosarue pabom, CpoKu ux peati3auiu u peiyismaimot

1np
3a]aHus,

Haumenosasue pabot Imo Cpox OxunaeMslil pesyabrar®
JloroBopy H OCHOBHBIE 3Tallbl BBINOJIHCHI®
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K. 1. Corraer atsmars! Kasak YITTEIK TEXHHKAIBIK 3ePTTey YHHBEPCHTETL

XABAPJIIAPDBI

MN3BECTUA NEWS

HAIMOHAJIEHOM AKAJJEMUM HAYK OF THE ACADEMY OF SCIENCES
PECITVEJIMKH KA3AXCTAH OF THE REPUBLIC OF KAZAKHSTAN
Ka3zaxckuil HAHOHAIbHBIH HCCIEIOBATENbCKHIT Kazakh national research technical university
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TEOJIOI'VA ’KOHE TEXHUKAJIBIK FBLJIBIMJIAP
CEPISICHI

*

CEPIIAL

TEOJIOI'MA U TEXHIYECKHX HAYK

*

SERIES

OF GEOLOGY AND TECHNICAL SCIENCES

5 (431)

KBIPKYITEK - KA3AH 2018 .
CEHTSIEPb - OKTSIBPb 2018 .
SEPTEMBER - OCTOBER 2018

JKYPHAJI 1940 XBIJIJAH ITBIFA BACTAFAH
KYPHAJTU3JAETCA C 1940 r.
THE JOURNAL WAS FOUNDED IN 1940.

JKBIJIbIHA 6 PET IIIBIF A JTbI

BBIXOJUT 6 PA3BTOJ
PUBLISHED 6 TIMES A YEAR

AJIMATEL, KP ¥FA AJIMATEL, HAH PK ALMATY, NAS RK




image27.jpeg
NE W S of the Academy of Sciences of the Republic of Kazakhstan

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES OF GEOLOGY AND TECHNICAL SCIENCES
ISSN 2224-5278 https://doi.org/10.32014/2018.2518-170X.29
Volume 5, Number 431 (2018), 226 — 233

uDC
M. E. Isametova', B. N. Absadykov’, M. K. Batyrgaliyev', L. I. Borovik®

'Satbayev University Almaty, Kazakhstan,
*Institute of Chemical Sciences named after A. B. Bekturov Almaty, Kazakhstan,
*KARLSKRONA machine-building enterprise Shymkent, Kazakhstan.
E-mail: isametova69@mail.ru, b_absadykov@mail.tu, marat.batyrgaliyev@yandex.ru, i.borovik@kkr.kz

CENTRIFUGAL PUMP ROTOR DYNAMICS STUDY

Abstract. Rotary machines just like other complex technical devices, are the subject to vibrations that can lead
to harmful effects during operation, and sometimes to destruction of individual elements, for example, reference
nodes . The main source of vibration in such machines is a rotating element - the rotor, to which the centrifigal
forces act in presence of shell elements or their residual imbalance. This is the main and inevitable type of vibration
of any rotary machine. The unbalanced rotor always oscillates with the reference frequency, that is, the rotation
velocity. In this case, the resulting centrifugal forces can cause not only vertical and horizontal vibrations, but also,
under certain conditions, axial vibrations.

The analysis of the dynamic behavior of the rotor under the influence of these forces should be carried out to
any rotary machine both as at the design and operational stages, and so in case of operational accidents.

The purpose of this work is to determine the main dynamic parameters and characteristics of the rotor of a
centrifugal pump, taking into account the shell elements, determination of critical rotation velocities and the
derivation of results in the form of the Campbell diagram with visualization of the rotor motion paths to determine
the danger of resonance modes. To achieve this goal, the NASTRAN engineering analysis system of the standardized
DMAP procedure "Rotodynamics" was used. The rotor was modeled as a shaft of piecewise constant cross section
with shell elements modeled in the form of concentrated masses with inertia of rotation. In the article the results of
calculations of two design schemes of a rotor of the pump with fastening the end of a shaft at a guide support, in the
form of a caprolon sleeve and at a bearing support are given.

Key words: rotor, centrifugal pump, dynamic analyses, critical velocities, Campbell diagram, calculating
scheme, NASTRAN.

Introduction. Reliability and life of a centrifugal pump is largely determined by its vibrational state.
The technology of calculating the critical rotational velocity of the pump rotor is complicated, and to date
it is impossible to accurately determine it because of the impossibility of reliable prediction of the
coefficients taking into account the effect of all possible factors that have an impact on the vibrational
state of the pump [1, 2].

At the present stage of development of computer technologies, the problem of determining the eigen-
frequencies of rotor systems based on linear mathematical models is well defined in automatic mode
[3.4,5]. Dynamic processes occurring in rotor systems can be numerically modeled using ANSIS, as it was
implemented in [6]. In [7, 8], methods are considered that allow one to take into account the gyroscopic
moments of inertia of the shell parts.

The Patran module of the NASTRAN software package allows calculating the critical velocities of
the rotor. The inclusion of gyroscopic terms in the computational model of the rotor occurs automatically
with the help of the standardized DMAP procedure "Rotodynamics” included in the solution sequence of
the MSC Nastran dynamic problem (in all versions, since version 2004) [9,10].

Methods

1. Theoretical provisions of numerical analysis of rotor dynamics. Free oscillations fully deter-
mine the dynamic properties of the mechanical system and are of primary importance in the analysis of
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forced oscillations [11], so using the finite element model we primarily determine the spectrum of the
eigenoscillation frequencies of the rotor of the Centrifugal pump.

To describe the motion only under the action of the restoring (elastic) force without taking into
account the energy dissipation, use the equation [12,13,14]

[Ml{g} +[Cl{q} =0, @

where [M], [C] - mass matrix (inertia) and rigidity of the system; {g}, [q] — generalized node displace-
ments and their derivatives.
The solution of equation (1) is sought in the form [13]

{a} = {qo}sinwt @

where wo — values of eigen-frequencies, {g} — complete vector of nodal displacements of the system, {go}
— Column-matrixof amplitudes.

The total vector q is a function of independent components of displacement and angles of rotation
with respect to the corresponding axes. The complete displacement vector is represented in the form

@ = {7} a®}... (1) ®

In this case, the problem reduces to calculating the eigenvalues of the frequencies »0 and the
eigenvalues of the vectors of the generalized displacement g.this implies that ¢ determines the shape of the
eigen-oscillations at the corresponding value of the frequency ©0. When implementing the automated
finite-element method for determining the eigen-oscillations, the numerical solution of the system of
algebraic equations (3) with the algorithms of the PATRAN program is carried out using the Lanczos
method [15,16].

Forced oscillations of the rotor occur under the action of the harmonic centrifugal inertia force of the
unbalanced rotor masses, which is represented in the form F,= ma’ecos(ot), then the equation of forced
oscillations will be written as following

[M]{g} + [B]{q} + [CH{q} = [Me]w? cos(wt), @)

where [M], [B], [C] — matrices of mass (inertia), damping and rigidity of the system; {g? {q}, {g} —
generalized node displacements and their derivatives, w — angular velocity of rotation, e — specific
imbalance.

The solution of equation (6) is sought in the form

{q} = {qo} sinwyt+[Me] w? cos(wt) »)

2. Features of simulation of rotors for various purposes. As an object of the research, the rotor of
a multistage vertical submergible pump for aggressive environment was chosen. Figure 1 shows the
design of the 3D rotor model with shell elements. The upper end of the shaft is attached to the motor, the
lower end is fitted with a guide support in the form of a caprolon sleeve. The rotor is modeled by rod
elements, to such a representation a shaft of almost any rotary machine can be adduced (turbine, com-
pressor, expander, generator, etc.). Impellers shell elements are of complex configuration, for them the
location of the center of mass on the shaft, mass, equatorial and polar moments of inertia must be known
[17]. Currently used bearings (rolling, sliding, magnetic) can be modeled as rigidly clamped, hinged or
resilient damper piers, depending on the degree of proximity to these options for the type of bearings used.
In addition, for carrying out computational dynamics studies, such parameters of the rotor as the properties
of the shaft material, residual imbalances of the shell elements, the acceleration characteristic and the
range of operating rotor velocities should be known [18].

3. Automated calculation of eigen-frequencies and mode shapes of a rotor of a centrifugal
pump. The initial data for the calculation are the physical properties of the material of the shaft (density
p = 7850 kg / m3 and modulus of elasticity of the first kind E = 2,1 - 1011 N/m2), length L, outer D and
inner d diameters of sections, mass m, as well as the rigidity of bearing piers. Figure 1 shows a 3D model
of the design of the seven sectional centrifugal pump.
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Figure 1 - 3D Model of Rotor System

According to the design scheme (figure 2), the complete model was built in Patran, it includes 7 ele-
ments of CBEAM (rotor shaft), 6 elements of CONM2 (a concentrated mass element simulating the rotor
wheel).

sy

Figure 2 — The rotor of CP a) the design model b) the rod model of a rotor constructed in Patran
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Simulation of fixedpiersis carried out by fixing the nodes of the rotor model to the corresponding
degrees of freedom, in the design of the pump under study the pier was modeled taking into account the
gap A-mm (figure 2).

The values of the rotor eigen-frequencies were found using the NORMAL MODELS solver (modal
analysis).

Calculated values of eigen-frequencies

Parameter Value
f,- first eigen-frequency, Hz 3
f,- second eigen-frequency, Hz 434
fy- third eigen-frequency, Hz 447
fy- fourth eigen-frequency, Hz 696
f5- fifth eigen-frequency, Hz 732
fo-sixth eigen-frequency, Hz 892

The coincidence of often disturbed oscillations with frequencies of natural oscillations presented in
the table can lead to resonance phenomena.

4. Determination of disturbed oscillations frequencies. To determine the disturbed oscillations
frequencies we use the COMPLEX EIGENVALUE solver (complex frequencies).

It is available to use the option of asynchronous precession (ASYNC) in the program to determine the
response of the system to an external action that is independent of the rotation velocity. When using the
synchronous precession option (SYNC), the system respond to an imbalance or other excitation, which
depends on the rotor speed, is determined. With the help of complex shape analysis, it is possible to
determine the oscillation frequencies corresponding to direct and retrograde precession, as well as the
critical rotational velocities [19,20].

In the Spin Profile menu, the user sets individual rotation velocities of the rotor, for our centrifugal
pump rotor problem, the angular velocity value is @ = 3000 rpm. Also the required moments of inertia of
the hook-up wiring elements were defined in the CAD system of Solid Works.

Results and discussion. When choosing the calculation type, the calculation of complex eigenvalues
SOL 107 is a direct method, the frequency diagram is obtained by calculating the complex eigenvalues by
a direct method using the option ASYNC, at rotation velocities of 0, 100, 200, 300, 700 rpm.

Nafjiilude, (NON-LAYERED)

Figure 3 - The 5th form of disturbed oscillations at a frequency of 100 rpm
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Obtained values of disturbed oscillations frequencies

Parameter Value

- first frequency,
, - first frequency, Hz 0
- second frequency,
B d frequency, Hz 463
3= third frequency,
- third frequency, Hz 488
- fourth frequency,
- fourth frequency, Hz 732
5 requency,

fifth frequency, Hz 736

The critical velocities are determined based on which eigenvalues are identical to the rotation velocity
of the rotor. To do this, a straight line corresponding to w =W is constructed on the diagram, i.e. (oscil-
lation frequency = angular rotation velocity of the rotor). The points of intersection of the straight line
with the eigen-frequency curves correspond to the critical rotational velocities of the rotor.

The automatically calculated eigenvalues (figure 4), corresponding to the identical oscillation forms,
form a series of curves, which are the functions of changing the oscillation frequency from the angular
rotational velocity of the rotor. At the shown Campbell diagram, all the multiple critical rotational
velocities for the first waveforms 366, 488.732 Hz are in the 47 Hz (2200 rpm) range for retrograde and
direct precession, respectively.

Campbell_Diagram
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Figure 4 — The Campbell diagram

The polygonal character of the frequency lines indicates the unstable character of the vibrations
associated with the structural features of the guide supports in the form of a gap of size A.

In order to optimize the vibration and predict more stable launch of the machine into operation, a
calculation scheme was simulated with a pier, that imposes restrictions on the movement in the plane
perpendicular to the plane of the axis of the rotor shaft. The task was calculated with the same input data
as for the scheme presented above.

The frequencies of the disturbed oscillations in the second case of holdfastening are summarized in
table.

Parameter Value
- firstfrequency, Hz 0
i quency
- second frequency, Hz 315
2 quency
fs- third frequency, Hz 388
- fourthfrequency, Hz 631
o quency
f5- fifihfrequency, Hz 636
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Figure § — Campbell diagram for a model with a support without a gap

Despite the fact that the vibration tones of the second model are lower by 20% than the models in the
guide bearings, it can be said that the points of critical velocities (the intersection points of the frequency
multiplicity lines with the frequency lines) are absent and the machine enters the operating mode relatively
stably.

Conclusions. The determination of critical velocities is important for the system constancy assess-
ment. When balancing real rotors, the residual imbalance valueiskept in the system. Any imbalance will
cause oscillating forces in the rotor or support element. If the velocity of the rotor rotation is equal to the
critical velocity, then the system undergoes strong enough vibrations, which can lead to damage or even
functional failure. Knowledge of critical velocities allows the user to determine safe operating ranges. For
the studied pump the critical velocities are 30,37,42 Hz.

To date, there is a sufficient number of analytical methods for analyzing the dynamics of rotary
systems, however only modern computer technologies such as NASTRAN solver allow to quickly and
adequately study the vibration parameters of machines and mechanisms, which also excludes the costs for
vibration testing.

The researches carried out and the automated calculations have allowed to define tones of natural and
disturbed oscillations, and also values of critical rotor velocities of the model of an operating vertical
submersible centrifugal pump.

Two design schemes of the rotor system were distinguished, differing in the ways of securing the
shaft, the first existing version is the guide support, the second variant is hypothetical, the support with
two degrees of freedom without a gap. Comparison of the results of the calculation showed a difference
between the tones of the disturbed oscillations in 20%, and also the greater stability of the mode of entry
into the operating speeds of the rotor on the support without a gap. The second diagram of Campbell
clearly shows the absence of points of intersection of the lines of frequencies of perturbed oscillations with
direct corresponding w =W, i.e. (oscillation frequency = angular velocity of rotation of the rotor).

As arecommendation to give, it is possible to propose to the manufacturer of the centrifugal pump to
change the design of the pump shaft holdfast, as a factor affecting the performance of the machinery.
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OPTAJIBIKTAH TEIIKIII COPTHI POTOPIbIH JUHAMHUKACIH 3EPTTEY

Amnoranus. PoTopJibI MalIHHATAPL! Gacka 1a KYpIesi TeXHHKANbIK KYPaiapbl CHAKTBI JIPiT acepie Yirbi-
payra Geitim Keneri, 6y maiinanany npomecinye 3HAH/IBI 3apIANTapFa aKeNyi MYMKIH, OJIapFa jKaTaTbIHAAD MAIabI
acep eTy Ko HIHEHTiHIH TOMeHZeyi, MbIcAbl, TipeK Ty3iTiMAeP/IiH JKeKeJleHreH 3eMeHTTepiHiH KHpaybL MyH-
Al MAITMHANADA HeTisTi Mipit Ke3i peTifTe AHHATMATSI STeMeEHTi GONBIT TAGhUTAZII — POTOp, O Ke3e acmarbl
SIeMEHTTEPIIH SKCUEHTPHKTI KOHIBIPBLIYbI HEMeCe ONApIbIH KAUIK TEHrepiMCisfmiriHeH Temkimn KymTep acep
erenti. BT Ke3 Ke/reH poTOP/IbI MallHHANAPIBIH GacThl XoHe IMapachI3bIKTBI Tipin Typi Gomamsl. Baiicams emec
POTOp SPKAINAH HeTisri riliriMen Tep6emicTep JKacaiiby, FFHH POTOpIBI AMHANY KHLTiriMe. By perTe maitia
GoutFan opTajiaH TemKill KYIITep TeK TiK jkaHe KeJyIeHeH Jipi/yep FaHa emec, COJ CHAKTBI Genrini skarnaiifa, ochTik
ZUPinTepsI Ty BIPYBI MYMKiH.

AranFan KymITepsiiH scepiHeH POTOP/BIH HHAMHKATLIK TIPTiGiHiH TAIAybIHA - Ke3 KeJIreH POTOPJIbI Ml HHA,
oliTkeHi jKoBanay oHe MKETUIIIpy KeseHIepiHze, coHNai-ak MaiamaHy aBapHsUIAp TYbIHJAFaH Ke3jle YINBIDAyb
THiC.

By JKYMBICTBIH MaKCaTbl GOJBIT OPTANBLIKTAH TENKIlll COPFBI POTOPIBIH CHIATTAMATAPhI MEH HErisri JHHa-
MHKATHIK TApaMETpIIepiH ARBIKTAY 60MBIT TAGLUTATE], ACTIATEI STEMEHTTEPIH eCKepe OTBIPHI, KPHTHKATLIK afiHaTy
JKBUTIAMIIBIFBIH AHBIKTAY JKOHE POTOPBIHBIH KO3FANLIC TPaeKTOpHAChIH KsmmGeruta gumarpaMmanap HATHKeJepin
WBIFAPy TYPiHIE PE30HAHCTTRI PEXIMEP ¢ KayiNTilik aHBIKTAy YIIH KOJUTAHBUTAZbLAIFA KOHBUFAH MiHIETTepmi
icke aceipy ymin mmkemeprix Tanmay NASTRAN sxyiteci maiftamambumame: crammaprramran DMAP pacimmepi
"Rotodynamics", poTop TiliM TYpaKkTbl KHMJIbl aclasbl 3JIeMeHTTepiMeH GUTIKTiH TypiHIe MoZe/bAeHIeH Goambl,
Gyt GypUTy HHEPUHACHIHA He HIOFRIPIIAHFAH Macca TYPiHae MoebeHreH. Makanaa eki KypbhUTBIMIBIK POTOPIBIH
COpFBI CXeMANApLIH eCeNTey HATH:KENEp] KeNTipinreH, o1 GiliK YIIBIHEIN GaFLITTAYIIbI TiEKTe, KATIOPOIOH/bI TONKE
TypiFe KoHe MOHLIHTIEKTi TipeKTep TYpifie GeKiTyiMen Kemipinren.

Hotmxenepi COPFbI KOHCTPYKIHSCHIH OHTAMNAHIBIPY YINiH YCHIHBLIYbI MYMKIH, COHJAii-aKk, KOl CaTbLIbI
OpTajiaH TENKill COPFI KPHTHKATBIK JKbUTIAMIbIFLIH KOMIIBIOTEPIIK €CeNTey aMici peTiHme YChIHBUTYbI MY MKiH.

Tyiiin cesxep: pOTOp, COPFbI, JHHAMHKAJBLIK 3€DPTTEy, KPHTHKAIBIK KbLIIaMIbIK, KomnGemwn muarpamacsl,
ik, ecenrey cynbacs, NASTRAN.
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RESEARCH OF DYNAMICS OF THE BORING ROTOR IN THE PATRAN INTEGRATED
ENVIRONMENT
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Abstract. In article the main are considered technological purpose of boring rotors, factors
defiant accidents. Kinematic and schematic diagrams of a rotor of the R-560 brand are provided. Are
stated the sequence of geometrical modeling and creation of rod model of a rotor in the Patran program.
The differential equation linear conservative is given In article the main are considered technological
purpose of boring rotors, factors defiant accidents. Kinematic and schematic diagrams of a rotor of the R-
560 brand are provided. Are stated the sequence of geometrical modeling and creation of rod model of a
rotor in the Patran program. The differential equation of linear conservative oscillatory system with n
freedom degrees is given. The method of calculation of dynamic parameters of rotor system in Patran
with use by the standardized DMAP of the Rotodynamics procedure is stated Determination of critical
speeds is important for assessment of constancy of system. When balancing real rotors there is always a
size of a residual imbalance. Any imbalance will cause the fluctuating forces in a rotor or a basic element.
If the speed of rotation of a rotor is equal to critical speed, then the system can experience rather strong
vibrations that can lead to damage or even to functional refusal. Knowledge of critical speeds allows the
user to determine safe working ranges. Campbell's chart for determination of critical speeds of rotation of
a boring rotor is constructed.

Key words: a boring rotor, a resonance, the revolting frequency, , a precession, critical speed.
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HUCCJEJOBAHUE JUHAMUKY BYPOBOI'O POT OPA B UHTETPHPOBAHHOIT
CPEJE PATRAN

AnHoTanMsA. B cTaThe paccMOTPEHBI OCHOBHOE TEXHOTIOTHYECKOe HasHaueHHe GypOBBIX
POTOPOB, (haKTOPHI, BEI3BIBAIOIIHE aBApHH. [IpHBEIEHE! KMHeMATHUeCKHe H IPHHIIMITHATLHEIE
cXeMBl poropa MapkH P-560. H3moskeHBI TIOCTIE/[OBATENIEHOCT  T'€OMETPHUECKOTI0
MOJ{EITHPOBAHHS H CO3TAHHs CTEPIKHEBOH MOJe poTopa B mporpamme Patran. IIprmexeHo
nmuddepeHIpaTbHOe ypaBHEHIe IIMHEHHON KOHCEPBATHBHOI KoleGaTenmbHON CHCTEMBI C N
CTemeHsAMH CBOGOABL I3mojkeHa METONMKA pacueTa AHHAMHUECKHMX ITApaMeTPOB POTOPHOI
cHcTeMBI B Pafran ¢ HCIONB30BaHHeEM craHgaprsHpoBaHHoii DMAP  mpomuemypsr
“Rotodynamics”

TloctpoeHa puarpamma KowmmGemma pmms onpeneleHHs KPHTHUECKHX —CKOPOCTelt
BpalIleHIsT GypPOBOro poTopa.

KmoueBble cioBa: GypoBoil pPOTOp, PE3OHAHC, BOMYIIAIOIIAS YACTOTA, CHCTEMA
ABTOMATH3HPOBAHHOTO IPOEKTHPOBAHHS, MPELIeCCHS, KPHTHUECKAst CKOPOCTb.

BypoBoit  poTop  cIyAMT  mma  OGCAIHBIX KOJIOHH, yCTAHABIIMBAEMBIX HA €TI0
yHepXkaHHs Ha Becy OypWILHBIX WM  CTOTe, Ha OIeBaTOpe WM KIMHBAX IPH
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CBHMHUHMBAHHH H OTBHHMYHMBAHHH CBeUel IIPH
CITyCKO-TIO/[bEMHEIX OIEPALISIX, JTOBHIBHBIX
H BCTIOMOTATENBHEIX PaboTax.

JUtt  cosmaHms  paboTOCIIOCOGHOrO
poropa OGypOBOH YCTAHOBKH HEOGXOXHMO
HCCIEJOBAaTh  JHHAMHYECKHE  IIPOLIECCHL,
TIPOHCXOJSIIHE B CHCTEME, KAK B IIEPEXOIHOM
pexIMe, TaK H B DEXHMe DPOTOPHOTO
OGypermss. Ha Gase TeoperHUecKHX H
9KCIIEPHMEHTATIBHBIX HCCIIEOBAHMI, C LETIBI0
COKpAIIEHHsT BPEMEHH CPEJICTB, HEOOXOMMO
CO3aTh METOJHKH, MO3BOILIONIHE Ha CTafHH
pacueTa H IPOEKTHPOBAHHS GyPOBOTO pOTOpa
PACCUMTHIBATH bid YIIydInaTh ero
IMHAMHYECKHe IIOKa3aTerH.

PoToOp yCTAHABIMBAETCS HAX YCTHEM
CKB@XHMHBI, OH IpeAHA3HAYeH BPAIUATH IIPH
POTOPHOM GYpeHHH C IMOMOIUBIO, BeyLei
(xBajpatHOi) TPYOBl OYPHIBHYIO KOJIOHHY C
pomotom. CTON poTOpa TPHBOAHICS BO
BpAllleHHe IIPH IIOMOIIM LEMHOH WIH
KapAAHHOM Iepefiaun. B OTAebHBIX ClIyyasix
BpAIl[eHHE €r0 OCYIIECTBILIETCS ¢ MOMOIIBIO
HHIHBHAYaIBHOro prBoxa (I P).

3HAUHTEeNbHOE KOJIMYECTBO aBapHil ¢
GYPHIBHEIM HHCTPyMEHTOM H 3IIeMEHTaMH

TIpHBOZA POTOpa B  He(TENPOMBICIOROI
TIPaKTHKe, KPOMe IIONIOMOK, CBS3AHHBIX C
YCTAlOCTHBIMH  SIBIIGHHSMH, — OOBSICHSETCS

TIeperpy3Koit m-3a TIePEeXOHEIX
JIHHAMHYECKIX TIPOLIECCOB (Tmycx,
3aKIIMHHBAHIe M IPHXBAaTHl HHCTPYMEHTA B
cxBaxwHe).[1]

Cucrema 3a6 0J1-Gy PHUITbHELT
HHCTPYMEHT - IIPHBOX POTOpA - HMEPBHUHBIL
JIBHTaTelh SIBIIIETCSL CIIOXKHOIE,
MHOTOMACCOBOH ~IHHAMHYECKOH CHCTEMOH,
BKIIOUArONleif B cebs AIMHHBIE ITOJATIIHBEIE
LUTAHTH, — COENMHSIONNIe  HACOCHBHI M
MOTOpHEIE ~ OJIOKH,  OypHWIGHEI  Baw,
JOCTHT aFOLIT it JITHHB HECKOMBKHX
KITIOMETPOB, ~KOTOPBIT MHOIHE aBTOPEL
TIPENIAaTalOT PAacCMATPHBATh KAK CHCTEMY C
PACTIPe/| eIeHHO MACCOit, KOTOpast HAXOTHTC
TIOX, BO3EHCTBHEM MHOXKECTBA TEeHEPATOPOB
xonebanmit. CyIIeCTBYeT MHOMKECTBO CXeM
POTOPOB, OTIIHYAIONIMXCSA — PACIIONOKEHHEM
BEHIIOBOTO 3y0uaToro Komeca, ITABHEIX H
BCIIOMOTATENBHBIX ~ OIOpP,  HX  BHJIOM,
CTOTIOPHEIM YCTPOIICTBOM H T. Ji. PaccMoTprm
Hanbolee PACIPOCTPAHEHHOe B yCTAHOBKAX
I SKCIUIYaTalliOHHOTO M TIyGOKOro
Pa3BEIOYHOr0  OypeHIs — KOHCTPYKTHBHOE
pelleHHe poTopa c KOHCOILHBIM
PACTIONIOMKEHIleM ~ KOHHUECKOro  3yGuaToro

KoJIeca M BEPXHIM DACIIONIOKEHIEeM ITTaBHOI
OITIOPEL, MPECTaBIeHHOe Ha PHC 1.

PucyHok 1 - Potop P-560 1- kopmyc, 2-3y64aTtoe KOJI€Co, 3-CTol, 4-MapHKONOMHITHHKY, 5-BEAYIIHI Ball,
6-IecTepHA
Figure 1 - Rotor of R-560 1-case, 2 cogwheel, 3 table, 4-sharikoposhipnik, 5-leading shaft, 6 gear wheel

Bompocsr
9KCTIEPHMEHTATLHOTO

TEOPETHYECKOro hisd
HCCTIeOBAHHS

OMHAMHKH ~poTopa OypOBOif  yCTAaHOBKH
OTHOCSITCS K MaJIO H3Y4eHHBIM BOIIPOCAM.
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113 HeMHOIHMX paboT, OTHOCILMXCST K
JHHAMHKE POTOPA, CIIeyeT BEIIEIHTE padoTy
IO.A. JlerouxmHa, B KOTOpPOfi paccMOTpeHa
JHHAMHKA MeXaHH3MOB, BPAIIAFOIITHX
GYPIIBHYIO KOJIOHHY, B OYPOBBIX YCTAaHOBKAX
C [IH3€TLHBIM TIPHBOJIOM B PEXKHME POTOPHOTO
GypeHmsL.

SIBIIeHHe pe3OHAaHCA B KPYTHIILHOM
CHCTeMe BO3HMKAeT IPH COBIIaJ[eHIH YacToT
COOGCTBEHHBIX M BBIHYIEHHEIX KOJIEOAHFIL.
IIponomxHTenbHas paboTa B PE3OHAHCHOM
PeXFIMe HeZIOIMyCTHMA, T.K. STIeMeHTHI POTopa
OKA3BIBAIOTCS TIOX BO3MEIiCTBHEM GONBIINX
HAIPSDKeHHT  KPYYeHHs,  BBI3BIBAIOLIMX
YCTAllOCTHOE pa3pylLIeH e TeTameil.

U3 CyIIecTBYIOIMX METOROB GOpBOBI
C  DE3OHAHCHBIMH  SBIGHMAMH  MOJKHO
OTMETHTH CIIe/yFOIIHe:

- TIOX0Op MOMEHTOB HHEPIFH H
JKECTKOCTH 5IIEMEHTOB, BXOJSIIIX B CHCTEMY
TaKHM obpazom, YTOGB YACTOTHI
COOCTBEHHBIX ~ KONeOaHIil CHCTEMEI He
COBITAZAMI C BBIHYXIEHHBIMH KOJeGaHHAMHI
TpHBOna;

- BReJleHIe 3alPETHBIX 30H PabGOTHI
TIPHBOXOM M €ro SKCIUIyaTalfii B O
PE30HAHCHOM H TIOCIIe PE30HAHCHOM PeXHMe.

B cBTM ¢ STHM, BO3HHKAaeT 3ajaya
OTIpeieNIeHHsT TPaHHIl BO3MOIKHBIX 3HAUESHHIL
KPHTHYECKHX CKOpOCTeif B 3aBMCHMOCTH OT
TOYHOCTH HCXOJHEIX JTaHHBIX.

TeopeTHYeCKH COGCTBEHHbIE YaCTOTHI
JIMHeHHOH KOHCepBATHBHON KoJleGaTelbHOM
CHCTEMEI C 1N CTEMeHsAMH  CBOOONEL
ompepemsitorcss  H3  AnddepeHIpambHOrO
YPAaBHEHHs JBIDKEHHs OKOTO YCTOHUMBOIO
TIOTIOKEHHS PABHOBECHS:

}‘=1(a,-jiij + c,-jqj) =0 (i=12,..,n)

me q; - 0GOOIIEHHDIe KOOP/HHATEL,
aij, Cij - 0600 IEHHEIE

K03 DHIIIEHTHI HHEPIIMH H XKECTKOCTH.

Koad¢mrmentsr a;j,c;j  obpasyror
JIBe CHMMETPHYECKHE MATPHIBL MAaTPHIY
weerkoerit C = ||cij|| 1 marpruy rmeprym
A= ||a,-j|| H  SBIMIIOTCS  (DYHKIQHAMH
JKECTKOCTHBIX Ky M FHHepIMOHHBIX  Jr
TIAPAMETPOB CHCTEMBI:

cij = Gij(Ks) (s=12,..,1)
=90 (r=12,..,m)

3pmeck K,  TOHMMAIOTCA 3HAUEHHS
K03 (ppHITIEHTOR JKECTKOCTH YTIPYTHX
SIIEMEHTOB  CHCTEMBI B  HAlpaBRIIeHHH

KOOPAHMHATHBIX OCeif, a ToX  J, — Maccsl,
OCeBEIe M LEHTPOOEKHEIE MOMEHTE! HHEPLIH
BIIEMEHTOB CHCTEMSL.[2]

Ha coBpeMeHHOM 5Tame pPa3sBHTHA
KOMITHEOTEPHBIX TEeXHOJIOTHit 3agaya
OIIpeTeneHHs COOCTBEHHBIX YaCTOT POTOPHBIX
CHCTeM Ha OCHOBe TIHHEHHEIX
MaTeMAaTHYECKHX Moperneit XOpoIIo
OIIpeerieTcs B aBTOMATHUECKOM pesxxiMe |3,
4]. JinHaMIrdecKHe TPOLECCHL, ITPOHCXOISIITHE
B POTOPHBIX CHCTEMAX MOTYT GBITH UHCIIEHHO
CMOJIeTIHPOBAHBL C HCIoNMb3oBaHHeM ANSIS,
Kak 9T0 OBUIO peanmsoBaHo B paGote [5]. B
paborax [6, 7] pAacCMOTDEHBI MeETOEL
TI03BOJIIEOIIIE YUHTHIBATH THPOCKOITHYECKHE
MOMEHTHI HHEPLIUH HACa/{HBIX JeTalleH.

IlporpaMMHEIIf ~ KoMIDIeKc — Patran
TIO3BOTISIET BHITONHHTh PAcyeT KPHTHUECKIX
cKopocTeit poTopa. Brmouerne
THPOCKOITMECKHX ~WIEHOB B  PACUETHYIO
MOJ{elIb POTOpa IIPOMCXORHT ABTOMATHYECKH
C TIOMOIIBIO, CTaHmapTH3HpoBaHHoit DMAP
mpouenypsr “Rotodynamics” BKIFOUEHHOH B
TIOCTIE/{OBATELHOCTD PelIeHs T
nmuHaMugeckoit 3amaun MSC.Nastran. (8o
BCEX BEPCISX, HAYMHAs1 C BepcHu 2004)
Pacyer GypoBOro poTOpa CBOEMIBCE K
OTIpETeTIeHN0  KOMIUIEKCHBIX —COGCTBEHHBIX
3HAYEHITT c LENBI0 OTIpeTeneH s
KPHTHYECKHX 0GOPOTOR CTATBHOTO POTOpPA C
JAHHEIMH pasMepaMi H ITapaMeTpaMH JIHCKA.
VICXORHBIMH TaHHEIMH /UL PAcueTa sBIIOTCS
(rsrUeckie  CBOMiCTBA  MaTepHama  Bala
(lwotHocTs p = 7850 Kr/M3 M MORYIL
ympyrocts l-ro poma E = 2,1-1011 HA),
JUIMHBI L, HapyxHble D H BHyTpeHHHe d
IHAMETPHl YYacTKOB, Macca JHCKA m H
THPOCKOITMYECKHE ~MOMEHTHl ~HHepIFH J
HACATHBIX JHeTalelf, a TakKe JKECTKOCTH
TIORUIFITHHKOBBIX OTTOP.

Tlo pacyerHol cxeme (DHCYHOK 2)
GBITa MOCTpOeHA IMONHAs MOAeNs B Patran,
KOTOpas ~BKMOYaer B cebs 9 sIeMeHTOB
CBEAM (Ban poropa), 1 smemerr CONM2
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(smeMeHT COCPEIOTOUEHHOIT MACCEL,
MOJeIHpYIoUnit  AHCK  poTopa). Momems
TakKe BKIIOUAET B CeOsl y37IBI, CONepikallie

THPOCKOITHYECKHe WIEHEL OTo 9  y3IoB,
JIeXKAIIHX Ha OCH BPAIIEHIS POTOPA.

PucyHok 2 - Mogens potopa
Figure 2 - Rotor model

MopemipoBaHHe JKeCTKHX OIIOp OCYIIECTBILIETCA IIyTeM 3aKPEIUISHIS Y3JIOB MOJEIH
POTOPA TTO COOTBETCTBYIOLIIM CTENEHsIM CBOGOIBI (PHCYHOK 3).

PrcyHok 3 - CTepikHeBas MOJIENb POTOPA, IOCTPOEHHas B Patran
Figure 3 - The rod model of a rotor constructed in Patran

3HaueHNs COGCTBEHHBIX YAaCcTOT POTOpa GBUIH Haif eHE, HCIOIE3Ys pemmateris NORMAL

MODELS (MORabHBIH aHaIms)

HalifieHHBIe 3HAYEHH COOCTB EHHBIX YacTOT.

MapameTp 3HayeHne

f1- nepsan cobcTBeHHan yactota 'y 6

f>- BTOpan cobctBeHHan yactota My 45

fa-TpeTba cobetBeHHan yacTota Ny 144

fa-TpeTba cobcTBeHHan yacToTa My 228

Jna OITpeeneH s YacToT  OIMMH CHHXpPOHHOH mpereccrn  (SYNC)
BOBMYIIEHHBIX ~ KOTNeOAaHIiI  HCIIONE3yeM  ONpefelieTcss — PeaKIfsl — CHCTeMBI  Ha
peliarens COMPLEX EIGENVALUE  pgucbamaHc WIM JApyroe  BO30YKHeHHe,
(KOMITTIEKCHEIE YaCTOTEHI). KOTOpPO€ 3aBHCHT OT WYAacTOTHI BPAIEeHHs

B TIporpamme BO3MOXHO  poropa. C IIOMOIIBI0 KOMILTEKCHOTO aHATH3a
HCTIOTE3OBAHHE OIIFH HECHHXPOHHOIT ~ (OPM ~ MOXHO  ONpEJeNHIb  YaCTOTHI
mpereccrt (ASYNC) ompenersieTcss peakipst — KoleOaHMiL, COOTBETCIBYIOLIHE IIPSIMOM H

CHCTEMEI K BHEIITHEMY BO3/eiICTBHIO, KOTOPOe
SBIETCA ~ HE3ABHCHMBIM ~ OT  CKOPOCTH
BpallleHHss poTopa. IIpH  HCIIONMB30BAHMH

06paTHOI! IIPELECCHH, a TaKKe KPHTHUECKHe
CKOPOCTH BparneHri[ 8]

85




image38.jpeg
Ka3KKA Xa6apmbicer Ne 1 (104),2018

ISSN 1609-1817

The Bulletin of KazATC

2018, Vol. 104, No. 1

Becruuk KasATK Ne 1 (104),2018

www.kazatk.kz

B menro Spin Profile moms3oBatens
3aaeT HHAHBHYaTIbHEIE CKOPOCTH BPAIEH
POTOpOB, My Hameit 3agaun  GypoBoro
POTOpa BeTIMHHA YITIOBOH CKOPOCTH @ =
10006 /muH. Ckopocrs BpameHns Reference
poTopa-(poTopa, Ha KOTOPEII —CChUTaeTcs
cHCTeMa TIPH JI00aBIeHHH THPOCKOITHYECKIX
UWIEHOB) - OTpE/eNsIeTcs: OTAeIBHO B Subcase
Parameters

A
[ 9 5 Nl Woagnu s, INEEL 520

Ilpu BBIOCOpe BHAa pacuera pacueT
KOMIUTEKCHBIX COGCTBEHHBIX 3HaueHrii SOL
107- mpstmoit Meron, YacToTHas AHArpaMMa
TIOTIy4eHa pe3ymbTare pacueTa KOMIUIEKCHBIX
COBCTBEHHBIX 3HAUEHMIT NPSMBIM METOJIOM C
Hcrnonmb3oBarmeM  ommp ASYNC,  Ha
YACTOTAX BpAIIEHIT poropa 0.
100,200,300,700 o6/,

PucyHok 4 — 5-1 ¢opMa BO3MYIIEHHBIX KoleGaHHil Ha yacTote 100 06/MHH
Figure 4 — 5- a form of the indignant fluctuations at a frequency of 100 rpm

Kprrrraeckre CKOPOCTH
OTpPENeTIIOTCS, HMCXONI M3 TOro, KakHe
COOCTREHHEIE 3HAYEHHS SIBILTIOTCS.

HIEHTHYHBIMH CKOPOCTH BPAIEHHsS POTOpA.
JIm1 5TOTO Ha JHArpaMMe CTPOMICS IpsMAasi,
cootBercreyromasi w = W, T.e. (dacTora

KOeGaHH = YITIOBOH CKOPOCTH BpallleHHST
poropa). TOUKH IlepeceueHMs IIPSMOH ¢
KPHBBIMH COBCTBEHHBIX YacToT
COOTBETCTBYIOT ~ KPHTHYECKHM  CKOPOCTSIM
BparneHms1 poropa.[9]
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PucyHok 5 - JTluarpamma KamnGenna
Figure 5 - Chart Campbell

Kpurrraeckie YacTOTHI BPAIEHIS HTIT
TepBoit opMer Komebarrit - 100 u400, 585,
Tu gt obparHOi M IpSMOH IPEleCCHH
cooTBercrBeHHo. COGCTBEHHBIE —3HAUEHMS
(PHCYHOK 4), COOTBETCTBYIOLIHE OJFHAKOBEIM
dopmam  komeGarmii  popMHpYIOT  psm
KPHBEIX, KOTOpEIE IIPEICTABILIOT ~ CoBoit
yHKIpH H3MeHEHIS YacTOThl KoleGaHHii oT
YITIOBOH CKOPOCTH BPALIIEHIST POTOPA.

BeiBoa. OrmpepierneHrle  KPHTHUECKHX
CKOPOCTeff BAJKHO [T OLEHKH ITOCTOSIHCTBA
cucreMel. IIpH  GamaHCHPOBKE pealbHBIX
POTOPOB  BCeIla  OCTA€TCS  BENHUIHA
ocrarouHoro gucoananca. JIro6oit guctananc
BEI30BET KONEOTIOIIHECT CHIILI B POTOpe HIIH
OIIOpHOM ~ 5MeMeHTe.  Ecmm  ckopocThk
BpAIIleHHsT POTOpa Oy/eT paBHA KPHTHUECKOH
CKOPOCTH, TO CHCTEMa MOXET HCITHITHIBATH

JIOCTaTOYHO CHJIBHBIE BHODALIHH, YTO MOJXKET

TIPHBECTH K IIOBPEXIEHIIO IIH Jaxke
DYHKIFIOHATEHOMY OTKa3y. 3HamIe
KPHTHYECKHX cKopocTeit TI03BOIIIET
TIOTH30BATEIO  OMpENeNiTh  Oe30ITacHkIe
paboure IHATIA30HEL.

BrbparronHas JHarpaMMa

KomriGemmta, Ha KoTOpoit HaHeCeHBI IpabHKH
YACTOTHBIX KDHBBIX B 3aBHCHMOCTH OT
YACTOTHI BPALEHHsI POTOPHOTO Balla H YacTOT
TapMOHHMK ~BO3MYIIAKOIIMX CHI HAMBITHO

JIeMOHCTPHpPYEeTCS ~ YCTIOBHE  De3OHaHca
OfIHAKO, /U1  OMNpeNelleHHs  PealbHBIX
BHODALMOHHBIX ~ HANpPSXKeHHH  TpeOyercs

OIleHKa aMIUTHTYJ FAPMOHHK BO3MYIIAFOIHX
CHI, A 4ero HeoOXOAMMEBI MalbHeHIIHe
FICCIIE OBAHFLL.
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TIporHO3MpoOBaHNe JONTOBEIHOCTH Bala
LEHTPOGEIKHOT0 Hacoca IS MepeKadKil arpecCHBHBIX CPell.
Forecasting of durability the shaft of
the centrifugal pump for transfer of hostile liquid.

HcameroBa M.E., A6cagsixoB B.H., Mamexos C.A., Bopornk 1., Hycnmann P.
(HAO KasHUTY umenu K.H.Camnaesa, 2. Anmamol, Kazaxcman, AO
«Hnecmumym xumudeckux Hayky e Anmamor, Kazaxcman, HAO KasHUTY umenu
K.J.Camnaesa, 2. Anmamor, Kazaxcman, 3a600 KARLSKRONA 2. Illvimkenm,
Kasaxcman, HAO KasHUTY umenu K.I.Camnaesa, 2. Anmamor, Kasaxcman)
Isametova ML.E., Absadykov B.N., Mashekov S.A., 1., Nusipali R. Borovic L1.
(The NAO to KAZNIT of K.I. Satpayev, Almaty, Kazakhstan, JSC Institute of
Chemical Sciences Almaty, Kazakhstan, the NAO to KAZNIT of K.I. Satpayev,
Almaty, Kazakhstan, the KARLSKRONA plant Shymkent, Kazakhstan, the NAO to
KAZNIT of K.I. Satpayev, Almaty, Kazakhstan)

Aunnomayus. B cmamve paccmompenbl asmomamusuposanHulii paciem 00Ho20
13 OMEeMCMBEeHHbIX Yacmell 1eHmpobedCHo20 Hacocd, ana pomopd, 0N aHanu3a
ovina  ucnomwsoeana CAIIP  evicuteco yposwa NASTRAN mooynms PATRAN.
Cocmasnena paciemnas Mexanuyeckas cxema, onpedeneHbl 0ce6as 1 PAOUANbHASA
cuna Oeiicmeyioujue Ha pabodee Koneco i 6ai Hacoca. Onpedenenbl HANPAdCeHUS 0N
cly4aes Hyne6oti u MAaKCUManbHoil nooayu. Pe3yiomamvl asmoMamusuposaHio2o
NPOYHOCMHO20 paciema UCNONb306aMICH ONIA OaNbHeliule20 aHan3a 001206e4HOCMIL
6ana pomopa yeHmpobedicHozo Hacoca.

IIpusedena memoouxa onpedeneHus 00J206e4HOCMI 6a1A C NPOEKMUPYeMbIM
CpOKOM  CIyoHcObl  pAGHOTi CPOKY Hapabomku ypamoeoli ckeéadicunvl. OnpedeseH
Koappuyenm 3anaca OoneoeeyHocmil, KOMOopwlil NOKA3al pabomocnocobHocmy
Hacoca Ha 6cem nepiooe HapabomKU yPaHOGOIl CKEAICUHYL.

Abstract. In article are considered the automated calculation of one of
responsible parts of the centrifugal pump, a rotor shaft, for the analysis the CAD of the
highest level of NASTRAN the PATRAN module has been used. The settlement
mechanical scheme is made, are defined axial and radial force acting on the driving
wheel and a shaft of the pump. Tension for cases of zero and maximum giving is
determined. Results of the automated strength calculation were used for the further
analysis of durability of a shaft of a rotor of the centrifugal pump.

The technique of determination of durability of a shaft with the projected service
life of an operating time of the uranium well equal to term is given. The durability stock
coefficient which has shown operability of the pump on the entire period of an
operating time of the uranium well is defined.

Knioesvle cnoea: nozpysicHoli e HmpobedicHulil Hacoc, pomop, 6al, NPOHHOCHD,
oonzoseunocmv, NASTRAN.

Keywords: submersible centrifugal pump, rotor, shaft, durability, longevity,
NASTRAN.
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Cnoco6  mopzemHoro  BhimenaunmBaHma Croco6 NpsMOro  IOA3€MHOTO
BrimenaunBanns (CIIB), 06BIMHO HCTIONB3YIOT IIPH JOObIYE ypaHa. PacTBOp cepHoit
KICIIOTHl HIBKOI KOHIEHTPALIL, NGO APYToil OKHUCISIONII areHT (HarmpuMep
HACHIIIEHHAs:  KICIOPOAOM BO3dyXa ILIACTOBAas Boja) 3aKaunBaeTcs depes
HATHETATENbHYIO CKBaXMHy B IUIACT M (QIUIBTPYeTCS CKBO3b YPAHOCOAEPIKAIIYIO
TIOPOJ, TIPH STOM IO3TAIHO PACTBOPSLI €. 3aTeM 0OOTallleHHBII MeTallIoM PacTBOp
OTKauMBAETCS Ha MOBEPXHOCTh UePe3 OTKAUHYIO CKBAXKIIHY, OCTABISL, B OCHOBHOM
HETPOHYTHIM IIOA3¢MHYIO TOPHYIO CIICTEMY, T.€. JOObIUa MeTailla BeleTcsl Ha MecTe
3aJleraHIs pya. B mocineicTBIN ypaH I3BIEKaeTCs Ha CIIENIATbHOM TEXHONOTIIECKOM
oGopyxoBaHmN (COPOLILT Ha NOHOOOMEHHYIO CMOIT), @ BEHINIEIAINBAIOIIIIT PacTBOP
permpkynpyercs. IIpexse ueM IOBTOPHO IOAATh BHIMENAUNBAIOMINI PacTBOp B
IUTacT, OH 0OOTaIAeTCs BHIENaUNBAIONIIMI peare HTaMIl

Ha momo cKBaXIHHOTO IOA3¢MHOTO BEIIENaUNBAHILT MPIXOANTCS oKomo 20%
BCEro MHMpPOBOTO YpPaHOBOTO MpOMEICHA. JINAepCTBO IOKa HTO YHEpXKIBAIOT
nof3eMHbIe py THIKH (40%) 1 OTKpEITHIE Kapbepsl (30%). OXHAKO MHOIO TOBOPHT TOT
¢axrt, uto Metoxy CIIB OTHaIOT MPEeAIIOYTeHNe TaKle PasBUThIE YPaHOMOOHIBAIOIINE
ctpansl, kak CIIIA, Y36ekicTan I 6e3yclIoBHEIN nep oTpacin — Kazaxcran. [1]

Hacocsl — ONMH N3 KIIOYEBHIX 5IEMEHTOB TEXHOIOIHMH ION3€MHOTO
BHIIIETAUNBAHILT OHM 33/1efICTBOBAHBI Ha BCEX CTARILIX HOOBIUINL. FIMEHHO IOATOMY Ha
MepBOE MECTO IIPH NMOAGOPE 0GOPYIOBAHIS BEIXOIAT €r0 KauecTBO I HONTOBEYHOCTD
— TIepepHIBLL B paboTe HENOIYCTHMEL, TaK ke, KaK I CIMIIKOM MaJloe KOJNIUeCTBO
JacoB HApabOTKI. Beb B IOCIeHEM CIIydae HacOCHl IPIETCS 9aCTO MEHATD, @ 5T0
JIOTIONTHUTENBHEIE (DITHAHCOBBIE I BpeMEHHbIE 3aTpaThl[2]

OneKTpo-LeHTPOOeKHEIE HACOCH OONANaOT Gomnblneil SKOHOMIMMHOCTRIO I
HaIMeHee TPYIOEeMKH IPH TeXHIIeCKOM OOCITy KIBAHIIN B CPABHEHNII ¢ 0OBIUeil IpH
JCTIONB30BaHNH KOMIIPECCOPA 1 IIObeMOM JKMAKOCTH HacocaMM IPyTUX THIOB. IIpn
CYIIECTBEHHBIX IIOf[auaX, 3aTpaThl Ha SIEKTPOSHEPIMIO M Ha YCTAHOBKY,
OTHOCHTEJIBHO HEBENHKIL.

B mpaxTHKe MpOEeKTHPOBAHIT HACOCOB PasMepHl LEHTPOOEKHBIX Hallle BCETo
33[[alOT He I3 YCIOBIL IIPOYHOCTH, a 13 KOHCTPYKTHBHBIX COOOpaKeHMI 1 B
3aBHCIMOCTI OT TEXHOJOITMECKIX BO3MOXKHocTeil. KpoMe Toro, HOBbIE HACOCH
OOBIYHO MPOEKTHPYIOT Ha 0a3e ONpOOOBaHHBIX IpOTOTHIOB. IlosToMy mpn
MPOEKTHPOBAHII OCHOBHOE 3HAUEHNE MMeeT IOBEpPOUHBIH pacueT Ha INPOYHOCTD
OCHOBHEIX 5IIEMEHTOB KOHCTPYKLMH Hacoca: Baja, pabodero Kojieca, KoOpIIyca,
IMIIIOHOYHOTO UMM ITH(TOBOTO COeaNHEHII, My THL. [3]

3agaya MPOBEPOUHOIO pacueTa 3aKMOYaeTcsl B ONpeReNeHIN 3HAueHIt
MTapaMeTPOB, ¢ KOTOPHIMI B KaJKAOM KOHKPETHOM CIIytdae CBsI3aHa IOTepsI IIPOTHOCTH
(paspyIueHne) TOro MIM MHOTO 5leMeHTa (HOPMANbHBIX IUIN KacaTelbHBIX
HATpSDKEHNI, 1eopMaliiii, 9acTOTH BPAIIEHI I T. I1.) ¢ MOCIeAYIOMIM CPaBHEHIEM
X ¢ HEKOTOPBIMI IPeIeTbHBIMII JOITy CTHMBIMI 3HAUE HILIMIL

ABTOMATH3NPOBAHHEI pacueT Ha IMPOYHOCTh POTOPHOIO Balla HAcoca GBI
npoefieH B mporpamme NASTRAN /PATRAN . .

Jlns pacuera Oblia CMOJENMPOBaHA pacdeTHas MeXaHIUeckas CXeMa COINacHO
METOJIHKe
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Prcynoxk 1. PacueTHast cxema a) CTyIeHH Hacoca §) paclpeeneHie JaBIeHnit B
CTYTEHsIX Hacoca

Ha crymens Hacoca HeficTBYIOT oceBas I papmanbHas civsl. OceBas cIma,
JleficTByIoIas Ha pabodee KoJleco Hacoca MpeCcTaBiIseT co00il paBHOEHICTBYIONIYIO
CILI, JMelCTBYIOINX Ha pabodee KONeCO I HalpaBleHa OHAa B CTOPOHY,
COOTBETCTBYIOIIYIO HATPABJIEHIIO AeHCTBIS GOMbIIe]t 113 ATIX CHIL

Pacuer ci1, AeiicTBYIOLIHX Ha padoune KoJieca.

IIpoBepka Ha CTATIMECKYIO MPOYHOCTH Balld MPOBOANICS IO HANOONBIINM
HAarpy3kaM, KOTOpEe MOTYT BOBHIKHYTh Ha Pa3IIMHBIX PeXKIMax paGoThl HAcoca —
5TO PEeKNM ¢ HyJIeBOit ropaueit (1win 61m3Koil K HyIeBOil) 11 peKIIM ¢ MaKCHMAIBHOI
Tofaueii, JormyckaeMoii IIpII SKCILTyaTallIL.

Ciusl fmaBIeHIT Ha pabodee Kojleco, Bpalmaioleecs B KOpIyce Hacoca,
3aTI0THEHHOM JKIIKOCTEIO, MOTYT GBITh Hal{IeHBI 113 CIIEAYIONINX COOOPAKeHHUIT.

OceBoe ycIutne MPUOTIDKEHHO MOXKHO OINPEeNeINTh KaK Pa3HOCTh CIUT JaBICHILT
cIIpaBa I clieBa B Ipefeax oT Ry 1o Ry. [4]

Poceas = m/4(RZ — RZ)H -y

rae PoceBast — oceBoe ycmme B H
R\ - HapyKHEIIT pa/iilyc BXOTHOTO OTBEPCTILI pabodero Kojeca M,
Ry — papnyc Bana B M;
H —narop Hacoca B M,
Y — OOBEMHBII BeC JKIIKOCTH B KO/M°.

VUNTEIBAS, UTO HEHTPOOEKHEIT HACOC TpeJHA3HAUCH IS 3aKaulBaHIL CepHOi
KHCJIOTHI INOTHOCTE, KoTopoii 1050 kr/m® , GBUIO HalileHo 3HAYEHHE OCEBOH CHUTEI

Taxum 06pa3oM, oceBast Cilla ONpPEAeIIeTCs MPON3BEICHNEM Pa3HOCTI MEKIY
KOHEUHEIM AaBIEHIEM, KOTOpOe co3qaeT Hacoc (p2), 1 HAYalbHBEIM JaBICHNEM Ha
BCACHIBaHWIN P;, YMHOXEHHOH Ha IUIOMAaAb XKMBOTO CEUEHIL II0TOKA IPH BXOAE B
pabouee KoJeco.

CornacHo BBIMIETIPIBEACHHON METOANKe OBUIM INPOCUNTAHBL [BA BapHaHTA
OCEBOIT CILTHL, HanboNee HarpyKeHHBIE PEXKIMEL, IS CIIyast HyJIeBOil Tofjaun Ieprox
IyCKa MAIINHEI I IEPHOX MAaKCIMATIbLHOI MOt

Hynepoit pesxnm SBISETCS KPUTIMECKIM I10 TIPIMHIHE OCOOEHHOCTH KPEIUICHII
HIDKHEro KOHI[a Bama. J[0 3amofHEHHS TIOIOCTH HAcoca CHCTEMY MOXKHO
paccMATpHBATh KaK KOHCONBHYIO CHCTEMy, YTO BIIHO Ha CXEMe, NPIBEACHHOIT HIDKE.
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Tlocne 3amoONMHEHI MOJOCTH HACOCA JKIJIKOCTBIO CBOOOMHBIN KOHEIl CTAaHOBHTBLCS
3aKPEIUICHHBI B ITIPOAMHAMIMECKIT MOAIINIIHIK, B KOTOPHIX HENOCPEICTBEHHYIO
HAarpy3Ky OT Bajla BOCIIPMHIMAET TOHKMI CII01i IeperorseMoi

CpelBL.

Pricynok 2. Cxema IIeHTpoGEIKHOTO Hacoca

OnpeesieHHe paguaIbHON CHIIBI

OcHoBHOIl TpmumHOil Inpormba Baja sBIAETCS papnMaibHas cmia. Jos
LEHTPOOEKHBIX HACOCOB (€3 CIINPAILHOrO OTBOJA M IIPH COGIMHEHHII CeKIMii
CTSDKKAMII, paJNalbHas CIUIa BO3HHIKAET OT AMHAMIMECKOl HeypaBHOBEIIEHHOCTH
poTopa.

JIMHaMITIecKast Hey paBHOBEIEHHOCTh POTOpA SBILACTCS CIIEACTBIIEM HETOUHOCTII
M3TOTOBIEHIL AeTaleil poTopa (B MepBYIO 0Uepe/lb, MMEIONNIX GONbIINE paaNalbHbIe
pazMephl, HampuMep paGounx konec). Haminme famcGanaHca geTaneif poTopa Ipi
BpAIIEHNHN POTOPa MPHBOANT K MOSBIEHIIO JIHAMIMECKIX HAIPy30K.

OrnpenennTs CIUTy HpH H3BECTHOM OCTATOUHOM JMCOATaHCe KOJeca MOXKHO IO

cremyromeii Gpopmyie:

R, = mew?
rie mR, — IOMycKaeMblil OCTATOYHbIH AIcOamaHc Koieca, KM (HaIpuMep,
BBHIpaXeHNE «IOIyCKaeMEIl ocTaTouHEI1 Arcoananc 100 rMM» o3Ha9aeT, 4ToO AILT
Koneca pagiycoM 100 MM GaTaHCHPOBKY TI0 BHEIIHEMY PajiyCy CleRyeT IPOBOLNT
C TOYHOCTBIO 0 1 T, 4TO TEXHOMOIMIECKN JOCTIDKIMO),
® —yTJIOBas CKOPOCTB BPAIIEHIsI poTopa Hacoca, 1/¢c. [5]
OKIEHTPICUTET IPH PAa3IIIIHEIX AaMeTpax pabouero koeca

Hapyxuerii  gmamerp  paGouero | < 300 | 300- 500-1000 | 1000-
xoneca, Mv/Impeller outer diameter, 500 2000
mm
Oxkcuenrpucnrer, Mw/Eccentricity, | 0,075 | 0,100 0,150 0,200
mm

Jlst pacueta pagyanbHOil CIUIBL OT AHCOalaHca, FCIONB30BANN BO3MOXKHOCTH
SolidWorks 1o onpenenermo Maccsl 3D Mozeni, B HaIleM ciiydae JJIs CEMH CeKIIit
m=5,43 kr.

VunTHIBas NMPHUHIMI CYIEPIO3NIMI CIUT PagMalbHyIO CIIYy PacCUNTaNM, Kak
CyMMa CIUI OT rcOaanca Ha KaXIoil CTyIeHH poTopa.

IlpnHnMas BO BHIMaHHE CXEMy DAaCHpe[elIeHIs MAaBICHI 10 CTYIEHIM
LIEHTPOOEIKHOTO Hacoca PHCYHOK 3, M HCIIONB3YS! BHINENPUBEJEHHYIO METORIKY
pacueTa paglaibHEIX 1 OCEBBIX HArpPy30K , OBUIN ONPEAEICHEl [PAHITIHEIE YCIOBIL ,
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BXOJHBIE [AaHHBIE [JII MOJECNINPOBAHILI ITIPOYHOCTH POTOPHOIO Bajla M KOJEC
TIPUBEIEHEI HIDKE!

Ne ITapametp 3HaueHne

1 Marepnan cTalb

2 Mogyns ynpyrocti E 2-10"TIA

3 Koadpuument ITyaccoHa 0,3

4 Ormopa 1 IlTapHnp ¢ TOBOPOTOM BOKPYT
OCH MOJIEIIIT

5 Ormopa 2 IlTapHnp ¢ TOBOPOTOM BOKPYT
OCH MOJIEIIIT

6 PoceBas =232H
P,oceBasa =464H
P3oceBasa =696H
PjoceBast =928H
PsoceBas =1160H
PgoceBasa =1392H
PjoceBasa =1624H
7 Crra pafyanbpHast 744 H
8 Tun pacueta Crarmgecknii

Pesy/ibTaThbl NPOBEPOYHOr0 pacyeTa

T'eomeTpreckas Mogmens cozjaBanack HerocpencTBeHHO B PATRAN Certka
6ri1a creHeprnpoBasa 13 TET 51eMeHTOB, CIUIHL IPHKIAABIBATICE B PAIAIbHOM 1
OCEBOM HATIPABIICHIIIL

Prcynok 3. KoneuHo-a1eMeHTHasI MOZIENb Bajla Hacoca
B mopmemn cosmaBamuck nBa cimydas sarpyxeHnms LOAD CASE, nepsrit
BKIIOYAIONMIT CyMMapHyIO HAarpy3Ky OT OCEBOil M pafHalbHOIl cocTaBILIOIIEii,
BTOPOIl TOJNBKO OT CIUTHI BEI3BAHHOI ANCGaNIaHCOM CHCTeMBL. Pa30reH e 3arpy KeHIs
Ha JIBa CIydas HEOOXOANMO IS OLEHKH BKTaa KaxIOi I3 CIT B HAIPIKEHHO-
IeopMIIPOBaHHOE COCTOSIHIIE POTOpa Bajla IIEHTPOGEIKHOTO Hacoca. [6]
PesynbTaTsl pacueTa SKBIBaICHTHEIX HANPSUKEHIIT TOKa3aHbI HA PICYHKE
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default_Fringe 1064006

N default_Fringe
default_Defc Max 168+007 @Nd 7344
Max 3.4 @Nd 6777 Min 0.@Nd 116

Prcynok 4. Kapra HanpspkeHI 71 HyJIeBOiT I MAaKCIMANBHOI Mofaan

Min 0. @Nd

AHanms pesynbTaToB NoKasal JOCTATOUHEIT K03 HIIEHT 3armaca MPOYHOCTI
TIpM MaKCHMANEBHON Iofaue, COIMACHO AMAIPAMME O,q,=286 MIIA | momyctimoe
HanpspkeHne st cramn 40X [0_]=680 MIIA, ko>]HINEHT 3amaca IPOTHOCTII
cocraBmi 2,37.

PacueT 10/IroBeYHOCTH BaJIa POTOPA LIEHTPOOE/KHOT0 HACOCA

IIpn AIHTeNBHOMN SKCILTyaTallil KPOME PacteTHBIX, BO3MOXKHO IOSBICHHE 1
JIOTIONTHHUTENBHEIX HAIPY30K, KOTOPHIE CHIDKAIOT YCTANOCTHYIO IPOYHOCTD AeTalneil.

IIpn HAKOIUIEHHI yCTalOCTHBIX IOBPEXK/ICHINT Ha ITOBEPXHOCTI BAIOB POTOpa
MOTYT Ha4aThesI MPOLECCHl paspyImeHIs. IIpH SKCILTyaTali IeHTPOOeKHOTO Hacoca
3HAKOTIEPEMEHHBI{T IMKI HArpy’KeHHs aeT Harpy3Ka OT OCTaTOYHOIO AMcOalaHca,
KOTOpasl B pacueTHo{ cxeMe GBbLIa yUTeHa, KaK pajnanbHas cIvla, AefCTBYIOMas Ha
potop.

Cpoxk ciry0bl poTopa Baja ONpeJIeNIAeTcs I3HOCOM; MOCHE IECTH THICSII YacoB
PaboTHI IPOM3BOANTCS IIX 3aXOPOHEHIIE B CKBaXKIIHE.

Pacuer 101r0BeTHOCTH NPOBOILIN 110 METORMKE (6], B pe3ylpTaTe BHIIOTHEHIT
KOTOpPOH ~ MOIKHEL OBITh OMNpefeldeHbl KOd(QMIMEHT 3amaca IO YCTAIOCTHOIT
JOINTOBEYHOCTH AeTaneil 1o OTHONIEHMIO K IPOEKTHOMY (HOPMATIBHOMY) CPOKY
cIy 0Bl 3a 5TOT NapaMeTp NMPUHIMAETCs HapaGoTKa ypaHOBOI CKBaXKIHHI B 0OBeMe
6000 gacos.

HcxoqHble JaHHbIE A1 pacdeTa Ha 10/ 0BEYHOCTh

Marepna Bana potopa- ctainb 40X, 6, = 680 Mna-BpeMeHHOE COIPOTIBIEHHE,

G, =520 Mna -ycIoBHBII TpefieN TeKyuecTn, 6-; =460 Mra -Tipefiel BEIHOCTUBOCTH,

7
m = 4-XapaKTepn3yeT yToJl HAKJIOHa kKpueoii Bemnepa , N = 10 nukios.

Koap¢ummeHT  KOMIUIEKCHOIO — yueTa  KOHCTPYKTOPCKO-TEXHOJOTHYECKIX
¢daxtopoB ompenener mnpexsapmrensHo: K o = 2,1. KoodbrmmeHr BmmsmHiIa

ol
acummetpmn v = 0,2.
ITyK1T HANpSDKEHNIT —epHO 1 pa3Max MoKasaHHl Ha PICYHKe .5
Koad¢uureHT 3anaca o cTaTHIeckoii MPOTHOCTH PaBeH.
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Yucno LIKIIOB, KOTOPOE AETalb Hapa6aTI>IBaCT B TEUECHIE TIPOEKTHOTO CPOKa:

3600

- . =16-107
N, = 012 6000 =1,6-10

Ilockompky G6a30BO€ HHCIO NHKIOB KpHBOIl ycTamoctn mns cramm 40X
3HAUNTENBHO MPEBOCXOANT NPOEKTHYIO HONrOBEeYHOCTh (Ng >> N,p), TO ¢ TOUKI
3PEHIT YCTANIOCTH LENecoo0pa3sHo MOMYCTHTh paboTy MHeTalml B 0GIacTH
OTPaHIMEHHOIT JONTOBEUHOCTH, KOTHA (Oy)7 > 01

JMarpamma UMKAOB HanPAKEHUA

AN
RVRVATAVAN

012 124 236 348 46 572 68 7%

Pucynoxk 5. [{ukn HanpsuxeHmi

Onpe}]e.ﬂel—me nmapaMeTpoB INIHKJIa H IPHBHIACHHE K KBHBAJIEHTHOII

aMIUIMTy/e Hanpsokenuii MIT a .
3HAYEHIT MAaKCHMAIBHEIX 1 MIHIMAILHOTO HANPSUKEHIS OBLIM BEIGPAHEL I3

JArarpaMMel CTaTIMMECKOro pacueTa.

Omax * Omin_ 286 +31

2 2
AMIINTYy1a 3KBHBAIIEHTHOTO LIHIKIA:

= 158 MITA

O, =0 =

(0205 =Ko Oatih Oy = 2,1+ 158+ 0,2 - 158 = 347 MIIA

HOHy‘ICHHOC 3HAUEHNE TIOKA3BIBAET, YTO YCIOBUE, HCO6X0}IHMOC JA pa60TI>I
}ICTZJ’ICﬁ B 0o0JacTn orpax—mt{ex—n—xoﬁ JTOJITOBEYHOCTI, BHITIOTTHAETCS.

Onpe}]e.ﬂel—me K03l'l)l'l)l/ll.ll/leHTa 3amaca 1o yCTaJ’lOCTHOi/i J0JIrOB€YHOCTH

Pacuernas JOJITOBEYHOCTH AETAIN ITO yCTZJ'IOCTHOﬁ TIPOYHOCTH COCTABJLIET:
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Koad¢uumeHT 3anaca ycTaaocTHOI HOITOBEIHOCTH AETATIN IO OTHOIICHIIO K
MPOEKTHOI paBeH:

_ 2,58-107

np
=———=16
1,58-107 ’

Ng =
v

Koad¢uumeHr 3amaca RONTOBEYHOCTH YKA3bIBAeT HA TO, UTO HACOC MOMKET
SKCILTyaTHPOBAThCS O MONHO{T HAPAGOTKM CKBAKIIHBL.

BeiBogbI :

1.CocTaBneHBl  pacueTHBIE  MEXaHIMECKHe CXeMBl UL OIpeleNeHII
HaTpSDKEHHO-Ie)OpMIPYEMOT0 COCTOSIHII Balla pOTopa LeHTPOOeKHOTO Hacoca

2 IToctpoena 3D Mozens poTopa CeMII -CTy e HIaTOTO LIEHTPOOEKHOTO Hacoca

3. OnpezeneHs! ypOBHI HAIPsKeHIIA AJI HyJI€BOIT I MAaKCIMAIBHOIT oiad i

Omax=286 MIIA pm1g MakCHMAIBHON TOHAYUM, Oppg, =158 MITA — pmmsa
MHHIMANBHOI IToaun

4. OleHeHHl TONTOBEYHOCTH Balla POTOpa HAcoca AN MPOEKTHPYEMOIo Cpoka
ciyx66r 6000 gacoB, k03(GMIIIEHT 3amaca JOITOBEYHOCTH COCTAaBII N, = 1,6 uTo
YIOBIETBOPSIET yCIOBIIO TOTHOI HApaGOTKI CKBAKIIHBL.

CHHCOK HCIOJIb30BAHHOI JIHTePaTypbI:

[1] www .geokniga.org BoSporcknit A.O., JloGbIda ypaHa METOXOM CKBAJKIHHOTO
TIOI36MHOTO BHIIIENau MBAHII

[2] www .i-mashru JloGeMa ypaHa MeTOZOM CKBaKIMHHOTO IOI3EMHOIO
BHIIIETATNBAHILT: TEXHOIOINHI n HCTIONB3y eMoe oGopynoBaHIe

[3]1Kenp3ou A. C., Kypasnes IO. H., SIusapes H. B. PacueT 11 KoHCTpyHpoBaHie
poTopHEIX MamnH. // JI., «MammHocTpoenney (JIeHnHrpan, oTa-Hue)- 1977-288 ¢

[4] Ky3nenoB A.B., ITamanortn C.C., CaBenseB A.M.. ABTOMATI3NPOBaHHOE
TIPOEKTHUPOBAHIE MHOTOCTYIIEHUATOIO IIeHTpobekHoro Hacoca. Kamyra 2017T.

[S]www.baltech.ru OcHOBEI GanaHCHPOBKM POTOPOB. ONEKTPOHHLIT yueGHIK

[6] XKrnxia B.A. AzGyka nmxeHepHBIX pacueToB B MSC Patran-Nastran-Marc
// yueGHoe mocobne- Cankt-IletepOypr: IIpocniekT Hayxn - 2013 1.-572 c.

[7] Bepeznu M.51.,0.0.UepHaBcKmii. Y CTalOCTHOE pa3pylIeHNe MeTaloB I
pacueThHl Ha MPOYHOCTE M JOITOBEYHOCTH PN NEPEMEHHEIX HAIPSUKEHILIX. YueGHoe
niocobne. M3gatenscto IOYpI'Y, Uensdnuck 2002 ctp47
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Modeauposanue u anazus npounocmu ea1a nopyncnozo

uenmpobexcnozo nacoca
Hcaverosal ME., Boposix2 ML, Hycinama3P K Hcaveros4 A
1,3HAO KasHHTY mer K 1 Carniaesa, r Amvatst Kasaxcras, , 252808
KARLSKRONA r Illsncrent Kasaxcras, 440 MYHT r Amars Kasaxcran

Crocos momesoro EsmenaBarx Crioco TPRMOTO IOTSMHOr SNIETITEAMER
(CTIB), obwrmmo mcmomsyor mpn aobarie ypama. Pactsop cepmok wmcaors Mk
KommerTp A, o TpyTOT: OKACATOLE T (FAIPHNEP H2CHIIEEER KACIOPOI0M EOSIYXa
BAACTOREA 501 SaXENIHRRETCR epes FATHETATEHNYIO CKBATIY B ITACT  QETBTPYrca crsose
Ypasocoaepatyro moOpozy, TP SToM MoSTAIHIO pacTROpEX e, e oGoramemHRt MeTRTION
PaCTBOp oTRATHBRETCE Ha TOBEPRHOCTS S€E3 OTIAWEYRo CKBZAWY, OCTABAX, B OCHOBEON
[EETPORYTHIM oSNy ropEYID CHCTEMY, T . J0GEITA NETRITE BEITCA Fa MECTE SATeramER
PyA B mocreacrEm ypan mBIeKaeTca Ma CEIMATHION TEXHOTOFHSECKON OGOPYIORIE
(copiue ra momoo6eryIo cony), 2 BMImeTa ez azomne pacreop pemApEypyeTca. llpexze
me mostopo momam  mMmenmaomm pacteop B mmacr, om  oSoramaerca
omeraz o pearemaar

Ha 2010 crpammmoro mozseNForo PMmeTaTmAmEE mpXOTIICA oxomo 20% Bcero
anposoro ypaozoro mpostcra. Jlnaeperso mosa Tro yaepREarOT mOTENEE Py (40%
& omprrste apoepet (30%). OZavo amoro rosopaT Tor gaxr, wro xeroxy CIIB omzamor
Ipemovrerme Tame passmne ypaomoSumaomme crpam, kax CIIIA. VsSexmcram m
Gesyenosmeik mzep orpacs ~ Kasaxcram. [1]

Hacocs! ~ oI 15 KIIOSeBED S1ENETOR TEXKHOTOTH HOTEMHORD ST O
sancicrnosart £ nee cramumx ToGar. Ibiermo mosToMy H2 TepBoe MECTO TP HoXGOPE
0B0py208EI BHIXOIAT r0 KNECTEO M AQTIOBTROCTS ~ IepEpHEH 5 paGoTe HETOMyCTmis, Tax.
e, Kex 1 CoTRON MaToe KoMERECTEo Sacos FapaGoria. Bexb b HOCIEIIeN Cyae Kacoc
‘mprxéres sacto serrTs, 2 370 2omOTTeTDNE OB R speere saTpars{l]

B poax HIP mo Tewe Paspafoma somcrpyxmm nempofemmoro mcoca ¢
nommemmnm _ moresarenm  paborocmocoSiocry  Bmommewcd 3 KasHHTY me
KH Carnacsa (Pecrytmaxa Kasaxcrar), yTacTeQisaste IpoeKTe cosiaeTes OFTmEmpoBaszas
‘orcrpysmmn [TH 52 Gase xozems macoca xapon «ODDESSE zenfralasiens - UPP 13-7/6 3azama
‘mpoexta nomsears KT ITH  cymecrayromesi semrmmn: 40% 52 sranommyzo semwamy 60%
Bl et —————
‘asronammmpozamoro mpoocToro pactera s PATRAN.

B mpasioce mpoeiTRposaIiEx HAc0CO8 PASHepa: IEHTpOCEAHAD: TILe SCerD SATHOT B S
e TPOSEHOCTE, 3 5 KORCTp Y THSISX C000pa e 1 3 SBACAMOETE OF TeREOTOTECKEX
L ey —
‘nporoTamor. Tlo>Touy TP MpOSKTEpOBATER OCHOBROS SEASerne MMe<T TOBpOTERE Pacier 22
poTROCTS OCHOBSX aTeMETO KOMCTPYNI: macoca aia, PaGotero Koleca, KOPIYCE.
‘mmoromoro s mraprosoro coemerms, ydTe. [3]

3azava nposepomoro pacicTa saxOTaeTCR B OTpeTeReE SEESeHE apaeTPOE, C
EOTOPEDE B K&AION KOREpeTHON cayias Coa3aa TOTeps IpOTOCTS (paspymense) 7070 &Ik
ETHOrO 3neMeT (ROPMETSISD T KacaTe T B FaTp R, Zeopatas, TacroTst pemerny
BT D) C IoCeIyomm: cpmSemme X ¢ HeOTOpENE IPeISTSERN ZomYCTEEDD

AvvouaTmposas pacter 5 MpOHOCTS POTOpEOFo B2 Eacoca GaIT IpOSeIeE B
‘mporpaate NASTRAN PATRAN

TInn pactera Gaita cxo2eTApoBaR: pacaETRR MEXAITIECKEE CXENa COTTACHD METOTIEE
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Pacymor 1. Pactersas cxeu a) crynesst acoca ) ACTpeeTese JasTesit s Crymessx

Ha crymens racoca eficrayor ocesas i pasamascas. Ocesascana, sefrayiomas 22
paGosee Koo racoca MpeaCTERTIET CoSoR PAEFOICACTSYIOMYO G, AeRCTEYROE 2

paGoses Kofeco  HampaIeH2 OF2 B CIOPORY, COOTEETCTEVIOIIVIO HAIPaSIeRiEO JedcTIER
Gomsmeit s s cun

Pacuer cua, aelicrayiomux na paosne Koxeca.

Tlposepra ma craTiieckyio IPOEOCTS BT IPOBOIATCE [0 HAHGOTSIID! EATPYSEL
KOTOHE MOTY? BOSIEKHYTS 52 PESTHLIX PeAIOIEX PACOTH H2COCR — 370 PeAIDS ¢ Hy2esoh
‘moRaed (am GEsKoR ¥ HyTepoil) i PEAIN ¢ MECHMATIOR HOMeH, ZonycRaeoE TP

SRCaysTazan, Caeks SSNPATSERE SSpTAIATSOTO TOUPYASOTO RaGoch TpescTIEIes B
pucyme 2

Lra=
Pucymon 2. Crews sapennesu uespoSexmoro mcoss

Hliosat XoHel 572 07EBAETCA B KATPOHOBYIO BTYIKY M ABTISTEA CEOGOINED 20 a2
B namseiimes npu Nozemposasmk 5 PATRAN 5o rpamemmoe ycaosse Gauto

CAOTETHPOBANO KaX CTemeNb CBOCOIB! HOSEOTUOMAX NepeMeTIexse Ha BETATArY A COTTACHO
paGonexy ueprexy clopri

Onpeaenenne ocesoi cuast

Ocezoe yCiTHE TPHOTISERNO MO0 OTPEETHTS KaX PISHOCTS Ci TABIERIE CIpasd
cresa B npeaenax o1 R 2o Re. [4]

Pocenan = /4R - RDH ¥

rae Pocenan — ocesoe yeume s H
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R - napyamii paznyc sxomtoro orseperius paouero Kaeca .
Ry — pamiyc sanan;
H—sanop nacoca s,
— oBpesmal sec FHaKOCTH B KT

VTiDas, 90 HERTPOGe KA HACOS TETHISHATER 1A SAKITHBNER CEpRO KHCIOTH
‘nnoTHOCTS, Koropoii 1050 kr/x , Getno Halizeno suasere ocesof chTs

Onpexenenue paauauunof st

Ocionoft mpwvuusoll mporuGa Bana Aswserce pamiasnas cuna. JIix HemTpOSERI
HACOCO8 G CRNPATSHORO OTS0a TP COSTMHNERI Cexuy CTORKEN, PATHATLNEX CHIA
BOSHHKAET OF AHHAISSECKO ey PABHOBEEHHOCTH POTOpA.

JIRKANECKn  HeYPIBHOBEERNOCTD POTOS ABICTCA  CIEACTIHEN HETOSHOCTE
‘Erorosseeassemuelporops (s ey Gupesh, EMEOE Cmame AR PP,
Fapiep paSous. xonec). Hamiwie JucOutanca Seranel pOTopa TP BPAENEE POTOpS
‘PRBOINT X MOABERIO THNEHNECKEX HATPYSOK.

(OnpeemiTs cury T HIBECTHOA OCTATORHOM HCOATARGE KOTECa MORHO 50 Cezyoumelt

opuyas: :
Ry = mew?

Fae mR; - RomyCKaeNslk A0CTATOAE THCSLTARC KOTECa, K5 (RAIPWEp, SHpEREIHE
«aonyexaesaui octarouak cOaTanc 100 rAn» C3ESaeT, 370 4% Koneca pazycax 100 xau
GUINCHPORKY U0 BHEIMENY PAAYCY CleIVeT MOBOTS ¢ TowOETMO 0 1 T, WO
TEXOIOTINECKH ZOCTIARIO),

@ —yriosax cropocts spamenia poropa macocs, 1c. [5]

‘DXUCHTPHCHTET TP PESTIONA TH\ETEX PEGOSEro KOnEce.

Fapysamsii anaerp pabowero roneca, [ <300 | 300-500 | 500-1000 [ 1000-2000
sayTmpeller outer diameter, mm
Sxcuempucimer, oy Eccentricity, mm | 0075 [ 0.100 | 0,150 0300

Tlna paceere pammaTsHOR CITh OT ZHCOATANGR, HEOTBSOBETE BONCANOCTH SOLAWOTEs
0 ompezenenino waces: 3D MOZeT, 5 Hamiex cTyae AT cesak cexuan m=S,43 xr.

VTR PRI CyTPROSHIN T PATHATSAYIO CHTY PACCRITAT, K2 CY3043 CA 0T
wcCuTaNCa K8 KaKIO CTyTeNK POTOpa.

TIpiasisas 50 BRNGIKE CXENY PACTIpEIERENHR TUBTERLR T0 CTYTRI LENTPOSERHOTO
HaCOca PHCYHOK 3, HCOTESYE SHIETPHBEIENIO METOTHXY PACETa PATMATHIMN  OCEEHX.
HATpYOK , W OTpEeTeNS TpUNENE YCIOBHA , EXODAME JANNE ATX NOJETHPOSIKA
oo peropmro um e rprses e _

e

Marepuan oy

Moaym yepyroc E 2107

Kosbuimen Myaccons 03

Onopa | ispmp ¢ mosoporont SoxpyT ook
wozem

aprp ¢ mosoporont SOXpyT ook

wozen

pEEEE

REEY:§
Cramieck
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Costamne wozean s PATRAN

Teouerpirueckax Mozems cosaasarace nemocpezcTaeo s PATRAN, Gecna cremepiposaa
u5 TET MIeMeNTO, i NPHKTATSBATHCY B PATARTON H OESOM NAUPISTENEH Gepes
Kowanzy «Forcep X Y3y, PAIUN YCIOBER LA Sarpentemi CoABATIC) ¢ YCAOBKDN
Displacement <0,0,0>, Rotation <0, 0> 414 Bepnei 1 e omope, 211 ynegoft moza
Displacement <0,0,0> Rotation <0, 0> 211 Bepwneit orops, Displacement <0,0,0> Rotation <0,
140> 208 ket omops.

Pricynor 3. Konewso-siexemrat soem sama Hacoca
Awas pesyavraton
Pesybran: pacteTa SKBHBATENTHAX KATp K IOKISAER Ha PHCYERE 4

Prcynor 4. Kapra anpusesoni 1na Hynesot  MaKCi@TbHOR Toawe

Amaes pesymatos morasan AocraTowi xoxpPHINERT Samaca TPOTHOCTE T
MAKCHNATSHOR TOZaYe, COTAACHO THATPAINE Gac=286 MIIA , Z0mycrimios Hanprsere 31
cram 40X [o_1-630 MITA, xosmument sanaca npowsocr coctasn 2,37

‘PesyTbTaTst nepenenmerni Tp Hyn€Boii TOZINe TORA3A Fa AIEKBATHOCTS KOMIHIOTEpHOR
cxexs, cosgaroi 5 PATRAN, Jmes= 4 102, w70 coomsercrayer
e OB
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Pucyson 3. Twarpainta mepexemeni sara.

‘PesyTLTaTM EPOSHOCTHOTO GHATISa TOKISATH, ¥I0 BAT BHOBS IPOSKTRPJEMOrD HENTPOCEREOTD
~HACOCa MOKeT GBI HSTOTORTeN KS MeHe ZOPOTOCTORIIErD Marepata exens crams 40X
TIosniumese RATOpEO-SHepreTHeckin oxasaTeded MAIHN 57 HepeXaeri AITEX cpex
HEBOSCAHO e OIS ISNMGRECHEX TpNNeTPOS CHCISG! M cramm
Pra—
Hazessocrs & pecype_memipoSexmoro macoca 50 MEOTOM Ompelemserca ero
‘SHOPAIOEN COCTORMHeM. TEXHONOHS BNWHCINE EPHTHNECKOH WACTOTE Spamem:

VETHBOIIEX TeCTBHe BCeX OSMOREAD aKTOPOS, SITTOIEX 12 SECPAIEOMEOS COCTOMEE.
macoca. [4].
1Teoperreciine moA0ACH THCAEHHOTD ARATHIA POTOPE
(C000 T FOTeG2E TOTHOCTSIO ONpESTHOT IR GHSecriEe CHOACTER MeXaHISecko
CHCTOMS B EMOT TepsOCTememoe SEaNere IDE aEATEe SMNyAZemEX KoreCami [3].

DOSTOMY HCHOTSSYR NORSHO-STOMSNTEVIO MOTT B0 DepSX  Ompelenmor  cmestp
cobeTaerma: wacTor KoneGami poropa LI

Tl omscamis Teimkenss ToTEO o3 AefcTeN SOCCTaNETHSaOmeR (YIpYTOR) cT
Ges, yera mccrman swepris Hemomssyor ypasserme [5]

M@} + [Clq) =0, [0}
ra2e (M), [C] — sarpmmst xace (ameprom) m mecrrocr cacreaa; (q). [g] ~ ofobmenme
‘nepenemenzn ysnon 1 ox npowszome.
Pemense ypasmemcx (1) syt » st [1]

@ ={gsnae Q1D @)

e (g — seaseRsx coScTBemEAX SaCTOT KoneSaE,
{g} — momesi pexTop ysaoss nepesemer cucTeR,

{gg) -arpma-cronder sxamya

Tlommai sextop ¢ MpeacraBter oGOk YRKIIIO RESABACIOGNR KOMIORERT TepeMiemiems &
YTI0B osopoTa_OTHOCHTeRsEO cOOTSeTCTRYIOMEX Ocel. [IommE BeKTop mepesememi
‘mpexcranmor s muze

@={a)e®) 1) ®
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Tpr >tow sazem coomrrca x srmmcTemo cofcTsemmx SEavemEE CTOT 00 E
coScrnermets smavermsi BexTopos 0GOGmEREORD NepeNSMEHE §, 0TI CISIYE, TIO g
ompeenner opary cobcTBemmBIx xomeSarat Tps cooTReTCTEyome: SEaTeRE T2cToT o, Tlp
PeaTSeIIE Z5TOMATHSTPOBIEEOTO KOESTRO- MENSTHOTO METO3a OUEEREHn COSCTREHTEE:
‘Kanebarmi, mcermoe pemenme cacress amreSpamecnm: ypamemsi (4) 5 awopmix
‘mporpaysias PATRAN [91,92,103,104] mposomsres ¢ moxomseo ueroza Jlasmorma 6]

Bommystemmic xoncoamme porope poRCXoxTr mpm  IehcTim  rapuommeckol
‘nerTpoGeRTIOl CHTY HECPIE HeypASROSCIERIIR MaCE POTOPE , KOTOPYIo IPICTRRTIOT 5
sze F,~ mor'ecos(o), Torza ypammemme sty xaenmsc Katebam semmmerca

(M1 + (B} + [C)ig) = [Me]w? cos(wt). (6)

e [M], [B], [C] - mrprms e (smepre), 2esmmposarms n mecTsocrs cacress,
{2}, (4), 4)- oSobmenmmse nepexemernx yaron = mx TpomsEOE,
@ yriosas cxopocrs spamems,
- yaemsmi mcGanase.
Pemere ypasmermun (6) mmmeres semze
{4) = () sin ot +{be]o? cos(wr) _
2 Asrowammmposammoii pacuer cobcrnemm wacror m gopy KorcSammi poropa
nemTpoSexoro nacoca

Hexommenm zarmnor 11 pacwita mmumorcs gmrecre croficTsa saepuara £ata
(mnormocTs = 7850wl = wozyms yupyrocTs 1-ro poxe E = 2,1-1011 Hi), zmems L
Fapyame D m smylpemme d Tmerps ymacTos, MaccH m, 2 Take écTRocTE ¢
‘no Ao onop.

Tlo pacuermofi cxest (pcymox 2) Gt nocTpoeras Sexowmax wozem s Petran, xoropax
momaer 5 ceon 7 anewemros CBEAM (san porops), 7 anexemros CONMY (anexem
cocpeaorouemof uacest, ozempytomT Koneco porops).

I

Pucyrox 2. Porop LIH Crepanesax sozems potopa, moctpoesniax s Patran

Mozemiposase AeCTIULX OUOp OCYIECTEIAETER TyTes: SAXPEILIEHR Y3108 MOTETE
[POTOPa 1o COOTBETCTE YOI CTemen CEOCOI, B KONCTPYIL HCEAEYEAIOrS HACOCa OTopa
651 oneTHPOBENA ¢ yweToM 5330pa A — e (PHCYHOK 2)

3Havenix CoBCTBEHNMX HacTOT POTOpa GsTH Halizek Hemossy pemarens NORMAL
'MODELS (onamsesit awates)

6
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Halizenmate snasenen coSerpesm wacror.

Thpaerp Srveame
7, nepesx soGcrmemmar mrrora T T

7 ptopan coverpemar actora T £
fa-Tperea cobcrsennas sactora l'n a7
fymperoa coscreemman macrora T [
fyaperoa coberpemman macrors ' 5]
f-Tpetsa cobcTsennas wactora [ 7

‘Copmazene %acTo BoSYIERFS KOREORIA ¢ TACTOTAMI COOCTRERFA. KOTeGami
pECTABIeNHAX b TAGTHIE, MOA®T IDHBECTH K DESORENCHEDL ABIEHIR

ABTOMATIGHpOBANNB PACIET WACTOT BOTMYmeNNbX KoeGamti

Tx ompexeneun €acror BosMymeNX KoneGamifi HCIOTSSOSMIC  pematens
COMPLEX EIGENVALUE (sonmexcrste wacroms).

B Iporpainie BOSMOKHO HCTOTSSOBNE O HecKEXpoRHO npeneccit (ASYNC)
OTpeTeTAETCR PeAKLIE CHCTeMB X By BOSIEHCTBHO, KOTOPOS ABTAETCH HESAEHCIOEA! OF
cxopocr spamernux potopa. Tlpi cnomssosamn on cipoRol mpeneccit (SYNC)
OUPEETAETCR PEAKIIA CHETEMA Ka THCOATAE KT ZPYTOE BOSOYAIEHHE, KOTOpOS SABHEKT OF
HaCTOTS BpAENKE POTopa. C TONOMBO KOMIIEKCHOTO SHATHSS OPN MOREO OTpERETHTS
HACTOTH KoneSam, COOTBETCTBYIOWE TPANOIL i OGPATHOR TpELECCHN, 3 TUCKE KPHTIISCKHE
exopocr spamerex

B uemo Spin Profile nomssosarens saler WLIMBIYATME CKOpOCTH SpAmemIt
POTOpoB, 14 A 331a1 POTopa LENTPOGEAHOTO HACOEA BETINA YTI0BOIH CKOPOCTE ® =
3000 06/t Tax e HeOOXOTIMM MOMEHTS!HEPUINS KABECHM STEMEHTOB, KOTOPS GBI
onpezenem s CAD cucreue SolidWorks.

Tlpi suiGope BiTa pactera pacter KoMITexCHMX cobcraemarx swasemi SOL 107
pmooR Neron, UiCTOTAM TMATPUOM TOTyUeNa PesyTBTNE PACIeTa KOMIEKCHNX
cobcTBennbx Swaveii TG NeTOToN ¢ HeTOmSoRMHEN ot ASYNC, ma sactorax
Bpamenex potopa 0, 900,1800,2700,3000 osiaa. (7]

Pricyox 3. 3 -1 Gopia sosuymeramox Konebai Ka vacrore 100 o6 g
Hallzeronie skaueinus sacror sosuymemmoxxoneOunit

[Tapascerp Travenne
fi- nepaax wactora [ 0

[2- 10pas wacrona Tx E3)
fi-persa sactora [ 158
[fi-mpensa sactora [u 31
fi-pemsa sactora [ 736
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KpITssecKie cKOPOCTH OMpeEAIOTCA, HCXOZA W TOFD, KaKHe COCTRENINE SHASEHEE
BIROTCR IIEHTIHNAN COPOCTH BPAIENR POTOPS. LK STOO K THATPRNE CTOHTCA
npmia, coorsercrzyomat w = W, T (4acTora xoneSach = Y2080 CKOOCTH SpamEREE
poropa). Tous mepeceuemis TGOk ¢ KPREMAK COGCTSERMMX SACTOT COOTRETETBYIOT
HpHTIeCKIDS CROpOCTAN Bpamersu poropa. [10]

Campbet Digram

T
it

Pucymox 4 Jnarpasea Knbenna

Toxumoili XapaxTep wacTomx G yKasmEaT KA eycroiumi XapaxTep
[ e s P N A —"
1 pasuep d.

Abrouamiecks paccuasme coScaere suatem (pucynor 4), cooTmercrayOmE
omMaXOBDH Gopia KoneSakik GOPMHPYIOT PAX KPHBNX, KOTOpH TEACTABTAOT oSl
ymKne enenRn SacTomH KoneSumiii of YTAOROR cxopocri spamerix poropa. Ha
‘mpecrasnerof Tuarpanie K3NTIO€RTa BIIND, 470 Bce HEOTHORPATHME KpHTHYECKIE
‘paumenon 1 nepsx opa xoneSark -366, 488,732 [ axomimaca 5 o6acta 47 I (2200
06i5) 2 OGPATHOR it IpAMOI TEECCHI COOTETCTRMo. IR OMTEHCAII BHOPAi 5
NEPHOX MYCKa IANNpYETCA SAMEHNTS TATHEEYIO MyTY Ha NarHHTHYO ATy ¢ AywmGL
ZemupyouH croficTas.

Aol eI, GBUT CNOIETHPOBAH PaCTTHOI CXeNof ¢ ONOpOR, HaKTATBAOmE
OTPAHIYEHUE Ha TIEDENEIEHLA 5 IIOCKOCTH NEPTETRX Y APEOf TOCKOCTH OCK BA12 POTOpa &
~peaTOCTH ~37a CT0 neperORREMO AULIKOCTH SATOTEROME TOTOCTS Kacoca . 3a3ata Ghaa
T e ———————

Campbell_Diagram

§

Pcyrox 5 Tnarpasnia KswmGeana 1ux siozems ¢ omopoit Ges sasopa.
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UacroTt BOSYIIeHHMX KoTeGamii P STOpOM CIySae SAKPRRTSHE CERZEEN B
Tabmay

Tapaserp Saaverme
[, mepsat sacrora Tt 0

“fr- topan sactora I 315
_fx-Tpetsa sactora [ 388
fy-tpersa sactora [ &1
fs-Tpetsa sactora [ 636

He cul0rpa, Ha T0 WO TORS KoeOaMR BTOPO soZen Fike ¥ 207 e Mozem 8
HATPABIUOMIX OIOPAX , MOKHO CRAWTS W10 TOWKH EPHTIGECKIX CROPOCTER: (1omH
epeceesua T KPATHOCTS CEOPOCTel: C MU SACTOT) OTCYTCTSYIOT i MAIINNA EXOTAT 5
I Taep———-—)

Boiogs:

B amrerpaposasmoi cactexe NASTRANPATRAN Guim samoTsers: mpotsocrsod &
EMGEeCKI SHATES  IOTYWeHH CIeTyIOHE PESyTITATI

1Cocrasnem: pacuerme Mexamedeckie CXeMs LT ONpelelemEi EAIpEEeEEO-
2eOpAHpYeMOFD CocToANER 5212 POTOpa HERTpOGEREOTO Hacoca

2 Mocrpoesa 3D sozems pOTopa cess CTYTIEHSATOTO LEATPOGEEOT0 Hacoca

3" Onpeseness ypossas ampssesuni 173 ¥)iesofs  axCDATBHOR KoL

=186 MIIA 318 Maxcibassoli TOTSE, Gnge=158 MIIA — 278 \mmmsaTssci
oz

Tposeren amammsa amemamectix mapaepos poropEoro sam ma 3y

sxcnnyaramommix_pesmuax 5 pemarese COMPLEX EIGENVALUE xozyzs ROTOR
DYNAMYCS NASTRAN, onpenerems sactor soswymemsssx roseSams, spimisecie
‘aacTors: spamensx 11 mepssox opu xoneGamat 366, 485,732 T maxozsres 5 oGnacts 47 [t
(2200 06/ 313 oOpaTof M0 mpenecers coorsercTaenmo. Ha ocHoBe THMAMESECHEX
pacieros Guinmpexiokes Sexet Jeuduposasux oGecrensaoE nammE 5x01 [TH 5
paGos peant -armmian sydra;

Crcor: menoas305asHol MTEpaTyPBI:

[1] wiw geoknigacrg Booposcei AO. Jotiwa ypama weroxow crsasmmoro
‘momeoro smeTaaE:

2] im0 A MeToRcd CESEERRORD oBeumOrD eSS
exmororsm senomsyese oSopyzosamse

31 Kemson A C. Kypasnea 0. H. Sisapes F. . Pacur  oncrpyaposasne poropmax
a1 1, Mamsocrposres (lemnrpan, ora-mae)- 1977268 ¢

[4] BaSpamm  rexeame: cupesowm: 5 6 . T. 1 / KoneSamms mamefimax cacrese / Tlox
‘pex. BB. Bonomma. - M.: Mammsmoerpoesme. 1975. - 352 ¢

[5] Kothuke P/ ANSYS, Inc. Theory Reference. Release 8.0/ P. Kothuke. - Houston,

1904,
[6]MSC Patran 2005 User's Guide
[71MSC7 Nastran 2005 Quick Reference Guide.
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HHHOBALSLTSIK TEXHOJIOTHSLIAP - KP KOHOMHEKACHIHBIH KEH BATBITY
JKOHE MYHAIH TA3 CEKTOPIAPHHbIE HEIT3TT KOHE KOJLIAHBATEL
MICEIEEPIH TABBICTSI LIELIYTH KLTTT

COTEAEB OKY.IAPBIHBIH
EHBEKTEPI
ITow

TPYZBL
CATITAEBCKHX YTEHHH

HMHHOBAIIHOHHBIE TEXHO.IOTHH - KIIOY K YCIEITHOMY PENIEHHIO
®VHJAMEHTATBHBIX H IIPHKJIAJHBIX 3A7AY B PYJHOM H HESTET A30BOM
CEKTOPAX 9KOHOMHKH PK

Ton

PROCEEDINGS
SATPAYEV'S READINGS

INNOVATIVE TECHNOLOGIES ARE THE KEY TO SUCCESSFUL SOLVING
FUNDAMENTAL AND APPLIED PROBLEMS IN THE ORE AND OIL AND GAS
SECTORS OF THE ECONOMY OF THE REPUBLIC OF KAZAKHSTAN

Ivolume

Amuarsi 2019 Almaty
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VK 001 (063)
BBK 2
166

Oprrosrer:
Kenxaanes BK
Koaraen TK.

Causanixos AX.

Bexforaena A.A.

Hyeynosa A,

Tyfiefaxoa 3.

Capenona A.C.
Vatapos T..

Onapbexon B.0.
Caixosa JLH.
Vibaesa BK.

Cenracanon 1Ll

Hurvatosa C.

Oxauesa IILK.

Mampanosa MA.

Bayaaryaosa I.T.

Tlpopestop o wayxe, mpeaceaareas;

Inpextop TOO (HHCTHTYT Fe0ToTHMECKIX HayK Miext
K H.Camacsa, samecTuTeas npexceaateast;

Tlupextop Hncrirryra recori i He@rerasosoro fena, savecTaTe S
npeceaareas;

3aseayiomit kapeapoft ([ eQTONHNECKAR CENKS, HOHCKS K PAsBeTEa
st SR S ——

st cexperaph TOO (HIHCTHTYT FeQTOMNECKX HaYK MerH
KJLCatmacsa, oTBeTcTBemb: HEMOTHUTES:

Jlnpextop HACTHTYTa XIMGHECKSX H GHOTONHNECKIX TexQnori:
Jlpextop Hincruryra 62308070 0GpasoRasis;

Tnpextop HncriTya i OpNAIGIOHASIX K TETEXOMYHKAIIORNX

Tupextop Hncruryra mpossimtessioi msenepi
Tupextop Hncriryra ynpasnesss mpoestas

Tupextop Haywoi GuGmmorexs;

Tpeacenatens Cosera sanozsex yuesssx TOO alfscrirryr
Feonormueckaax Ry miiem: K 1 Carnaesay:

Pyxosomizens naGoparopi TOO «CTHIYT FeQIONiNECkin Hayk
e K J1.Camaeay;

Pyxosomirens Lestpa etopiseckoro nacaenis Jlenapravest o
[ E————

Pyxosomirens rpymms THC-rexsonori
TOO lacrarTyr reonormuecksx sy mem: K 1 Camnacsay,
cexpeTaps Konepen

Crrenmamcr smepanoriascxoro Mysea xagezpss [ CTIPMITHL,
cexpeTaps Kongepenmu;

«INNOBAUNOMMMe TESHOTOTHE - KUOW K YCHOWHOMY PEMeNNIO $YMIAMENTATSHX N
IPHKTATHBIX 52184 B PYAHON H HeQTEra3080% cexTopax SKonowmKu PK»: coopmke mpecrastem
saTepia Konpepernn Carnasscrse wremin.

1166 - Amars: KasHUTY scen Carmaesa, 2019. 1486 c.

ISBN 978-601-323-145.7

B conpenesion Mipe LPpOBE TEXHOTOTHH KIPEIOT Bce GOee BURNIO POTh 5 PASSHTI CTPa, 5
TOM SHCAe TAKIX KTHOUEBHX Cep KA HITACHEPIA, CTPONTETSCTEO, BHICOKH TEXKROTOFH, MAIIHOCTPORKHE

& obpasopane,

ISBN 978-601-323-145-7
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VK 658512

P.K. Hycinoaw, MLE. Heaveror
Haywnsii pyosodumens - ME. Heauemosa, accoy. npogeccop, Kandudam mevwuecxi
‘nayx Kasaxexuis nayuonazneii mexwusacrui ynusepeunem ww. K H.Camnaesa.
Kasaxcman, &. Ariamss
rollan_n@matl.ru

A/UTUTHBHBIE TEXHO.IOTHH B [TPOH3BO/CTBE Y3I0B IEHTPOBERHBIX
HACOCOB

ANnOmauR. B CMGmbe paccuOmpeNs SONpOCs COSGPUENCMSOSQNUA KONCMPXYU
yonmpoeacnozo nacoca uapru UPP 18-11/6, npediodxensi Memoduxa asmosamusuposannozo
MpOBUIPOSINUA U COI0ANUN 26ONEMPUL NEPUDUANNOZO CONENU YeNmpOGexHozo Xoxeca L.
Paccuompenss  noseliuue  mewwo0u  Mpowssodcmea__ yewmpobexcusx  Kotec ¢
onmussuposanoi zeoxempued, Kayexennoii na nossiuewus KITJ eudpodunausacroil uauors.
Paccuompen, Xax QTMEPHAMUEA CYUECMSYOUENY MEVHOTORUNGEKONY NPOUICEY WMGNPOSKIL
RPOYGCC CORQNUY MPEYUSUONNNY MCaNNX POPI OT8 TUMSE  YENMPOGENNX XoTdC,
nocpedcmson addumuswsix mexnorozui. B cmamse npusedena nocuedosamessocms Ink-Jet-
mexnorozuu, xomopas & Gydyuex Moe1a G Gums snedpena s npoyece cosdanus ysios LH wa
Kasaxemancrom npednpuAmuL.

Knowesue c106a: addunuswsie mexworosu, yexmpoSeacwsil nacoe, 3D-npumep, pacosee
Koeco, Ink-Jet -mexnoroeuy, SLS-mexnooeuu.

ANATISHPYR COBpENENIO COCTOTHHE TEOPII I IPAKTHK TPOEKTHPOBIIAR MATOPASEPHEX.
HENTPOGEANBIX HACOCOB MOAHO KOHCTATHPOBATS, TO OCOGENNOCTH 1 THIPO MMM HYTelst
HEAOCTATOUNO  XOPOWO. AMAHTHUECKSY MHGOPNALMONNAX Gasa M  CHCTENATISHOBANA,
oTeyrernyioT cxewst onTmaraums mpotowssx gop MUH, Gasmpyommecs ma wEmso
CQOPAYMPOBIIIX THIPOTINANITECKI NPINIIIAX OPTAINSALNI TESENNS B NATOPESMEPHIN
xananax.

Fi3-50 7070, WIO CYWECTBYeT SHAVATEIBHO® HECOOTBETCTENE MEXAY MOTETENIS TeNeE 5
nomo n Maiopasmepmnx Komcpywumex LH, pacuérmaii sran mpoextmposamns MUH,
OcHOBaIINA KA ATTOPHTMEX PACTETa, TpeMASHATENIEIX 1% TOTHOpasyiepmar LIH, oxaspipaercy
satosggexTmsmmn. Pacuérmnie napaxerpes MUH, Kak Mpaswio, SHIWITETSHO PACXORIC ¢
peasimnan. Onpezenenme ocnomisix pasepos MIIH GPHXONTCY HPOBOANTS Ha ocHOBE
TpyRoévKEX aosooumex memmTarmui. TIpn 310x mepremrecke mapaeTpa (Koxpmment
nanopa 1 KIIT) cepiino smmyckaessix MIH NOTYNSIOTCA SaMIGKEIMOMN TPK He TySummx
saccoraGapwmx noxasarents. [1,2]

(CoBepuICHCTROBaNHE KOKCTPYKINN ACOCOB, BeAYIee X TOBBLENNO SHEPTeTeckX K
sxenayaraunommx noxasatene MUH, MOAHO GPOBORHTD PASENN CROCOSENM, ORI S
‘POAYKTHBIBIX ABTAETCA ONTIMISALILA TEONETPHE KOTECa KA OCHOB SHATISA TEVERILE AITKOCTH
B mpotowmix Kamanex. Oguaxo ueapenme b mponssocTso MIH MomsGmumposammex xodec
BaeweT sa coboll GoTBUNE PACXOAM Ha cosTume HOBOR OcmacTN, Tax Ha sasoze TOO
«KARLSKRONA LC AB) WIrOToBIeNMe OCHACTNN ATX UENTPOGEANORO KOTECa BTBETC B
150000 Aownapos. Otemmamo, WTo 3Ta TeHOTOTHA ABAeTCA Foporoctomueli n TpeGyer
ATITETBHOTO BpesexH OKyTa€NOCTH.

MOoHO KOHCTOTHPORATS, TO WTO X CORAIENIO TOKASSHNNA THAPABTIECKX HemTamsh,
nacoca aapks UPP 18-11/6 na cremne sasona «(KARLSKRONA LC AB» noxasetsaer 1 odmyo
KITX macoca 40,25%, Toraa Kax moKasarens memwTamuli QHMTOTHWHOTO HACOCA HEMEHEOTO
mpomsBoACTEa pavers 58%.

Ha COBEMENNOM STame GHNAYCTPHATSNOR PROTOWI HORBTACICE  BOSMOKNOCTS
POMSEOACTEA MPOTOTHROR, AeTanell K ocHacTi BosoANocTmax 3D mewarn. Ilpmenenme
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CoBpeMEHMEIY SUITHEHNIX TeXHOTOTH MOSEOTACT B KOOTEME CPOK ESOTABTERATS MIKETH
MOTOTHBLX TaCTe CIpOEKTHPOBAFELX HACOCOS M POBQTATS MCHSITANIA 13 IOTECpAACHNS X
pacuermerx xapaxtepmcrax. [lpopeacime TaNAX MCHNTENEE MOSSOTIST ONCRMT KaECTEO
‘MPORTIpOBaHHR Ge3 HSFOTOBTENILR ACPOTOCTOAIETD ONBITHOTO OGPESHA

Tax yxe mmxemeps: NASA manesaramn Typommy paxersoro macoca ma 3D-mpmmrepe m
nposean ¢& momsrmamnx 5 Llemrpe Kocwreckmx moneros miemm Mapmatna 5 Xamrcomate
(Ambana). C sowemra cpoero momnemms 3D-mewam xopomo sapemowemzopata CeSE B
>axernposamm. 3a moceqEme Napy 7eT oM CTaTa MepEXOTATS Ha HoBHE STan — aTmTIEEHOS
npomsmoaCTEo. TexHoNOrMN OFBENMO METATH YK CETOZIA MOSEQTIIOT HSFOTAETHEATS CTORHE
seTanTmcexne Zeramn. Bonpoc MWD B Tow, MOEHO M MX pomBOEIS Ges ymepba AT
npowmocTa  pecypea. [3]

Texmonornx  3D-nevars TpeSyer o MpoeKTMpoSmMKOE mpemmmoRNOR | reoweTpmE
TBEPAOTETBHO MOACTH HSTOTARTHBAEMEIX OBEEKTOE, NOSTOMY PACTET M MOZETHPOBAFRE paSOTI
xonec MIIH mmmmeres ofms ms maxmx STamos mpoexTaposammr, xoTopetfi moBTmIeT ma
nossmenne noxasatenc Racocroro ofopyaozamma. [4]

Hccnezonatemscran pafora Gmna mampamiena ma mpoeKTHpoRamme m OmTEmAIE
xomcTpysym macoca wapsm UPP 18-11/6 Anx mopsimermz sreprocmrossix m mpowmocTER

Ha coppexemion STame pasENTER MANMHOCTPOMTETSHOO HPONSEOXCTSS Mo Hporpanic
Hiaycrpm 4.0, mosemmimn TexnoTormmMN CHocoSHEDM pemmTs STy sasawy, mEmeTeR
rexsonormm 3D  newaTn o macTKa 1 o NeTaTTy.

Azzmrummse Texmonorm ocbamaroT Taxme HpoHIRenMHe raramT:, Kax GeneralElectric n
Siemens. C 2010 roza aveprxancras xopnopaups GeneralElectric musecTnposan » azawmmzsie
Texsonormm $1.5 upa. Tlo Toary e myTH mZeT m meMemNE xoRmepn Siemens, sammEIEE O
Hepexoe ¢ TPATIORNEIX MCTOAOP NPOSEOZCTSA AeTanch I TOPETOK FaoBRX Typom: ma
Texonorm cenexTMBHOTo Taseporo MIaBTemA. B CRoro o%epes AnepmKaNCKOE KoGMIIECKOE
BeocTEo NASA OGBABI0 o6 yCHeIIHOM MCTHTAMIN 52 OTHEYTIOpROCTS FICKSKTOPa PIKETHOTO
Apmratens, mrotosaenmoro ¢ MoMompro ceerTEEROro Aasepmoro miastemma. Ha MKC yme
e T e ——-
Yenosmx smxporpasram [3].

Ocropste reouerpmuecine mapasierpsr padouero xoaeca crynemm SIIH ompezerames mo
MeTomK [6] Ha ocHOBamIE MCXOHEIY AaFELIY, NapaeTp Mokasamst K prCYKe |

Hexommie aammmte am pacuera’ Togasa Qeyr= 13y, Pacuermsti mamop H=S5
Hacrora npamermx am=2860 o&/sms; Inaerp mpmsozmoro sata ds= 17 sor; Tommmma ronacrs
50,001 x

Jun napaverpmccoro MoReTmpoRamET MepmAmamMOT cedemm: oneca, GRL coszam
asTowaTHSHpoBarHEL MoZyTS B cpeze Pyhton, npodmms ms Pyhton 6erx serpysen § dopiate txt
¢ xoopmmataum towex  CAD cmcrewy KOMIAC. KOMIIAC mossomer coszars
npoCTpaRCECHMNe KpAEHe MO FPYNNe TONCK, KOOPAMNATH KOTOPEX CHTHBEOTCI C ONIEE
mimopt ¢ yxasamment Gaia Gopuara txt. Ha prcymxe | npmeen atropm: mapaepmIecKoro
cosaammn 3D uogemn xoneca Ha prcymme 1 uojem memrpoSexmoro Koaeca crymemm
nemTpoexToro macoea

Jnn cosgarmna mpemmsmommof reoxeTpmm xoneca mam mpeanaracres AM-rexmonormt mo
enexasmmo mrmefimoft Gopst 1 HaKEpoBammOro necke

B moctemme TofN MEDMTEHO paMEMcTCY HANIMICMME  HeMOCPEACTRENNOTO
«espammsamn, mecuanx dopy A1 e MeranTor. [l TPORSEOTCTER MECTARSX MICHEE
opnt memomssyeres AM-rexsoTOrN MoCTORROTO CHEKAFI ITAKHPOBAEOFO MECKR T2SEpEED!
mymon (¢mpya EOS) mocnofimoro mamecemms comsyromero cocrasa, mmm Ink-Jet-rexsonorn

(Ex0ne)
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Prcysor 1 - Asropmt caaska pesymstatos Pyhton KOMIIAC

o=

‘Pucymox 2 - 3D Mogens crpoexTaposassoro xoneca.

‘Texnonorns gupsast EOS (T'epanms) npeactasser coSof passosmaocts SLS-rexsonormn
Pasimume COCIONT B TOM, ¥IO B KANeCTBe MOZSTSHOTO MATEHATA HCTOTSSYercE TreRmi
(CHTMNQTHMI TN OMPEOMMeRNE) mpeiBSpETeTSHO IIAKHPOSAMMMI OTHMEPON TeCOK.
TLnaknposante mecka IPONSSOIAT B CHELHATSOM CMeCHTeIe, Ie HeCOK CMMMBAIOT ¢ AMIKID
CBEyIOWDM, B TAEM CHOCOON, KARIAX WACTHGKA MecKd NOKDHBAeTCE TOMKINM cioex
enssyromero. Tlpu nocTpoesns Mogems 5 AM raurse Temosoe 503 eHcTsHe Tasepa IPHEOTT &
PACATABIENO CBASYIOMIETo, M ACTHIKH Mecka «cKaempanTca». [locte cnexamma morywaercx
«pmnozensy, TpeGyomar axsypamOro obpamemna mpm owncrxe. Jut saxpememmx
CUMmeMmAX MeCT WX Cpasy OGPACATMBAIOT BpywMyIo miaMemen rasosofi ropemum [loce
SaBepeNIz ONHCTEN GpArNeRTS HOPB HONMAIOT 5 IPOKATONHYIO Hews B OFONTATeTSHO (TP,
‘resmepatype 300-350°C) oraepaaaioT aaccus Gopysi. 3atex osipamentiey dparuentst Gopyst
COBMPAIOT M MOATOTABTHBAIOT K SATHEKE METATIOM OGHHADM Meroaum. TexHozorna QM
ExOne — 370 TeXHOTOrNA H0CTOHHOTO HANECHHA CEASYIOETo coctasa, mum Ink-Jet-rexsotorms.
Ona ormmacrca or MIM-TexHOTOrN Tew, WIo Ha PIGOSYI HIATGOPNY BNPHCKNESTCA HE
TponTensHs: MatepHa, a ceasyIom CocTas, pHCyHOK 4.CTpONTETHHRH MaTepnaT (TiTeRuE
necok) mOAWOT § paspaBmEEaioT Ha pabouedi miaTopye moctofimo ¢ marow 0,2-0.4 Mo
amanormuno SLS-cacrenay. TlocTe SaBepIemis MOCTPOSHNT paSowmmi GyHKep MSBACKIOT M3
MAUDH, MOZETH OWNIIOT W NOAOTASTBAOT K cOopre. B STOM cyuae AomommETeTsol
TepMOOGPABOTI (EMPATIEHHEIX) MECTANEIX MoZeTel He TpeOyeTes. o

'HesasHIMO OT METOTa IOCTPOSHI COGCTBERHO GOPAE! TFOPHT AeHCTSNI KOHCTPYKTOpa-
TEXHOTOTa NPAKTHWECKE ONAKOB — HOCTEACBATETBHOCTS ONepAIM SMITZZNT CTeXYIOWDN
obpason
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~ cosamor CAD-MOZeTS HyZemss, HASKANAIOT TPHYCK Ka OGPACATAIBAENRE NOBEPXHOCTH,
pcymox 3a;

~ COFACHO PEXOMENIAWNIN TEXHOTOPA, MPOCKTHPYIOT THTHHKOBYIO CHCTEMY, KOTOpaX
counenserca ¢ ocopnoli CAD-MOAETHO, MOZeT> MACWTMSHPYIOT B cooTmercTmE C
KOSpQHUHENTON YCaTe MTERNOTO. MATEPHATA, HOTYWAOT TexHoRormueckyto CAD-Mozem,
prcysox 36,

B sasepmenne mpouecca mpoexmiposanx cosaores stl-gakus mmreiinoli Gopua,
pacunenerofi 1a pareNTH B CoOTEETCTIAN ¢ pasepan padouei xavepst AM-vammmu. Ha
1M saBepmETCA OCHOBHOR KOHCTPYKTOPCKO-TeXHOTORHNeckHl STan. CreAYOWIDS STamox
ABARETCR MOJETHpOBaNHE NpOLECEa AHTHA

Sl

PHCYHOK 3 - 8 - CeTeNTHERO BIpHCKNAET CBRSYIOIEe Ha cBeecoOpuHpOBaNAH Cok
Tecks; 6 - CBAsYIOMee NaneceHo, MAWINNA FOTOB K GOPNHPOBNINO CIEAVIOWERD CIO MECKs

DTN PACHETHOTO MORETUPOBAKA MOKET GHTS IPOBEXEH 70 MPOSKTHOBAMIA mTeRNOR
Gopia  comvemén ¢ mpomecco cosauNuA mHTIIKOBOR cHerexst. Tlocne 3TOro B mpoHece
oA oTamBK HOAKTONReTCH AM-Namma.

Mawons: 1% cHITESR necuanbix $opy

Maunm: xoxmam ExOne, paree Dpomssoamancs nog Gpenost «ProMetaly, ormmuaorca
BCOKOH TpONSBOTITELHOCTEIO 1 OPHENTHPOBANAE 1A NPONSBOICTEA He TOTBEO WITY WO, KO
cepiinoi npoayKmK.

BupaGorra scero ofsena Gymkepa wammmss S-Max — oxono 800 xr, np mempepzHoi
paGore saummust TpeSyerca ana s CKOpocTS HoCTpoeNA Mogene — |
opxmpoparme cion HeoSxoMMO 0Kono 40 ¢. MammNa MOKET paGOTATS C Tperx BHIB
CBASYIOmEro; GyPANOBLN, GENOTHAN 1 CTOWHATHHO PASPICOTSNNEDS HEOPAINECKIN (11X
(CKOTOTHYECKI WCTOrO» MATEHHOTO MPOKSBOACTEA). MALIHNA NYBCTENTELNA K KANECTEY mecKa —
pasuep wacTun mepomken mpessmars 140 . [pONSBODNTETHHOCTD NANNN ABITETCK
CYWIECTBEIED! MPENNYIECTEOM B YCAOBIAX NpOMBIITERNOTO IpowSB0zCTSa. [7]

Cpyxrypa sasoza KARLSKRONA LC AB) nOSBOIAET BHEAPHTS TAKYIO TEXHOTOFIIO, K
EPENICTPANBATS IONSBOTCTBENNYIO MO IO IPONSBOACTEO LETOR THHERKH HENTPOGERNAN
HACOCOB ¢ MOREPNISHPOBAINIAN HENTPOGEXNBNI KOTECayH, HSFOTOBTEHNEAN HTSEN HOR
Assnexnen.
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Hycinaan P.K, Heaseerosa ME.
Oprazen ensim copramutn ropanapius ewaipyzeri axmTaETi TexoTorEATAD
Masarazs UPP 18-116 aaprarms oprazss copest s “xerizzipy, oprazas remsim coprs
AT MepARTA {ACKEAIR TSOMETPHACKI 7Y MaCaTS3epi KSpAETAIpATEa A3 S8TOLITIERRpRITES.
pogumasyin suicrexeei youmran. Tipomeamn sams [9K-8 gy Sasrawas
ORTaTARpATF2E FeCATPRLTS OpTATAR TERKIT: TSRTeREKTEP AP YFIR XA TOXHOTOIIATAPE: KIpATIPLTAR.
Kommasmicrarss tramray Ypricine GATIa periad ATTIST] 7o TorATIP AL KORTARA OTMPA OpTATIE Tein:
ewrenerTepai Kora ApRATEAN FATrI EOFSPA KRN raTMmap Aacay mpoueci mapicrpscea Mammm
oTaIIaKTa KA5SKCTARGAIR KCiopiR OpTASa TSI COPFL TOpAO APy YRepicins JomaRscTys My k-
Jet-rexmonorusess peri eipinres.
Ty cosse: o eacasrusa, ey e ops, 3D g, Sposcns s, ok -

Nussipali REC, Irametova ME.
Addicve techuologies in production of kot of centrifugal pusmps.

The article discusses the issuss of improving the design of  cantrifugal pump brand UPP 13-11 / 6, proposed
methods of autormatedprofiling and cresting the gecmatry o e meridian section of he centrifugal wheelof centifugal
pumps. The nevwest techzologie for the producton of entrifugal wheels with optimized geomery simed 2t mereasing
e efficiency of 3 hydsodymami machine are considared. Considered 3 3n shermative to the sxising process of
stamping,the process of creating precision sand molds fo castng centrifugal wheels using additive techuologies. The
aticle presentsthe sequence of [nk Jo technology, which in the fture could be itroduced ino the process of crazting
it ofcontrifugal pumps 2t 2 Kazaklstan entarpise.

Keywords: addive technologies, centrifugal puanp, 3D printer, impeller, Ik Je echmology, SLS techsology
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The simulation of the service life of the rotary shaft of a
centrifugal pump

Mg oamatons”, Rolla Nossipal, d Ay st

‘Sataye Univesy, Ay, Koz
T, Ay, K

Abstract T i dscie n tomstd colclsion of ch 1 sl prt of 3 ol ps
{he oo . 10 h it el CAD NASTRAN svems PATRAN modae s d o e
‘The computaioa mechanicalchem v v up e i il e cing o el
b 4 e Grmind. To s, o s s e eamined. ok s of
‘it sengh cacaion e wed o e sl of e s of th ot e of 3

pup
X computr chniqusfo detmining he sarvice e of e st s gvn, aking it ccoumt
okl ACHCH Coms o PSS, 35 Sk 0 o S A
e itme o e s wl, Usig the ot SC FATIGUE module, e umber o lning
e i deermine, e sice e ey o s e, i howd e S5y of
Pl Sioughos e s paaing e f b i wll

1 Introduction

The st lechin of eanm accounts fo about 2006
of th global urssum feld. operstions. Us
mines (4098 0d ope mins 3086 il ed endrsip. y
However, the fact tat such advanced wanim mining
coures 33 the USA, Usbekisan and the udispurd
leade of e indusy Kazakhstan gie prfeence o the
i eaching ndicates s signicance. (1]
Punps are one o th kay slemens of - Jesching
tachnolopy. thy ae olved s all Hages of podctin
That s why thee qaly and servic lf come o the
st place i the selecion of equipment, 1o brsks i

Figue 1 shows a diagam of 2 mutisage verical
contifgalpmp dsigned by ow eam.

In the pracce of designing cenifugal pusps,
dimensions b mor oftn et not o the condicn of
smengeh nd servicelf, bt o desgn consideations
nd depending ontchmologicalcapabilties In addiion,

e punps sre unaly designed on the basis of the
tasted protoypes. Tharetre, when selcing secions of
pump avsemblies, th man mporance i the calibeation
clcuation fo the spength nd srvice lfe of e main
sructual elemants such 35 shat, impellr, howsing,
Kayway orpia oot and couplin. 13
Forth drigaed punp the gt da was v of
Q= 83 ms, basd H = 195 m e rounon
Sequencyin = 2650
Comuponing o sepso @iy

Fig 1. Wokiog drning o h dhat

I the couse of long-erm operaion of pumps oiber
an computaional cne,the occurence of cylc oads,
‘whic reduce the g szengh of pars, s posbie
With the accumulationof ftgue damage ca he tice
ofte ot haf may begs theprocssof descion.

the canes of damage o amensng
sevic lfe can be acheved by laboratry tesing.
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Laboratorytestsare very expesive snd e consuming,
since the offect of conoion depesds on e aad
preats e ccelraion of . Using comper.sided
esimet metiods, You can pertorm (s same esiag
Wilhthe s accuncy withsgaificanly v tne ad
money. The bt ool o assessag the g sength of
machine pas s MSC. Farige fs the most advanced
tgue e valuasion program sed in confuction with
clcuations wing the e st mechod In cae of
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s betore flue, you can siaificanty ncease the
produc sevice e, 3 el s edace e smoust of
Testiag requird and e cos of manutacuring the it
copies of the produc, which ensures apid prodact
promoionan s marke. 4]

2 Statement of problem and research
objectives

Connifgal punp i the coune of operation peceives 3

caleution and the sevice e cakulaion of the
Cotifugal puzmp shat.

"The arice 1 of th shaf roo is detrmined by
e i and uldevlopreatof e e well, ater
i thousand Bours of work they are bied. Analyical
clcuaion of rvice 1 s camied ot sccording o e
method [7), scondng to which the satey ficior for
tgue e of parts should be detemind with espct 1o
the deign (pommativ) ericeIf, e pump opcting
i it smout of 6000 hais '8 tken 35 th
pumecs

3 Theoretical provisions for boundary
conditions ~_definition for _computer
model of centrifugal shaft service life

For any calclaon of vrvice e, wheher & s 3
cleuationof ftgue o e, data i reguied o the
s daformabl sate of th todl 5 el s it of
e el ot nformaton oot the el ropener
of e materal, loads 0 th geomery.

Quintiatively, the rangs of savses s detrmined
o st calclaion, for Whic e complation of o
dongn machaiclschase was 5ot 1 ey sk, because
today ther is 5o clear oading scheme and the defiition
of forces peceived by the shat of verical mutistige

punmps for vatic calclaion, a8 wall a8 mebods o
etrmining e forcespeceived b e skt

Thefoces ofpresse o the mpels rotaag a the
puatp cave led with liguid can b found ccovdig 1o
the prosare disrition scheme preseed i Fige 2
0 from e considrsions tht e vl rc actiog o2
e pump imple i te reitan fxce acting on the
empller a0d directed corriponding o e drecton of
acion o the e o thse force.
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b P
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e diffarnce a prevsre fotces of the pumped fid o
the canifgal whee on om above asd o below i
a range Bom B, R, ]

Pua=A/A@ERDHY Q)

Where B il e Newoe
R, 1 h e adis of et of o mpelr .35,
R i the radis of e shat i ;.

H— punp bead i,

i th vlume weigh of iqud of e iquid n Nper
metr cubic ().

Considering th the centitugal pup i desgaed o
puping ulfiic acid wik 3 dessy o 1050 kg per
metr cubic, th vl of e il orce was found.

Thu,th axial e is drarmined by e roductof
e cffrvace between the il prese, i the pp
cretes G aad the il preasre . scticn 51
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Abstract: The article presents the methodology for the CAD/CAE/CAM end-to-end design of the impeller of a submersible centrifugal pump
for leaching of uranium. The design efforts at the CAD stage are presented, the principle of the functioning of the automated module for
designing the profile of the meridian section and the wheel blades created in the MATLAB emvironment is described. The algorithm for
drawing the profile of the blade is proposed. A method for constructing an optimized profile of a centrifugal pump (CP) wheel blade with
double curvature is delineated. The computational mechanical scheme for determining the stresses and sirength of a designed wheel with
double curvature blades is shown. The results of the CAE strength calculation of the designed wheel in the NASTRAN program are provided.
The experience of using CAM systems and 3D printing technology to create a centrifugal impeller prototype is given in the article.

KEYWORDS: SUBMERSIBLE CENTRIFUGAL PUMP, CENIRIFUGAL WHEELS, CAD/CAE/CAM, 3D MODELING, DESIGNING,

MATLAB, STRESSED-STRAIN STATE, PROTOTYPE.

1. Introduction

Pumps are one of the key elements of underground leaching
technology, they are involved at all stages of production. That is
why in the selection of equipment its quality and durability the first
place, as far as breaks in operation are unacceptable, as weil as short
time of productivity. Indeed, in the latter case, the pumps will often
have to be changed, and this is an additional financial and time cost
[1.2]

Submersible centrifugal pumps for leaching uranium differ from
those used on surfaces limited by the outer diameter of the stage,
which determines their features and they are considered as pumps of
a special design. Despite the very limited diametric dimensions,
they must develop a high pressure and maintain an acceptable
efficiency. [3]

Today, designing the optimal geometry of centrifugal wheels as one
of the key components of pumping equipment is still a focal
problem. Today, in order to achieve success in the market, an
industrial enterprise is forced to work to shorten the production
term, reduce its cost and improve quality. In this direction, the
CAD/CAE/CAM concept of end-to-end design production
development is the most productive tool for solving these problems.

2. Prerequisites and means for solving the problem

Input data for pump design

3 meter cubic per hour - feed

5 meters — head

=2850 rpm - the number of revolutions (speed) of the electric
‘motor

- number of flows

ig="7 - number of stages

3. Impeller design

At the CAD stage, an automated module was created to perform
hydrodynamic calculations, profiling the channel of the wheel and
the blade in the mathematical environment of MATLAB. The
algorithm for drawing the profile of the blade includes the
determination of its geometry through the Cartesian coordinates,
which are specified as a function of the circumference and radius of
the wheel, defined in cylindrical coordinates.

224

X =T - cos 6; : yi =7 sin6;

)

where x;,y; are the coordinates of points belonging to the blade
profile, 7; is the radius corresponding to the i-coordinate, 6 is the
coverage angle corresponding to the i-coordinate.

The created algorithm allows us to accurately draw the geometry of
the designed blade in any CAD system. Figure 1 presents the user
interface windows of an automated module.

One of the methods for optimizing the impeller geometry is to
create a double curvature blade. The impeller blade of double
curvature allows the stage to work with greater efficiency while
maintaining pressure compared with a cylindrical blade (Figure 2)
and the larger the feed, the more noticeable it is. The choice of
optimal speed ratios and the optimal appropriate shape of the flow
part are one of the main ways to significantly improve the
performance of a submersible centrifugal pump stage.

One of the methods for constructing the profile of the blade of the
impeller of the CP is the method of conformal mapping. It
represents s a graphical method of profiling and its essence lies in
the fact that the impeller blade is profiled on the reamer of the
cylinder according to the rules set forth in [4]. It is assumed that the
surfaces of flow lines in the impeller are the surfaces of revolution.
The meridian velocity along a normal line crossing a streamline at
right angles is assumed to be constant. Such a simplification of the
actual flow is called a uniform velocity meridian flow scheme,
which has no theoretical justification. [5].

As far as the conformal mapping method is graphic, that is,
construction errors are assumed when transferring the profile line of
the blade to the sweeps of working drawings, we have developed a
new method for constructing 3D models in modern CAD systems.
This method allows us direct profiling of the blade on a 3D model
of the wheel, which leads to higher accuracy of construction, as it is
performed according to Cartesian coordinates, determined in
automatic mode with an error accuracy of up to hundredths.
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Figure 1. Interface of the automated PUMP module (MATLAB®)
with computational data:

a) interface window with values of meridian ¥, — velocity and b -
flow channel width;

b) the position of the blade points in the Cartesian coordinate
system for drawing sleeve line in CAD;

o) the profile of the blade in a cylindrical coordinate system.

225

Figure 2. 3D model of the centrifugal pump (CP) impeller with
cvlindrical blades.

The algorithm of the developed method for creating a 3D model of
the impeller:

1. A sketch of the wheel channel is created according to the data
table of the automated module

2. The rotation operation creates a shell 3D model of the flow
channel of the centrifugal pump

3. For profiling of a double curvature blade as the
computational one it was selected the sleeve line of the blade, for
which the Cartesian coordinates defined in the automated module
and the sketch is constructed according to the coordinates using the
Bezier curve.

4. Using the recommendations given in the manual [6] for
centrifugal wheels with the spatial surface of the blades at the
entrance, the following incidence angles are recommended:

on the external flow line AB, = +(1° + 3°);

on the middle flow line A, = +(5° = 7°);

on the stub flow line A, = +(7° = 10°).

In some cases, when cavitation in the pump is excluded, the
following incidence angles can be allowed for flow lines due to the
high pressure at the inlet to the wheel (second-stage pumps,
subsequent stages of multi-stage pumps):

DB = —(0° = 3);

ABy = +(10°+ 15°).

5. Profile curves are created for the outer and middle flow lines
by applying the rule of constructing parabolas along the tangents at
the beginning and at the end of the curve (Figure 3). This method is
cartied out by applying tangent lines to the parabola in the given
axes. The angles of inclination of the tangents to the parabola are
defined as the angles of the liquid on the external flow line:

Be= Bo1 = DBa + DB

@
where Sy is the angle of incidence defined in the automated
module "PUMP", A f, is the angle of incidence given as data from

the PUMP module, A B, is the angle of incidence according to the
recommendation.

Bg = Bo1 — DB + LB
3)

where By; is the angle of incidence defined in the automated
module "PUMP", A B, is the angle of incidence given as data from
the PUMP module, A B is the angle of incidence according to the
recommendation.

The axes of the parabola, starting from the initial point O, can be
located at an obtuse or acute angle. Should divide the specified axes
OA and OB into the equal number of equal parts and give numbers
to the division points. The division points with the same numbers
should be connected in series by straight lines. Select the envelope
tangent curve (parabola) to the resulting family of lines with the
help of the template (Figure 3).
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Figure 3. The method of tangents, construction of parabolic curves.

6. The geometry of the blade is drawn through the operation
“plane through curves”

The use of modem CAD systems allowed us to develop a less
laborious and more accurate method for constructing the geometry
of the CP wheel with spatial blades (Figure 4)

Figure 4. 3D model of the designed wheel with double curvature
blades.

4. Calculation of the stressed-strain state of the
designed wheel in the Nastran CAE system

Damage to the impellers, as a rule, is detected during the check
pause of the pump unit for scheduled repairs, with the exception of
its emergency stops. Basically, the damages look like chips on the
periphery of the disk and cracks in the area where the blades adjoin
the disks. As a result of fractographic studies of cracks of a wheel
made of steel GS-45 (DIN 1681), it was found that cracks and chips
oceur as a result of fatigue failure. Consequently, during operation,
the impeller experiences cyclic loads. Obviously, damage to the
impellers leads to increased vibration of the pump units and
premature failure of the bearings and mechanical seals, i.c., affect
the technical condition of the pump unit as a whole. In addition,
damage to the impeller leads to a decrease in operational
performance (flow, feed and pressure), which leads to a
deterioration and complication of the process, as well as to
associated economic costs. Due to the fact that a sudden failure of
the pump unit due to any defect can create an emergency and cause
additional repair costs, determining the operational life of the
impellers is of undoubted relevance. [7]

To calculate the stress-strain state of the impeller by the finite
element method NASTRAN complex was used.

Strength calculation of the impeller of a submersible centrifugal
borehole pump includes calculation of the blades on tension from
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the action of centrifugal forces, calculation of disks, the affect of
fluid pressure on the front and back side of the rear disc [8]. The
calculation of tensile blades in determination of the stress caused by
centrifugal force.

For blades having a constant cross-sectional area, the centrifugal
force F is found by the formula [9]:

R
B

Fc = pwF
@)
where p is the density of the wheel material, © — the angular
velocity of the wheel, F — the cross-sectional area of the blade, R
and r are the outer and inner radius of the blade respectively, in
meters (Figure 5).

After calculations, the value of F equal to 5.6 N is applied to all the
blades, as shown in the calculation diagram (Figure 5)

Y
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Figure 5. Computational scheme for static analysis of wheel stress-
strain state (SSS)

5. Results and discussion

To solve the problem, an eight-node TET structural element was
chosen. Then the boundary conditions were set. The axis of rotation
is aligned with the axis OZ. The inner part of the wheel was fixed
along the axes OX, OZ, that is, UX = UZ = 0. The calculation
process took into account the total impact on the impeller of
centrifugal forces arising from the rotation of the wheel and the
influence of fluid pressure obtained by calculations in the
NASTRAN/Patran complex [10]. The mechanical properties of the
impeller made of Cr40 steel were set in accordance with: elastic
modulus depending on the flow temperature; Poisson's ratio is 0.3;
steel density is 7850 kg/m’. An analysis of the stress state of the
impeller shows (Figure 6) that the mAXimum Stresses Opg, = 181
MPa arise on the periphery of the impeller disk in the region of the
adjoining of the blades (Figure 6). And the maximum displacements
occur in the blades Y0y 1073 m.
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