
Министерство науки и высшего образования Российской Федерации

Санкт-Петербургский политехнический университет Петра Великого

С
а
н
к
т-

П
е
те

р
б
у
р
г

Научно-технические
ведомости СПбПУ.

Естественные  
и инженерные науки

То
м

 2
5,

 №
 1

,  
20

19



НАУЧНО-ТЕХНИЧЕСКИЕ ВЕДОМОСТИ СПбПУ. ЕСТЕСТВЕННЫЕ И ИНЖЕНЕРНЫЕ НАУКИ 

ST. PETERSBURG POLYTECHNIC UNIVERSITY  

JOURNAL OF ENGINEERING SCIENCES AND TECHNOLOGY 
 

РЕДАКЦИОННЫЙ СОВЕТ ЖУРНАЛА EDITORIAL COUNCIL 

Васильев Ю.С., главный редактор, научный руководитель 

СПбПУ, академик РАН 

Vasiliev Yu.S. —  head of the editorial council, full member of the Russian Academy

of Sciences, Scientific director of the Peter the Great St. Petersburg

polytechnic university 
 Алфёров Ж.И., академик РАН    Alferov Zh.I. — full member of the Russian Academy of Sciences   

Вайсберг Л.А., академик РАН Vaisberg L.A. — full member of the Russian Academy of Sciences 

Згуровский М.З., ин. член РАН, академик НАН Украины Zgurovskiy M.Z. — foreign member of the Russian Academy of Sciences, full

member of the National Academy of Sciences of Ukraine 

Костюк В.В., академик РАН Kostiuk V.V. — full member of the Russian Academy of Sciences 

Лагарьков А.Н., академик РАН Lagar'kov A.N. — full member of the Russian Academy of Sciences 

Окрепилов В.В., академик РАН Okrepilov V.A. — full member of the Russian Academy of Sciences 

Патон Б.Е., академик НАН Украины и РАН Paton B.E. — full member of the Russian Academy of Sciences and the National

Academy of Sciences of Ukraine 

Рудской А.И., академик РАН Rudskoy A.I. — full member of the Russian Academy of Sciences 

Федоров М.П., академик РАН Fedorov M.P. — full member of the Russian Academy of Sciences 

РЕДАКЦИОННАЯ КОЛЛЕГИЯ ЖУРНАЛА JOURNAL EDITORIAL BOARD 

Васильев Ю.С., главный редактор, научный руководитель

СПбПУ академик РАН 

Vasiliev Yu.S. —  editor-in-chief, full member of the Russian Academy of Sciences,

Scientific director of the Peter the Great St. Petersburg Polytechnic

University 

Кондратьев С.Ю., зам. главного редактора, д-р техн. наук,

профессор СПбПУ 

Kondrat’ev S.Yu. — deputy editor-in-chief, Dr.Sc. (tech.), prof. SPbPU 

Аксёнов Л.Б., д-р техн. наук, профессор СПбПУ Aksyonov L.B. — Dr.Sc. (tech.), prof. SPbPU 

Башкарёв А.Я., д-р техн. наук, профессор СПбПУ Bashkarev A.Ya. — Dr.Sc. (tech.), prof. SPbPU 

Гордеев С.К., д-р техн. наук, ст. научн. сотр. ЦНИИМ Gordeev S.K. — Dr.Sc. (tech.), prof. CNIIM 

Гуменюк В.И., д-р техн. наук, профессор СПбПУ Gumenyuk V.I. — Dr.Sc. (tech.), prof. SPbPU 

Забоин В.Н., д-р техн. наук, профессор СПбПУ Zaboin B.N. — Dr.Sc. (tech.), prof. SPbPU 

Колсун Михал, профессор Технического университета

г. Кошице (Словакия) 

Kolsun Michal — Ph.D., Technical University of Kosice (Slovak Republlc) 

Кириллов А.И., д-р техн. наук, профессор СПбПУ Kirillov A.I. — Dr.Sc. (tech.), prof. SPbPU 

Коровкин Н.В., д-р техн. наук, профессор СПбПУ Korovkin N.V. — Dr.Sc. (tech.), prof. SPbPU 

Митяков А.В., д-р техн. наук, профессор СПбПУ Mityakov A.V. — Dr.Sc. (tech.), prof. SPbPU 

Михайлов В.Г., д-р техн. наук, профессор Бранденбургского

ТУ (Германия) 

Michailov V.G. — Dr.Sc. (tech.), prof. BTU (Germania) 

Райчик Ярослав, д-р техн. наук, профессор Ченстоховского

политехнического университета (Польша) 

Raychik Yaroslav — Dr.Sc. (tech.), prof. Czestochova  Polytecnic University

(Poland) 

Сергееев В.В., д-р техн. наук, профессор, проректор СПбПУ

чл-корр РАН, 

Sergeev V.V. — Dr.Sc. (tech.), prof. SPbPU, corresponding member of the RAS 

Тендлер М.Б., ин. член РАН, KTH Royal Institute

of Technology (Швеция) 

Tendler M.B. — foreign member of the Russian Academy of Sciences, KTH Royal

Institute of Technology (Sweden) 

Титков В.В., д-р техн. наук, профессор СПбПУ Titkov V.V. — Dr.Sc. (tech.), prof. SPbPU 

Толочко О.В., д-р техн. наук, профессор СПбПУ Tolochko O.V. — Dr.Sc. (tech.), prof. SPbPU 

Фокин Г.А., д-р техн. наук, генеральный директор  

ООО «Газпром трансгаз Санкт-Петербург» 

Fokin G.A. — Dr.Sc. (tech.), General Director of LLC «Gazprom Transgaz  

St. Petersburg» 

Цеменко В.Н., д-р техн. наук, зав. каф. СПбПУ Tsemenko V.N. — Dr.Sc. (tech.), Head of Chair SPbPU 

Журнал с 1995 года издается под научно-методическим руководством Российской академии наук. 

Журнал с 2002 года входит в Перечень ведущих 
рецензируемых научных журналов и изданий, в которых 
должны быть опубликованы основные результаты дис-
сертаций на соискание ученой степени доктора и кан-
дидата наук. 

Сведения о публикациях представлены в Рефера-
тивном журнале ВИНИТИ РАН, в международной спра-
вочной системе «Ulrich's Periodical Directory». 

Журнал зарегистрирован в Федеральной службе по 
надзору за соблюдением законодательства в сфере мас-
совых коммуникаций и охране культурного наследия 
(свидетельство ПИ № ФС77-69285 от 6 апреля 2017 г.) 

Подписной индекс 18390 в объединенном ката-
логе «Пресса России». 

С 2005 года журнал включен в базу данных «Рос-
сийский индекс научного цитирования» (РИНЦ), разме-
щенную на платформе Научной электронной библио-
теки на сайте http://www.elibrary.ru 

При перепечатке материалов ссылка на журнал 
обязательна. 

Точка зрения редакции может не совпадать с мне-
нием авторов статей. 

Адрес редакции и издательства: Россия, 195251, 
Санкт-Петербург, ул. Политехническая, д. 29. 

Тел. редакции (812) 294-22-86. 

©  Санкт-Петербургский политехнический 
университет Петра Великого, 2019

 



 
 

3 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

Содержание 

Памяти Жореса Ивановича Алфёрова  ..............................................................................................  7 

Энергетика и электротехника 

Петреня Ю.К. О программе разработки российских газотурбинных энерготехнологий ........................  8 

Костин В.Н., Сериков В.А. Компьютерное моделирование режимов работы систем 

электроснабжения с нелинейной нагрузкой  ............................................................................................  19 

Ключаров В.С., Никулин Н.К., Свичкарь Е.В. Энергетические характеристики молекулярно-

вязкостных вакуумных насосов  ...............................................................................................................  30 

Джаманбалин Б.К., Кокшаров В.А. Экспертные оценки главных проблем развития 

электроэнергетики Казахстана  ..................................................................................................................  40 

Лиханов В.А., Лопатин О.П., Козлов А.Н. Моделирование сажеобразования в цилиндре  

дизеля  ......................................................................................................................................................  47 

Переслыцких О.О., Беляев А.Н. Устойчивость сверхдальних линий электропередачи 

с управляемой поперечной компенсацией  ..............................................................................................  60 

Хомяков К.А., Устинов Д.А. О необходимости корректировки метода расчета электрических 

нагрузок для предприятий минерально-сырьевого комплекса  ...............................................................  71 

Дроздов А.А., Рекстин А.Ф. Анализ диаграмм скоростей рабочих колес центробежных 

компрессорных ступеней после первичного проектирования  .................................................................  79 

Лиханов В.А., Лопатин О.П. Исследование токсичности биодизельного двигателя, работающего 

на спирте  ..................................................................................................................................................  92 

Кузнецов Л.Г., Кузнецов Ю.Л., Бураков А.В., Кудла Н.А. Повышение эффективности роторных 

компрессоров  ..........................................................................................................................................  101 

Машиностроение 

Чжао В., Жавнер В.Л., Смирнов А.Б., Янь Ч. Применение пневматических цилиндров 

с возвратными пружинами в мехатронных рекуперативных приводах  ...................................................  111 

Пшизов А.К. Влияние деформации водила на распределение нагрузки по ширине зубчатых венцов 

планетарного редуктора  ...........................................................................................................................  124 

Смирнов А.Б., Жавнер В.Л. Научно-методические аспекты в мехатронике  .........................................  134 

Металлургия и материаловедение 

Першин В.Ф., Аль-Шиблави К.А., Баранов А.А., Пасько Т.В. Получение малослойного графена 

способом жидкофазной сдвиговой эксфолиации  ...................................................................................  143 

Возняковский А.А., Кольцова Т.С., Кидалов С.В., Толочко О.В., Возняковский А.П., 

Кумсков А.Л. Синтез порошкового гибридного материала состава ДНА-МУНТ и его устойчивых 

водных наножидкостей  ............................................................................................................................  155 



 
 

4 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

Дьячкова Т.П., Таров Д.В., Кобзев Д.Е. Исследование свойств полиэтиленовых композитов 

на основе функционализированных углеродных нанотрубок  .................................................................  163 

Демидов А.И., Маркелов И.А. Термодинамика восстановления железа из оксидов монооксидом 

углерода в смеси с диоксидом углерода при постоянном содержании кислорода в системе  ................  174 

Вайсберг Л.А., Устинов И.Д. Феноменология вибрационной классификации и усреднения 

по крупности гранулярных материалов  ...................................................................................................  181 

Хроника 

Васильев Ю.С., Федоров М.П. Василий Андреевич Глухих (к 90-летию со дня рождения) .................  190 

Васильев Ю.С., Кириллов А.И. Александр Александрович Радциг (к стопятидесятилетию  

со дня рождения)  .....................................................................................................................................  194 

Выступление академика РАН Леонида Абрамовича Вайсберга на Ученом совете  

Санкт-Петербургского политехнического университета Петра Великого 26-го ноября  

2018-го года  ...........................................................................................................................................  200 

 



 
 

5 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

Contents 

In memoriam: Zhores Ivanovich Alferov  .............................................................................................  7 

Power engineering and Electrical engineering 

Petrenya Yu.K. Development program of russian gas turbine power technologies  ...................................  8 

Kostin V.N., Serikov V.A. Computer simulation of operating power supply modes with non  

linear load  .................................................................................................................................................  19 

Klyucharov V.S., Nikulin N.K., Svichkar E.V. Energy characteristics of molecular-viscous vacuum 

pumps  .......................................................................................................................................................  30 

Jamanbalin B.K., Koksharov V.A. Expert evaluations of main problems in development of electric 

energy in Kazakhstan  ................................................................................................................................  40 

Likhanov V.A., Lopatin O.P., Kozlov A.N. Modeling soot formation in cylinder of diesel  

engine  .......................................................................................................................................................  47 

Pereslytskikh O.O., Belyaev A.N. Stability of ultra-long transmission lines with controlled shunt 

compensation  ............................................................................................................................................  60 

Khomiakov K.А., Ustinov D.А. Adjusting the method for calculation of electrical loads for enterprises 

of mineral resources industry  ....................................................................................................................  71 

Drozdov A.A., Rekstin A.F. Velocity diagrams of impellers of centrifugal compressor stages: analysis 

after preliminary design  .............................................................................................................................  79 

Likhanov V.A., Lopatin O.P. Study on toxicity of biodiesel engine running on alcohol .............................  92 

Kuznetsov L.G., Kuznetsov Yu.L., Burakov A.V., Kudla N.А. Efficiency improvement of rotary 

compressors  ..............................................................................................................................................  101 

Mechanical engineering 

Wen Zhao, Zhavner V.L., Smirnov A.B., Chuanchao Yan.  Application of pneumatic spring-return 

cylinders in mechatronic drives with energy recovery  ................................................................................  111 

Pshizov A.K. Effect of carrier deformation on load distribution along the face width of planetary  

gearbox ......................................................................................................................................................  124 

Smirnov A.B., Javner V.L. Scientific and methodological aspects in mechatronics  ..................................  134 

Metallurgy and Materials technology 

Pershin V.F., Al-Shiblawi K.A., Baranov A.A, Pasko T.V. Production of low-layer graphene by liquid 

phase shear exfoliation  ..............................................................................................................................  143 

Vozniakovskii A.A., Koltsova T.S., Kidalov S.V., Tolochko O.V., Voznyakovskii A.P., 

Kumskov A.L. Synthesis of hybrid powder nanomaterial consisting of detonation nanodiamonds/carbon 

nanotubes and its stable reversible water nanofluids  .................................................................................  155 



 
 

6 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

Dyachkova T.P., Tarov D.V., Kobzev D.E. Study of properties of polyethylene composites based 

on functionalized carbon nanotubes  ..........................................................................................................  163 

Demidov A.I., Markelov I.A. Thermodynamics of reduction of iron oxides by carbon monoxide mixed 

with carbon dioxide at constant oxygen content in the system  ..................................................................  174 

Vaisberg L.A., Ustinov I.D., Phenomenology for vibration-induced size segregation and mixing 

of granular materials  .................................................................................................................................  181 

Chronicle 

Vasiliev Yu.S., Fedorov M.P. Vasilii Andreevich Glukhikh: dedicated to the 90th anniversary of birth  .....  190 

Vasiliev Yu.S., Kirillov A.I. Alexander Radzig: dedicated to the 150th anniversary of birth  ....................  194 

Speech given by full member of the Russian Academy of Sciences L.A. Weisberg  

upon accepting the diploma of Honorary Doctor at the meeting of the Academic Council  

of the Polytechnic University on November 26, 2018  .......................................................................  200 



7 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

ПАМЯТИ ЖОРЕСА ИВАНОВИЧА АЛФЁРОВА 
(1930–2019) 

1  2019      -

   ,  А   

 А ё . 

  А ё   15  1930 

  . В .    

   -

   1952    .  

В 1953  . . А ё     -

-    А. .  

А   . В 1972   -

   -  А   

     ( ), 

  1979  –      

(   ). В   1991-   2017 

    -  А ; 

     -

 -    

А .  

 1988  -   

 . . А ё    -

 .    -

 ,   

   . В 2000  

     -

 . В 2014–2018  

. . А ё      -

   В ,   -

     , 

    -

. . . А ё  –    

 -   -

   -

  ,     « -

-  »   .  

  А ё    -

   ,   

    . В 2002 

 . . А      

-   ( )    

   ,   

    .  

      

   . . А ё    

        

    -

   ,     . 

. . А ё  –   500    

 50 .   . . А ё-
       

   .  

    –  -

    2000  «  -

      

 »,   «  

    

  ». 

ы      

 «Н -   Г У. 

ы   ы  »   

  ы    -

  И  А ё   ы  -

  ы     ы -

щ  У ,   щ  
 



 

 

 

 

8 

Энергетика и электротехника 

DOI: 10.18721/JEST.25101 
УДК 536.24:620.9:621.165 

Ю.К. Петреня 

ПАО «Силовые машины», Санкт-Петербург, Россия 

О ПРОГРАММЕ РАЗРАБОТКИ  
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Yu.K. Petrenya 

PJSC «Power machines», St. Petersburg, Russia 

DEVELOPMENT PROGRAM  
OF RUSSIAN GAS TURBINE POWER TECHNOLOGIES 

Gas plays a crucial role in the current and future fuel energy balance of Russia and many countries, including 

the United States and Europe. Energy efficiency is enhanced by using highly advanced technologies for gas 

turbine energy. Ensuring the competitiveness of the Russian energy sector involves using gas turbines and com-
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bined-cycle plants. The promising market for these technologies is of great interest to the Russian industry, 

particularly, for increasing its export potential. Russia has experience in development and integration of gas en-

ergy turbines, a large scientific and industrial potential for devising new, globally competitive gas energy tech-

nologies.  It was proposed to implement a comprehensive science and technology investment program (nation-

al project) in this area. It is noted that developing domestic gas-turbine power technologies is one of the most 

important priorities in ensuring energy security and scientific and technological development of the Russian 

Federation. It was proposed to coordinate the implementation of the project that is multidisciplinary from a 

scientific and applied standpoint and cooperation of academic, sectoral and university science with industry 

under the scientific and methodological guidance of the Russian Academy of Sciences (OEMMP RAS). 

Keywords: gas energy turbines, modern and future energy, energy efficiency, energy security, basic research, 

a comprehensive investment research program (national project). 

Citation:  

Yu.K. Petrenya, Development program of Russian gas turbine power technologies, St. Petersburg polytechnic 

university journal of engineering science and technology, 25(01)(2019) 8–18, DOI: 10.18721/JEST.25101. 
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Fig. 2. Gas turbine GTE-65 by Power Machines OJSC (a) and project of gas turbine GTE-300  
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Fig. 1. Three-phase (a) and single-phase ( ) power supply circuit models in Multisim  
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viscous vacuum pumps, which are a new modern development. The principle of operation of molecular-

viscous pumps allows them to operate in a wide pressure range, i.e., from high vacuum through to low. Due 

to changes in the range of operating pressures generated by the pump, there is a significant increase in the 

power of the pump motor (typically with an increase in pressure). At the moment there is no data about the 

energy consumption of these pumps. Analysis of the working conditions of the molecular-viscous vacuum 

pump in various ranges of pressures helped to identify the main factors influencing the change in the power 

and measures for decreasing it, for example, by redistribution of loads in the stages of multistage pumps, 
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Fig. 1. The dependence of the power consumed by the stage MWN on the circumferential speed  
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Fig. 3. Schematic diagram of the experimental stand 
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Fig. 4. The energy diagram of the induction motor 

 

  : 

  0.N M  (4) 

 ,   

: 

  0 .SN M s  (5) 

 

  N N N s  (6) 

     ,  

 . -

  К     

 


    
(1 )

1 .
N N s

s
N N

 (7) 

 мо о  мо о-

о о о м о о о  

   -

     -

 ,    ВВ  

   -

 .    58·10–3  

    -

     

   80 /  (   

 26340 / )  274 /  (  -

  90000 / ) [8].  

       

 (    ), -

     10–15 %  

     

      -

. В    

 -  -

    

      1,1 В ,N N N N N N  (8) 

  ,   

      (N ),  

  (N  ),  -

     (N ),  -

   (N )    

  (N  ). 

 N     

 
 

   
 

2,3 lg ,
p

N L G s p
p

 (9) 

 G –   , / ; L  – -

 , / ; s  –  -

 , 3/ ; p  –   

 , ; R –  -

, /( ·K);  –  , K; p  – 

  , . 

      

N   ( . 5)    

 ,    

 1 .   ВВ    

     1  105 , 

    

N   N        

(  )      -

    . 



 

36 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

 

   

N ж,  

800

600

400

200

0
100 101 102 103 104 105  ,  

 
 

. 5.        

    105 (1)  104 (2)  

Fig. 5. The dependence of the isothermal operation of the suction pressure  

at values of the discharge pressure 105 (1) and 104 (2) Pa 

 

В     

 ,    

   [16],   50  150 В . 

,    

   ,  

 

 



710

,
9550

M n
N  (10) 

  –    , -

      

 : 

   
2

7 3
3

o10 .M n f D  (11) 

 ν –    

 , 2/ ; fo – -

,      

 ; D   –   -

, . 

,    

 ,   

 





2

,
1800

In
N

t
 (12) 

 I –     

 , · 2; n –   -

, / ; t –     -

  , ; η  –  

К . 

    -

   -

     

 ( . 6). 

     ВВ  

   

   -

,     -

  .    -

   -

  ( . 7).   

    -

    -

     -

   ( ,  

 ),   -

    -

 . 



 

 

37 

Энергетика и электротехника

   
  

 
   

  

 
 

. 6.      

Fig. 6. Methods of asynchronous motor speed control 
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The article reviews the problems associated with development of the electric power industry in Kazakhstan. We 

have devised a methodological approach to identifying the main problems of the industry’s development, a three-

stage scheme for solving problems and multidimensional ranging procedures, allowing to establish the priorities for 

the development of the industry in conjunction with the key goals of the country. The proposed methodological ap-

proach to choosing the main problems of the branch, that is, the electric power industry, should perhaps make it 

possible to use ideas and some parts of this approach in other areas or complex sectors of the economy. A new ele-

ment, which is taking into account the main interests of the region during significant changes in energy enterprises, 

was added to the supplementary elements of the planning scheme for the development strategy of energy companies 

that we previously proposed (consideration of the country’s main problems; optimization of financial and organiza-

tional forms of enterprises in the industry). A method for such accounting has been developed, based on construc-

tion of cognitive maps. The standard of living of the region’s population is taken as the main final parameter of the 

region. An algorithm is proposed for confirming the presence or absence of links between the politicians and the 

goals of the industry and the country. The task of the algorithm is to determine whether the given problem is associ-

ated with the above indicators. The solution for this task determines the method chosen for solving problem in the 

algorithm for identifying the main problems of the industry. In this study we have reviewed the development of 

branches of electronics in Kazakhstan.  The goal of the study is in developing the theoretical and methodological 
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guidelines and practical recommendations for identifying priority problems in the power industry for formulating 

strategic plans for development of the power industry in the country. The following tasks were set and solved to 

achieve the goal:  1. to develop a methodology for identifying the main economic problems of the power industry in 

terms of competitiveness;  2. to investigate the existing methodological approaches and propose an original ap-

proach to identifying the main problems in the development of the country's electric power industry;  3. to propose 

a methodology for ranking the priority problems of the industry, based on taking into account the connections of 

organizational and financial form of enterprises with the growth of innovation, the scale of investment and the level 

of competitiveness;  4. to develop a toolkit for assessing the impact of the industry’s priority problems on the security 

level of a country and the life of the population. 

Keywords: problems of industry; ranking problems; objectives of country; objectives of industry; index of 

competitiveness. 
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MODELING SOOT FORMATION IN CYLINDER  
OF DIESEL ENGINE 

Soot is the main component of the solid particles contained in exhaust gases of diesel engines, which is 

formed from the products of thermal decomposition of hydrocarbon fuel. A mathematical model for pre-

dicting the fluidity of exhaust gases of diesel engines at different load and speed modes of operation is pro-

posed. The current content of the gas mixture components in the reaction zone, depending on the angle of 

rotation of the crankshaft, was obtained by numerical simulation. Such indicators of soot content in the cyl-

inder volume as the minimum average diameter of the particles, the maximum soot mass, the angle of the 

maximum soot content, the total mass of soot particles in the cylinder and the total soot release were deter-

mined. Laboratory and bench studies of diesel 2F 10.5/12.0 have been carried out, determining indicator 

pressure,  indicator temperature of the gases in the cylinder, heat release rate and indicators of toxicity and 

smoke exhaust gases. The results of simulation of smokiness of the diesel exhaust gases are confirmed by ex-

perimental measurements in different operating modes. 
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. 1.      2 10,5/12,0     

       ( КВ) 

Fig. 1. Indicator pressure in the diesel cylinder 2F 10.5/12.0 at nominal mode depending  

on the angle of rotation of the crankshaft (RCS) 
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Fig. 4. Determining the temperature of the process of soot 
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 lgA B E 

  в в ва
1 ( 14 30)  →2 3 6+3,5 2 4+ 4 14 0 272

2  ( 14 30)  →( 14 30)  14 0  272 

3  (C6H4CH3CH3)А → 6 5 3+0,5 2 2+0,5 2 13,5 0  255 

4  3 6→ 2 4+0,5 2 2+0,5 2 13 0  304 

5  2 4→ 2 2+ 2 11,5 0  265 

6  4 → 0,5 2 4+ 2 13,5 0  398 

7  6 5 3→ 0,5 2 4+0,5 2+ 6 5 13,5 0  362 

8  6 5→ 6 3+ 2 13,5 0  190 

а  а а  а  а ва  а
9  2 2→ 2 +   13,5 0  473 

10  2 2+ 2 2→ 4 3+   13 0  190 

11  2 2+  → 2 + 2 14,18 0  79,6 

12  2  + +  → 2 2+   16,86 0,573  -81,5 
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13  2 2+ 2  → 4 2+   13,6 0  0 

48   + +  → 2+   16,99 –0,6  0 

14  4 3→ 4 2+   11,07 0  190 

15  4 2+  → 4 +  +   17,54 0  335 

16  4  + 2 2→ 6 3 11,81 0  27,2 

17  6 3→ 6 2+   13,5 0  190 

18  4  + 2 2→ 6 2+   13,6 0  0 

19  6 2+  → 6 +  +   16,7 0  335 

20  6  + 2 2→ 8 3 11,81 0  27,2 

21  8 3→ 8 2+   13,5 0  190 

22  6  + 2 2→ 8 2+   12,78 0  27,2 

23  8 2+  → 8 +  +   16,7 0  335 

24  8  + 2 2→ 10 3 11,81 0  27,2 

25  10 3→ 10 2+   13,5 0  190 

26  8  + 2 2→ 10 2+   12,78 0  27,2 

27  10 2+  → 10 +  +   16,7 0  335 

О а ва  а
28  10 2 + 2  → 12 2+   12 0  0 

29  10  + 2 2 → 12 2+   12,78 0  27,2 

 а  а в  а
30  12 2 + 2 2 → 12 2+ 2+ 2 13,2 0  131 

31  12 2 + 2  → 12 2+ + 2 11,56 0,5  0 

32  12 2 + 4 2 → 12 2+ 2+2 2 11,41 0,5  0 

33  12 2 + 4  → 12 2+ +2 2 11,41 0,5  0 

34  12 2 + 6 2 → 12 2+ 2+3 2 11,33 0,5  0 

35  12 2 + 6  → 12 2+ +3 2 11,33 0,5  0 

36  12 2 + 8 2 → 12 2+ 2+4 2 11,27 0,5  0 

37  12 2 + 8  → 12 2+ +4 2 11,27 0,5  0 

38  12 2 + 10 2 → 12 2+ 2+5 2 11,22 0,5  0 

39  12 2 + 10  → 12 2+ +5 2 11,22 0,5  0 

 а  а а а  а
40  12 2 + 12 2 → 12 2+ 2+6 2 11,19 0,5  0 

а  а  а
52  12 2 + 12 2 → 12 2 12,92 0,5  0 

О   а а  а  а
41  ( 12 2+0,5 2)+ 2→ 2+ 12 2 3,463 0  0 

42  ( 12 2+0,5 2)+ 0,5 2→ + 12 2 3,463 0  0 

43  ( 12 2+0,5 2)+ 2→ 2 + 12 2 3,463 0  0 

44  ( 12 2+0,5 2)+ 2 → + 2 + 12 2 3,463 0  0 

О  в в  а  ав в
45  2 2 + 2 → 2 + 2 9,221 1  163,2 

49  2  + 2 → 2 2+ 2 – –  –

46  2+0,5 2→ 2   14,56 0  28,7 
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Fig. 7. Indicators of soot content in the diesel cylinder depending on the angle of the RCS 
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significantly increase not only the limit of transmission power, but also the level of small signal stability 

for these lines. 

Keywords: ultra-long distance AC transmission system, shunt compensation, operating conditions, small 

signal stability, controlled shunt reactor, static var compensator, synchronous condenser. 
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Fig. 1. Development of ultra-high voltage networks in China to 2020 
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Fig. 2. Simplified diagram of transmission system with one synchronous condenser 
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 1  

м  о  о о    м  мо о  P = 1,02 о. . 

T a b l e  1  

Optimal settings of control systems for power transmission limit P = 1.02 p.u. 

 

 i 
Ui, . . Bi, . . 

   Кi (KRi),  (KG) 

  (KSC) 

  -

 

  -

 

  -

  

  -

 

1 1,001 –0,0194 
KG_0u = –6,658 KG_1u = –9,281 KG_0 = 0,019 KG_1 = –0,131

KR1_0u = –99,766 – KR1_0 = 4,05 KR1_1 = –1,379

2 1 0,0236 KR2_0u = –99,701 – KR2_0 = 3,267 KR2_1 = 1,816

3 1,001 0,0223 KR3_0u = –99,811 – KR3_0 = 3,365 KR3_1 = 1,883

4 1 0,0012 KR4_0u = –72,344 – KR4_0 = 3,174 KR4_1 = 0,999

5 1,001 –0,0018 
KR5_0u = –10,199 – KR5_0 = 2,074 KR5_1 = 0,328

KSC_0u = –5,314 KSC_1u = –0,1 KSC_0 = –0,019 KSC_1 = 1,408

6 1,001 –0,0018 KR6_0u = –46,925 – KR6_0 = 2,212 KR6_1 = –1,353

7 1 –0,0258 KR7_0u = –84,797 – KR7_0 = 3,042 KR7_1 = –1,246

8 1 –0,032 KR6_0u = –46,034 – KR6_0 = 2,214 KR6_1 = –1,643

9 1 – – – – –
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. 3.         

     P = 1.02 .  (1)      0,1  1,0 . . (2) 

Fig. 3. Change in damping degree for dominant eigenvalue when tuning for power transmission  

of P = 1.02 p.u. (1) and for two operations of 0.1 and 1.0 p.u. (2) 
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 2  

м  о  о о    м  мо о  P = 1,08 о. .  

 м  о м  ом о м   

T a b l e  2  

Optimal settings of control systems to power transmission limit P=1.08 p.u. with three synchronous condensers 

 

 i 
Ui, . . Bi, . .

     

  -

  

  -

 

   

  

  -

  

1 1,001 0 – – – – 

2 1,001 0,075 – – – – 

3 1,001 0,062 KSC3_0u = –6,439 KSC3_1u = –8,727 KSC3_0 = 1,695 KSC3_1 = –1,661 

4 1,001 0,0488 – – – – 

5 1,001 0,0364 KSC5_0u = –14,556 KSC5_1u = –0,636 KSC5_0 = 4,709 KSC5_1 = 1,545 

6 1,001 0,0247 – – – – 

7 1,001 0,0152 KSC7_0u = –6,877 KSC7_1u = –4,125 KSC7_0 = 4,167 KSC7_1 = –0,418 

8 1 0 – – – – 

9 1,001 0 – – – – 
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. 5.      0,005 . .    1,08 . . 

Fig. 5. Angle fluctuations under small disturbance (power step 0,005 p.u.) on maximum power transmission 1,08 p.u. 
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 3  
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 мо о  о  К 

T a b l e  3  

Power transmission limits at various locations  

and capacities of SC installation 
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 4  

м  о  о о   

  м  мо о  P = 1,1 о. . 

  о о  м  К 

T a b l e  4  

Optimal settings of control systems  

to power transmission limit P = 1,1 p.u.  

with different SVC time response 

 

 i 
Ui, . . Bi, . . 

  

К  i 

1 1,001 0,0074 0,818 

2 1,001 0,0918 0,499 

3 1,001 0,0774 0,604 

4 1,001 0,0637 0,357 

5 1,001 0,0506 0,429 

6 1,001 0,0382 0,303 

7 1,001 0,0292 1,353 

8 1 0,0107 0,523 

9 1,001 – – 
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Fig. 6. Fluctuations of synchronous condenser reactive power under small disturbance on power transmission 

(  –SC3;   – SC5;   – SC7) 
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Calculation of electrical loads is the primary task in design of each power supply system, and the reliability 

of the values obtained from such calculations directly affects the technical and economic indicators of the 

entire enterprise. This article discusses all stages of development of methods and approaches for determining 

the calculated values of electrical loads from experimental representation in the 1920s to modern methods. 
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Fig. 2. The dependence of the change in true and reactive power consumed by the conveyor drive on the speed  

of the conveyor belt without speed control and with automatic control 
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VELOCITY DIAGRAMS  
OF IMPELLERS OF CENTRIFUGAL COMPRESSOR STAGES:  

ANALYSIS AFTER PRELIMINARY DESIGN 

Development of centrifugal compressors consists of several steps, the most important of them being pre-

liminary design. A variety of methods are applied for solving this problem. One of these methods was de-

veloped by Galerkin and Rekstin. However, this method did not fully resolve all issues and was not tested 

by practice. In addition to this method, we have proposed a technique for adjusting the relative height of 

impeller blades, taking into account Mach numbers and the isentropic coefficient. We have formulated 

an approach to determining the empirical coefficient for calculating the pressure characteristics of the 

impeller when solving for the direct problem that is calculating the characteristics of the stage with the 
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dimensions determined by preliminary design. The presented changes were implemented in the program 

for preliminary design of centrifugal compressor stages. The effectiveness of primary design was tested 

with a program for inviscid quasi-three-dimensional calculation by verifying the shape of impeller blades. 

Three stages have been designed with different values of design parameters (loading factor and flow rate). 

Analysis of the velocity diagrams on impellers blades showed that they were designed according to the 

specified design parameters. 

Keywords: centrifugal compressor stage, flow part, preliminary design, 3D-impeller, 2D-impeller. 
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. 3.  3 .023.  ,  К 0,022-0,52-029,   , 

   (а)        ( ) 

Fig. 3. 3DM.023 program. The initial parameters and size of the 2D impeller 0,022-0,52-029,  

flow path scheme (а), a blade row and velocity diagram on three stream line surfaces ( ) 
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Fig. 4. 3DM.023 program. The initial parameters and size of the 2D impeller 0,077-0,63-038,  

flow path scheme (а), a blade row and velocity diagram on three stream line surfaces ( ) 
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Fig. 5. 3DM.023 program. 3D impeller 0132-0,545-0265 velocity diagram: by results  

of primary design – on the left, after minor adjustment – on the right 
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STUDY ON TOXICITY OF BIODIESEL ENGINE  
RUNNING ON ALCOHOL 

The paper substantiates the need for using biofuels based on alcohol in diesel engines. Such renewable 

environmental energy sources as methyl and ethyl alcohols were investigated. In order to develop, deter-

mine and optimize the composition of alcohol-fuel emulsions for use in diesel, studies were carried out 

for engines running on diesel fuel, methanol and ethanol fuel emulsions. We have found a promising so-

lution to improve the environmental performance of diesel through using alcohol fuel emulsions, allow-

ing to reduce the content of exhaust gases for engines running on methanol fuel emulsion: nitrogen ox-

ides by 41.3 %, soot by 6.9 times, carbon dioxide by 6.7 %, carbon monoxide by 45.0 %; for engines run-

ning on ethanol fuel emulsion: nitrogen oxides by 50.2 %, soot by 5.2 times, carbon dioxide by 23.8 %, 

carbon monoxide by 25.0 %. 
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Fig. 1. The relative content of harmful substances in the EG  

of diesel engines running on diesel fuel and alcohols, %  

(for 100 % diesel fuel on soot is accepted) 

 

     

   .    

    

 ,  -

    (  ) 

     -

  [5]. 

 -   

   

  , 

  , 

   . 

    

   : -

, , ,   . 

      

     

-  . К  -

 :   , 

, , , -

 , ,  -

  . ( . 1) [6].  

 . 1   

     

      -

 ,   -

   . ,  

   ,       

    . -

      

       

,     

-     

   [7]. 

 о  бо  –  -

      -

     -

   . 



 

 

95 

Энергетика и электротехника

 1  

о- м   б о о   о о о  

T a b l e  1  
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Fig. 4. The dependence of the environmental  

performance of the diesel 4F 11.0/12.5  

from the load changes at n = 2200 min–1: 

- Diesel fuel;  – MFE
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from the load changes at n = 2200 min–1: 

– Diesel fuel;  – EFE
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Fig. 1. A sample run on a 3D printer  

impeller centrifugal compressor 
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. 2.     К105/60 

Fig. 2. Rotary blower 
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Fig. 3. Internal cavities of a rotor in the form of a sector a cylinder 
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Fig. 5. Internal cavities of a rotor in the form of honeycombs 
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. 6. ,   3D  (  : , , А - ) 

Fig. 6. Rotors made on a 3D printer (from left to right: polyamide, metal, ABS- plastic) 
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. 7.   ,   3D  

Fig. 7. Photo of the rotor section made on a 3D printer 
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APPLICATION OF PNEUMATIC SPRING-RETURN CYLINDERS 
IN MECHATRONIC DRIVES WITH ENERGY RECOVERY 

We have considered the questions of using pneumatic motors in spring drives for compensating for dissi-

pative losses, fixing the drive in extreme positions of spring batteries. A class of problems has been identi-

fied in which spring drives with energy recovery are created using only pneumatic cylinders with return 
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springs. Examples of using such drives in filling and packaging equipment have been considered. We have 

proposed to make pneumatic actuators with return springs in mechatronic drives constructed on the basis 

of linear spring accumulators with two springs. We have considered algorithms for compensation of dissi-

pative losses in mechatronic drives. The maximum values of the mass which can be mixed by such mech-

atronic drives for each size of pneumatic cylinder have been determined. We have described a scheme for 

a dispenser of bulk products which is easy to disassemble and assemble for sanitary and hygienic pro-

cessing. It is proposed to use pneumatic cylinders with return springs in mechatronic drives with energy 

recovery based on nonlinear spring batteries. Dependences for determining dissipative losses have been 

given. 

Keywords: spring drive, dissipative losses, energy recovery, pneumatic cylinders, dispensers, packaging ma-

terials. 
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 1  

Х  м  о   

 о м  м   

о  м  Pnevmax 

T a b l e  1  

Characteristics of pneumatic cylinders with return springs 

of the Italian company Pnevmax 

 

,  

 

F , FК,  c, /

  ISO 6431-1260 (  0–40 )

ø 12 9,9 26,5 415

ø 16 10,8 22,6 295

ø 20 10,8 22,6 295

ø 25 7,9 49,1 1030

ø 32 19,7 53,0 832,5

ø 40 39,3 106,0 1667,5

ø 50 39,3 106,0 1667,5

  ISO 6431-1280 «MIR»  

(  0–50 ) 

ø 8 2,2 4,2 40

ø 10 2,2 4,2 40

ø 12 4,0 8,7 94

ø 16 7,5 21,0 270

ø 20 11,0 22,0 220

ø 25 16,5 30,7 284

ø 32 23,0 52,5 590

  ISO 15552-1319-20-21  

(  0–50 ) 

ø 32 17,2 41,7 490

ø 40 24,6 83,4 1176

ø 50 51,0 114,8 1276

ø 63 51,0 114,8 1276

ø 80 98,1 194,2 1922

ø 100 98,1 194,2 1922

а   «Ев а» (  0–25 ) 

ø 12 3,9 9,3 216

ø 16 4,4 17,7 532

ø 20 4,9 18,1 528

ø 25 9,8 25,5 628

ø 32 12,3 34,3 880

ø 40 16,7 44,1 1096

ø 50 27,5 51,0 940

ø 63 37,3 63,8 1060

ø 80 59,4 99,4 1600

ø 100 101,3 141,9 1624

: F  –  ,  -

 ; F  –  ,   

 ; c –  .  

    -

     -

     

,     

. 1. 

    -

   -

    

   ,  -

  ,    -

  ,   -

  [5, 7].  -

    -

     -

     -

     

   , 

  : 

  ; 

    ; 

      (     

    -

); 

  -

     . 

 . 2   -

  . 

     

    -

  ,     

    -

    -

  ,    

 . В   -

    -

     

    -

.    -

   -

     -

,      

 ,  

    

 [4]. 
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. 1.         

Fig. 1. Diagram of a linear spring battery with two compression springs 

 

 
 

. 2.     

Fig. 2. Graphic representation of the Erie theorem 
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 ISO 15552-1319-20-21 

 ISO 6431-1260  ISO 6434-1280 «MIR» 
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a) ) 

) ) 

 
 

. 3.       m  

    t     

Fig. 3. Graphs of changes in the mass of the load m from a given time of movement t  
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. 4.    : 

1 –     ; 2 –  ;  

3 –   5/3; 4 –   ; 5 –   

; 6 –  ; 7 –   ; 8 – ; 9 –  

Fig. 4. Mechatronic drive of the gate dosing^ 

1 – pneumatic cylinders with return springs; 2 – body of dosing; 3 – pneumatic distributor 5/3;  

4 – air preparation unit; 5 – adjustable throttles; 6 –position sensors; 7 – quick exhaust valve;  

8 – silencer; 9 – gate 
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. 5.        

   : 

1 – ; 2 –  ( ); 3 – ; 4 –   

Fig. 5. Non-linear spring battery with a forward pair on the base  

of the compression spring: 

1 – guideway; 2 – carriage (slider); 3 – spring; 4 – side hinges 
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 2  

м  о о о   о   

  м м о  м   

T a b l e  2  

Parameters of the spring drive with unloading  

guideways with the maximum mass of the carriage 

 

,  
h,  t,  2xmax,  

  ISO 6431-1260 (  0–40 )

12 0,024 0,154 118 

16 0,037 0,191 135 

20 0,037 0,191 135 

25 0,008 0,088 94 

32 0,024 0,154 118 

40 0,024 0,154 118 

50 0,024 0,154 118 

  ISO 6431-1280 «MIR»  

(  0–50 ) 

8 0,055 0,235 179 

10 0,055 0,235 179 

12 0,043 0,206 164 

16 0,028 0,167 145 

20 0,050 0,224 173 

25 0,058 0,241 182 

32 0,039 0,197 160 

  ISO 15552-1319-20-21 (  0–50 )

32 0,035 0,187 155 

40 0,021 0,145 136 

50 0,040 0,200 161 

63 0,040 0,200 161 

80 0,051 0,226 174 

100 0,051 0,226 174 

а   «Ев а» (  0–25 ) 

12 0,018 0,134 78 

16 0,008 0,091 64 

20 0,009 0,096 66 

25 0,016 0,125 75 

32 0,014 0,118 73 

40 0,015 0,123 74 

50 0,029 0,171 91 

63 0,035 0,188 98 

80 0,037 0,193 100 

100 0,062 0,250 122 

 3  

 h   о   

м  

T a b l e  3  

h value with standard connections 

 

, 
hmin,  2xmax,  Kth 

8 46 145 5,024 

10 46 145 5,024 

12 51 150 5,215 

16 51 150 5,215 

20 60 160 5,215 

25 64 164 5,293 

32 109 232 6,276 

40 125 245 6,447 

50 150 265 3,443 

 

    -

  1,   -

 2,      

 1.     3 

    .  

 1     

4.    -

 5/3 (  5).   -

 1    – -

 6.       -

   2 .  

   . 

     -

 5,      -

. В      

  1,   

      

,    . 

     

 6,   7  ,  

     -

   5,  

   ,  -

     

.    

     -

 2.     , 
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 4  

Ч   о  kth  мо  о  h  

T a b l e  4   

Numerical values of the coefficient kth depending on h  

h  Kth 

0 3,142 

0,01 3,162 

0,02 3,182 

0,03 3,203 

0,04 3,225 

0,05 3,246 

0,06 3,268 

0,07 3,291 

0,08 3,314 

0,09 3,337 

0,10 3,360 

0,11 3,384 

0,12 3,408 

0,13 3,433 

0,14 3,457 

0,15 3,483 

0,16 3,508 

0,17 3,534 

0,18 3,560 

0,19 3,586 

h  Kth 

0,20 3,613 

0,21 3,640 

0,22 3,668 

0,23 3,695 

0,24 3,723 

0,25 3,752 

0,26 3,780 

0,27 3,809 

0,28 3,838 

0,29 3,868 

0,30 3,897 

0,31 3,928 

0,32 3,958 

0,33 3,989 

0,34 4,019 

0,35 4,051 

0,36 4,082 

0,37 4,114 

0,38 4,146 

0,39 4,178 

h  Kth 

0,40 4,211 

0,41 4,243 

0,42 4,276 

0,43 4,310 

0,44 4,343 

0,45 4,377 

0,46 4,411 

0,47 4,445 

0,48 4,480 

0,49 4,514 

0,50 4,549 

0,51 4,585 

0,52 4,620 

0,53 4,656 

0,54 4,692 

0,55 4,728 

0,56 4,764 

0,57 4,800 

0,58 4,837 

0,59 4,874 

h  Kth 

0,60 4,911 

0,61 4,948 

0,62 4,986 

0,63 5,024 

0,64 5,062 

0,65 5,100 

0,66 5,138 

0,67 5,176 

0,68 5,215 

0,69 5,254 

0,70 5,293 

0,71 5,332 

0,72 5,371 

0,73 5,411 

0,74 5,451 

0,75 5,490 

0,76 5,530 

0,77 5,571 

0,78 5,611 

0,79 5,651 

h  Kth 

0,80 5,692 

0,81 5,733 

0,82 5,774 

0,83 5,815 

0,84 5,856 

0,85 5,897 

0,86 5,939 

0,87 5,981 

0,88 6,022 

0,89 6,064 

0,90 6,106 

0,91 6,148 

0,92 6,191 

0,93 6,233 

0,94 6,276 

0,95 6,318 

0,96 6,361 

0,97 6,404 

0,98 6,447 

0,99 6,490 

 

1

2 3 

5

7 4 

6 

 
 

. 6.      : 

1 –     ; 2 –  ; 3 –  ;  

4 – ; 5 –   5/3; 6 – ; 7 –   

Fig. 6. Spring drive mechanism for pulling packaging material: 

1 – pneumatic cylinder with compression spring; 2 – compression spring; 3 – side hinges; 4 – directing;  

5 – pneumatic distributor 5/3; 6 – reed switches; 7 – exercise system 
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EFFECT OF CARRIER DEFORMATION ON LOAD DISTRIBUTION  
ALONG THE FACE WIDTH OF PLANETARY GEARBOX 

We have studied the deformability of a planetary carrier from the standpoint of its effect on misalignment 

angles of the satellite axis. The formulae for calculating the values of these angles for each satellite engage-

ment are shown separately. Carrier deformation has been calculated based on the numerical method. Ex-

amples of calculation of satellite axis misalignment and its parallel misalignment as a result of carrier defor-

mation have been given. These deviations are included in the formulae for calculation of the face load fac-

tor. We have developed a refined method for calculating the face load factor as a result of carrier defor-

mation. The method takes into account the loads on satellite axis and construction characteristics of the 

planetary carrier. The dependence of the face width factor on the deformability of the planetary carrier has 

been shown in the article. 
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. 1.        

Fig. 1. Model of winch construction with integrated planetary gearbox 
 

      

    -

   3D  -

  ( . 3, а),    

     -

,     

  ( . 3, ). 

К     -

 –    , 

    

      -

. В  ,   -

,   ,  

    . 

 ( )  

  .  

В    -

 ,   

,  10-  .  -

   ,   

     -

  ,   -

. 

    -

     –   

,     -

.    -

  0,015,    

     -

,   . -

    232080  

 367561 . 



 

 

127 

Машиностроение

 
 

. 2. К   

Fig. 2. Carrier construction 
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. 3. 3D    (а)      ( ) 

Fig. 3. 3D model of calculated carrier (а) and approximated mathematical carrier model ( ) 
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. 4.    

Fig. 4. Deformed carrier condition 
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Fig. 5. For axis misalignment and parallel misalignment determination 
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Special case of misalignment angles of teeth generatrix 

in plane of action and special case of coefficients  

which take into consideration influence of misalignment 

on unevenness of load distribution on the face width 

№  Δ tai',  Δ tbi', ΔKa ΔKb 

1 6,97E-05 6,88E-05 0,0516477 0,0522192

2 6,85E-05 6,83E-05 0,0507585 0,0518397

3 6,89E-05 6,96E-05 0,0510549 0,0528264

4 7,04E-05 6,82E-05 0,0521664 0,0517638
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SCIENTIFIC AND METHODOLOGICAL ASPECTS IN MECHATRONICS 

The issues of training specialists in the field of mechatronics and robotics are considered. The problems arising 

from teaching this set of disciplines to engineering students are analyzed. We have formulated requirements for 

presenting materials based on a systematic approach to design of technological equipment in mechanical engi-

neering. It is emphasized that creating a project for a highly efficient complex technical product is based on 

system analysis, mathematical modeling and optimization. The technical system as one of the varieties of the 

artificial system is characterized by transformation of mass, energy and information. Mechatronics is consid-

ered as a scientific and technical direction based on the main disciplines of science and technology. It is argued 

that the next stage in development of mechatronics is biomechatronics, where nanotechnologies in the field of 

biology and artificial intelligence will play a leading role. Structural and morphological features and functional 

properties of mechatronic systems have been considered. The role of technical and economic indicators in de-

sign of mechatronic production systems and the sequence of design stages have been highlighted. 
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Fig. 1. Flow in the process systeme 
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Fig. 2. The emergence of basic sciences and disciplines mechatronics in time 
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Fig. 3. The sequence of the design of mechatronic process equipment 
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Fig. 4. Scope of effective application of mechatronic systems 
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PRODUCTION OF LOW-LAYER GRAPHENE  
BY LIQUID PHASE SHEAR EXFOLIATION 

The goal of this study is in investigating the effect of operating parameters on liquid-phase exfoliation and in 

testing the effectiveness of concrete modification with mechanically obtained graphene structures. Exfolia-

tion was carried out with a rotor-stator mixer with the blades sliding on the inner surface of the rotor. The 

initial concentration of graphite in the aqueous suspension and the rotor speed were changed during the ex-

periments. We have presented the results of the effect of these parameters on the processing time and the 

concentration of multilayer graphene structures formed through exfoliation. The finished suspension was 

used to prepare concrete samples for testing in compression and bending. It was established for the content 

of graphene structures of 1 mg/ml in water, used to prepare the concrete that its compressive strength in-

creases by 1.7–2.5 times, bending strength by 1.2–1.5 times. The maximum concentration of graphene 
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structures in the suspension is 1.7 mg/ml for the minimum time achieved at an initial graphite concentra-

tion of 50 mg/ml and a rotor speed of 10,000 rpm. 

Keywords: graphite, graphene, shear, exfoliation, concrete. 
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SYNTHESIS OF HYBRID POWDER NANOMATERIAL CONSISTING  
OF DETONATION NANODIAMONDS/CARBON NANOTUBES  

AND ITS STABLE REVERSIBLE WATER NANOFLUIDS 

Researchers around the world are actively synthesizing and exploring hybrid carbon nanomaterials based 

on carbon nanotubes (CNT) and detonation nanodiamonds (DND). The motivation for study of such ma-

terials is the desire to combine the best properties of DND and CNT in a hybrid material. Modern industry 
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can use hybrid materials in various areas of modern industry: from microelectronics and biomedicine to 

additives in composite materials. However, most of the currently synthesized hybrid materials of the 

DND–CNT composition are films, which makes it impossible to use them in many promising applica-

tions, for example, as additives in composite materials. This work shows the possibility of synthesizing a 

homogeneous hybrid material of the DNA–CNT composition in the form of powder by growing the 

CNT on the surface of the DNA using the CVD (chemical vapor deposition) method. Mass fraction of 

CNT was 32 wt. %. It was found that CNTs evenly cover the surface of DND agglomerates. A stable, re-

versible, aqueous suspension of a hybrid material with an average particle size of 50-60 nm was also ob-

tained. The method of synthesis of the hybrid material with the DND–CNT composition, which we pro-

posed in this work, will make it possible to expand the possible applications of such materials, as well as 

experimentally evaluate their effectiveness. 

Keywords: hybrid materials, detonation nanodiamonds, carbon nanotubes, powder, nanofluids. 
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Fig. 1. Images of the hybrid material of the composition of the DNA-CNT: a – SEM image of the hybrid material; 

linear scale equal to 2 microns;  – TEM image of the hybrid material, the linear scale is 10 nm 
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STUDY OF PROPERTIES OF POLYETHYLENE COMPOSITES  
BASED ON FUNCTIONALIZED CARBON NANOTUBES 

The efficiency of using additives of carbon nanotubes (CNTs) functionalized by titanium stearate for modification 

of heat-resistant polyethylene PE-RT is shown. For this purpose, we have determined strength characteristics, 

Shore hardness, thermal stability, thermal conductivity and thermal diffusivity of PE–RT composites with tech-

nical carbon, raw and functionalized nanotubes at different concentrations of modifiers. The influence of carbon 

fillers (0.01–1.5 mass. %) on the values of thermal conductivity coefficients and thermal diffusivity is weak. Physi-

cal and mechanical properties of composites have been observed to improve at the concentrations of raw and 

functionalized CNTs equal to 1–1.5 and 0.01–0.1 mass. % respectively. Application of CNTs functionalized by 

titanium stearate allows to increase Shore hardness by 7 units, resistance to weight wear by 54%, strength charac-

teristics by 8–12 %, as well as to reduce daily moisture absorption to zero. Thus, this method of functionalization 

reduces the consumption rate of CNTs by an order of magnitude and more with a stable positive effect on the 

properties of polyethylene composites. 
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a)  ) 

 
 

. 1. -   (а)     ( )  

Fig. 1. TEM-images of the raw (a) and functionalized by titanium stearate ( ) SNTs 
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 (1)     (2)  

Fig. 2. Fragment of the spectrum KP (DXR Raman Microscope,  = 532 nm)  

of the raw (1) and functionalized by titanium stearate (2) CNTs 
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о-м  о  о о  ом о о  

Physico-mecanical properties of the polyethylene composites 

 . , % 
 

  
В  , 

 , / 2

    

  

(  ) 

– 56 0,0409 17,1 37,9 

-234 0,01 58 0,0356 17,2 38,9 

0,1 57,5 0,0321 16,6 41,5 

0,5 57,5 0,0289 17,1 37,1 

1,0 59,5 0,0336 18,2 42,5 

1,5 59,5 0,0347 17,1 42,2 

 0,01 60 0,0293 17,2 38,4 

0,1 61 0,0261 17,2 37,7 

0,5 61 0,0241 17,5 38 

1,0 62 0,0238 17,5 37,5 

1,5 63 0,0248 17,5 38 

-

  

0,01 62,5 0,0187 18,5 38,9 

0,1 63 0,0191 17,3 41,5 

0,5 62,5 0,0219 17,5 37,1 

1,0 62 0,0227 16,5 42,5 

1,5 62 0,0223 17,5 42,2 

 

     -

     0,01 

. %  .  -

   -

     -

.     

   54 %. 

   

       

     

.    

-234,    

    . 

В      

     

 8,2 %   0,01 . % -

 ,     –  

12,1 %   1 . % -234  

 . 

   -

    -

    . 3. 

В  -234    -

 .   -

     

   . В -

 -234     0,1 . %. 

   

    

  0,1 . %.  -

    -

    -

.    (0 %) 

  0,01 %-   -

,    

  0,06 %,   1  1,5 %-  -

    

  . 



 

168 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

 

       

 , % 

0,12

0,1

0,08

0,06

0,04

0,02

0
0,2 0,4 0,6 0,8 1 1,2 1,4 К  

            , . % 

2 

1

3 

 
 

. 3. В     -234 (1),  (2) 

   (3)       

Fig. 3. Influence of concentrations of technical carbon -234 (1), raw (2) and functionalized (3) CNTs  

on the daily moisture absorption of polyethylene composite 
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В  
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     -

      -
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   -

ё      

     -

 ,     
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   . 

о   

А  ,      

 [9, 10],    

    -

  —   -

  Fe–O–C ( . ).  

 Fe–O–C,   

  (1)–(10),   . 1.  

 ё   -

     

     

   -

:  ,   -

,     C–O;    

    -

 . 

ё     
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Fig. Fe–O–C concentration triangle with compositions corresponding to reactions (1)–(10) 
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 1  

о  м , о  м (1)–(10),  о о ом о  Fe–O–C 

T a b l e  1  

Compositions of the system corresponding to reactions (1)–(10) on the Fe–O–C concentration triangle 

 

 

 , %,     

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

T = 900 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

21,68 

18,32 

60,00 

21,15 

18,85 

60,00 

10,00 

30,00 

57,14 

30,98 

11,88 

57,14 

30,21 

12,65 

57,14 

14,29 

28,57 

51,87 

46,93 

1,20 

51,87 

22,20 

25,93 

51,32 

23,02 

25,66 

T = 1000 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

22,22 

17,78 

60,00 

21,06 

18,94 

60,00 

10,00 

30,00 

57,14 

31,75 

11,11 

57,14 

30,09 

12,77 

57,14 

14,29 

28,57 

52,38 

45,13 

2,49 

52,38 

21,43 

26,19 

51,23 

23,16 

25,61 

T = 1100 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

22,63 

17,37 

60,00 

21,03 

18,97 

60,00 

10,00 

30,00 

57,14 

32,34 

10,52 

57,14 

30,04 

12,82 

57,14 

14,29 

28,57 

52,75 

43,89 

3,36 

52,75 

20,88 

26,37 

51,19 

23,21 

25,60 

T = 1200 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,00 

17,00 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

32,85 

10,01 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,06 

42,90 

4,04 

53,06 

20,41 

26,53 

51,18 

23,23 

25,59 

T = 1300 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,34 

16,66 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

33,34 

9,51 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,34 

42,01 

4,65 

53,34 

19,99 

26,67 

51,18 

23,23 

25,59 

T = 1400 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

23,67 

16,33 

60,00 

21,02 

18,98 

60,00 

10,00 

30,00 

57,14 

33,82 

9,04 

57,14 

30,02 

12,84 

57,14 

14,29 

28,57 

53,60 

41,19 

5,21 

53,60 

19,60 

26,80 

51,18 

23,23 

25,59 

T = 1500 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

24,04 

15,96 

60,00 

21,03 

18,97 

60,00 

10,00 

30,00 

57,14 

34,35 

8,51 

57,14 

30,05 

12,81 

57,14 

14,29 

28,57 

53,88 

40,35 

5,77 

53,88 

19,18 

26,94 

51,20 

23,20 

25,60 

T = 1600 K 

O 

Fe 

C 

60,00 

30,00 

10,00 

60,00 

24,51 

15,49 

60,00 

21,07 

18,93 

60,00 

10,00 

30,00 

57,14 

35,01 

7,85 

57,14 

30,11 

12,75 

57,14 

14,29 

28,57 

54,21 

39,37 

6,42 

54,21 

18,68 

27,11 

51,24 

23,14 

25,62 
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   -

  (III)      

     -

 : 

 (3Fe2O3 + (CO + CO2))/20 =  

 = (2Fe3O4 + 2CO2)/20;  (1) 

 (Fe2O3 + (1–2x)(CO + CO2))/(10–10x) =  

 = (2FeO(1+x) + (2–4x)CO2)/(10–10x);  (2) 

 (Fe2O3 + (1–2x)(CO + CO2))/(10–10x) =  

 = (2FeO(1+x) + (2–4x)CO2/(10–10x); (3) 

 (Fe2O3 + 3(CO + CO2))/20 = (2Fe + 6CO2)/20. (4) 

  (1)–(4)   

   60 %.  ё   

     -

    , -

     -

      

,       

900–1600 K  [15]. 

К    . 2,   -

     

  (1)–(4) , -

,     -

   . -

     

(2)     -

   (1)    

1500 K.    -

  (3)   -

     900  

1600 K,    (4)   -

    -

. ё  ,   -

ё     (III)  

     -

     

(III)  . 

   -

  (III, II)    

     : 

 (2Fe3O4 + (1–3x)(2CO + CO2))/ (21–21x) =  

 = (6FeO(1+x) + (3–9x)CO2)/(21–21x);  (5) 

 (2Fe3O4 + (1–3x)(2CO + CO2))/(21–21x) =  

 = (6FeO(1+x) + (3–9x)CO2)/(21–21x);  (6) 

(Fe3O4 + 2(2CO + CO2))/21 = (3Fe + 6CO2)/21.  (7) 

   (5)–(7) -

   57,14 %. 

 
 2  

И м  о   бб    (1)–(4)   м  900–1600 K 

T a b l e  2  

Standard Gibbs free energy changes of reactions (1)–(4) in the temperature range 900–1600 K 

T, K 1 + x 1 + x ΔG°(1), / ΔG°(2), / ΔG°(3), /  ΔG°(4), /

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

1,0542 

1,0504 

1,0488 

1,0483 

1,0483 

1,0483 

1,0492 

1,0509 

1,0777 

1,1000 

1,1164 

1,1303 

1,1431 

1,1551 

1,1682 

1,1839 

–4,29 

–4,55 

–4,78 

–5,00 

–5,23 

–5,46 

–5,68 

–5,91 

–3,24 

–3,66 

–4,08 

–4,43 

–4,86 

–5,25 

–5,64 

–6,02 

–3,04 

–3,38 

–3,71 

–4,11 

–4,44 

–4,75 

–5,06 

–5,37 

–1,32 

–1,24 

–1,17 

–1,11 

–1,05 

–0,99 

–0,93 

–0,87 
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 3  

И м  о   бб    (5)–(10)   м  900–1600 K 

T a b l e  3  

Standard Gibbs free energy changes of reactions (5)–(10) in the temperature range 900–1600 K 

T, K 
ΔG°(5), 

/  

ΔG°(6), 

/  

ΔG°(7), 

/  

ΔG°(8), 

/  

ΔG°(9), 

/  

ΔG°(10), 

/  

900 

1000 

1100 

1200 

1300 

1400 

1500 

1600 

–0,20 

–0,42 

–0,68 

–0,85 

–1,13 

–1,34 

–1,55 

–1,71 

–0,02 

–0,27 

–0,51 

–0,86 

–1,10 

–1,32 

–1,54 

–1,75 

0,16 

0,39 

0,61 

0,80 

0,99 

1,18 

1,37 

1,57 

0,27 

0,19 

0,18 

–0,12 

–0,11 

–0,18 

–0,25 

–0,36 

0,39 

0,87 

1,33 

1,67 

2,06 

2,40 

2,71 

2,97 

0,27 

0,85 

1,38 

1,97 

2,46 

2,95 

3,42 

3,88 

 

К    . 3,   -

     

  (5)  (6) , -

,     -

   . -

     

 (6)   -

,    (5)   -

 1500 K.    

  (7)    

 , , 

     -

 .   (III, II)  -

      

     

     -

    . 

   

      (III, II) 

(FeO1+x'')       

(FeO1+x')      -

  : 


                

1+ 2

(1 )(2 )
FeO + ((1 )CO + CO ) / =

1 (1 )
x

x x x x
x x

x x
 

 
               

1+ 2

(1 )(2 )
FeO + CO / ;

1 (1 )
x

x x x x

x x
 (8) 

 

1+ 2

2

1 4 2
FeO +   ((1 )CO + CO ) / =

1 1

1 4 2
 Fe + CO / ;

1 1

x

x x
x x

x x

x x

x x


              

             

 (9) 

 

1+ ' 2

2

1 4 2
FeO + ((1 )CO + CO ) / = 

1 1

1 4 2
Fe + CO / .

1 1

x

x x
x x

x x

x x

x x

              

             

 (10) 

В   (8)–(10)  

    -

  ( . 2). К    

. 3,   (8) -

  (FeO1+x'')    -

    -

  1100 K.   

   (9)  (10)   

    -

   , -

,     

  .  , 

 ё    , 

     -

      -

      

. 
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В о  

   -

     -

      -

     

  ,     -

     -

  (III),       

(III, II)      -

. 

СПИСОК ЛИТЕРАТУРЫ 

1. К о  .А. ё    -

 : .   . .: 

, 1988.  

2. о о  .И., А  . ., о  В.В. [  

.].   . .: -

, 1989.  

3. А о о  В. .   -

.. .: -  , 2001.  

4.  . 3-  ., .  . / 

 . . . . .: К  «А », 2004.  

5. о  . ., о о  .И., К о  . . 

  . .: . 

 , 2009.  

6. Ко б о  . ., Ко  . . -

. .     

 /    , 

-  .  - . 

., 2006.  

7. о м  В.К., о  В. .,  А.В. [  .]. 

     -

    К  -

. : , 2007.  

8. Ч  В. .,  . ., о  .В. 

В     -

 //  .  . 2007. 

№ 2 (171). . 29–35. 

9. м о  А.И., о  И.А. -

       

      

   900–1600 K // -

  .   

. 2013. № 2 (171). . 138–145. 

10. м о  А.И., о  И.А. -

       

      

. // -   

.   . 2013. № 3 (178). 

. 193–198. 

11. м о  А.И., о  И.А. -

     // 

  . 2005. . 78. № 4. 

. 721–724. 

12. м о  А.И., о  И.А. -

       // 

  . 2005. . 78. № 9. 

. 1565–1567. 

13. Barin I., Knacke O., Kubaschewski O. Thermo-

chemical properties of Inorganic Substances. New York: 

Springer-Verlag, 1973.  

14. Barin I., Knacke O., Kubaschewski O. Thermo-

chemical properties of Inorganic Substances. Suppl. 

New York: Springer-Verlag, 1977. 

15. м о  А.И., о  И.А.  -

  -  // -

  .   -

. 2015. № 3 (226). . 85–91. 

СВЕДЕНИЯ ОБ АВТОРАХ  

И В А  И о  –   а   Са -  

 в а а В  

E-mail: demidov1902@gmail.com 

А К В И  А о  – а а  Са -   в -

а а В  

E-mail: markelovil@mail.ru 

С а ь  и а в а ци  01.02.2019  



 

180 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

REFERENCES 

[1] Kazachkov Ye.A. Raschety po teorii metallur-

gicheskikh protsessov: Ucheb. posobiye dlya vuzov. M.: 

Metallurgiya, 1988. (rus.) 

[2] Ryzhonkov D.I., Arsentyev P.P., Yakovlev V.V. 

[i dr.]. Teoriya metallurgicheskikh protsessov. M.: Met-

allurgiya, 1989. (rus.) 

[3] Andronov V.N. Sovremennaya domennaya plav-

ka. SPb.: Izd-vo SPbGTU, 2001. (rus.) 

[4] Metallurgiya chuguna. 3-ye izd., pererab. i dop. 

/ Pod red. Yu.S. Yusfina. M.: IKTs «Akademkniga», 

2004. (rus.) 

[5] Mikhaylov G.G., Leonovich B.I., Kuznetsov Yu.S. 

Termodinamika metallurgicheskikh sistem. M.: Izd. 

dom MISiS, 2009. (rus.) 

[6] Kolbasnikov N.G., Kondratyev S.Yu. Struktura. 

Entropiya. Fazovyye prevrashcheniya i svoystva metal-

lov / Federalnoye agentstvo po obrazovaniyu, Sankt-

Peterburgskiy gos. politekhnicheskiy un-t. SPb., 2006. 

(rus.) 

[7] Sovmen V.K., Guskov V.N., Belyy A.V. [i dr.[. 

Pererabotka zolotonosnykh rud s primeneniyem bak-

terialnogo okisleniya v usloviyakh Kraynego Severa. 

Novosibirsk: Nauka, 2007. (rus.) 

[8] Chekushin V.S., Baksheyev S.P., Oleynikova N.V. 

Vosstanovleniye metallov iz sulfidnykh soyedineniy. 

Izvestiya vuzov. Tsvetnaya metallurgiya. 2007. № 2. 

S. 29–35. (rus.) 

[9] Demidov A.I., Markelov I.A. Termodinamika 

vzaimodeystviya oksidov zheleza s grafitom s uchetom 

izmeneniya sostava vyustita pri izmenenii temperatury v 

intervale 900–1600 K. Nauchno- tekhnicheskie vedomos-

ti SPbGPU. Nauka i obrazovaniye. 2013. № 2 (171). 

S. 138–145. (rus.) 

[10] Demidov A.I., Markelov I.A. Termodinamika 

vzaimodeystviya oksidov zheleza s vodorodom s 

uchetom izmeneniya sostava vyustita pri izmenenii tem-

peratury. Nauchno- tekhnicheskie vedomosti SPbGPU. 

Nauka i obrazovaniye. 2013. № 3 (178). S. 193–198. 

(rus.) 

[11] Demidov A.I., Markelov I.A. Termodinamika 

vzaimodeystviya ugleroda s kislorodom. Zhurnal pri-

kladnoy khimii. 2005. T. 78. № 4. S. 721–724. (rus.) 

[12] Demidov A.I., Markelov I.A. Termodinamika 

goreniya topliva u furm domennoy pechi. Zhurnal pri-

kladnoy khimii. 2005. T. 78. № 9. S. 1565–1567. (rus.) 

[13] Barin I., Knacke O., Kubaschewski O. Ther-

mochemical properties of Inorganic Substances. New 

York: Springer-Verlag, 1973.  

[14] Barin I., Knacke O., Kubaschewski O. Ther-

mochemical properties of Inorganic Substances. Suppl. 

New York: Springer-Verlag, 1977.  

[15] Demidov A.I., Markelov I.A. O termodinamike sis-

temy uglerod-kislorod. Nauchno-tekhnicheskie vedomosti 

SPbGPU. Nauka i obrazovaniye. 2015. № 3 (226). S. 85–91.  

THE AUTHORS 

DEMIDOV Aleksandr I. – Peter the Great St. Petersburg polytechnic university 

E-mail: demidov1902@gmail.com 

MARKELOV Iliya A. – Peter the Great St. Petersburg polytechnic university 

E-mail: markelovil@mail.ru 

Received 01.02.2019  

 

 

  

© -     В , 2019 



 

 

181 

Металлургия и материаловедение

DOI: 10.18721/JEST.25118 

УДК 622.7 

Л.А. Вайсберг, И.Д. Устинов 

Научно-производственная корпорация «Механобр-Техника» (Акционерное общество),  

Санкт-Петербург, Россия 

ФЕНОМЕНОЛОГИЯ ВИБРАЦИОННОЙ КЛАССИФИКАЦИИ 
И УСРЕДНЕНИЯ ПО КРУПНОСТИ ГРАНУЛЯРНЫХ МАТЕРИАЛОВ 

В   –    –    

 ( )      .  

   ,       

( )  .        -

    . ,    «   

  –     »  -

  ,   ,     

.         

 ,     .   

       . 

в  ва:  ,  ,  , 

, , . 

С а  ва :  

.А. В , . . .       

   // -   .   -

 . 2019. . 25. № 1. . 182–189. DOI: 10.18721/JEST.25118. 

L.A. Vaisberg, I.D. Ustinov 

Research and engineering corporation «Mekhanobr-Tekhnika». St. Petersburg, Russia 

PHENOMENOLOGY FOR VIBRATION-INDUCED SIZE SEGREGATION  
AND MIXING OF GRANULAR MATERIALS 

We have presented a generalized description for the processes of vibration-induced size segregation and 

mixing of granular materials from a thermodynamic standpoint. We have developed methods for calculating 

the total energy, enthalpy and entropy increment for the segregation and mixing processes. The calculations 

are based on the measured indicators of the process and on the fundamental properties of dry granular me-

dia. We have established that non-dissipative energy loss or entropy generation occur, without contradicting 

the second law of thermodynamics, in a system comprising a separator (averaging unit) and a polydisperse 

raw material in a gravitational field. We have confirmed that the above calculations are valid for the process-

es of segregation and mixing of both hydrophilic and hydrophobic granular materials. The tools developed 

can be used in designing different screening surfaces 

Keywords: vibration-induced segregation, vibration-induced mixing, granular material, thermodynamics, 

enthalpy, entropy. 

Citation:  

L.A. Vaisberg, I.D. Ustinov, Phenomenology for vibration-induced size segregation and mixing of granular 

materials, St. Petersburg polytechnic university journal of engineering science and technology, 25(01)(2019) 

182–189, DOI: 10.18721/JEST.25118. 



 

182 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

   – -

    -

 ,   

 4      

. В    

    – 

  ( , )  

  ( ) , 

   -

 .  -

     -

     

     -

,         

      

 ,   -

    -

.      -

   –   

  , -

     -

   -

     -

 ,    

   - -

 . 

      -

     

    -

   ,    

 ,   -

     . 

    -

      -

      [1–4]. 

о о   

В     -

  –  -

  –   -

     

  . 

     

 ,   , -

  , -

   (  , 

 ,   –

 ) G: 

 G = H – TS,  (1) 

 H – ,    

 -  

   , -

 ( ) ,  -

  TS –   -

     

К    . -

  (1)   -

    

  . -

     -

  ,    , 

    -

   ,   

      

      

     -

  [5–8]. 

« »   -

   ( )  

 ,  -

,   ,   

,  . « » -

    –  -

     ( ), 

    . 

     

   , -

     -

,     –  

,   

  ,    

    -

 .   -

    -

. В      

     

. В  , -



 

 

183 

Металлургия и материаловедение

  ( ) 

  , / -

 ,    -

,   ,  -

,  ,   -

     -

  .  

м   

   К « - » 

 ,   «  

( , )) –   -

 »     -

        

 ,    

  ( ) -

    ( .:  

. 2018. № 1(373). . 12–16).  

     -

    

    . 

     Wm -

  ,   – 

   Ws  

( )    -

,     « -

» . 

В   ,   

,    -

   ,    -

     -

      -

   ( -

). В     

   ,  

  ,    -

.    -

    -

  [9]   

  . 

 ,   

  «  – »  

    Wm  Ws : 

 ΔG = Wm + Ws, (2) 

       

  /  

 ΔG =Wm +Ws = ΔH – T ΔS,  (3) 

  –     

 К .  

   (3) , 

   ΔH (  -

 )   -

,      

    -

 (3): 

 ΔH = Wm +Ws + T ΔS.  (4) 

  Wm   

    ,  Ws 

     -

  ΔG   Wm.  

   -

    

 ΔS. 

    -

,     ( -

)   -

  ,   ΔEV  ≡ T ΔS.  

  ,  ,   -

   –   

 . ,  

   -

     -

      

 .     

    :  

      -

     -

.    -

      -

 ,      

     -

   , ,  -

 .     (  

  ) -

      -

  .   -

 ( )    -



 

184 

Научно-технические ведомости CПбПУ. Естественные и инженерные науки. Том 25, №1, 2019

 ,      -

 ,    , . . -

   -

.  ,    -

     

   -

,    – . -

,     -

     

,     

     -

.      

    -

 .   -

,     -

     

      

 .   -

   ,   -

     -

 –    (  -

) –  ,   -

  ,   

    .  

В   h  

 
 

   

1/3
2  (tg )

 
22,3  

.
m

h  (5) 

   (4)  h -

    -

, ,    S  

mgh.  

 
 

    

1/3
2  (tg )

   
22,3  

.
m

TS m g  (6) 

    -

  : 

     Δ    .Δ Δ
i

T S T S i T S  (7) 

 (6)  (7)  . 

    

     -

 .  Ws -

   ΔG   Wm  

  ( )  -

  ,   

 . 

В  ΔG – ΔH + TΔS = 0  

ΔG  ;  ΔS  -

     -

,    – ; ΔH 

   , 

     -

 .    

      -

.  

В      

     -

     

 2,25  4,75   -

 .    

    -

      -

 14 .     

  4 . В    

   -

      

       

,     

   .  -

   

      

   -

.   -

     

 , / , : 

– ΔG = 168,0 / ; 

– UM = 162,0 / ; 

– US = 6,0 / ; 

– ΔH = 168,036 / ; 

–  ΔS = 0,036 / . 

     -

   -

 ( )  :  

   -   

 20 .     

     -



 

 

185 

Металлургия и материаловедение

 98-   -

    2,4 . -

    . 1. 

 1  

мо м    м  -

  о  , /  

T a b l e  1  

Thermodynamic functions and classification param-

eters of various types of raw materials, j / kg 

–ΔG –UM –US –ΔH - Δ S 

А а ва  а 

1560,0 1500,0 60,0 1560,12 0,12 

- ва  а 

1680,0 1620,0 60,0 1680,14 0,14 
 

 ,   -

     « -

 ( ) –  -

   »,     -

 ,   -

     

  ( )  -

    

     (   

 « »).     

   .  

      

   (« ») -

     

  .   

 ΔS –    -

    -

,      

 (    –   -

 ).  

К    

     

   –  -

,   «  ».  

 ,   

     

     

    

    ( . 1).    

      

        

     -

 ,   -

     

 . В   -

   -

   « »   

 ,   -

   [4, 10].  

 

       
 

. 1.    
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Fig. 2. Fraction averaging (а – 3 s;  – 30 s) 
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Fig. 4. 3D model of busy screen 
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Fig. 5. Heavy type vibrating screen on the stocks 

 

 
 

. 6.       

Fig. 6. Multi-chip vibrating screen as part of a gold extraction unit 
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ALEXANDER RADZIG:  
DEDICATED TO THE 150TH ANNIVERSARY OF BIRTH 

The article contains biographical data and information about the creative path of a major scientist in the 

field of heat engineering and mechanics. The main stages of A.A. Radzig's pedagogical activity in Kiev and 

Leningrad Polytechnic institutes are reflected. His main works on thermodynamics, thermal engineering, 

applied mechanics and history of thermal engineering are mentioned. The role of A.A. Radzig as the found-

er of the Leningrad school of turbo-builders is emphasized. 
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