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Розглянуто актуальну науково-прикладну проблеми 

створення методологічних основ систем управління екологічною 
безпекою процесу експлуатації енергетичних установок з 
поршневим двигуном внутрішнього згоряння та критеріального й 
економічного оцінювання ефективності функціонування систем 
управління екологічною безпекою. Проаналізовано метрологічні й 
техногенно-екологічні аспекти експериментальних досліджень 
показників екологічної безпеки та питання математичного моде-
лювання і розрахункових досліджень процесів забезпечення 
техногенно-екологічної безпеки. Також досліджено питання 
поліпшення рівня техногенно-екологічної безпеки довкілля з ви-
користанням наноструктурованих напівпровідникових 
фотоперетворювачів. 

Для наукових та інженерно-технічних працівників, аспірантів 
і ад’юнктів, курсантів і студентів, які навчаються за напрямками 
цивільний захист, технології захисту навколишнього середовища, 
екологічна безпека. 

Дослідження було виконано у межах наукового 
держбюджетного проекту «Наноструктуровані напівпровідники для 
енергоефективних екологічно безпечних технологій, що 
підвищують рівень енергозбереження та екологічної безпеки 
урбосистеми» (державний реєстраційний номер 0116U006961). 

 
Ил. 58.  Табл. 17.  Библиогр.: 195 назв. 
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P R E A M B L E  

 

Increasing of ecological safety level up to safe or legislative establi-

shed values of its indicators are relevance scientific, technical and practi-

cal problem both for life cycle of technics units and for technologies of 

production, functioning and utilization of such technics. Complex solution 

of the problem are possible by the way of creation of ecological safety 

management systems of various stages of life cycle of such objects ba-

sed on using of principles of systematic approach, multilevel decomposi-

tion, hierarchical structures analysis and decimal division. Team of these 

monograph authors created methodological basis of such management 

systems for different types of technics and technologies. Its structures 

are similar to each other but takes into account of specific features of 

managed objects, in which is scientific character of created basics, that 

differ by undoubted scientific novelty. Practical value of results of rese-

arch described in these monograph lies in the fact that activities for ensu-

ring of technogenic and ecological safety of technics and technologies 

was systematized on all levels – strategic, tactical and technical. 

First chapter of the monograph dedicated to presentation of me-

thodological basis of creation of ecological safety management systems 

on examples of functioning process of different technics units and tech-

nologies, which form basis of accompany all stages of life cycle of that 

technics. Second chapter contains the results of mathematical modeling 

and calculated researches of with developed mathematical models of 

processes of ensuring of ecological safety in technics and technologies. 

In monograph third chapter presents the analysis results of technoge-

nic, ecological and metrological aspects of experimental researches of 

values of indicators of ecological safety level as source of initial data for 

calculated researches and for identification of mathematical models. Ba-

se of fourth chapter is researches of ensuring of ecological safety of 

products of nanotechnologies as it is during its life cycle and its applica-

tion in practice. Fifth chapter of these monograph, final in its structure, 

dedicated to criterial and economical assessment of effectiveness of 

process of functioning of ecological safety management system, which 

must be carried out for implementation of feedback in corresponding ma-

nagement system. 

These book will be useful for scientists and engineering technical 

staff, Doctoral and PhD postgraduates, aspirants and adjuncts, students 

and cadets and also listeners, which studying in areas «Civil Defense», 

«Technogenic and Ecological Safety», «Technologies of Protection of 

Environment», «Ecology». 
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П Е Р Е Д М О В А 

 

Підвищення рівня екологічної безпеки до безпечних чи норматив-

но встановлених значень показників, що його характеризують, є актуа-

льною науково-технічною і прикладною задачею як для випадку життє-

вого циклу техніки, так і для технологій, що лежать в основі проектува-

ння, виробництва, функціонування й утилізації такої техніки. Комплекс-

не вирішення такої задачі є можливим шляхом створення систем упра-

вління екологічною безпекою протягом життєвого циклу таких об’єктів 

на основі застосування принципів системного підходу, багаторівневої 

декомпозиції, аналізу ієрархічних структур, десятинного поділу. Автор-

ським колективом створено методологічні основи таких систем управлі-

ння для різних видів техніки і технологій. Їх структури подібні одна од-

ній, хоча і враховують специфіку об’єктів управління, у чому і виражає-

ться науковий характер створених засад, які вирізняються безсумнів-

ною науковою новизною. Практична цінність результатів досліджень, 

що наведені у цій монографії, полягає у тому, що заходи щодо забез-

печення техногенно-екологічної безпеки техніки і технологій системати-

зовано на усіх рівнях – стратегічному, тактичному і технічному. 

Перший розділ монографії присвячено викладенню методологіч-

них основ створення систем управління екологічною безпекою на прик-

ладах функціонування різної техніки та різних технологій, що склада-

ють основу чи супроводжують усі етапи життєвого циклу такої техніки. 

Другий розділ містить результати математичного моделювання та чи-

сельних розрахунків за розробленими математичними моделями про-

цесів із забезпечення рівня екологічної безпеки у техніці й технологіях. 

У третьому розділі монографії наведено результати аналізу техноген-

но-екологічних і метрологічних аспектів експериментальних досліджень 

показників рівня екологічної безпеки як джерела вихідних даних для 

розрахункових досліджень та для ідентифікації математичних моделей. 

Основою четвертого розділу є дослідження щодо забезпечення еко-

логічної безпеки продуктів нанотехнологій як таких протягом їх життє-

вого циклу та їх застосування на практиці. П’ятий розділ цієї моногра-

фії, завершальний у її структурі, присвячено критеріальному та еконо-

мічному оцінюванню ефективності процесу функціонування систем уп-

равління екологічною безпекою, що має здійснюватись для зворотного 

зв’язку у відповідній системі управління. 

Монографія буде корисною науковцям та інженерно-технічним 

працівникам, докторантам, аспірантам, ад’юнктам, студентам, курсан-

там і слухачам, які навчаються за напрямками «Цивільна безпека», 

«Техногенно-екологічна безпека», «Технології захисту навколишнього 

середовища», «Екологія». 
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I N T R O D U C T I O N 
 
Relevance of the study. Results of analysis of modern condition of 

technogenic and ecological situation in the World and in Ukraine in particu-
lar indicates that measures to improve it should not be developed and im-
plemented unsystematically despite the fact that whatever significant posi-
tive effects they reached in a particular, narrow, one-sided direction. 

Comprehensive and complex nature of processes and technologies 
which constitute the essence or accompany all stages of the technics life 
cycle including units of power plants, namely rescue vehicles and equip-
ment, causes a similar character of content, development and implementa-
tion of the measures to ensure legislatively established level of the indica-
tors values of ecological safety. To implement this ultramodern approach 
there is an urgent necessary to develop scientific bases of appropriate me-
thodological support. 

Algorithm of solving of this global problem should include manage-
ment process of development and implementation of such measures step 
by step, between sequentially following steps must exist cause and effect 
and hierarchical relations, also this algorithm must to use as the primary in-
itial data values of operational indicators real management objects and be-
ing locked by feedback. Such requirements can satisfy only the creation of 
environmental safety management system on the basis of the principles of 
a systematic approach, multilevel decomposition, analysis of hierarchical 
structures decimal division. 

As it shown in presents studies, such structured science approach 
differs with wide universality. It was used as well for ensuring ecological sa-
fety of technological processes of uploading, downloading and storing of 
bulk materials, as for functioning of mines, as for forest fire liquidation pro-
cesses with using of aerosol dispersed multiphase structures, as for explo-
itation process of power plants with piston internal combustion engines, as 
for technological processes of plasma utilization of solid domestic wastes, 
as for structuring processes of semiconductor nanomaterials and so on. 
But it should be noted that activities for ensuring of ecological safety in any 
case require time and money expenses, are scientific and labor capacious. 
Development of management systems can only optimize these costs, not 
reduce them to nothing. 

That why creating of scientific basics of methodological maintains of 
ecological safety management systems and whole complex of activities for 
ensuring of legislative established level of indicators values of ecological 
safety is extremely promising and relevant area of research in terms of en-
ergy and resource costs for scale of country as well as for global scale. 

Contact with academic programs, plans, themes. These scientific 
research reflects main results of performing of scientific work of young sci-
entists that carried out at the expense of state budget of Ukraine of Berdy-
ansk State Pedagogical University «Nanostructured semiconductors for en-
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ergy efficiency ecological safety technologies which increase level of ener-
gy saving and ecological safety of urbanic system» (State Registration № 
0116U006961, 2016 – 2018). The research also reflects main results of 
completed science research work of Applied Mechanics Department of Na-
tional University of Civil Defense of Ukraine «Theoretical research and de-
velopment of devices to enhance the operational safety of power plants ba-
sed on diesel engines» (State Registration № 0115U002040, 2015 – 2016) 
and two uncompleted science research works – «Hydraulic steams resea-
rch at the control systems of the enhanceable danger objects ecological sa-
fety creation» (State Registration № 0116U002002 2016 – 2017) and «Me-
thodological support for criteria-based assessment of ecological safety ma-
nagement system of power plants of emergency rescue vehicles functioni-
ng process efficiency» (State Registration № 0117U002002, 2017 – 2018). 

Methods of the study. During carrying out of the research we used 
following methods. Analysis of scientific and technical literature; synthesis 
of ecological safety management systems; principals of systematic appro-
ach, multilevel decomposition, analysis of hierarchical structures, decimal 
division; methodics of analysis of data experimentally obtained on engine 
test bench, calculation of middle exploitation values of technical, economi-
cal and ecological operational indicators of piston ICE with standardized 
stationary testing cycles, calculated assessment of influence of hydraulic 
resistance of elements of exhaust system of piston ICE of its fuel efficiency; 
methodics of application of complex fuel and ecological criteria and genera-
lized desirability function; mathematical models of hydraulic resistance and 
operational efficiency of DPF; mathematical model of motion of two-phase 
multicomponent dispersed gas-and-drops fluid with taking into account in-
terphase interaction; methods of finite volumes and least squares; methodic 
of assessment of economical effect of implementation of new technologies; 
methodics of calculation of geometric parameters of motion trajectory of 
water jet from manual fire barrel and assessment of influence of measure-
ment errors on it; methodics of analytical, calculated and expetimental as-
sessment of parameters of nanostructured semiconductor materials and 
operational characteristics of photovoltaic converters. 

Purpose of the study. Creation of scientific basis of methodological 
maintains of ecological safety management systems during life cycle of va-
rious types of technics, which based on using of modern ecological safety 
material and energy saving technologies. 

Object of the study. Ecological safety management systems of life 
cycle of technics and technologies. 

Subject of the study. Scientific basis of methodological maintains of 
ecological safety management systems. 

Tasks of the study. During carrying out the research we solved follo-
wing problems. 

1) creation of scientific basis of methodological maintains of ecologi-
cal safety management systems during life cycle of technics with taking into 
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account specific features of technologies on which based on its exploitation 
and utilization; 

2) carrying out of mathematical modeling of processes of ensuring of 
ecological safety as the base of rationalization of technical decisions of con-
struction, exploitation and utilization of technics units; 

3) detection and description of technogenic, ecological and metrologi-
cal aspects of experimental researches of indicators of level of ecological 
safety of technics and technologies as source of initial data for physical and 
mathematical modeling and identification of models; 

4) detection and studying of features of ways of ensuring of ecologi-
cal safety of products of nanotechnology during its life cycle as most proba-
bility alternative for traditional technologies; 

5) creation of scientific basis of methodological maintains of criterial 
and economical assessment of efficiency of functioning process of ecologi-
cal safety management systems as basis of monitoring and feedback of 
such systems; 

6) carrying out of SWOT-analysis of results of the study. 
Science novelty of results of the study. It is as follows. 
1. Was further developed scientific basis of methodological maintains 

of ecological safety management systems during life cycle of technics with 
taking into account specific features of technologies on which based on its 
exploitation and utilization. 

2. Was further developed scientific basis of methodological maintains 
of ecological safety management systems during life cycle of products of 
nanotechnologies. 

3. Was further developed scientific basis of methodological maintains 
of criterial assessment of functioning efficiency of ecological safety mana-
gement systems. 

Practical value of results of the study. It is as follows. 
1. Developed methodological maintains of ecological safety manage-

ment systems during life cycle of technics and technologies is useful for 
creation of such systems for new types of management objects. 

2. Developed scientific basis of methodological maintains of ecologi-
cal safety management systems during life cycle of products of nanotech-
nologies is useful for creation of such systems for new types of manage-
ment objects. 

3. Developed methodological maintains of criterial assessment of fun-
ctioning efficiency of ecological safety management systems is useful for 
application with existing and developed systems. 

4. Results of analysis of technogenic, ecological and metrological as-
pects of experimental researches of indicators of level of ecological safety 
of technics and technologies is useful for development of activities for en-
suring of technogenic and ecological safety of experimental researches. 

5. Developed ecological safety management systems is useful for im-
plementation in scientific and research works in order of searching of new 
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ways for ensuring of ecological safety of technics, technologies and its pro-
ducts. 

6. Developed methodological maintains of ecological safety manage-
ment systems was implemented in educational process of National Universi-
ty of Civil Defense of Ukraine and Berdyansk State Pedagogical University. 

 
Material of the research published in 30 scientific articles, namely: 

13 articles in professionals scientific journals, including 10 – in journals that 
is listed in the PAD of Ukraine, 6 – in foreign journals (Republic of Moldova, 
Republic of Kazakhstan), 8 – in journals, which referred in international sci-
entometric data bases, 1 chapter of handbook and also thesis of 16 scienti-
fic reports. 

Material of the research passed approbation on 13 international, 
with international participation, all Ukrainian and regional science, technical 
and practical conferences and congresses, including on 3 foreign (Republic 
of Moldova, Republic of Kazakhstan, Russian Federation). 

Structure and scope of the research. This monograph presented 
on 204 pages of main text, consists of preamble, introduction, five chapters, 
general conclusions and one appendixe on 9 pages. Text of monograph in-
cludes 58 figures, 17 tables, bibliography of 195 sources. 
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fessor Y. M. Semchuk (Ivano-Frankivsk National Technical University of Oil 
and Gas), Dr. Sci. (Tech.), Professor I. V. Parsadanov (National Technical 
University «Kharkiv Polytechnical Institute»), Dr. Sci. (Tech.), Professor 
O. P. Strokov (Zaporozhye Classical Private University), Cand. Sci. (Tech.), 
Sr. Researcher A. M. Levterov (A. M. Podgorny Institute for Mechanical 
Engineering Problems of NAS of Ukraine), Cand. Sci. (Econ.), Associate 
Professor T. P. Nestorenko (Berdyansk State Pedagogical University).  
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В С Т У П 
 

Актуальність дослідження. Результати аналізу сучасного стану 
техногенно-екологічної ситуації у Світі взагалі та на Україні зокрема 
свідчать про те, що заходи, спрямовані на її поліпшення, не мають роз-
роблюватися і впроваджуватися безсистемно, яких би суттєвих пози-
тивних ефектів вони не досгали у окремо взятому, вузькому, однобіч-
ному напрямку.  

Комплексний і складний характер процесів і технологій, які скла-
дають сутність чи супроводжують усі етапи життєвого циклу техніки, у 
тому числі й одиниць енергетичних установок, а саме аварійно-рятува-
льної техніки, зумовлює аналогічний характер змісту, розробки й впро-
вадження заходів щодо забезпечення законодавчо встановленого рів-
ня значень показників екологічної безпеки. Для реалізації такого над-
сучасного підходу постає нагальна необхідність у розробці наукових 
основ відповідного методологічного забезпечення.  

Алгоритм вирішення поставленого глобального завдання має пе-
редбачати управління процесом розробки і впровадження таких захо-
дів покроково, між послідовно слідуючими кроками мають існувати 
причинно-наслідкові та ієрархічні зв’язки, такий алгоритм має викорис-
товувати у якості початкових вихідних даних значення показників робо-
ти реальних об’єктів управління та замикатися зворотним зв’язком. Та-
кі вимоги може задовольнити лише побудова системи управління еко-
логічною безпекою на основі використання принципів системного під-
ходу, багаторівневої декомпозиції, аналізу ієрархічних структур, деся-
тинного поділу.  

Як показано у наведених дослідженнях, такий структурований на-
уковий підхід вирізняється широкою універсальністю – використаний 
для забезпечення екологічної безпеки технологічних процесів наванта-
ження-розвантаження і зберігання сипких продуктів, функціонування 
шахт, ліквідації лісових пожеж із застосуванням дисперсних аерозоль-
них багатофазних структур; процесу експлуатації енергетичних устано-
вок з поршневим двигуном внутрішнього згоряння; технологічного про-
цесіу плазменої утилізації твердих побутових відходів; процесів струк-
турування напівпровідникових наноматеріалів тощо. Однак слід відмі-
тити, що заходи щодо забезпечення екологічної безпеки у будь-якому 
випадку потребують часових і грошових витрат, є науко- та працеємни-
ми. Розробка систем управління дозволяє лише оптимізувати такі вит-
рати, а не звести їх нанівець. 

Тому створення наукових основ методологічного забезпечення 
систем управління екологічною безпекою та повного комплексу заходів 
із забезпечення законодавчо встановленого рівня значень показників 
екологічної безпеки є вкрай перспективним і актуальним напрямком 
досліджень з точки зору енергетичних і ресурсних витрат як у масшта-
бі країни, так і у всесвітньому масштабі. 
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Зв'язок з науковими програмами, планами, темами. Дане на-
укове дослідження відображає основні результати виконання Наукової 
роботи молодих учених, що виконується за рахунок коштів загального 
фонду державного бюджету України, Бердянського державного педа-
гогічного університету «Наноструктуровані напівпровідники для енер-
гоефективних екологічно безпечних технологій, що підвищують рівень 
енергозбереження та екологічної безпеки урбосистеми» (ДР № 0116U 
006961 2016 – 2018 рр.). Дослідження також відображає основні резу-
льтати завершеної НДР кафедри прикладної механіки НУЦЗУ «Теоре-
тичні дослідження і розробка пристроїв для підвищення безпеки екс-
плуатації енергетичних установок на базі дизельних двигунів» (ДР № 
0115U002040, 2015 – 2016 рр.), двох виконуваних НДР «Дослідження 
гідравлічних струменів при створенні систем управління екологічною 
безпекою об’єктів підвищеного ризику» (ДР № 0116U00 2002, 2016 – 
2017 рр.) та «Методологічне забезпечення критеріального оцінювання 
ефективності функціонування системи управління екологічною безпе-
кою процесу експлуатації енергетичних установок аварійно-рятуваль-
ної техніки» (ДР № 0117U 002002, 2017 – 2018 рр.).  

Методами дослідження є аналіз науково-технічної літератури; 
синтез систем управління екологічною безпекою; принципи системного 
підходу, багаторівневої декомпозиції, аналізу ієрархічних структур, де-
сятинного поділу; методики аналізу даних моторних стендових випро-
бувань, розрахунку середньоексплуатаційних значень техніко-економі-
чних і екологічних показників роботи поршневих ДВЗ за стандартизо-
ваними стаціонарними випробувальними циклами, розрахункової оцін-
ки впливу гідравлічного опору елементів випускної системи поршневих 
ДВЗ на їх паливну економічність; методики застосування комплексного 
паливно-екологічного критерію і узагальненої функції бажаності; мате-
матичні моделі гідравлічного опору і ефективності роботи ФТЧ; мате-
матична модель руху двофазного багатокомпонентного дисперсного 
газо-крапельного середовища з урахуванням міжфазної взаємодії; ме-
тоди кінцевих об’ємів і найменших квадратів; методика оцінювання 
економічного ефекту від впровадження нової технології; методика роз-
рахунку геометричних параметрів траєкторії гідравлічного струменя з 
ручного пожежного ствола і оцінки впливу на них похибок вимірювань; 
методики аналітичної, розрахункової та експериментальної оцінки па-
раметрів наноструктурованих напівпровідникових матеріалів і робочих 
характеристик фотоелектричних перетворювачів. 

Метою дослідження є створення наукових основ методологічно-
го забезпечення систем управління екологічною безпекою протягом 
життєвого циклу різноманітних видів техніки, що побудована на вико-
ристанні сучасних екологічно безпечних матеріало- і енергоощадних 
технологій. 

Об’єктом дослідження є системи управління екологічною без-
пекою життєвого циклу техніки і технологій. 
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Предметом дослідження є наукові основи методологічного за-
безпечення систем управління екологічною безпекою. 

Задачами дослідження є такі: 
1) створення наукових основ методологічного забезпечення сис-

тем управління екологічною безпекою протягом життєвого циклу техні-
ки з урахуванням особливостей технологій, покладених у основу її ро-
боти і утилізації; 

2) здійснення метаматичного моделювання процесів забезпечен-
ня екологічної безпеки як основи раціоналізації технічних рішень щодо 
конструкції, експлуатації й утилізації одиниць техніки; 

3) виявлення і описання техногенно-екологічних і метрологічних 
аспектів експериментальних досліджень показників рівня екологічної 
безпеки техніки і технологій як джерела вихідних даних для фізичного і 
математичного моделювання й ідентифікації моделей; 

4) виявлення і дослідження особливостей шляхів забезпечення 
екологічної безпеки продуктів нанотехнологій протягом їх життєвого 
циклу як найімовірнішої альтернативи традиційним технологіям; 

5) створення наукових основ методологічного забезпечення кри-
теріального та економічного оцінювання ефективності процесу функці-
онування систем управління екологічною безпекою як основи моніто-
рингу ефективності функціонування й зворотного зв’язку таких систем 
управління; 

6) виконання SWOT-аналізу результатів дослідження. 
Наукова новизна отриманих результатів полягає у такому: 
1. Отримали подальший розвиток наукові основи методологічно-

го забезпечення систем управління екологічною безпекою повного 
життєвого циклу техніки з урахуванням особливостей технологій, по-
кладених у основу її роботи і утилізації. 

2. Отримали подальший розвиток наукові основи методологічно-
го забезпечення систем управління екологічною безпекою повного 
життєвого циклу продуктів нанотехнологій. 

3. Отримали подальший розвиток наукові основи методологічно-
го забезпечення критеріального оцінювання ефективності функціону-
вання систем управління екологічною безпекою. 

Практична цінність отриманих результатів полягає у такому: 
1. Розроблене методологічне забезпечення систем управління 

екологічною безпекою повного життєвого циклу різних видів техніки та 
технологій придатне для створення таких систем для нових видів об’є-
ктів управління. 

2. Розроблене методологічне забезпечення систем управління 
екологічною безпекою повного життєвого циклу продуктів нанотехно-
логій придане для створення таких систем для нових видів об’єктів уп-
равління. 

3. Розроблене методологічне забезпечення критеріального оці-
нювання ефективності функціонування систем управління екологічною 
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безпекою придатне для використання з існуючими та знов розроблю-
ваними системами. 

4. Результати аналізу техногенно-екологічних і метрологічних ас-
пектів експериментальних досліджень показників рівня екологічної без-
пеки техніки і технологій придатні для розроблення заходів щодо за-
безпечення техногенно-екологічної безпеки експериментальних дос-
ліджень. 

5. Розроблені системи управління екологічною безпекою придат-
ні для впровадження у науково-дослідну роботу з метою пошуку нових 
шляхів забезпечення екологічної безпеки техніки, технологій і їх проду-
ктів. 

6. Розроблене методологічне забезпечення систем управління 
екологічною безпекою впроваджено у навчальний процес НУЦЗУ 
ДСНСУ та БДПУ МОНУ. 

Матеріали дослідження опубліковано у 30 наукових працях, а 
саме: 13 статей у фахових наукових виданнях, з них 10 – у виданнях, 
що внесені у перелік ДАК України, 6 – у закордонних виданнях (Респу-
бліка Молдова, Республіка Казахстан), 8 – у виданнях, реферованих у 
міжнародних наукометричних базах даних; 1 розділ довідника; тези 16 
доповідей. 

Матеріали дослідження пройшли апробацію на 13 міжнарод-
них, з міжнародною участю, всеукраїнських і регіональних науково-тех-
нічних і науково-практичних конференціях і конгресах, у тому числі на 
3 закордонних (Республіка Казахстан, Республіка Бєларусь, Російська 
Федерація). 

Структура та обсяг роботи. Монографія викладена на 204 стор. 
основного тексту, містить передмову, вступ, п’ять розділів, загальні 
висновки і один додаток на 9 стор. У тексті монографії присутні 58 рис., 
17 табл., бібліографію з 195 джерел. 

Слова вдячності. Авторський колектив висловлює вдячність за 
консультативну й практичну допомогу в отриманні наукових даних, що 
лягли в основу дослідження, яке відображене у цій монографії, наступ-
ним персоналіям: д. т. н., професору І. Т. Богданову (Бердянський дер-
жавний педагоггічний університет), д. т. н., професору В. М. Шмандію 
(Кременчуцький національний університет ім. Михайла Остроградсько-
го), д. т. н., професору М. С. Мальованому (Національний університет 
«Львівська політехніка»), д. т н., професору В. А. Андронову (Націона-
льний університет цивільного захисту України), д. т. н., професору 
Я. М. Семчуку (Івано-Франківський національний технічний університет 
нафти і газу), д. т. н., професору І. В. Парсаданову (Національний тех-
нічний університет «Харківський політехнічний інститут»), д. т. н., про-
фесору О. П. Строкову (Запоріжський класичний приватний універси-
тет), к. т. н., с. н. с. А. М. Лєвтєрову (Інститут проблем машинобудува-
ння ім. А. М. Підгорного НАН України), к. е. н., доценту Т. П. Нестерен-
ко (Бердянський державний педагогічний університет). 



 

 19 

Chapter 1. METHODOLOGICAL BASIS OF CREATION 
OF ECOLOGICAL SAFETY MANAGEMENT SYSTEMS 

 
1.1. GENERAL PROVISIONS 

 
Purpose of studies, presented in the chapter, is creation metrological 

basis of synthesis of ecological safety management systems for examples 
of various types of technics and different technologies, which form the foun-
dation of its whole life cycle. 

Object of studies, presented in the chapter, is ecological safety mana-
gement systems as a single entity. 

Subject of studies, presented in the chapter, is structure and functio-
ning algorithm of ecological safety management systems. 

The chapter includes materials of three articles. 
The first of these articles includes material about the results of ap-

plication of systematic approach for solving the problem of management of 
ecological safety of process of utilization of solid domestic waste of vital ac-
tivity with using of plasma technology. Wherewith main structural elements 
of such system was described by verbal logical formulas. 

The second paper devoted to issues of conceptual basis of creation 
of ecological safety management systems, which uses multiphase disper-
sed structures, namely water-droplet screen for suppression of harmful and 
explosive aerosols in mines, in enterprises of storing of bulk materials, na-
mely during loading and unloading processes, and also during localization 
of high and low-level steppe and forest fires by generation of mineralized 
ground stripes by the way of blasting of hose charges.  

Materials of the third article consist of results of creation of methodo-
logical basis of criterial complex assessment of functioning efficiency of 
ecological safety management systems of exploitation process of power 
plants with piston internal combustion engines. Formulated requirements 
for such criteria, grounded choice units of monetary equivalents of its com-
ponents, identified possibility of using it criteria for feedback in ecological 
safety management systems. 

Findings of presented in chapter 1 studies is submitted in general 
conclusions of the monograph. 

Bibliographyc description of presented in chapter 1 published scienti-
fic articles is submitted in are given in in Appendix A. 
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Розділ 1. МЕТОДОЛОГІЧНІ ОСНОВИ СТВОРЕННЯ 
СИСТЕМ УПРАВЛІННЯ ЕКОЛОГІЧНОЮ БЕЗПЕКОЮ 

 
1.1. ЗАГАЛЬНІ МІРКУВАННЯ 

 
Метою досліджень, наведених у розділі, є створення методоло-

гічних основ синтезу систем управління екологічною безпекою на прик-
ладах різної техніки та різних технологій, що складають основу чи суп-
роводжують усі етапи життєвого циклу такої техніки.  

Об’єктом досліджень, представлених у розділі, є системи управ-
ління екологічною безпекою як єдине ціле. 

Предметом досліджень, описаних у розділі, є структура і алго-
ритм функціонування систем управління екологічною безпекою. 

Розділ містить матеріали трьох статей. 
Перша з статей містить матеріали щодо результатів застосуван-

ня системного підходу до вирішення проблеми управління екологічною 
безпекою процесу утилізації твердих побутових відходів життєдіяльно-
сті за допомогою плазмової технології, при цьому основні структурні 
елементи такої системи описано вербально-логічними формулами. 

Друга стаття присвячена питанням концептуальних основ ство-
рення системи управління екологічною безпекою, що використовує ба-
гатофазні дисперсні структури, а саме водокрапельні завіси для приг-
нічення шкідливих та вибухонебезпечних аерозолів у шахтах, на під-
приємствах зберігання сипких матеріалів, а саме впродовж процесів 
навантаження і розвантаження, а також під час локалізації верхових і 
низових степових і лісових пожеж шляхом створення мінералізованих 
земляних смуг підривом шлангових зарядів. 

Матеріали третьої статті складають результати створення мето-
дологічних основ критеріального комплексного оцінювання ефективно-
сті функціонування систем управління екологічною безпекою процесу 
експлуатації енергетичних установок з поршневим двигуном внутріш-
нього згоряння. Сформульовано вимоги до критерію для такого оціню-
вання, обґрунтовано вибір одиниць для вираження вартісних еквівале-
нтів його складових, вказано можливість використання критерію для 
організації у систем управління екологічною безпекою зворотного зв’я-
зку. 

Висновки по результатам досліджень, представлених у розділі 1, 
винесено у загальні висновки по монографії. 

Бібліографічний опис наведених у розділі 1 друкованих наукових 
праць наведено у Додатку А. 
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1.2. SYSTEMATIC APPROACH TO SOLVING THE PROBLEM 
OF MANAGEMENT OF ECOLOGICAL SAFETY DURING PROCESS 

OF BIOWASTE PRODUCTS UTILIZATION              [А.1.1] 
 
Problem statement. Significant negative impact on the balance of 

the natural environment, for ecological safety have excessive concentration 
of ecologically dangerous manufactures imperfection of technological pro-
cesses, technical systems and the unreliability of other human activities. 
Among the factors of ecological safety in the majority of regions is one of 
the dominant position occupied by waste. One of the reasons of occurrence 
of ecologically dangerous waste is a scientific and technological progress in 
the creation of new kinds of materials [1.1]. In accordance with the Law of 
Ukraine "Of Wastes" hazardous waste is waste that having such physical, 
chemical, biological or other dangerous properties that create or could cre-
ate a significant risk to the environment and human health and which requi-
re special methods and means of handling them. An effective solution to 
the problem of generation and accumulation of dangerous waste is to crea-
te a of ecological safety management system (ESMS) at their utilization 
[1.2, 1.3]. In this case, it is reasonable to use a systematic approach to the 
development of organizational and technological solutions for utilization. 
The system approach allows rational formulate and solve the complex 
problems, by structuring and allocation of their individual tasks as relatively 
independent parts. 

Methods of research. Like any complex system, the management of 
ecological safety consists of many components that form the basis of their 
functional characteristics and relationships in the operation of the whole 
system. This allows presenting the system in the form of model suitable for 
analytical research and synthesis of components-subsystems of systems 
as itself and environment. The starting point for the development of such a 
system is proposed the differentiation of production process on the specific 
stages. Each of the components of management system of ecological safe-
ty during waste utilization is a very complicated and a large target subsys-
tem and characterized by certain functions, methods and mans of their imp-
lementation. The main tasks for management system of ecological safety 
are to prevent (or substantially reduce) the negative impact on the natural 
environment, mitigate the effects of manifestations of sources of danger, 
the weakening of the intensity of the action of hazards. In this case the pri-
ority management technical solutions are the use of schemes of joint proce-
ssing of waste of different economic systems. 

Results of research. Using the principle of multilevel decomposition 
[1.4], we have to go to the formalization of solution of the problem of ratio-
nal management of ecological safety during utilization process of biowaste 
products. The process of designing of the system is due to the division into 
hierarchical levels of functionally completed stages of the solution of the 
complex of subtasks of that level (Fig.1.1). 
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Fig. 1.1 – General scheme of multilevel decomposition 
(without excessive detailed elaboration) 

 
Formation of the initial data (Fig. 1.2) includes two levels defining the 

approaches to the identification of wastes and hazards. At the first level are 
determined by the types of waste for utilization technological process. In 
this case especially allocated groups promoting the formation of highly toxic 
substances. 

The second level involves detection and identification of hazards with 
taking into account the characteristic features of the region (each of regions 
have its own priorities and hierarchy of structures of accumulation of bio-
waste products and manufacturing), space and time structuring of hazard 
(set of ecological dangerous wastes of any kind of genesis, which because 
of interaction and mutually influence are hazard generators), quantitative 
structuring (involves amiability of statistic data of each of types of biowaste 
products). That level is finalizing by development of variants of principle te-
chnological schemes of utilization with taking into account ensuring of eco-
logical safety. 

The stage of new and improving technologies as well as the previous 
consists of two serial levels (Fig. 1.3) The third level covers the preparatory 
processes of creating of technological system of utilization, which taking in-
to account ecological safety. It includes the technological process of ther-
mal processing of wastes, pyrolysis; creating the necessary thermochemi-
cal process, which prevents formation of highly toxic substances and the 
process of following possible formation of highly toxic compounds.  

On the fourth stage produced technical requirements and developed 
equipment necessary for utilization process that ensured ecological safety 
(in gaseous and solid residue). By these we mean servicing of technologi-
cal processes by main, auxiliary and additional equipment with taking into 
account safety of staff. The character feature of that level is taking into ac-
count volumes and nomenclature of production processes and also dates 
of performances.  

Directly executing of process of utilization of biowaste products pre-
sented the third stage (Fig. 1.4). Here is fifth level that characterized by the 
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solution of tasks of control and organization of technological process. If we 
considering of specificity of the tasks, these level characterized by presen-
ce follow components of: organization of sequence of process; organization 
of shop sections of executing of technological process; and also systems of 
dispatching and management. The complex solving of tasks of that level 
must be carried out jointly with solving of tasks of sixth level – manufactu-
ring. That involves the organization of technological and manufacturing pro-
cesses on Fig. 4, considering ensuring of ecological safety. 
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Fig. 1.2 – Scheme of initial 
data formation stage 

 
Fig. 1.3 – Scheme of new and 
improving technologies stage 

 
The final stage of this algorithm is control of results of application of 

management system of ecological safety (Fig. 1.5). The seventh level imply 
obtaining of following parameters of ensuring of ecological safety, which 
basis on executing utilization process:  reducing of volume of wastes on fa-
cilities and polygons; obtaining the products of useful purpose (for example, 
combustible gas, industrial chemical compounds, heat energy, electrical 
energy, matter for building industry etc.). At the last, eighth level is neces-
sary to organize the system of controlling that allows evaluating efficiency 
of works for ensuring of ecological safety.  

Proposed hierarchic structure implies formalization of solution of the 
assigned task just in strictly adhering to the basic principles of multilevel de-
composition. This implies the following features: 

– presents of vertical (between the levels) and horizontal (between 
the stages) communications; 

– priority of action of levels and stages from bottom to top; 
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– interrelation of levels; 
– varieties of choosing and solving of the tasks for each of levels. 
The functions of technological system of utilization of biowaste produ-

cts. The foundation of existing of any system is basis and availability of spe-
cific purpose for its operating. It must be assumed that taken separately 
components of system perform their functions by subordinate its actions to 
final goal. At the same time, all of components of scheme are in benefiting 
interrelations and coordination in actions. 
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Fig. 1.4 – Scheme of 
organization and executing 

stage 

 
Fig. 1.5 – Scheme of 

ensuring 
of executing stage 

 
The main function of technological system of utilization is to create a 

technological process of utilization of biowaste products with taking into ac-
count ecological safety. We should also mention the ability of obtaining of 
products of useful purpose for following usage. Form of the function is for-
mally represented as a complex of following three components:  

 
F = (A, B, C),                                        (1.1) 

 
Here, under our notation should be understood: A – action of system (com-
ponent) which leads to necessary result; B – designation of object to which 
directed action; C – formulation of special conditions and limitations under 
which executed action of the system (components). 
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Assuming that description of function for proposed technological sys-
tem of utilization can made by form of formula (1), components of that for-
mula taking following meanings:  

 
F (system of ensuring of ecological safety) = [ecological safety (A) 

in operating of technological process of utilization (B) 
with rational organization and technical parameters 

and application of improved technologies of ensured of safety (C)]. 
 
The general approach determines that each of components of the sy-

stem (component-subsystem, component-element) also is determined by 
its own function. Functions of system components are dependent on their 
own properties and on its relations with other components. To formulate the 
main functions of components of the system we can use a proposed above 
General multilevel scheme (Fig. 1.1) and schemes of its individual levels 
(Fig. 1.2 – 1.5). 

At the first level in subsystems we must allocate dangerous wastes 
by their types of formation and identify them by risk of possibility of formati-
on of highly toxic substances in process of utilization.  

 In process of definition of main regularities of formation of ecological 
danger in subsystems of second level (Fig. 1.2) the components of Formula 
(1.1) taking the following meanings:  

 
F2

1 (regionalization of hazards) = [as a result of analysis industrial and 
social features of the region (A) allocate priorities of hazard structures (B) 

in depending on possible development of hazard (C)]; 
 

F2
2 (space and time structuring of hazards) = [as a result of analysis 

ecological dangerous objects of any kind of genesis, which due to 
interaction and mutual influence between themselves are generated the 
hazard (A), positioning its sources (B) with taking into account not only 

spatial location of that sources in relation to various objects, but also nature 
of environment in which they are distributing (C)]; 

 
F2

3 (quantitative structuring of sources of ecological danger) = [as a result 
of analysis of different variants of principal schemes of utilization  
of biowaste products (A) they classified with taking into account  

of disposable resources (B) and their kinds (C)]. 
 
The functions of subsystem of third level (Fig. 1.3) are following: 
 

F3
1 (technological process of heat processing) = [choosing of technological 
processes (A), which create thermodynamic conditions (B) necessary 

for decomposition of wastes on molecular components (C)]; 
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F3
2 (technological process, which prevents formation of highly toxic  

compounds, pyrolysis) = [choosing of technologies (A) for creation 
of process of pyrolysis (B) and its organization in area (C) 

where existing highly toxic compounds]; 
 

F3
3 (technological process, which prevents secondary formation of highly 
toxic compounds) = [choosing of technologies (A) for creation and 

transportation multiphase structures for realizing of regime of rapid cooling 
of exhaust gases (B), which prevents secondary formation of highly toxic 

compounds (C)]; 
 
The functions of subsystem of fourth level (Fig. 1.3) are following: 
 

F4
1 (equipment for preventing formation of highly toxic compounds in 

atmosphere) = [designing, manufacturing and choosing (A) of equipment 
(B), which ensured ecological safety process of utilization of wastes that 

prevent formation of highly toxic compounds (C) at minimal cost of 
equipment); 

 
F4

2 (equipment for preventing formation of highly toxic compounds in solid 
residue) = [designing, manufacturing and choosing (A) of equipment (B), 

which ensured quality of implementation of technological process of 
pyrolysis (C) at minimal cost of equipment); 

 
The functions of subsystem of fifth level (Fig. 1.3) are following: 
 

F5
1 (organization of sequence of process) = [developing (A) of cyclic 

schedule (B) of forming of thermal utilization, which ensured a minimal 
spending of resources for ensuring of industrial and ecological safety (C)]; 

 
F5

2 (organization of shop sections of executing of technological process) = 
= [designing and organization (A) of shop sections for realization 

of technological process of ecological safety utilization (B) with taking 
into account features of new and improving technologies (C)]; 

 
F5

3 (management of the process) = [regulation and network planning in 
time (A) of cyclic schedules of using of technological processes of eco-

logical safety utilization (B) for implementation of manufacturing cycles (C)]. 
 
The basic regularities of subsystem of sixth level (Fig. 1.4) we can 

describe following functions: 
F6

1 (technological process of high temperature processing of wastes) = 
= [regulation and network planning in time (A) of cyclic schedules 

of technological processes of burning of biowaste products (B) 
for implementation of predetermined manufacturing processes (C)]; 
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F6
2 (technological process of decomposition of toxic substances) = 

= [regulation and network planning in time (A) of decomposition of highly 
toxic substances by low temperature plasma (B) for implementation  

of predetermined task (C)]; 
 

F6
3 (technological process of cooling of exhaust gases) = [regulation  

and network planning in time (A) of process of cooling of exhaust gases 
with using of multiphase dispersed structures (B) for implementation 

of predetermined task (C)]; 
 

F6
4 (technological process of methanation) = [regulation and network  

planning in time (A) of process of methanation of exhaust gases (B)  
for implementation of predetermined task (C)]; 

 
F6

5 (technological process of purification of exhaust gases) = [regulation  
and network planning in time (A) of process of purification of exhaust  

gases (B) for implementation of predetermined task (C)]; 
 

F6
5 (technological process of separation of exhaust gases) = [regulation  

and network planning in time (A) of process of separation of exhaust gases 
on technological gasses and combustible methane (B) for implementation 

of predetermined task (C)]; 
 
The functional dependences for subsystems of seventh and eighth le-

vels (Fig. 5) fit into general dependences for process of utilization of biowa-
ste products with taking into accounts ecological safety.  

 
F (system of ensuring of ecological safety) = [ecological safety (A) 
in process of operation of technological process of utilization (B) 
at rational organization and technical parameters with application 

of improved technologies of ensuring of safety (C)]. 
 

Conclusions. Consideration of management system of ecological 
safety in process of utilization of biowaste products as a complicated tech-
nological system, allows complex carrying out the problem of ecological sa-
fety. On basis of principle of multilevel decomposition was formalized the 
task of rational management in utilization biowaste products and described 
functions of technological system of utilization.  

With taking into account of statements of systematic approach of sol-
ving of complicated problems and also specific features of creation of ma-
nagement system of ecological safety in utilization of biowaste products, 
was proposed the methodological scheme for solving of task of manage-
ment of ecological safety considering obtaining the useful products. 

 
 



 

 28 

1.3. CONCEPTUAL BASIS AND CREATION OF ECOLOGICAL SAFETY 
MANAGEMENT SYSTEM OF HARMFUL AEROSOL SUPPRESSION, 

WHICH USES MULTIPHASE DISPERSED STRUCTURES   [А.1.2] 
 
Introduction. The process of multiphase dispersed structures (MDS) 

formation in the respective statement of the problem may take a worthy pla-
ce in the creation of ecological safety management system (ESMS) [1.5].  

Analysis of recent publications. During the technical preparations 
for the implementation of management processes must be based on the 
existing normative and technological documentation and results of carried 
out experimental researches, perform spatial and temporal structuring of 
danger and its quantitative indicators. It should take effective schemes of 
implementation of ESMS [1.6].  

On the basis of these materials is being developed technological pro-
cesses that use MDS, designing and manufacturing funds of equipment of 
the process, determined the form of organization of the technological pro-
cesses and also the processes themselves are implemented. 

Thus, an integrated model of the processes of ecological safety ma-
nagement, reflecting the variety of factors that affect the content of work for 
ensuring ecological safety, can be arranged only if its decomposition and 
the development of relatively independent models of individual complexes 
of preparation for ensuring the ecological safety. 

Since preparations for the implementation of ecological safety tech-
nologies requires significant investment of time and resources, the possibi-
lity of experimental verification of different options to address specific tasks 
of development of  ESMS practically impossible.  

Under these conditions, modeling and definition of the rationality of 
decisions taken is the only and very effective way to solve problems using 
computer technology with minimal cost and sufficient accuracy.  

Formulation and solving of problem. Based on the conceptual ba-
sis of a systematic approach [1.7], we propose the following scheme for 
solving the problem of formation of a control system (Fig. 1.6). 

Taking into account the basis of systematic approach in case of sol-
ving of difficult problems as well as the analysis of specific features of a sy-
stem ecological safety management creation process [1.7, 1.8], we propo-
se using the following sequence when forming a model ecological safety 
management, which using multiphase dispersed structures: 

– determination of problems and analyzing relevant information for 
final statement of problems; 

– elaboration of models in a descriptive, mathematical or other forms 
of representation; 

– selection efficiency criteria or criteria of decision making for rationa-
lization of such systems; 

– development of methods and means for resolving identified prob-
lems, including the development of computer algorithms and programs to 
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implement them with the help of computer technology; 
– experimental studies to verify the results of theoretical develop-

ments, including in industrial conditions and real operation conditions; 
– development of recommendations and regulatory technical docu-

mentation for practical application of proposed and studied method and 
means and also optimization models of ecological safety management sys-
tems. 

 

Ecological safety management system 
which using multiphase dispersed structures 

↑  ↓ 

Practical approbation of 
recommended solutions, 
correction of legislative 

technical documentation 
and algorithms 

 Formulation of tasks, 
searching forms of 
representation and 

description of ESMS 

↑  ↓ 

Recommendations, 
legislative technical 

documentation 
and algorithms 

 Formalized models 
of processes of 

ecological 
safety ensuring 

↑  ↓ 

Elaboration of programs, 
experimental studies of 

proposed solutions 

 Choosing of conditions 
and restrictions, determining 

of goal function and developing 
solving methods of problems 

↑  ↓ 

Methods and means for solving 
the problems, algorithms of rationalization 

 
Fig. 1.6 – Scheme of solving of ecological safety 

management system creation problem 
 
Like any complex system, the management of ecological safety con-

sists of many components that form the basis of their functional characteri-
stics and relationships in the operation of the whole system. This allows 
presenting the system in the form of model suitable for analytical research 
and synthesis of components-subsystems of systems as itself and environ-
ment. The starting point for the development of such a system is proposed 
the differentiation of production process on the specific stages. 

Each of the components of management system of ecological safety 
during waste utilization is a very complicated and a large target subsystem 
and characterized by certain functions, methods and means of their imple-
mentation. 

The main tasks for management system of ecological safety are to 
prevent (or substantially reduce) the negative impact on the natural enviro-
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nment, mitigate the effects of manifestations of sources of danger, the wea-
kening of the intensity of the action of hazards. In this case the priority ma-
nagement technical solutions are the use of schemes of joint processing of 
waste of different economic systems 

Results of research. Using the principle of multilevel decomposition 
[1.7 – 1.9], we have to go to the formalization of solution of the problem of 
rational management of ecological safety during aerosol suppression pro-
cess by water-drop curtain generation. The process of designing of the sys-
tem is due to the division into hierarchical levels of functionally completed 
stages (of which there are 4) of the solution of the complex of subtasks of 
that level (of which there are 8 – two for each stage) (Fig. 1.7) [1.9].  

The 1st Stage – “Formation of the initial data” – includes two levels 
defining the approaches to the identification of wastes and hazards.  

At the 1st Level – “Identification of hazard aerosols” – are determined 
by the types of hazard aerosols (of mineral dust, explosive coal dust of 
combustion smoke in air). In this case especially allocated groups promo-
ting the formation of highly toxic substances (in case of forest fires) or ex-
plosive particle-air mixtures (in case of coal mines) of mineral dust and air 
aerosols (in case of storage facilities) [1.9].  

The 2nd level – “Identification of hazards dependently of principals of 
the formation” – involves detection and identification of hazard aerosols 
with taking into account the characteristic features of the region (each of re-
gions have its own priorities and hierarchy of aerosol particles kind structu-
res), space and time structuring of hazards (set of ecological dangerous ae-
rosols of any kind of genesis, which because of interaction and mutually in-
fluence are hazard generators – coal mine, ports and storage facilities or 
forest fires), quantitative structuring (involves amiability of statistic data of 
each of types of hazard aerosol). That level is finalizing by development of 
variants of principle technological schemes of hazard aerosol suppression 
by water-drop curtain generation with taking into account ensuring of ecolo-
gical safety. 

The 3rd Stage – “New and improving technologies” – as well as the 
previous consists of two serial levels.  

The 3rd Level – “Preparing processes” – covers the preparatory pro-
cesses of creating of technological system of hazard aerosol suppression 
by water-drop curtain generation, which taking into account ecological safe-
ty. It includes the technological process of generation and delivery to the 
desired location of water-drop curtain, which prevents formation of highly 
toxic substances in environment air.  

On the 4th Stage – “Equipment” – produced technical requirements 
and developed equipment necessary for hazard aerosol suppression pro-
cess that ensured ecological safety. By these we mean servicing of techno-
logical processes by main, auxiliary and additional equipment with taking 
into account safety of staff. The character feature of that level is taking into 
account volumes and nomenclature of manufacturing processes and also 
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dates of performances.  
The 3rd Stage – “Organization and executing the processes, which 

using ecological safety management system” – consists of two serial levels. 
Here is 5th Level – “Organization and controlling of ecological safety 

management system” – that characterized by the solution of tasks of con-
trol and organization of technological process. If we considering of specifici-
ty of the tasks, these level characterized by presence follow components of:  

– organization of sequence of process;  
– organization of shop sections of executing of technological process;  
– systems of dispatching and management.  
The complex solving of tasks of that level must be carried out jointly 

with solving of tasks of 6th Level – “Manufacturing processes”. That involves 
the organization of technological and manufacturing processes on, consi-
dering ensuring of ecological safety. 

The final, 4th, Stage of this algorithm – “Results of using of which us-
ing of ecological safety management system” – is control of results of appli-
cation of ecological safety management system.  

The 7th Level – “Output results of using of ecological safety manage-
ment system” – imply obtaining of following parameters of ensuring of eco-
logical safety, which basis on executing hazard aerosol suppression by wa-
ter-drop curtain generation process: reducing of pollutants concentration in 
environment air, increasing the ecology, fire and explosive safety level of 
coal mines, ports and storage facilities or forests.  

 
Initial data for 

creation 
of ecological safety 

management system 

Improved and new 
technologies, which 

using ecological 
safety management 

system 

Organization and 
executing the 

processes, which 
using ecological 

safety management 
system 

Results of using of 
which using 

ecological safety 
management 

system 
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Fig. 1.7 – General scheme of multilevel decomposition 

(without excessive detailed elaboration) 
 

At the last, 8th Level – “Control system” – is necessary to organize the 
system of controlling that allows evaluating efficiency of works for ensuring 
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of ecological safety.  
Proposed hierarchic structure implies formalization of solution of the 

assigned task just in strictly adhering to the basic principles of multilevel de-
composition. This implies the following features: 

– presents of vertical (between the levels) and horizontal (between 
the stages) communications; 

– priority of action of levels and stages from bottom to top; 
– interrelation of levels; 
– varieties of choosing and solving of the tasks for each of levels. 
Conclusions. In present paper considered conceptual basis of crea-

tion of ecological safety management system of executing hazard aerosol 
suppression by water-drop curtain generation process for coal mines, ports 
and storage facilities or forest fires, which uses multiphase dispersed struc-
tures. That was done on basis of principle of multilevel decomposition and 
systematic approach by formalization of rational management in executing 
hazard aerosol suppression task. Also it was proposed the methodological 
general scheme for solving of task of management of ecological, fire and 
explosive safety of coal mines, ports and storage facilities or forests. 

 
1.4. METHODOLOGICAL BASICS OF CRITERIAL INTEGRATED 

ASSESSMENT OF ECOLOGICAL SAFETY MANAGEMENT SYSTEM 
FUNCTIONING EFFICIENCY OF POWER PLANTS WITH PISTON ICE 

EXPLOITATION PROCESS                       [A.1.3] 
 

Relevance of the research. Power plants (PP), a mechanical power 
source in which is an piston internal combustion engine (PICE), are a po-
werful source ecological danger, in particular – mass emission of gaseous 
pollutants with the flow of exhaust gas (EG) [1.11]. Ensuring compliance of 
PP with PICE with legislatively established ecological safety (ES) indicators 
is one of the priorities as well for experts in the PICE field as for experts in 
the ES field. Due to the above it is also possible to ensure urbosystems ES, 
which should also be based on the appropriate methodological support – 
ecological safety managing systems (ESMS). For quantitative estimation of 
measures to ensure the urbosystems ES effectiveness considering anthro-
pogenic impact on them there is a necessary for the relevant criteria. Also, 
using such criteria, it becomes possible to compare competing designs and 
individual technical solutions for the same designs. Thus, the development 
of ESMS effective functioning criteria of the PP with PICE process exploita-
tion as an integral part of their life cycle (LC), characterized by the greatest 
possible universality and taking into account in this context as much as 
possible danger factors, is an actual problem with a significant scientific no-
velty and practical value 

Analysis of previous studies. The authors of the study [1.11] have 
developed a the ESMS of PP with PICE exploitation process. The structure 
of such ESMS contains Stage 4, entitled "The results of ESMS use" which 
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in their turn contains a Level 8, called "ES level monitoring and control sys-
tem" is the final in ESMS structure, closes her by feedback through use of 
the ES indicators monitoring and control of the ESMS effectiveness as itself 
[1.11 – 1.12]. Functions of the whole ESMS and its Level 8, which we are 
interested in, can be described by the following verbal and logical formulas 
[1.11, 1.13]: 

 
Fi

j {N} = [A, B, C] = F {ES ensuring system} = [ES indicators (А) 
of extracting and processing of waste and pollutants 

technological process, the source of which are PP with PICE (В), 
by organization and technical parameters by the way of using 

of new and improved technologies of ES ensuring (С)];           (1.2) 
 

F8 {ES level monitoring and ESMS operating control system} = 
= [monitoring and control of ES of PP with PICE exploitation process 

indicators level (А) in the appropriate ESMS functioning process of (В), 
at the rational organization and technical parameters 

with using of new and improved technologies of ES ensuring (С)],  (1.3) 
 

where А – action of the system or its component, which gives necessary re-
sult; В – name of the object, on which aimed action of the system or its 
component; С – formulation of the special conditions and limitations, at 
which performed action of the system or its component; i – number of the 
ESMS Level; j – number of the ESMS Level structure element; N – name of 
the ESMS Level structure element. 

Structure of that ESMS is shown on Figure 1.8 [1.11]. 
Purpose of the study. Purpose of the study is creation of the metho-

dological basis for complex ecological and economical assessment of PP 
with PICE exploitation process efficiency. 

Goals of the study are following: 
1. creation of the criteria for complex ecological and economical as-

sessment of PP with PICE exploitation process efficiency; 
2. creation of the algorithm for such criteria and selection of its com-

ponents measurement units; 
3. definition of the hierarchical place of such criteria in structure of 

ESMS, of PP with PICE and of its LC. 
Object of the study is the methodological basis for complex ecological 

and economical assessment of PP with PICE exploitation process efficien-
cy. Subject of the study is the criteria, that gives complex characteristic for 
object of the study. 

Solution of task of the study. The solution of task of creation of me-
thodological support for implementation of that ESMS Stage are proposed 
by the way of development of its functioning efficiency criteria, which differs 
as much as possible universality. The proposed conception of that criteria 
development and its application algorithm involves following sequence of 
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Steps, which shown in the Table 1.1. 
Thus, proposed algorithm is closed with feedback (i.e., cyclic) and is 

not autonomous regarding ESMS as itself, because it contains Steps B and 
F, with which is implemented its interaction with the ESMS. Therefore, it 
can be called integrated in ESMS. Here Step B is the source of the new in-
formation in the algorithm and the Step F is a source of information for 
ESMS. 

 
Stage 1 

→ 
Initial data for ESMS 

creation 

Stage 2 
→ 

Improved and new 
technologies for ES 
level ensuring which 

using by ESMS 

Stage 3 
→ 

Organization and 
performing of 
technological 

processes for ES level 
ensuring which using 

by ESMS 

Stage 4 
→ 

Results of ESMS 
application 

 

Level 1 
→ 

Level 2 
→ 

Level 3 
→ 

Level 4 
→ 

Level 5 
→ 

Level 6 
→ 

Level 7 
→ 

Level 8 

→ 
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Fig. 1.8 – Scheme of ESMS of PP with PICE exploitation process [1.11] 

 
For realizing the Step A «Basic version of the object» and Step C 

«Modernized version of the object» of developed algorithm, taking into ac-
count specific features of technical object on which acts ESMS, is proposed 
using complex fuel and ecological criteria of prof. I.V. Parsadanov [1.14] 
and other criteria, that is similar to it, developed on its basis or likeness. As 
a mode initial data for such assessment should be used the results of expe-
rimental or computational researches, which based on known, improved or 
developed methodic, such as in research [1.15]. For obtaining the middle 
exploitation values of initial data should be used the test methodic, which 
appropriate exploitation model of PICE or PP and because of it contains 
stationary, transition or mixed operation modes list with its characteristics 
(for PICE it is values of crankshaft speed, torque and weight factor etc.) 
and also appropriate techniques for experimental obtained data processing. 
In the case of impossibility of carrying out of experimental studies for speci-
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fic exploitation models and availability data from previous studies for obtai-
ning the necessary initial data can be use mathematical apparatus of ap-
proximation (for example, least square or linear regression methods), inter-
polation or extrapolation [1.13]. 

For implementation of Step B "Action of ESMS on the object" of the 
algorithm is proposed to use results of other ESMS Steps described in 
[1.10, 1.11]. 

 
Table 1.1 – Sequence of Steps of the algorithm 

 

Step Name and gist of the Step 

А 
 

«Basic version of the object».  
Quantitative estimation in absolute and relative units of values level of complex 
technical and economical mode or/and middle exploitation indicators of basic 
version of PP with PICE, that is before implementation of events for increasing of 
its ES level. 

B 
 

«Action of ESMS on the object».  
Development and implementation of events in the ESMS structure for ensuring of 
certain ES level of PP with PICE exploitation process. 

C 
 

«Modernized version of the object».  
Quantitative estimation values level of such indicators complex for modernized 
version of PP with PICE, that is after implementation of events for increasing of its 
ES level based on new or improved methods and means. 

D 
 

«Response of the object to ESMS action».  
Definition of absolute and relative difference of  values such indicators complex 
for basic and modernized versions of PP with PICE, that is offered to consider the 
ESMS functioning efficiency criteria. 

E 
 

«Normalization of the ESMS functioning efficiency criteria».  
Comparison of obtained difference of such indicators complex values with its 
legislative limited values or developed scale and conclusion of certain findings 
based on a comparison of that results. 

F 
 

«Correction of action of ESMS on the object».  
Correction of kind or sequence of events for ES level ensuring in the ESMS 
structure and also intensity or nature of impact of individual event. 

G 
 

«Feedback».  
Rationalization of ESMS functioning efficiency criteria value in iteration process 
with variation of parameters values of technological processes and executive 
organs, that ensure necessary ES level. 

 

For implementation of Step D "Response of the object to ESMS acti-
on" of the algorithm is proposed the difference of complex of technical, eco-
nomical and ecological indicators values for basic and modernized versions 
of PP with PICE actually considered the criteria of ESMS operation efficien-
cy of PP with PICE exploitation process – ΩESMS [1.14]. Composition of co-
mplex of technical, economical and ecological PICE operational indicators, 
that can be taking into account by such criteria, must be as comprehensive 
as possible, what determines criteria universality level. For that it must be in 
accordance with paragraphs of ecological danger factors classification, that 
created in research [1.11] and presented on Fig. 1.9. In this case that crite-
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ria of ESMS operation efficiency of PP with PICE exploitation process defi-
ned by formula [1.13]: 

 

  BBMESMS  / ,                              (1.4) 

 
where ΕM and ΕB – accordingly monetary expenses for modernized and 
basic versions of PP with PICE, $. 

Justification of measurement units choice for ΩESMS criteria – US Dol-
lars ($) – presented in [1.13]. This decision is due to the following circums-
tances.  

Firstly, by definition, money is the commodity of maximum liquidity 
and the universal equivalent of the value of goods and services [1.16].  

Secondly, the presence of the successful experience of applying well-
known approach to assessment of technical, economic and ecological indi-
cators of PICE developed by prof. I.V. Parsadanov as part of the methodo-
logy of calculation of the fuel and ecological criteria KFE [1.14].  

Thirdly, not all of monetary expenses components is possible to bring 
to form the dimensionless quantity β and, moreover, give them a physical 
meaning of average operational efficiency specific mass hour fuel consum-
ption gе.av.exp, as in the case KFE [1.14]. 

In research [1.14] monetary expenses, which included in KFE criteria 
structure, expressed in Ukrainian Hryvnia (₴). But in this case there is the 
problem of assessing the effectiveness of measures to ensure the ES level 
of PP with PICE which are in operation for a long time. So, for the case of 
raising the ES level of diesel 2Ch10,5/12 by equipping it exhaust system 
with DPF, developed in Piston Power Plants Dept. of A.M. Podgorny Insti-
tute for Mechanical Engineering Problems of NAS of Ukraine with the parti-
cipation of staff members of the Applied Mechanics Dept. of Technogenic 
and Ecological Safety Faculty of National University of Civil Defense of Uk-
raine [1.15, 1.17 – 1.19], a direct comparison of KFE criterion values for the 
basic (diesel without DPF) and modernized (diesel with DPF) version to 
perform in the Ukrainian Hryvnia difficult.  

This is due to the following circumstances.  
Firstly, diesel 2Ch10,5/12 (D21A1), which was used as a generator of 

aerosol of PM in the EG in these studies, released in the middle of the 80-
years of the XX century, modern its modification produced by the Vladimir 
Tractor Plant (Russian Federation) and has significant constructive differen-
ces (e.g., electronic fuel supply control system). In this case to accurately 
estimate total operating time and the residual motoresource, prehistory and 
features of its exploitation, maintenance and repair measures and also, ac-
cordingly, its current technical condition and correlate it with any value indi-
cator is extremely difficult.  

Secondly, at the time of its release, such monetary unit as the Ukrai-
nian Hryvnia didnt exist, and the unit in which to express it cost parameters 
– USSR Ruble – do not exist at present; monetary unit in which its cost was 
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estimated at the time when motor test bench was equipped with this diesel 
engine – Ukrainian Coupon-Karbovanets, also no longer exists; and the 
current modification of this diesel engine is estimated in Russian Rubles.  

Thirdly, for some reason the Ukrainian Hryvnia exchange rate against 
major freely convertible (so-called hard) currencies is very unstable. So, at 
the time of introduction into circulation Ukrainian Hryvnia (1996), its rate ag-
ainst the US Dollar ($) amounts to less than 2 ₴/$, at the beginning of deve-
lopment of DPF concept (2008) – about 5 ₴/$, at the time of obtaining expe-
rimental data for the study [1.15] (2013) – about 8 ₴/$, at the time of mathe-
matical models [1.17 – 1.19] creation (2014) – about 12 ₴/$, at the moment 
(October 2016) – about 26.5 ₴/$. To predict behavior of this macroecono-
mic indicator with reasonable accuracy for at least six months in advance is 
impossible, not to mention the longer term.  

In connection with the above considerations, it seems rational to ex-
press the monetary expenses values Ε in the formula (3), that forming 
ΩESMS criteria value, in one of the widely used in Ukraine freely convertible 
world reserve currencies – Euro or US Dollar. However, only the last one 
has a history, that completely covering the PICE history from birth of the 
idea (1807 de Rivas engine, 1860 Lenoir engine, 1863 two-stroke Otto en-
gine,1876 four-stroke Otto engine, 1880 Kostovich engine, 1897 Diesel 
engine) and to the present day.  

In this case should take into account that purchasing capacity of the 
US Dollar throughout its existence since the creation of the first PICE to the 
present day was not constant too due to manifestations of inflation pheno-
menon, which can be accounted by applying the Consumer Price Index 
CPI [1.16]. 

In order to enable comparative studies of different energy sources for 
PP, such as PICE and separately photoelectric converter (PEC) based on 
nanostructured semiconductors [1.20], or a complex of PEC and superca-
pacitor or a complex of PEC, supercapacitor and electric motor, in the stru-
cture of the developed criterion ΩESMS monetary expenses for fuel must be 
converted into energy or power units.  

It should also be noted that the equipping diesel by the DPF affects 
the value of KFE criteria as a part of ΩESMS, both positively – by reducing the 
PM mass emissions from the EG flow (and corresponding money expenses 
for compensation for impact of that ecological danger factor on environment 
or urbosystem), and negative – due to fuel consumption increase to over-
come the DPF hydraulic resistance [1.13, 1.15, 1.19]. 

To implement Step E "Normalization of the ESMS functioning effici-
ency criteria" of the algorithm is proposed to use the data of regulatory legal 
acts that are in force in the territory, where PP operation is carried out, such 
as the UNECE Regulation number 49 or 96 [1.11]. 

To implement Step F "Correction of action of ESMS on the object" of 
developed algorithm is proposed to be based on specific characteristics of 
the particular measures to ensure the ES level of PP with PICE process ex-
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ploitation or complex of such measures. 
To implement Step G "Feedback" of developed algorithm is proposed 

to use experiment planning method [1.21], mathematical apparatus of mul-
ti-criteria optimization [1.22], as well as the mathematical apparatus of fuzzy 
logic, namely Harrington generalized desirability function using psychophy-
sical scales [1.23, 1.24]. 

When developing ΩESMS criteria must take into account the following 
aspects of the hierarchical structure of ESMS, PP and its LC.  

The whole LC of PP with PICE is traditionally divided into sequential 
chain of phases, a division into which found no common approach among 
researchers. In the light of specifics of this problem and the above conside-
rations it makes sense to them combined in blocks given in Fig. 1.10. 

When developing ΩESMS criteria is also necessary take into account 
the features of PP as is and PICE as they energy sources.  

Firstly, one and the same PICE can be used as actuator for different 
types of PP (for example, autotractor diesel engines), that is used by vario-
us exploitation models.  

Secondly, one PP can contain more than one PICE (e.g., mobile con-
crete mixer with a drive mixer by a separate PICE, articulated lorry consis-
ting of tractor and power unit with electric generator, water pump or air 
compressor on board, etc.) that can be exploited simultaneously, separate-
ly and with some overlap of each other's time.  

Thirdly, PP as itself, excluding the presence in its composition PICE 
and aggregates of its systems, made outside the engine compartment, are 
also sources of ecological and technogenic danger, and must be both qua-
litatively and quantitatively characterized by its own factors, the criteria for 
which evaluations also require development or modifications.  

Fourthly, in some PP there is PICE, what is not the primary or main 
source of mechanical energy, or produces such energy discontinuously 
(e.g., hybrid vehicles), that is its operation model is fundamentally different 
from a conventional as well by the structure, as by parameters of individual 
modes of PICE exploitation modes.  

Due to above, especially it should be noted that the proposed ΩESMS 
criteria in the proposed formulation takes the following hierarchical place in 
the structures of LC and the composition of PP: firstly, characterizes only 
Block II of PP with PICE LC "exploitation"; secondly, characterizes ES level 
only of part PP, namely PICE and systems units that its service, as shown 
in Fig. 1.11. 

In Fig. 4 there are the following notation: indices I, II and III are mar-
ked ΩESMS criteria for the Block I, Block II and Block III of LC, respectively, 
while the index ES and EC is designated ΩESMS criterion for PP energy so-
urces (e.g., PICE and units of its systems, made by outside the engine 
compartment) and its energy consumers (PP all executive organs, parts of 
its skeleton, control and measuring equipment, etc.), respectively. 
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Types of environmental pollution from PICE as part of PP 

↓  ↓  ↓ 

Pollutants  Harmful influence factors  Wastes 

↓  ↓  ↓ 

→ 
Gaseous substances-

pollutants 
 → 

Energy 
contamination 

 → 
Solid substances-

pollutants 

        

→ 
Fluid substances-

pollutants 
 → 

Information 
contamination 

   

 
Fig. 1.9 – Classification of Types of environmental pollution 

from PICE as part of PP [1.11] 
 

      

 
 
Life cycle of 
PP with PICE 
 

 Block I «Developing and manufacturing»  

   ↓  

  Block II «Exploitation»  

   ↓  

  Block III «Utilization»  

      

 
Fig. 1.10 – Dividing the PP with PICE life cycle into blocks suitable 

for use in the development ESMS process 
 
Therefore, for the ESMS of the PP with PICE exploitation process its 

functioning efficiency criterion can be expressed by the following formula. 
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; ,                   (1.5) 

 
where f – some mathematical function, that linking components of ΩESMS 
criteria with each other; j and m – number and quantity of energy source in 
the PP structure; k and n – number and quantity of energy consumer in the 
PP structure.  

Summing up the above arguments, the structure of the algorithm of 
estimation the efficiency of ESMS of PP with PICE exploitation processes 
and its place in the ESMS structure shown in Fig. 1.12.  

Conclusion. Thus, in the study developed methodological basis of 
the criteria for evaluating the ESMS functioning effectiveness of PP with 
PICE operation process, what consists the scientific novelty of the study 
results. It is equal to the difference between the values of the complex tech-
nical, economic and ecological indicators of basic and modernized versions 
of such objects.  
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Hierarchical place of ΩESMS criteria → in the PP structure 

↓     

in the LC structure  Energy source  Energy consumer 

     

Block I «Developing and manufacturing»  
ES

ESMSI


 
 

EC

ESMSI


 

     

Block II «Exploitation»  
ES

ESMSII


 
 

EC

ESMSII


 
     

Block III «Utilization»  
ES

ESMSIII


 
 

EC

ESMSIII


 

 
Fig. 1.11 – Hierarchical place of ΩESMS criteria 
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Obtaining of initial data using 
experimental or computational 

research on the known, improved or 
developed methods 

→ 
Step A 

«Basic version of the 
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S
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   ↓  

→ 
Results of implementation of other 

ESMS Stages 
→ 

Step B 
«Action of ESMS on the 

object» 
 

   ↓  

 
Obtaining of initial data in a manner 

similar to Step A 
→ 

Step C 
«Modernized version 

of the object» 
 

   ↓  

 
Criteria of efficiency of ESMS 

of PP with PICE 
exploitation processes ΩESMS 

→ 

Step D 
«Response of the 

object 
to ESMS action» 

 

   ↓  

 Normative-legal acts, standards → 

Step E 
«Normalization of the 

ESMS functioning 
efficiency criteria» 

 

   ↓  

← 
Recommendations for adjustment of 

action ESMS on the object 
← 

Step F 
«Correction of action of 

ESMS 
on the object» 

→ 

 
Fig. 1.12 – Algorithm of estimation the efficiency of ESMS 

of PP with PICE exploitation processes 
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It is the final in the structure of ESMS, closes it with feedback through 
the use of monitoring ES indicators and monitoring the effectiveness of the 
ESMS as itself, what consists the practical value of the study results. Deter-
mined hierarchical place of such a criterion in the structure of ESMS, PP 
and its life cycle. Confirmed by calculated studies results hypothesis about 
the necessity of expressing the value equivalent of components of integra-
ted fuel and ecological criteria in terms of global reserve freely convertible 
currency.  
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Chapter 2. MATHEMATICAL MODELING OF TECHNOGENIC 
AND ECOLOGICAL SAFETY ENSURING PROCESSES 

 
2.1. GENERAL PROVISIONS 

 
Purpose of studies, presented in the chapter, is achieving of mathe-

matical models of processes of providing of acceptable or legislative estab-
lished levels of ecological safety indicators and also results of calculated 
assessment of it values. 

Object of studies, presented in the chapter, is fundamental relation-
ships between main influencing factors and values of indicators in proces-
ses of providing ecological safety. 

Subject of studies, presented in the chapter, is mathematical descrip-
tion of processes of providing ecological safety. 

The chapter includes materials of four articles, one of them (the first 
one) combines the contents of two reports. 

The first of these articles described the background of beta-distribu-
tion mathematical apparatus application in numerical simulation of ecologi-
cal safety ensuring process. The study carried out for examples of ensuring 
the localization of forest fires by creates a protective ground strips by using 
the explosion and practical reduce the ecological danger of rescuers during 
these works as well as for case of numerical simulation of ecological safety 
ensuring process, namely for describing distribution low of certain characte-
ristics particulate matter as dispersed phase of aerosol diesel engine exha-
ust gases. 

The second and the third articles includes materials about the des-
cription of relationship between regulatory and real manufacturing precision 
of fire nozzle and its water jet trajectory geometric characteristics with me-
trology mathematical apparatus as well as results of calculated assessment 
of values of this influence. 

In the fourth paper discussed issues of numerical integration of co-
oling process of gas, formed by thermal recycling of domestic solid waste 
with development of physical model of gas-dynamic processes of interfacial 
interactions in viscous multiphase aerosol in the evaporative heat exchan-
ger with centrifugal water nozzles. That provides a sharp cooling of the ex-
haust gases and therefore ensure improvement of ecological safety level in 
the thermal wastes utilization process by preventing the formation of highly 
toxic substances in the generator gas.  

Findings of presented in chapter 2 studies is submitted in general 
conclusions of the monograph. 

Bibliographic description of presented in chapter 2 published scientific 
articles is submitted in are given in in Appendix A. 
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Розділ 2. МАТЕМАТИЧНЕ МОДЕЛЮВАННЯ ПРОЦЕСІВ 
ЗАБЕЗПЕЧЕННЯ ЕКОЛОГІЧНОЇ БЕЗПЕКИ 

 
2.1. ЗАГАЛЬНІ МІРКУВАННЯ 

 
Метою досліджень, наведених у розділі, є розробка математич-

них моделей процесів забезпечення прийнятних чи законодавчо вста-
новлених рівнів показників екологічної безпеки, а також результатів 
розрахункового оцінювання їх значень. 

Об’єктом досліджень, представлених у розділі, є фундаменталь-
ні взаємозв’язки між основними впливаючими факторами та значення-
ми показників в процесах забезпечення екологічної безпеки.  

Предметом досліджень, описаних у розділі, є математичне опи-
сання процесів забезпечення екологічної безпеки.  

Розділ містить матеріали чотирьох статей, одна з яких  – перша 
– поєднує вміст тез двох доповідей.  

Перша з статей описує передумови застосування математично-
го апарату бета-розподілу для чисельного моделювання процесів за-
безпечення екологічної безпеки. Дослідження виконано на прикладах 
забезпечення локалізації лісових пожеж шляхом створення вибухом 
захисних земляних смуг та зниження екологічної небезпеки рятівників 
впродовж цього процесу, а також для випадку чисельного моделюван-
ня процесів забезпечення екологічної безпеки, а саме описання закону 
розподілу основних характеристик твердих частинок як дисперсної фа-
зи аерозолю відпрацьованих газів дизельних двигунів. 

Друга і третя статті містять матеріали щодо описання взаємо-
зв’язку між нормативною і реальною точністю виготовлення ручного 
пожежного ствола та геометричних характеристик струменя води з 
нього за допомогою математичного апарату метрології, а також щодо 
результатів розрахункового оцінювання значень такого впливу. 

У четвертій статті обговорено питання чисельного інтегрування 
процесу охолодження газів, що утворились під час термічної утилізації 
твердих побутових відходів, з побудовою фізичної моделі газодинаміч-
них процесів між фракційної взаємодії у в’язкому багатофазному аеро-
золі у випарному теплообміннику з відцентровими водяним форсунка-
ми. Такі процеси забезпечують підвищення рівня екологічної безпеки у 
процесі термічної утилізації відходів шляхом попередження формува-
ння високотоксичних речовин у генераторному газі. 

Висновки по результатам досліджень, представлених у розділі 2, 
винесено у загальні висновки по монографії. 

Бібліографічний опис наведених у розділі 2 друкованих наукових 
праць наведено у Додатку А. 
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2.2. BACKGROUND OF APPLICATION OF BETA-DISTRIBUTION 
IN NUMERICAL SIMULATION OF ECOLOGICAL SAFETY 

ENSURING PROCESS                        [A.2.1, A.2.2] 
 

These article is based on materials of two reports at All-Ukrainian sci-
ence and technical conferences [A.2.1, A.2.2]. 

Relevance of the study exhaustive manner characterized by title of 
the publication. 

Purpose of the study is describing and substantiate the basic prere-
quisites of application of mathematical apparatus of beta-distribution for nu-
merical simulation of ecological safety ensuring process. 

Object of the study is features of numerical simulation of ecological 
safety ensuring process. 

Subject of the study is substantiation of application of mathematical 
apparatus of beta-distribution for object of the study. 

Tasks of the study is: 
1. definition of background of application of beta-distribution mathe-

matical apparatus for case of ensuring the localization of forest fires and re-
duce the ecological danger during these works rescuers practically creates 
a protective ground strips by using the explosion; 

2. definition of background of application of beta-distribution mathe-
matical apparatus for case of numerical simulation of ecological safety en-
suring process, namely for describing distribution low of certain characteris-
tics particulate matter as dispersed phase of aerosol diesel engine exhaust 
gases. 

 
2.2.1. Background of application of beta-distribution mathemati-

cal apparatus for case of ensuring the localization of forest fires and 
reduce the ecological danger during these works rescuers practically 
creates a protective ground strips by using the explosion. 

To ensure the localization of forest fires and reduce the ecological 
danger during these works rescuers practically creates a protective ground 
strips by using the explosion. Together with the simplicity of use, low cost 
and high efficiency, there are certain drawbacks associated with the use of 
explosives.  

Proposed by A.M. Grishin etc. version of the fuel-air mixture formati-
on by using the explosive charge, first used in ammunition of volume blast, 
does not reuce the risks during the operation of such charges.  

The bulk of the detonation-capable mixture is distributed along the 
periphery of the cloud, which reduces the impact action with a correspon-
ding increase in fuel consumption. It is known that the three-dimensional 
mathematical modeling of volume blast hose-charge action on the forest 
phytocenosis and vegetation carried out using non-stationary gas dynamics 
equations for compressed gas in the Cartesian coordinate system.  

The existing software complex allows calculating the density, velocity, 
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pressure, temperature of mixture, the concentration of mixture components 
(fuel, air and combustion products), and the rate of heat release within the 
limits each control volume mixture on each discrete time step.  

From the metrological point of view in this situation we formally carry 
indirect measurement accuracy of which substantially dependent on the ac-
curacy of measurement (or calculation) of variables included in the calcula-
tion formula. In the case where distribution of individual variables errors can 
be considered a normal, error distribution of output value in principle is dif-
ferent from normal. In practice for testing of these distributions normality us-
ed visual methods, such as histograms, normal probability graphs or nume-
rical methods by using of estimation of asymmetry and excess coefficients.  

But in case of inconsistency of the empirical distribution to the normal, 
which is usually presented as a histogram, becomes the question of sear-
ching or selection of the distribution, according to certain criteria and more 
accurately describes the empirical distribution.  

The authors proposed approach to building the universal family of 
distributions, including approximation based on families of Pearson distribu-
tions that is one that covers a broad class of probability distributions, not 
close to normal.  

Final thesis speaks about a variability and flexibility in solving the pro-
blem of approximation that under verification and substantiation the possi-
bility of using beta-distribution allows use the proposed in the mathematical 
apparatus for determining parameters specified distribution when conduc-
ting research [2.1]. 

 
2.2.2. Background of application of beta-distribution mathemati-

cal apparatus for case of numerical simulation of ecological safety 
ensuring process, namely for describing distribution low of certain 
characteristics particulate matter as dispersed phase of aerosol die-
sel engine exhaust gases. 

The ecological safety management system (ESMS) of exploitation 
process of power plants (PP) with piston internal combustion engines (ICE) 
contains individual stages, the implementation of which involves quantitati-
ve and qualitative identification of sources and factors of ecological danger, 
theoretical and experimental investigation of their characteristics, develop-
ment or selection methods and means to bring them to the normative esta-
blished levels and monitoring of the ESMS operation [1.11]. In the case of 
PP equipped with diesel ICE during their normal operation the main factors 
of ecological danger are emissions of nitrogen oxides and particulate mat-
ter (PM) from exhaust gases (EG) [1.11, 1.18, 2.2, 2.3]. PM is dispersed 
phase of EG aerosol consisting of adsorbent particles (soot cores) and ad-
sorbate (unburned hydrocarbon of fuel and motor oil), coagulated together. 
At that the basic characteristics of PM in their ensemble (mass, counting 
number, adsorbing surface area, hydraulic radius) vary in a wide range as 
in individual sample and along the diesel exhaust tract, and also depend on 
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diesel mode parameters [1.11, 2.3, 2.4]. Thus, typical (obtained by avera-
ging the results of experimental and theoretical studies for various types of 
diesel engines operating under different conditions) distribution of weighted 
values of mass, counting number and adsorbing surface area in the PM en-
semble on values of PM equivalent projection diameter within individual EG 
sample has the form presented in the studies [2.2, 2.3] and shown in Fig. 1. 

As shown in Fig. 2.1, distribution curves of these random variables 
have the form with three modes and have a character which much different 
from the normal distribution law. Mathematical expectation and values of si-
milar modes for the different characteristics of PM not match. Characteris-
tics of the distribution curve, which includes the central moments 2nd ... 4th 
order (dispersion asymmetry coefficient, excess) for modes of the same 
PM characteristics also not match. 
 

 
 

Fig. 2.1 – Averaged dispersed fractional composition of diesel PM 
(in original language – Russian) [2.2] 

 
In connection with foregoing there is some interest of scientific chara-

cter in getting the mathematical description of the PM distribution laws. The 
results of such description (distribution law and its numerical characteris-
tics) also have practical value and can be used in computational studies of 
EG aerosol motion laws in diesel exhaust tract and in aggregates of EG re-
ducing the toxicity system at forming of initial and boundary conditions. Fe-
atures of beta distribution mathematical apparatus detail discussed by the 
same authors by the example of geometric characteristics of typical details 
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of mechanical engineering constructions (rolling bodies of bearings) in the 
study [2.4 – 2.6]. The feasibility and application algorithm of beta distributi-
on mathematical apparatus for the geometric characteristics of construction 
elements of typical objects of fire and rescue equipment (manual fire barre-
ls) by the same authors reviewed in the study [2.7]. 

Conclussions. Thus, in present paper described dackground of ap-
plication of beta-distribution mathematical apparatus for case of ensuring 
the localization of forest fires and reduce the ecological danger during the-
se works rescuers practically creates a protective ground strips by using 
the explosion. 

Also in the paper described background of application of beta-distri-
bution mathematical apparatus for case of numerical simulation of ecologi-
cal safety ensuring process, namely for describing distribution low of certain 
characteristics particulate matter as dispersed phase of aerosol diesel engi-
ne exhaust gases. 
 

2.3. RELATIONSHIP BETWEEN REGULATORY MANUFACTURING 
PRECISION OF FIRE NOZZLE AND ITS WATER JET TRAJECTORY 

GEOMETRIC CHARACTERISTICS                       [А.2.3] 
 

Introduction. From the main provisions of the hydraulics is known 
that the geometric parameters of trajectory of water jet from a convergent 
conical nozzle, what is the manual fire nozzle (MFN), depends on diameter 
of its outlet hole [2.8 – 2.12]. In approximate calculations of these water jet 
parameters are used the nominal value of the MFN outlet hole diameter 
[2.10 – 2.12]. However, this parameter is conditional and characterized by a 
certain value of the precision [2.13, 2.14]. Analysis and evaluation of the ac-
curacy of manufacture of fire fighting equipment components, as well as 
any technical object, is the subject of research of metrology [2.8, 2.9]. Since 
the MFN is the product of mass production, the basic requirements to it are 
reflected in GOST 9923-93 [6] and other normative legal acts, which are set 
including the precision requirements of its manufacturing. From the main 
provisions of hydraulics are also known, and other factors affecting the geo-
metric characteristics of the water jet from the nozzle of this type, as the 
MFN [2.10 – 2.12]. Therefore, study of the impact of MFN regulatory manu-
facturing precision on the geometric parameters of a water jet from it are al-
located a significant scientific and practical interest. 

Statement of the problem and its solution. The purpose of study is 
justification for the need to consider the regulatory established values of 
MFN output hole size deviation in the calculation of its water jet trajectory 
geometric characteristics and the calculated estimation the value of this im-
pact. The object of study is the geometric characteristics of the trajectory of 
MFN water jet. The subject of study is the influence of MFN regulatory ma-
nufacturing precision as a mass-produced product on the object of study. 

From described in [2.15] the list of geometric characteristics of the 
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outlet opening MFN the most simple (basic) is its diameter d0. To describe 
the effect of the value d0 on the geometric characteristics of the trajectory of 
the water jet from MFN is possible to use the method of approximate calcu-
lation of these characteristics from [2.10, 2.12]. Also we can use the asses-
sment methodology of influencing factors measurement errors on the MFN 
jet trajectory geometric characteristics from [2.9, 2.10, 2.12]. The main geo-
metric characteristics of the MFN water jet trajectory are its flight length l 
and lifting height h. In the approximate calculation (i.e. without taking into 
account air resistance), these values are determined by the formulas (2.1) 
and (2.2) in meters [2.9, 2.10, 2.12]. 
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where V0 – average initial velocity of water flow in a living cross section ma-
tching with the MFN outlet hole, m/s; g – acceleration of gravity, m/s2; h0 – 
height of MFN outlet hole center placement relative to an arbitrary horizon-
tal plane, which is directed along the x axis, m; Θ0 – inclination angle of 
MFN axis to the horizon, degree. 

The trajectory of MFN water jet and its geometric characteristics and 
also the factors influencing on it are illustrated in Fig. 2.2. [2.10, 2.12]. 
 

 
 

Fig. 2.2 – Motion trajectory of water jet from MFN [2.10, 2.12] 
 

In the such problem statement on the value of l and h is influenced 
only following factors: V0, h0, Θ0, of which with MFN outlet hole geometric 
characteristics is directly related value of V0 only. Moreover, this relation-
ship can be described by the continuity equation of fluid flow from the for-
mula which binds the volumetric water flow rate through any MFN normal 
cross section Q0 (in m3/s) and the area of its outlet hole ω0 (in m2) by the 
formulas (2.3) and (2.4). 
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V0 = Q0 / ω0,                                                 (2.3) 
ω0 = π ∙ d0

2 / 4.                                               (2.4) 
 

The value h0 we will conventionally assumed to be constant both for 
case of nozzle placed in rescuer hands, and for case of its fixed on carria-
ge. Accordingly, the setting and accounting the precision level of determi-
nation of this values in such problem statement does not make sense. Ac-
counting of precision of Θ0 value in such problem statement is also meani-
ngless, since during the fire extinguishing MFN axis inclination angle dyna-
mically and randomly changing personally by rescuer for adjusting of jet im-
pact point on the burning object, that is, Θ0 = 0... 90°. The same applies to 
the Q0 value, which depends on the unpredictable changes in the parame-
ters of the pump and hose lines. Then the value of l in this problem state-
ment is a function of one independent variable – V0. Because the task of 
setting of absolutely exact value of V0 is impossible in principle, the impact 
of error of its determination ΔV0 on jet length error value Δl may be descri-
bed by the formulas (2.5) and (2.6) from references [2.10, 2.12] (since there 
is only one influence factor in these formulas, it is possible to use of partial 
derivatives algebraic values), adding them by formulas (2.7) – (2.12). 
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In the normative documents (for example, GOST 9923-93 [2.13]) and 

in the specialized literature (for example, [2.10, 2.12]) established a series 
of MFN outlet hole nominal diameters d0n and precision qualitet and type of 
tolerance field for this parameter. Thus, for the nozzle RS-50A with d0n = 
= 13 mm set accuracy of H11, that according to the data given in [2.14], 
means that the value of this parameter should be in the range 13.00...13.11 
mm, and the diameter indicated the drawings as Ø13Н11 or Ø13+0,11, and 
the parameter is changed by regulatory requirements by amount Δd0r = 
= +0,84 % relative to values d0n = d0. 

For the nozzle RS-50A with outlet hole having a maximum possible 
value of diameter within the these requirements, and typical case described 
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in [2.10, 2.12], h0 = 1 m (when MFN placed in the rescuer hands), and V0 = 
= 20 m/s (a value close to the maximum possible for these conditions). 
Then we have the following results of the application the formulas (2.9) – 
(2.12): ∂ω0/∂d0 = 0,0204 m, Δω0=2,246∙10-6  m2, ∂V0/∂ω0 = –1,507∙10-5  
(m∙s)-1, ΔV0 = –0,338 m/s (ΔV0r = –1,692 %). For different Θ0 values have 
the following results of formulas (2.1) – (2.8) application, they are shown in 
Table. 2.1 and Fig. 2.3 – Fig. 2.5. Dependences of the values of l and h (in 
m) from the Θ0 value are shown in Fig. 2.3. Dependences of the absolute 
Δl (in m) and relative Δlr (in %) values of l from value of Θ0 are shown in 
Fig. 2.4. Dependences of the absolute Δh  (in m) and relative Δhr (in %) va-
lues of l from value of Θ0 are shown in Fig. 2.5. 
 
Table 2.1 – Parameters of the water jet trajectory from fire manual nozzle 

RS-50A, which are in compliance with regulatory requirements, 
depending on the inclination angle of its axis to the horizon 

 

 
 

As can be seen from Table. 1 and Fig. 3 at Θ0 = 45° the value of l, 
∂l/∂V0 and ∆l reaching maximums: 41.751 m, 4.08 s and –1.381 m accordi-
ngly, and therefore l = 41.751-1.381 m, or 40.370 ≤ l ≤ 41.751 m, the value Δlr 
amounts to –3.31 %, and the actual value of l in this case is determined 
with an accuracy of ±0.691 m or ±1.66% relative to the value corresponding 
to the influencing parameter middle of the tolerance field. The value of Δlr 
reaching its maximum equal to –3.345 % at Θ0 = 90°. When Θ0 = 0°, these 
values are not equal to zero: l = 9.030 m, ∂l/∂V0 = 0.452 s and Δl = –0.153 
m, Δ lr = –1.692 %. 

In contrast to the flight length of MFN water jet as is seen from Table. 
2.1 and Fig. 2.5, the values of h, ∂h/∂V0, ∆h и ∆hr reaching maximums at Θ0 
= 90° – accordingly: 21.387 m, 2.04 s, –0.690 m and –3.23 % and therefore 
2.0697 ≤ h ≤ 21.387 m or h = 21.387–0.69 m, and the actual value of h in this 
case is determined with an accuracy of ±0.691 м или ±1.66 % relative to 
the value corresponding to the influencing parameter middle of the toleran-
ce field. When Θ0 = 0° the values of ∂h/∂V0, ∆h и ∆hr are equal to zero and 
h = h0. 

Also from the data shown in Fig. 2.3 and 2.4 and Table. 2.1 implies 
that the values of the relative errors in determining the values of l and h (∆lr 
and ∆hr) significantly modified by changing the value of Θ0 between 0 and 



 

 53 

45°. After reaching values of Θ0 45° and down to the 90° they "go on the 
shelf", asymptotically approaching the value of –3.5 %. At the same time 
influence factor (d0) changed only by the amount of Δ d0r = +0,846 %, being 
in inverse correlation with desired values. 

Let us get dependences describing research results analytically. De-
pendences for the absolute values of Δl and Δh, received by transforming 
the formulas (2.5), (2.6) taking into account the formulas (2.3), (2.4), (2.7) – 
(2.12) (in m) have the form of formulas (2.13) and (2.14), where ∆d0r – rela-
tive change of diameter value d0, %; А and В – substitution values for faci-
litate the calculation, determined by the formulas (2.15) – (2.17). Depen-
dences for the relative values of ∆lr and ∆hr, obtained by ratio of formulas 
(2.13) and (2.14) with formulas (2.1) and (2.2) (in %) have the form of for-
mulas (2.18) and (2.19). 
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Thus, from the analysis of the above results of performed estimation 

it follows that impact of changes of MFN of the model RS-50A outlet hole 
diameter, located within the regulatory established tolerance field, has a 
significant impact on the geometric parameters of its water jet motion traje-
ctory, in particular on its flight length and lifting height. 

The above confirms and illustrates the feasibility of using the mathe-
matical apparatus of the beta distribution to describe distribution law of phy-
sical value having a non-linear effect on the other physical values, even if 
the condition of precise description empirical distribution of such physical 
value by the normal law [2.4, 2.15]. In this case, such an influence quantity 
is d0, which is a mathematical expression for: ω0 at 2nd degree (see formula 
(2.4)), V0 at –2 degree (see formula (2.3)), l and h at –2 and –4 degrees 
(see formulas (2.1) and (2.2)). 
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Fig. 2.3 – Dependences of the values of MFN water jet flight length and 
lifting height from the value of inclination angle of its axis to the horizon:  

○ – l, m; ■ – h, m 
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Fig. 2.4 – Dependences of the absolute and relative changes of flight length 

of water jet from MFN which corresponding to the requirements of GOST 
from the value of inclination angle of its axis to the horizon:  

□ – ∆l, m; ▲ – ∆lr, % 
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Fig. 2.5 – Dependences of the absolute and relative changes of lifting 
height of water jet from MFN which corresponding to the requirements of 

GOST from the value of inclination angle of its axis to the horizon:  
□ – ∆h, m; ▲ – ∆hr, % 
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Conclusions. Thus, this study shows the methodology, substantia-
ted, estimated, illustrated and described by analytical formulas the impact 
of manufacturing precision of manual fire nozzle diameter outlet hole, which 
corresponds with regulatory established requirements, on the trajectory ge-
ometric parameters of water jet from it, in particular its flight length and lif-
ting height, for various values of nozzle axis inclination angle to the of the 
horizon, in both absolute and relative terms. It found that such an impact is 
significant. 

Also in the study was substantiated the expediency of using the beta 
distribution for description of these variables taking into account non-linea-
rity of their mutual influence. 

 
2.4. RELATIONSHIP BETWEEN REAL MANUFACTURING 

PRECISION OF FIRE NOZZLE AND ITS WATER JET TRAJECTORY  
GEOMETRIC CHARACTERISTICS                     [А.2.4] 

 

Introduction. Geometric parameters of trajectory of water jet from 
a manual fire nozzle (MFN) depends on diameter of its outlet hole. In ap-
proximate calculations of these parameters are used the nominal value 
of the diameter [2.8–2.12], which is conditional and characterized by a 
certain normative established (GOST 9923-93) value of the precision 
[2.13,2.14]. However, as practice shows, on combat duty of subdivisions 
of the State Emergency Service of Ukraine there is some number of 
MFN that do not meet the standards for manufacturing precision, in parti-
cular the outlet hole diameter. Moreover, such deviations have value wi-
thin ±5 % from both tolerance field limits. Therefore, study of the impact 
of MFN real manufacturing precision on the geometric parameters of its 
water jet from are allocated a significant scientific and practical interest. 

Statement of the problem and its solution. The purpose of study 
is justification for the need to consider the real, which differs from norma-
tive established, values of MFN output hole size deviation in the calcula-
tion of its water jet trajectory geometric characteristics (in particular its fli-
ght length and lifting height) and the calculated estimation the value of 
this impact. The object of study is the geometric characteristics of the tra-
jectory of MFN water jet. The subject of study is the influence of MFN re-
al manufacturing precision as a mass-produced product on the object of 
study. 

In study [2.16] evaluated influence of the of MFN RS-50A outlet ho-
le diameter ∆d0 (in mm), which meets requirements of GOST 9923-93 
[3.13] and GOST 25347-2013 [2.14] (i.e. for its manufacturing precision), 
on absolute and relative value determination error of MFN water jet geo-
metric characteristics (its flight length ∆l (in m) and lifting height ∆h (in 
m)). In these case using the data of study [2.4] was choused the basic 
MFN outlet hole geometric characteristic – its diameter d0 (in m). In study 
[2.15] was used the method of approximate estimation (i.e. excluding air 
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resistance) of MFN water jet geometric characteristics (its flight length l 
(in m) and lifting height h (in m)) from [2.10, 2.12] in function of influen-
cing factors changes – diameter d0 and MFN axis to horizon inclination 
angle Θ0 (in degrees). Also in that study was used the method for errors 
determination (manufacturing, measuring, estimation) choused influen-
cing factor (∆d0) on determination errors water jet geometric characteris-
tics (∆l and ∆h) from references [2.9, 2.10, 2.12], where the following par-
tial derivatives are used: ∂ω0/∂d0(in m), ∂V0/∂ω0 (in (m∙s)-1), ∂l/∂V0 (in s), 
∂h/∂V0 (in s), where ω0 – MFN outlet hole area (in mm2).  

The above described evaluation was performed on the assumption 
that on the values of ∆l and ∆h affect only the values ∆d0 (changes dis-
cretely from one MFN unit to another) and Θ0 (changes continuously in 
the firefighting process). Other influencing factors (average initial velocity 
of water flow motion through life cross section which coinciding with MFN 
outlet hole V0 (in m/s), height of MFN outlet hole center placement relati-
ve to an arbitrary horizontal plane h0 (in m), volumetric water flow rate 
through any MFN normal cross section Q0 (in m3/s)) are not independent 
(according to continuity of fluid flow low V0 ~ ω0 ~ d0

2 at Q0 = const) or 
changes unpredictable (in significant range, for example Q0 depending 
on the extinguishing fluid properties, on pump and a hose line parame-
ters), or randomly (in insignificant range, for example h0 both for manual 
and lafet fire nozzle) and therefore assumed constant (h0 = const, Q0 = 
= const).  

In GOST 9923-93 [2.13] established a series of MFN outlet hole 
nominal diameters d0n and precision qualitet and type of tolerance field 
for this parameter. Thus, for the nozzle RS-50A with d0n = 13 mm set ac-
curacy of H11, that according to the data given in GOST 25347-2013 
[2.14], means that d0 = [13.00… 13.11] mm, d0n are minimum allowable 
value of d0 and the diameter indicated the drawings as Ø13Н11 or 
Ø13+0,11. That is, the parameter is changed by the regulatory require-
ments by amount Δd0r = +0.84 % relative to value d0n = d0. 

Results of the study [2.16], carried out for nozzle RS-50A with ma-
ximum available within GOST 9923-93 requirements limits d0 value and 
the typical case h0 = 1 m (when MFN placed in the rescuer hands) and 
V0 = 20 m/s (a value close to the maximum possible for these conditi-
ons), shows that partial derivatives have the following values: ∂ω0/∂d0 = 
const = 0.0204 m, ∂V0/∂ω0 = const = –1.507∙10-5 (m∙s)-1, ∂l/∂V0 and 
∂h/∂V0 are functions of Θ0 (see Table 2.2).  

But nozzles RS-50A with which are equipped two research installa-
tions of hydraulic laboratory of Applied Mechanics Dept. of Technogenic 
and Ecologic Safety Faculty of National University of Civil Defense of Uk-
raine characterized by the d0 values which differs from normative estab-
lished. For them the d0 values were determined by averaging the results 
of eight times direct measurement using vernier caliper ShTs-I-150-0.02. 
Thus for the first one d0 = 12.6 mm and for the second d0 = 13.7 mm that 
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differs from the nominal value of d0 on  Δd0 = = –0.40 mm and +0,70 mm 
or Δd0r = –3.1 % and +5.4 % respectively. For comparison was chosen 
the nominal value of d0 because it is used for MFN water jet trajectory 
calculation. Thus, from the practice of study it becomes clear that in ex-
ploitation are certain number of MFN items which for various reasons do 
not comply with GOST requirements for d0 value. Exact number of such 
MFN items is difficult to evaluate, as noted in introduction.  

Results of that study are also summarized in Table 2.2 and presen-
ted on Fig. 2.6. Dependences of the absolute changes of flight length ∆l 
and lifting height ∆h values (both in m) of water jet from nozzle RS-50A 
with varying degrees of compliance with GOST 9923-93 from the value 
of inclination angle of its axis to the horizon Θ0 (in degrees) is shown on 
Fig. 2.6, a, b. Same dependences for the relative values (∆lr and ∆hr, 
both in %) is shown on Fig. 2.6, c, d. 

As we can see from the data of Table 2 and Fig. 2.6 (where also 
presented results of study [2.16] for comparison) for nozzle RS-50A with 
outlet hole having a maximum possible value of diameter within the the-
se requirements values of l, ∂l/∂V0 and ∆l reaching maximums (41.751 m, 
4.08 s, –1.381 m respectively) at Θ0 = 45°, than l = [40,370…41,751]  m 
or l = 41.751–1.381 m, ∆lr = 3.31 %, and the actual value of l in this case is 
determined with an accuracy of ±0.691 m or ±1.66% relative to the value 
corresponding to the influencing parameter middle of the tolerance field 
(13.055 mm). The value of Δlr reaching its maximum equal to –3.345 % 
at Θ0 = 90°. It should be noted that when Θ0 = 0°, these values are not 
equal to zero: l = 9.030 m, ∂l/∂V0 = 0.452 s and Δl =–0.153 m, Δ lr =        
= –1.692 %. The values of h, ∂h/∂V0, ∆h & ∆hr reaching maximums at Θ0 
= 90° (21.387 m, 2.04 s, –0.690 m and –3.23 % accordingly) and there-
fore h = 21.387–0.69 m, or 2.0697 ≤ h ≤ 21.387 m, and the actual value of 
h in this case is determined with an accuracy of ±0.691 м или ±1.66 % 
relative to the value corresponding to the influencing parameter middle of 
the tolerance field. When Θ0 = 0° the values of ∂h/∂V0, ∆h и ∆hr are equal 
to zero and h = h0 [2.16]. 

Also from the data of Table 2 and Fig. 2.6 we can see, that the va-
lues of l, ∂l/∂V0, h and ∂h/∂V0 for all three investigated cases are not diffe-
rent from the case of MFN with nominal value of diameter d0 from the 
study [2.16]. 

Results of such evaluation for the first one of MFN with Δd0 =       
= –0.40 mm are following. Absolute values of ∆l and ∆h reaching maxi-
mums (5.021 m and 2.509 m respectively) when Θ0 = 45° and 90°. Than 
l = [41.751…46.772]  m or  l = 41.751+5.021 m. Relative values of ∆lr & ∆hr 
reaching maximums (+12.162 % & +11.732 %) when Θ0 = 90°. Than h = 
21.387+2.509 m or h = [21.387…23.896] m. Should be noted that when Θ0 
= 0° ∆l = +0.556 m, ∆lr = +6.154 %, ∆h = 0 m. 

Results of such evaluation for the first one of MFN with Δd0 = +0,70 
мм are following. Absolute values of ∆l and ∆h reaching maximums       
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(–8.787 m and –4,391 m respectively) when Θ0 = 45° and 90°. Than l = 
= [32.964…41.751] m or  l = 41.751–8.787 m. Relative values of ∆lr & ∆hr 
reaching maximums (–21.284 % and –20.531 %) when Θ0 = 90°. Than   
h = 21.387–4.391 m or h=[16.996…21.387] m. Should be noted that when 
Θ0 = 0° ∆l = –0.973 m, ∆lr= –10.769%, ∆h = 0m. 

Thus, from the data of Table 2 and Fig. 2.6 are follows that the va-
lues of ∆lr and ∆hr significantly changing when the value of Θ0  vary in li-
mits 0…45°. After Θ0 reaching values of 45° and down to the 90° they 
"goes on the shelf", asymptotically approaching the value of +12.5 % for 
the first one manual fire nozzle with Δd0 = –0.40 mm and –22.0 % for the 
second MFN with Δd0 = +0.70 mm. 

At the same time influence factor (d0) changed at a much lower va-
lue Δd0r (–3.1 % and +5.4 % respectively) being in inverse correlation 
with the desired values. The above described is presented in Fig. 2.7. 

On Fig. 2.7 are showed influence of absolute (Δd0 in mm) and rela-
tive (Δd0r in %) values of nozzle RS-50A outlet hole diameter (d0) chan-
ging on absolute (∆l and ∆h in m) and relative (∆lr and ∆hr in %) values of 
flight length (l) and lifting height (h) of its water jet in all possible combi-
nations. 

As follows from the analysis of data contained in Fig. 2.7, these de-
pendencies are linear, influencing factor and the desired effect are inver-
sely correlated for the absolute values of Δl and Δh and also these de-
pendencies on Δd0 and Δd0r are different (see Fig. 2.8, a, b), and for the 
relative values ∆lr and ∆hr they are identical (see Fig. 2.8,b,c). Linearity of 
these relationships follows from the analysis of the formulas (13)–(19) in 
study [2.16] with constant values of Θ0.  

They described by the method of least squares (for all dependenci-
es R2 = 1,0) and can be represented by the formulas (2.20) – (2.25). 

 

0553,12 dl  , m;                               (2.20) 

0273,6 dh  , m;                                (2.21) 

rrr dhl 0953,3  , %;                           (2.22) 

rdl 06319,1  , m;                               (2.23) 

08155,0 dh  , m;                                (2.24) 

rrr dhl 04063,30  , %.                        (2.25) 

 
So, from the above evaluation results analysis it follows that the 

nozzle RS-50A outlet hole diameter value deviation, going beyond the 
tolerance field according to GOST 9923-93 in both directions, has a sig-
nificant impact on its water jets motion trajectory geometric parameters 
under otherwise equal conditions. In practice, the magnitude of such in-
fluence would not be as significant due to the influence of unaccounted 
factors. 
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Fig. 2.2 – Dependences of the absolute (a, b) and relative (c, d) changes  

of flight length (a, c) and lifting height (b, d) of water jet from nozzle  
RS-50A with different degrees of compliance with GOST 9923-93  

from the value of inclination angle of its axis to the horizon: 
■ – ∆d0 = +0.70 mm; ▲ – ∆d0 = –0.40 mm; ● – ∆d0 = +0.11 mm 
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Fig. 2.3 – Dependences of the maximum values of absolute (a, b)  

and relative (c, d) changes of flight length (a, c) and lifting height (b, d)  
of water jet from nozzle RS-50A with different degrees of compliance 
with GOST 9923-93 from the absolute (a, d) and relative (b, d) value  

of change of its outlet hole diameter: 
● – ∆l (при Θ0 = 45°) и ∆lr (при Θ0 = 90°); ▲ – ∆h и ∆hr (при Θ0 = 90°) 
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This is the following factors: water jet motion air resistance, deviati-
on from roundness (deviation of the surface shape) of the MFN outlet ho-
le and distribution of this deviation on hole perimeter (beating of the radi-
us), changes of parameters of the pump and hose lines, presence of la-
teral wind and (or) headwind, varying the type and composition of the fi-
re-extinguishing liquid, changes of resistance, velocity and flow rate coef-
ficients of MFN as a conical converging nozzle, environmental parame-
ters (temperature, pressure, humidity) etc. 

The above as well as the results of studies [2.4, 2.15, 2.17], confir-
ms and illustrates the feasibility of using the mathematical apparatus of 
the beta distribution to describe distribution law of physical value having 
a non-linear effect on the other physical values, even in case when con-
dition of precise description empirical distribution of such physical value 
by the normal law [2.4]. 

Conclusions. Thus, this study includes the methodology, substan-
tiated, estimated, described by formulas and illustrated by graphs the im-
pact of manufacturing precision of manual fire nozzle diameter outlet ho-
le, which does not meet the regulatory established requirements of 
GOST 9923-93 in varying degrees, on the trajectory geometric parame-
ters of water jet from it, in particular its flight length and lifting height, for 
various values of nozzle axis inclination angle to the of the horizon, in 
both absolute and relative terms. It found that such an impact under cer-
tain assumptions, and other conditions being equal is significant. Also in 
the study was substantiated the expediency of using the beta distribution 
for description of these variables taking into account non-linearity of their 
mutual influence. 

 
2.5. NUMERICAL INTEGRATION OF GAS COOLING, 

FORMED BY THERMAL RECYCLING OF WASTE      [А.2.5] 
 

2.5.1. Introduction 
Relevance of the permanent increasing of wastes amount problem 

is obviously. That situation is escalates by significant increasing of unsa-
nctioned storage places for danger wastes. Paces of various substances 
decomposition in general wastes mass are not same and impact of indi-
vidual fractions on filtrate generation are different. Since the time period 
from dump formation starting till filtrate in groundwater pervasion begin-
ning are not known, than at the moment of dump detection the harmful 
consequences for environmental components from filtrate impact can be 
significant. That’s why such objects substantially decreasing the ecologi-
cal safety level [2.18] and must be eliminated as quickly as possible.   

Serious attention requires waists of medical institutions, which are 
quite epidemiological dangerous because contains helminth eggs and 
pathogenic microorganisms and also may contain radioactive or toxic 
substances [2.19]. No less a danger to the environmental components 
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are polymer materials wastes [2.20]. They contain carbon and its compo-
unds and also are secondary material and energetic resources, as it 
shown in references [2.21, 2.22]. Wide application of plastics and poly-
meric materials in various industrial sectors as well as in consumer go-
ods manufacturing causing to increasing of carbon part in waists and 
carbon containing compounds, that during its thermal treatment causing 
increasing of various pollutants amounts, including such super toxic as 
dioxins.  

 
2.5.2. Analysis of published data and problem statement 
At the current stage for waists utilization apply thermal methods with 

using plasma generators [2.23], whereby in high temperature conditions 
(over 1200 °С) ensured decomposition of dioxin, cumulative poison, 
which belonging to the danger xenobiotics group, into simple fragments 
[2.24]. However, exist the mechanism for recrudescent dioxin forming, or 
“de novo”, which observed in exhaust gases in temperature range from 
300 till 450 °С. To the number of its forming factors includes gases coo-
ling speed in the specified temperature diapason and presents in it chlo-
rine and oxygen [2.25]. Therefore we can affirm, that maximal ecological 
efficiency of wastes utilization process can be obtained by the way of 
prevention the dioxin forming not only at the stage of wastes processing 
in plasma reactor, but at its outlet at the stage of generator gas cooling. 
Thus, most important and relevance from a scientific point of view are 
searching of technical solution for ecological safety ensuring at solid 
wastes thermal utilization.  

Existing different methods for cleaning of hot smoke gases. In the 
study [2.26] authors shows dioxin forming process during wastes thermal 
treatment, at the same time in studies [2.27, 2.28] scientifically grounded 
the effectiveness of dealing with them in conditions of using relevant cle-
aning systems. But in these case raises the question of following hand-
ling with used filters. So, the best way is prevent highly toxic substances. 
In the study [2.29] authors presented wide enough review of modern me-
thods for dealing with dioxins, which basing on catalytic reactions. Com-
parative analysis of these methods allowed to reveal deficiencies, the 
main ones are: 

– urgency of controlling of wastes chemical composition to reduce 
the amount of chlorine [2.30], which is quite difficult tusk, because com-
position of municipal wastes is not constant through time; 

– urgency of controlling of catalyst condition for ensuring of catalytic 
process high efficiency; 

– high level of investments and exploitation costs, which limits appli-
cation of these methods in full. 

One of rational variants of these problem solution are fast exhaust 
gases cooling, whereby not create conditions for dioxin formation. But to 
realize that cooling in broad temperature range is pretty difficult. 
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Therefore, in present paper proposed investigation of possibility of apply-
ing evaporate heat exchanger with centrifugal nozzles, which provides 
dispersed liquid injection in hot gas flow from plasma reactor. 

 
2.5.3. Purpose and task of the study 
Purpose of the study is increasing of ecological safety level during 

wastes thermal utilization by the way of high toxic substances formation 
prevention in generator gas.  

For setting purpose obtaining we solve following tasks: 
– analysis of actions of gas and dispersed phases during generator 

gas irrigating cooling for decreasing probability of dioxin formation in 
wastes utilization process; 

–  investigation of influence of interphase interaction on efficiency of 
proposed cooling system for generator gas with liquid, which dispersed 
with centrifugal nozzles; 

– efficiency estimation by numerical modeling for different operatio-
nal modes of proposed technological plant for generator gas irrigating 
cooling for temperature speed reduction until safety value. 

 
2.5.4. Materials and methods of the study of efficiency different 

operation modes of proposed technological plant for generator gas 
irrigating cooling 

2.5.4.1. Analysis of actions of gas and dispersed phases and 
influence of interphase interaction on efficiency of proposed coo-
ling system 

Issues of ecological safety with using of multiphase dispersed struc-
tures for other tasks described in references [2.31, 2.32].  

Such irrigating systems using for ecological safety ensuring during 
fire fighting, dust control at loading and unloading of granular materials 
etc. [2.33]. In references [2.34, 2.35] by authors reviewed mathematical 
models and performed calculated studies of that processes. But, it nece-
ssary to note, that  during executing of these tasks considered specific 
technical conditions and requirements. At present moment exist the ge-
neral approach to physical and mathematical statement of that class 
tasks, which based on classical gas dynamic equations.  

In conditions of costs reduction on research and development of 
promising technologies, one of the most economical and convenient me-
thods for detailed analysis of complex processes in gas-dispersion envi-
ronments are numerical experiment. For its implementation and visuali-
zation of generator gas cooling processes results we have to use the 
mathematical apparatus, which adequately reflex complex gas dynamic 
processes. Since water drops in high temperature gas flow will be vapo-
rized, then we have studied two-phased multi-component environment 
with phase transformations. Actions of single drop in gas dynamic field 
describes by system of ordinary differential equations (ODE) [2.36], in 
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which part of parameters functionally associated with independent varia-
bles. For closure and solution of ODE is necessary to taking into account 
bilateral interaction by the way of alternately solution of equations of dis-
persed and continuous phases until solution for both phases becomes 
steady in time.  

Effectiveness of water curtain for generator gas cooling in evapora-
tive heat exchanger depends on structure and parameters of gas-drop 
flow. One of operational effectiveness indicators is value of water supp-
lying parameters, which ensure certain water spraying dispersion and its 
nozzle leakage velocity. So, it is necessary water supply variant with 
centrifugal nozzles in high temperature gas flow, that can be recognized 
as satisfactory, that is, provide fast gas cooling until gas temperature re-
aches safety value close to about 300 °С. Physical and mathematical 
description of that process can be provide based on classical approach 
for two-phase flow movement [2.36–2.38]. During the modeling of gene-
rator gas cooling process by the way of water injection centrifugal nozz-
les in a hot gas flow was investigated computational domain, that inclu-
des a piece of space bounded by the heat exchanger walls, its input/out-
put section (Fig.2.4).  

Mathematical model of gaseous phase of generator gas cooling pro-
cess described in references [2.36, 2.37]. It allows to describe the featu-
res of three-dimensional flow in the heat exchanger and shows the im-
pact on the disperse phase. To analyze the action of the dispersed pha-
se in relation to it were accepted some assumptions, described in [2.38], 
which allowed to examine its action in Lagrangian description. 

Interaction between phases taken into account using the discrete 
model "particle – source in the cell," according to which the presence of a 
drop in the gas flow manifests itself through additional sources in the eq-
uations of the law of conservation of continuous phase [2.39]. During the 
calculating of drops trajectories monitored the values of impetus, mass 
and heat that is gained or lost by "package" of drops, that move along 
this trajectory. Then these values were included in the calculation of the 
gas phase in the form of source members Sm, Sq, Sfi in the gas dynamics 
equations. Thus, as the gas phase are influences on disperse phase, 
than opposite effect of dispersed phase on continuous phase is also ta-
ken into account [2.38]. 

The obtained mathematical models of gas and dispersed phases is 
the basis for numerical experiments to investigate effectiveness of propo-
sed generator gas cooling system in order to improve ecological safety 
level of wastes utilization process. Using the method of numerical inte-
gration of obtained equations of gas phase [2.36, 2.37], we can determi-
ne gas parameters at any point of the settlement area. This will allow to 
control the temperature of gas flow in required sections of the heat ex-
changer and speed of its change.  
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a 

 
b 
 

Fig. 2.4 – Evaporated heat exchanger:  
а – irrigating system for gas cooling  (evaporated heat exchanger);  

b – control sections 
 
However, we can determine the most rational parameters of water 

supply with nozzles, which provide a sharp decrease of temperature of 
gas flow and, consequently, increased ecological safety level of wastes 
utilization process. 

 
2.5.4.2. Numerical integration of gaseous phase equations 
Numerical integration of differential equations in partial derivatives 

with a given boundary conditions involves their discretization. Discretiza-
tion of equations in space performed by the method of control volumes 
[2.40] with the unstructured (disordered) calculating net, which is compo-
sed of polyedrical elementary volumes – cells. 

Allocation of drops volumes in the spray jet is based on data from 
[2.35] and is well described by the Rozin-Rammler formula. The numeri-
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cal values of nozzle water supply parameters, determined with the me-
thod described above, for three water supply variants, that differs water 
spray dispersion and speed of its discharge from the nozzle, provided in 
Table. 2.3. Irregular calculated net includes 77087 polyedrical cells. We 
consider that elementary volume of gas at initial time located in the cen-
ter of cross-sectional flow part of heat exchanger, which precedes area 
of water injection (section "B – B" variants in the № 1 and № 2, section 
"A – A" version № 3). 
 

Table 2.3 – Numerical values of nozzle water supplying parameters 
 

Parameter 
name 

Variant number 

1 2 3 

d0, m 
0,000

6 
0,000

9 
0,001

1 

Аf/(Dsd0) 0,75 1,3 1 

CD 0,43 0,56 0,50 

v, m/s 10 3 3 

Δp, Pa 48228 5650 3189 

Ree 3858 2257 1957 

n 3,77 3,99 3,6 

 
In the process of gas cooling dispersed liquid drop temperature cha-

nge until it reaches the boiling point under the heat balance, which is de-
fined by the equation: 

 

 
dt

dm
LTTA

dt

dT
cm v

pv
p

pp   ,               (2.26)  

 
where cp – drop heat capacity; α – heat transfer coefficient between drop 
and gas, which defined by experiment; Aν –  drop surface area; L – latent 
heat of vaporization; Tp – drop temperature; T∞ – local gas temperature. 

The results of experimental studies is usually served as a criterion 
dependences Nu = f (Re, Pr), where Nu – Nusselt number. In view of 
equations (14) and (20) [2.38] of equation (2.26) can be written as: 

 
 







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 Lpp QTT

dt
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     (2.27) 
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      (2.29) 

 

When the drop temperature reaches of boiling point, we can apply 
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the boiling speed equation: 

   
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


















 









 L

TTc

dcdt

dd pp
p

ppp

p
1lnRe23,01

4 5,0  (2.30) 

 
where cp∞ – gas heat capacity. 

In considering of gas elementary volume movement in the flowing 
part of heat exchanger, we generate control squirt of gas flow for three 
variants of dispersed liquid supplying (Fig. 2.5) and graph of dependence 
for gas elementary volume Z coordinates and time τ (Fig. 2.6). 

Determined from the graph Z(τ) time points τi, in which gas elemen-
tary volume crossing the control section i. Defined as the average gas 
temperature tav, coefficient of uniformity of temperature distribution in gas 
γT control cross sections i, residence time Δτ and average cooling rate 
Δt/Δτ of gas elementary volume between adjacent cross sections i and 
(i–1) (Table. 2.3, 2.4). 

Table. 2.4 shows, that the total residence time of gas elementary vo-
lume in the flow part of heat exchanger for the investigated variants of is 
respectively 1.32 s, 6.42 s and 2.37 s. The coefficient of uniformity γT 
shows how temperature of gas-vapor mixture changes in the control sec-
tion. If there are no changes (i.e. reached the maximum uniformity of dis-
tribution) γT = 1. 

The residence time Δτ and average cooling rate Δt/Δτ for gas eleme-
ntary volume in areas between control cross sections are necessary pa-
rameters on basis of which it is possible to decide which flow rate of the 
coolant are need. 

 
2.5.5. Results of study of gas dynamic processes in evaporated 

heat exchanger during generator gas irrigating cooling 
Maximum cooling of gas occurs during his contact with droplets of 

dispersed liquid, that evaporates: 
– for variant № 1 gas temperature decreased to 472 °С at 0,47 s of 

it presents between cross sections C and E; 
– for variant № 2 gas temperature decreased to 436 °С at 1,0 s of it 

presents between cross sections C and E; 
– for variant № 3 gas temperature decreased to 454 °С at 1,6 s of it 

presents between cross sections A and E. 
The maximum speed of the cooling in all variants takes place betwe-

en the crossings C and D (Fig. 2.7), reaching for variants № 1, 2 and 3 
values of 1919, 1269 and 975 °C/s, respectively (Fig. 2.8). The rest of 
the time it takes mixing of gas with water vapor. 

Best quality of mixing takes place in variant № 2 (uniformity coeffici-
ent equal to 0.997) due to the great stay duration of gas between the 
crossings G and D because of the presence of circulating currents in 
there. 
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Fig. 2.5 – Movement trajectory of elementary gas volume  

(control squirt of gas flow): a – c – variants of dispersed liquid supplying 
 

Table 2.4 – Parameters of gas elementary volume,  
which controls in cross sections і 

 

Parameter 
Controls cross section 

A B C D E 1 2 3 4 

Variant of dispersed liquid supplying № 1 

τ, s – – 0 0,17 0,48 0,72 0,9 1,1 1,32 

tav, °С 1200 1199,8 1180,4 854,2 472,2 408,6 364,7 357,6 305,8 

γТ 1 0,999 0,985 0,792 0,728 0,815 0,899 0,938 0,961 

Variant of dispersed liquid supplying № 2 

τ, s – – 0 0,25 1 5,8 6,0 6,2 6,42 

tav, °С 1200 1200 1200 882,8 436,0 356,9 354,4 354,4 354,4 

γТ 1 1 1 0,813 0,839 0,964 0,992 0,995 0,997 

Variant of dispersed liquid supplying № 3 

τ, s 0 0,75 0,95 1,15 1,6 1,76 1,96 2,16 2,37 

tav, °С 1200 1053,7 891,8 696,8 454,0 418,2 393,3 382,0 375,0 

γТ 1 0,985 0,970 0,947 0,885 0,917 0,951 0,972 0,984 
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Fig. 2.6 – Dependence gas elementary volume Z coordinates of time:  
a – variant № 1; b – variant № 2; c – variant № 3 
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Fig. 2.7 – The average cooling rate of gas (°С/s):  
● – variant № 1 of dispersed water supplying; ● – variant № 2; ● – variant № 3 

 

 
 

Fig. 2.8 – The gas residence time (s) between control cross sections:  
● – variant № 1 of dispersed water supplying; ● – variant № 2; ● – variant № 3;  

А, Б, В, Г, Д, 1, 2, 3, 4 – control cross sections 
 

2.5.6. Discussion of the results of numerical integration of 
equations describing gas-dynamic processes in the studying heat 
exchanger 

These paper is a part of scientific research for creation ecological 
safety wastes utilization technology. Beginning of the study is [2.32, 2.36 
– 2.38], where created the mathematical model of three-dimensional flow 
of gas-dispersion fluid with phase transformation (evaporation) and inter-
phace interaction, that qualitatively and clearly defines the main features 
of generator gas cooling process with injection in it dispersed liquid. This 
mathematical model of study of drops in coolant trajectory allows us to 
monitor changing impulse, mass and heat of set of drops and the tempe-
rature of gas-vapor mixture at different time points of gas in the heat ex-
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changer. The advantages of this method of ensuring ecological safety 
during thermal waste utilization is to prevent the creation of temperature 
conditions for the dioxins formation, unlike other methods, which use 
complex filters or catalytic reactions. 

The results of numerical experiments indicates that the second vari-
ant of supply dispersed coolant characterized by shortest time of establi-
shing equilibrium in vapor mixture, that reduces the coolant expenditure 
and eliminates its accumulation in the heat exchanger. But in terms of 
ecological safety ensuring it can be considered the most satisfactory is 
first variant, because the time of gas flow cooling with a temperature of 

1200 C to a temperature, which close to safe, i.e. 305.8 C, is 1.32 s. It 
is clear, that the proposed mathematical models of processes, which oc-
curring in the heat exchanger, satisfactory within the task of study and 
show the possibility of its implementation. The research does not exclude 
the possibility of determining the most effective variant, to find which sub-
sequently can formulate and solve relevant optimization problem. 

 
2.5.7. Conclusions 
1. Scientifically reasonable possibility of technical devices applicati-

on, the use of which provides a sharp cooling of exhaust gases, thus are 
not created temperature conditions for dioxins formation and thereby in-
creasing the ecological safety level. Wherewith cooling physical model is 
based on cooling liquid injection with centrifugal nozzles in the gas flow. 

2. In order to following optimization the parameters of proposed te-
chnological plant for generator gas irrigation cooling in present research 
through numerical simulations provided evaluation of its effectiveness by 
temperature decrease speed parameters up to a safe value in a given 
segment of space, limited by heat exchanger walls in different modes. 
This numerical simulation provided on the basis of developed in previous 
publications [2.36 – 2.38] mathematical models of interfacial interactions 
gas-dynamic processes in evaporating heat exchanger, which describe 
the change of impulse, mass and heat of drop set and also temperature 
gas-vapor mixture at different time points of gas in the heat exchanger. 

3. The numerical experiment shows that as a result of plant using 

gas temperature can be reduced by 895 C in 1.32 sec by using a nozz-
les with a spray diameter 0.6 mm and the coolant injection velocity 10 
m/s. The maximum gas cooling occurs during its contact with evapora-
ting dispersed fluid droplets. However, variant, which used nozzles with a 
spray diameter 0.9 mm and the coolant injection velocity 3 m/s characte-
rized by distribution of a gas temperature uniformity coefficient γT = 0.997 
(compared to γT = 0.961) at the outlet of the heat exchanger, due to less 
time of stabilization of equilibrium in vapor-gas mixture and also ensure 
less coolant consumption and excludes its accumulation in the heat ex-
changer. 
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Сhapter 3. TECHNOGENIC AND ECOLOGICAL ASPECTS  
OF EXPERIMENTAL RESEARCHES  

OF ECOLOGICAL SAFETY LEVEL INDICATORS 
 

3.1. GENERAL PROVISIONS 
 

Purpose of studies, presented in the chapter, is to analyze techno-
genic, ecological and metrological aspects of experimental researches of 
indicators of ecological safety level as an source of initial data for calcu-
lated researches and also for mathematical models identification. 

Object of studies, presented in the chapter, is technogenic and 
ecological safety of carrying out of experimental researches on highly 
energetic testing installations of high-risk. 

Subject of studies, presented in the chapter, is analysis of techno-
genic and ecological safety factors of carrying out of experimental rese-
arches of ecological safety level indicators and also its metrological as-
pects. 

The chapter includes materials of four articles, two of them (the first 
one and the third one) combines the contents of 9 and 5 reports respec-
tively. 

The first of these articles dedicated to general issues of ecologi-
cal safety ensuring of exploitation process of power plants with piston in-
ternal combustion engine, namely: analyzed global trends over the past 
25 years, structure of vehicle park of Ukraine, application of alternative 
fuels of renewable sources, units of exhaust gas neutralization system, 
namely particulate matter filters. 

The second article includes materials about the grounding of ur-
gency of researching of factors of industrial, ecological, fire and explosi-
on safety of experimental studies on the engine test bench. Described 
the features of construction, composition, and shows a diagram of the 
bench. 

The third article describes the results of analysis of general prob-
lems of experimental determination of mass emissions of legislative nor-
malized pollutants with diesel engine exhaust gas flow, namely particula-
te matters, classification of methods and instruments for such determina-
tion, aspects of fire, technogenic and ecological safety of engine bench 
tests. 

In the fourth paper discussed issues of relevance of researching 
of metrological aspects of experimental studies on the engine test bench. 
Described the features of composition and features of measurement in-
struments of the bench. 

Findings of presented in chapter 3 studies is submitted in general 
conclusions of the monograph. 

Bibliographic description of presented in chapter 3 published scien-
tific articles is submitted in are given in in Appendix A. 
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Розділ 3. ТЕХНОГЕННО-ЕКОЛОГІЧНІ АСПЕКТИ 
ЕКСПЕРИМЕНТАЛЬНИХ ДОСЛІДЖЕНЬ ПОКАЗНИКІВ РІВНЯ 

ЕКОЛОГІЧНОЇ БЕЗПЕКИ 
 

3.1. ЗАГАЛЬНІ МІРКУВАННЯ 
 

Метою досліджень, наведених у розділі, є аналіз техногенно-
екологічних і метрологічних аспектів експериментальних дослідже-
нь показників рівня екологічної безпеки як джерела вихідних даних 
для розрахункових досліджень та для ідентифікації математичних 
моделей.  Об’єктом досліджень, представлених у розділі, є техно-
генно-екологічна безпека проведення експериментальних дослід-
жень на високорнергетичних дослідницьких установках підвищеного 
ризику. Предметом досліджень, описаних у розділі, є аналіз факто-
рів техногенно-екологічної безпеки проведення експериментальних 
досліджень показників рівня екологічної безпеки, а також їх метро-
логічні аспекти. 

Розділ містить матеріали чотирьох статей, дві з яких – перша 
і третя – поєднують вміст тез 9 та 5 доповідей відповідно. 

Перша з статей присвячена загальним питанням забезпечен-
ня екологічної безпеки процесу експлуатації енергетичних установок 
з поршневим двигуном внутрішнього згоряння, а саме: про аналізо-
вано загальні тенденції за останні 25 років, структуру парку авто-
транспортних засобів України, застосування альтернативних палив з 
відновлювальних джерел, агрегатів систем нейтралізації відпрацьо-
ваних газів, зокрема фільтрів твердих частинок. 

Друга стаття містить матеріали щодо обґрунтування необхід-
ності дослідження факторів виробничої, екологічної, пожежної та ви-
бухової безпеки експериментальних досліджень на моторному вип-
робувальному стенді. При цьому наведено опис особливостей кон-
струкції, складу і схеми стенду. 

Третя стаття описує результати аналізу загальних проблем 
експериментального визначення масових викидів законодавчо нор-
мованих полютантів з потоком відпрацьованих газах дизелів, зокре-
ма твердих частинок, класифікації методів і засобів для визначення 
масових викидів таких полютантів, аспектів пожежної та техногенно-
екологічної безпеки стендових моторних випробувань 

У четвертій статті обговорено питання щодо обґрунтування 
актуальності дослідження метрологічних аспектів експерименталь-
них досліджень на моторному випробувальному стенді. При цьому 
наведено опис особливостей складу і характеристик засобів вимірю-
вальної техніки стенду. 

Висновки по результатам досліджень, представлених у розділі 
3, винесено у загальні висновки по монографії. Бібліографічний опис 
наведених у розділі 3 друкованих наукових праць наведено у 
Додатку А. 
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3.2. GENERAL ISSUES OF ENSURING OF ECOLOGICAL SAFETY  
OF EXPLOITATION PROCESS OF POWER PLANTS  

WITH PISTON ICE                    [А.3.1 – А.3.9] 
 

These article is based on materials of 9 reports at science and te-
chnical conferences, including 7 International [А.3.1 – А.3.9]. Relevance 
of the study exhaustive manner characterized by title of the publication. 
Purpose of the study is describing of general issues of ensuring of eco-
logical safety of exploitation process of power plants with piston internal 
combustion engines. Object of the study is ecological safety of exploita-
tion process of power plants with piston internal combustion engines. 
Subject of the study is general issues of ensuring of object of the study. 

Tasks of the study is: 
1. analysis of development of scientific thought and global trends in 

questions of ensure compliance with legislative established norms of ve-
hicle exhaust gas toxity between 1991 and 2010; 2. analysis of main pol-
lutantes in diesel exhaust gases; 3. analysis of structure of vehicle fleet 
of Ukraine as a factor of ecological safety; 4. analysis of prospects of us-
ing petrol and alcohol mixtures by PICE; 5. analysis of aspects of using 
of emulators of exhaust gas cleaning system of PICE. 6. analysis of die-
sel particulate matter filter on engine test bench as a source of technoge-
nic danger; 7. analysis of aspects of using diesel particulate matter filters 
as a spark arrestor for fire and rescue vehicles; 8. analysis of basis of 
classification of methods of regeneration of diesel particulate matter fil-
ters; 9. analysis of aspects of technogenic and ecological safety of the 
diesel particulate matter filters regeneration process. 

 
3.2.1. Development of scientific thought and global trends in 

questions of ensure compliance with legislative established norms 
of vehicle exhaust gas toxity between 1991 and 2010 

Purification of exhaust gases (EG) of diesel piston internal combus-
tion engines (PICE) from their harmful components, in particular of parti-
culate matter (PM), especially appropriate for vehicles and special mach-
ines (including one that is used by the State Emergency Service of Ukrai-
ne (SESU)), which operates in conditions of limited air exchange, in pub-
lic places and areas in towns, where there are established special regu-
lations for toxicity of vehicles, that harder for operating outside of these 
areas, and also for vehicles, which took part in the military celebrations. 
Diesel engines is a PICE with mixed heat supply in the working process, 
compression ignition of the fuel-air mixture (with excess air ratio equal 
1.3 ... 8.0), qualitative power regulation and external mixture formation, 
consuming diesel oil as motor fuel. PM is all substances, which have set-
tled on a special filter of teflon fiber during passing through it a mixture of 
air and exhaust gas in certain proportions at a temperature, not higher 
than 52 °C and are not water [3.1]. 
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Analysis of publications and reports of sections of the World Con-
gress of the Society of Automotive Engineers (SAE), which devoted to 
questions of ecological compatibility of PICE, for the period from 1991 to 
2010 shows, that during this time in these issues sphere following trends 
were observed [3.2–3.18]: 

– dieselization of global and Ukrainian vehicle fleets; 
– environmental regulations cover new types of vehicles, and their 

PICE with them; 
– introduction of ecological standards in new countries of the world 

and strengthening of already existing requirements; 
– transition from rationing smoke of EG to rationing of mass emissi-

ons of PM from EG; 
– focusing on the fractional composition of PM – by weight, by the 

active surface area and by counting; 
– focusing on the chemical composition of PM and their internal 

structure; 
– transition from technology of EG simple filtration and their cataly-

tic oxidation to the application of  reducing EG toxicity complex systems; 
– commitment to modularity and compactness of systems of reduc-

ing EG toxicity and their units; 
– solving the problem of cold start of PICE; 
– improving the ceramic substrate material of catalytic converters 

(CC) and DPF; 
– transition from the solid ceramic filter elements (FE) to FE with 

the cellular structure and channels of gas-permeable walls, that drowned 
out in a checkerboard pattern; 

– depth study of the catalytic properties of platinum group metals 
and their combinations; 

– search, research and manufacturing application of FE materials, 
which alternative to ceramic – fibrous, granular, wound, woven and non-
woven steel mesh, membranes; 

– development and application of various variants of realization 
complex approach to reduction the toxicity of EG, that provides not only 
improve of  EG purification system, but also systems that are involved in 
the work process organization of PICE, and improve the quality of motor 
fuels and oils; 

– development and implementation of measures to bring the of to-
xicity indicators of vehicles, that are in exploitation, to the level of the 
newly introduced regulations; 

– integration of the system of reduction toxicity of EG of PICE to 
the system of electronic control of ICE or of vehicle; 

– mathematical modeling of the mechanisms of  formation of toxic 
components of EG, including PM, in the workflow of PICE; 

– mathematical modeling of the processes occurring in EG during 
their movement of PICE exhaust tract; 
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– mathematical modeling of the processes occurring in DPF during 
regeneration process of 1st kind. 

Thus, the scientific capacity of the above trends and spectrum of 
scientific and technical problems in ecological compatibility matters of ve-
hicles and of PICE, that of their component, indicate that this subject is 
very important. 

 
3.2.2. Main pollutantes in diesel exhaust gases. 
The main legislative normalized pollutants in EG of PICE with com-

pression ignition, working on a Diesel cycle, are follow substances: nitro-
gen oxides NOx and particulate matters PM because they account for up 
to 95% of reduced toxicity, and their formation in the diesel combustion 
chamber lead antagonistic factors. PM by definition is all substances in 
sample of mixture of EG and pure air in a certain ratio that settled on a 
special teflon filter during the passage of the sample through it, with tem-
perature less than 52 °С and aren’t water. That means PM is a product 
of uncompleted combustion of motor fuel and oil and structurally is a liqu-
id unburned hydrocarbons CnHm, which adsorbed on surfaces of coagu-
lated soot cores (porous amorphous carbon). PM conditionally divided on 
oxidizable (CnHm and soot cores) and non-oxidizable (products of wea-
ring of diesel parts, mineral dust of environment air, ash of combustion of 
additives in motor fuel and oil, sulfates) fractions. NOx on the contrary are 
a product of completed combustion of air-fuel mixture – nitrogen-contai-
ning fractions and additives in motor fuel and oil and atomic nitrogen on 
air. NOx in chemical reaction with vapor of water of EG and environmen-
tal air generated an acid rains, and in chemical reaction with polycyclic 
aromatic hydrocarbons of EG and PM gives its nitroderivatives which has 
a mush greatest carcinogenic and mutagenic effect on human. NOx ge-
nerates at high temperatures in combustion chamber of diesel engine 
and a fullness of combustion promotes it process. Since to the notion of 
fullness of combustion is closely related notion of fuel efficiency of PICE, 
usually its constructive and adjusting parameters optimize to achieve its 
maximum value of that indicator, and therefore as an undesirable side ef-
fect is increase in emissions of NOx in EG flow. The exhaust of gasoline 
PICE with spark ignition, working on an Otto cycle, there is a reverse si-
tuation. Of these legislatively normalized pollutants main contribution to 
the toxicity of the EG is made unburned hydrocarbons motor fuel and oil 
CnHm and carbon monoxide CO, that is, products of incomplete combus-
tion. This is due to the fact that such ICE operating in a narrow range of 
air-fuel ratio near its stoichiometric value α = 1.0, and the maximum ca-
pacity is achieved with a deficiency of oxygen, that is at α = 0.8...0.9. In 
EG of forced petrol supercharged PICE is also present a significant amo-
unt of nitrogen oxides NOx. This is caused by high temperature combus-
tion of fuel-air mixture in the combustion chamber [1.11].  
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3.2.3. Structure of vehicle fleet of Ukraine as a factor of ecolo-
gical safety  

Ecological parameters of vehicles, which equipped with PICE in ge-
neral, and in particular of PICE themselves, largely formed by qualitative 
and quantitative composition of their EG. For PICE, which working on a 
diesel cycle, the main pollutants in the EG are nitrogen oxides and PM. 
In this case, the formation of these pollutants in the working process of a 
diesel engine caused by antagonistic factors. Their emissions with the 
flow of the EG of diesel PICE legislatively standardized [3.19]. 

All of the above relates to novel PICE. The technical level of PICE 
being in operation, corresponded to the level of development of the in-
dustry at the time of release, but does not meet modern requirements for 
fuel efficiency, production costs and reliability. Growth of radical moder-
nization of these characteristics can not be achieved. However, the requ-
irements for ecological characteristics irrelative to term of operation of 
PICE and vehicle with such type of engine are allowed for exploitation 
only together with the introduction of economic sanctions of their owners. 
For owners of vehicle, which satisfying the these standards, on the con-
trary, granted preferences to the payment of taxes and fees, benefits for 
payment of fuel and parking spaces. This leads to the need to develop of 
methods to bring ecological performance of vehicles of earlier years of 
manufacture to the requirements of modern standards [3.19]. 

Vehicle fleet of Ukraine is characterized by a significant number of 
units of machinery that has reached a high degree of moral and physical 
wear, but, nevertheless, can not be put out of operation for various rea-
sons. That is PICE of agricultural and military hardware, of building and 
road machines, as well as locomotive, marine and aircraft PICE. The sa-
me situation is observed in the operation of vehicles on private property 
of citizens of Ukraine. And their forced removal from operation is possib-
le only when the technical condition of their critical levels, hazardous to 
the lives of other citizens [3.19 – 3.22]. 

The average service life a vehicle in the European Union is 8 years, 
in Ukraine this index for domestic brands is at a level 14 – 16 years, and 
for foreign cars – 10 – 12 years. Vehicle fleet of Ukraine in terms of age 
of vehicles in 2009 consisted of such segments: up to 5 years – 22 %, 6 
– 8 years – 10 %, more than 9 years – 68 % [3.20, 3.22].  

Ukrainian car market is far from saturation. The average rate of mo-
torization in Ukraine is 130 cars per 1000 inhabitants (in the European 
Union it is 400 – 600 cars per 1000 inhabitants). The volume of primary 
car market in Ukraine in 2009 amounted to 162291 cars, and secondary 
– twice as much because the price of the car with a run in 2–3 times lo-
wer than the price of a new car [3.21].  

Trends in the car market of Ukraine in the time interval from 2008 to 
2009 for its different segments were as follows: new car registrations 
59,5 % in 2008 and 32,2 % in 2009, the resale of used cars in the dome-
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stic market – 40 and 67,2 % respectively, registration of imported used 
cars – 0,5 and 0,6 % [3.21]. 

As of 2009 the value of the vehicle fleet in Ukraine amounted to ab-
out 6 million vehicles. From them about 70 % were cars of domestic bra-
nds (VAZ – 37 %, ZAZ – 15 %, Moskvich – 13 %, GAZ – 5 %), and on 
the cars of the brands Opel, Daewoo, Volkswagen, Chevrolet, Ford, To-
yota, Mitsubishi, Skoda, Nissan, Mercedes, Mazda, Hyundai, Audi had 5 
– 2 % of the units of vehicle fleet, respectively, on the other – 10 %[3.21].  

In the secondary market in Ukraine in 2009 from solded cars 45 % 
were cars produced in CIS countries, of which 38 % were for cars of 
mark the VAZ, and best-selling car model in the market has become a 
Daewoo Lanos [3.21].  

Brand structure of sales of commercial vehicles with mileage (car-
go, vans, trucks) on a car market of Ukraine as of 2008 and 2009 was as 
follows: GAZ – 14 and 18 % respectively, Volkswagen – 17,5 and 17,7  
%, Mersedes-Benz – 19 and 17 %, Ford – 8 and 7,5 %, Renault – 9 and 
8 %, Fiat – 6,5 and 6 %, ZAZ– 2,5 and 3,5 %, Peugeot – 3,3 and 3,2 %, 
Izh – 2 and 3 %, UAZ – 2,7 and 2,9 %, Citroen – 3 and 2,7 %, Opel – 2,9 
and 2,6 % others – 9 and 8 % [3.21]. 

Average service life of vehicles in vehicle fleet of Ukraine as of the 
01.01. 2001 was 17,1 years, as of the 01.01.2006 – 18,5 years (historical 
maximum), as of 01.01. 2011 – 18,2 years. Thus, the average statistical 
car on the ukrainian road is car of 1993 release, predominantly the VAZ 
[3.21, 3.22]. 

All of these data confirm what was said in the beginning of this the-
sis: the structure of the vehicle fleet in Ukraine is such that there is an ur-
gent need to develop a tools of bringing the eсological performance of 
vehicles to the current level of legislatively established standards. 

 
3.2.4. Prospects of using petrol and alcohol mixtures by piston 

internal combustion engines 
The problem of use of alternative fuels in PICE in recent years is 

the most relevant in relation to the situation that has arisen in the world 
to date – a decreasing of reserves and increasing in the price of fossil fu-
els. The potential of production of ethanol for passenger transport around 
the world is estimated at about 32 % of the consumed gasoline when us-
ing E85 (85 % alcohol) [3.23]. The possibility of substitution of such a le-
vel of traditional fuels draws attention to the problem of use of renewable 
resources and collateral damage to environment in the form of seizure of 
agricultural land, pollution of water sources by pesticides, widely used in 
the production of raw materials for biofuels. One of the important techni-
cal requirements related to the use of ethanol in composition of benzo-
ethanol (petrol and alcohol mixture) for ICE, is to increase its aggregate 
stability. When the temperature drops and increase the amount of water 
in the benzoethanol fuel occurs its delamination with the formation of two 
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liquid phases. Tendency of the gasoline and alcohol mixtures to separati-
on depends on the petrol composition, water and alcohol content in the 
composition. With increasing concentration of aromatic compounds in 
petrol and with increasing alcohol fraction contained in a mixed fuel, its 
cloud point temperature reduce [3.23]. The modern system of preparati-
on of mixed fuels are used, as a rule, hydrodynamic, vortex and ultraso-
nic cavitators. A promising direction of researches is the development of 
small-dimension hydrodynamic cavitators which enable to maintain the 
benzoethanol stability on board the vehicle [3.24]. One of the drawbacks 
of this type of alternative fuel is its high corrosion activity [3.25]. 

This subject of research is one of the basic directions of work of  
Piston Power Plants Dept. (DPPP) of A.N. Podgorny Institute for Prob-
lems in Machinery of NASU (IPMash NASU) [3.24 – 3.27]. The DPPP 
Laboratory is equipped with the engine test bench (ETB), in which the 
object of research is the transport piston engine MeMZ-307.1 (automo-
bile, gasoline, four-in-line vertical arrangement of cylinders and liquid co-
oling) [3.26, 3.27]. Given the decline of net calorific value of benzoetha-
nol fuel the engine has been primarily adapted to ensure efficient opera-
tion on gasoline and benzoethanol [3.28]. Adaptation carried out by rep-
rogramming the electronic control unit (ECU) and the change of the cha-
racteristic maps, in which the engine is running, depending on the mode 
(increased length of fuel injection in the study mode, and ignition timing 
is adjusted interactively using appropriate software). In the ECU was en-
tered additional program to ensure effective operation of the engine on 
benzoethanol. In this paper carried out comparative studies of characte-
ristics of the MeMZ-307.1 transport engine operating on petrol mark A95 
and benzoethanol mark E85 on a ETB. The ETB consists of a motor be-
nch and measuring equipment capable of measuring engines indicators 
of work and test conditions. ETB includes the DC balancing dynamome-
ter type DS 926-4/V with integrated speed sensor and a weight device 
for measuring the torque, the motor-generator, thyristor excitation unit, 
control cabinet, control panel.  

On the test modes (maximum torque and nominal power) effective 
efficiency (ηe) of engine adapted to mark E 85 benzoethanol is higher 
than not adapted engine as well as of petrol version by 6.6 % and by 6.7 
% (on maximum torque mode and nominal mode respectively). Indica-
tors of EG emissions of benzoethanol engine is significantly better than 
indicators of gasoline engine. An exception is the content of nitrogen oxi-
des in EG, which at nominal mode higher for benzoethanol engine than 
gasoline engine (ETB exhaust system has no car catalytic converter). 
The values of the air excess factor (α) on the said modes were, respecti-
vely, 0.96 and 0.97, and the EG temperature decreased on 54 °C and 
93 °C. Excess of benzoethanol E85 consumption compared to gasoline 
consumption by 35.5 % and 31.5 % for the said modes explained by the 
difference of the specific heat of combustion, which is 64 %. For the most 
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favorable compromise between power, efficiency and toxicity of an engi-
ne running on benzoethanol must be coordinated regulation of the igniti-
on timing depending on excess air ratio. Also promising research directi-
on are improving the efficiency of application of benzoethanol in the 
PICE by the developing a sensor that is integrated into the car standard 
fuel system, which evaluates the composition of the mixed fuel, and the 
allows car ECU to choose autonomously the most effective control pro-
gram (for petrol and benzethanol). 

 
3.2.5. Emulators of exhaust gas cleaning system of piston 

internal combustion engines 
Ecological parameters of vehicles, which equipped with PICE in 

general, and in particular of PICE themselves, are legislatively standardi-
zed. The technical level of PICE being in operation, corresponded to the 
level of development of the industry at the time of release, but does not 
meet modern requirements for ecological characteristics and irrelative to 
term of operation of PICE and vehicle. Vehicle fleet of Ukraine is charac-
terized by a significant number of units of machinery that has reached a 
high degree of moral and physical wear, but, nevertheless, can not be 
put out of operation for various reasons. 

In the structure of vehicle fleet of our country has a sufficiently lar-
ge number of foreign-made vehicle equipped at the time of exit from con-
veyor systems to reduce exhaust emissions, but in practice many of the-
se vehicle these systems no longer have. This is because rather expen-
sive repairs of these systems subject to the negative effects of exhaust 
gas generated from the low-quality fuels, as well as prone to thermal de-
struction. Another two reasons for this phenomenon are the lack of state 
supervision over compliance of legislatively established latest emissions 
standards and the lack of qualified personnel in staff of official represen-
tative offices of foreign vehicle brands. Typically, after the failure of this 
system it is completely dismantled from the board of vehicle with the fol-
lowing sensors: exhaust gas pressure, exhaust gas temperature, quanti-
ty of oxygen in the exhaust and replace it by the segment of the pipeline 
and a so-called emulator of operation of exhaust gas cleaning system 
(with the obligatory reconfiguration of ECU of such system, or of ICE or 
of vehicle). Emulator generates signals of the sensors of vehicle exhaust 
system in their physical absence according to the program laid down in it 
and feeds them to the ECU of engine or vehicle. At the same time the 
ECU for same vehicle models, which differing only in the presence of ex-
haust gas cleaning systems or its some parts, have different structure 
and are not interchangeable. Expenditures on physical and software re-
moval of FPF range from 400 to 700 $ depending on the splitability of 
DPF housing and the possibility of separation its filter element from it. 
This procedure is in direct violation as well of the guarantee conditions of 
use DPF as an ecological legislation in some countries. Therefore, to es-
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timate the number of vehicles equipped with emulators difficult. However, 
their number significantly and steadily increased. This leads to the need 
to develop methods to bring environmental performance of vehicles of 
earlier years of production to the modern standards requirements [3.19]. 

 
3.2.6. Diesel particulate matter filter IPMash on engine test 

bench as a source of technogenic danger 
The Laboratory of DPPP of IPMash of NASU equipped by ETB 

with autotractor diesel engine 2Ch10.5/12 (D21A1). Features of constru-
ction of ETB and modular DPF, which was designed in DPPP, described 
in papers [3.19, 3.30].  

It contain a parts, which manufactured of follow non harmful materi-
als: stainless steel rolling sheet, stainless steel woven mesh, bulk natural 
zeolite of middle size fraction, and do not contain catalytic covering. But 
it consists of minimal required number of modules and therefore contains 
compaction elements of asbestos sheet.  

At the operation conditions DPF modules filled with PM and there-
fore in their dismantling process and in other manipulations with them 
(their parts connected by separable) should prevent sedimentation of PM 
from them and their place of installation on exposed skin and inhalation 
because of high toxic effect. Also working DPF filled the exhaust gas flow 
temperature and therefore in their dismantling process and in other mani-
pulations with them (measuring of its operational parameters) it should 
be cooled before till range of temperature, which allowing protective glo-
ves. However themselves demolition works must be carried out only by a 
diesel engine stopped. The above relates to the purpose, tasks and re-
sults of development of the ecological safety management system of po-
wer plants with a PICE exploitation process [1.11].  

  
3.2.7. Using diesel particulate matter filter as a spark arrestor 

for fire and rescue vehicles 
DPF for diesel ICE of fire and rescue vehicles, which are under 

operation condition, including the State Service for Emergency Situations 
of Ukraine, can be used to bring their environmental performance to the 
level of legislatively established regulations. In world practice known DPF 
that are in production and operation, the design of which there are no 
parts of the ceramic honeycomb bodies with channels and/or catalytic 
coatings and/or equipped with on-board regeneration system (system of 
recovery of their operating characteristics). DPF, regeneration of 1st kind 
of which is carried out by thermal or thermal catalytic oxidation of remo-
ved from the EG flow and accumulated in their FE PM in order to perform 
the functions spark arrestor of vehicle exhaust system, they must have 
housing, equipped with special structural elements of the output buffer of 
DPF. In the DPPP of IPMash of NASU developed a DPF with new unco-
nventional design and don’t contain catalytic coatings. One of the possib-
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le ways to implement regeneration process of 1st kind of DPF IPMash as-
sumed the one that is used to oxidize the accumulated PM in its FE by 
low-temperature plasma induced from the EG by plasmatron. Those de-
vise can be a part of the exhaust system of vehicle or separate device, 
which used for centralized service of vehicle. In that case, EG tempera-
ture required for the regeneration process is reduced to 350 °C (in the 
other cases, this temperature is 600 – 800 °C) that contributes to the 
spark supperssion in exhaust and improve the fire safety of operation of 
vehicle [1.11, 3.31, 3.32].  

 
3.2.8. Basis of classification of methods of regeneration of 

diesel particulate matter filter 

According to UNECE Regulations # 49 and 96 level of EURO ІІІ, to 

the number of normalized pollutants in EG of diesel PICE of vehicles and 

special machines, which used for ground handling of military and civil 

aviation equipment in Ukraine, also included a PM. By definition it is all 

substances in mixture of EG and pure air, which at maximum temperatu-

re of 52 °С collected by special filter of fiberglass and aren’t a water (an 

aerosol containing soot cores (amorphous porous carbon) and adsorbed 

on they surfaces unburned hydrocarbons of motor fuel and oil in general 

and polycyclic aromatic hydrocarbons in particularly, which has carcino-

genic and mutagenic effects on life organisms). PM removed from the 

exhaust flow, holds and neutralized by using the DPF. The process of 

purification of DPF themselves from PM, which accumulated during die-

sel operation called regeneration. PM should be divided into oxidizable 

and inoxidable. To the oxidizable factions, that are mass majority in EG, 

can be attributed all components of PM, that can be oxidized by residual 

oxygen of EG in the DPF body at a temperature, that is lower than 1000  

°C, ie, without harm to material of its FE, housing and catalytic coatings. 

In connection with this, one should distinguish between regeneration 

DPF of 1st kind (cleaning FE from the oxidizable fractions of PM) and re-

generation of 2nd kind (cleaning FE from the inoxidable fractions of PM 

and coking products of oxidizable fractions) [1.11]. 
 

3.2.9. Aspects of technogenic and ecological safety of the 
diesel particulate matter filter regeneration process 

The aspects of technogenic and ecological safety of physical and 
chemical processes, which are a essence and accompanied process of 
regeneration of DPF for PICE, they also caused by follow factors.  

1) The features of ICE as a source of environmental pollution in ge-
neral and qualitative and quantitative composition of their EG in particu-
lar. In diesel EG up to 90 % of EG average toxicity accounted for on nit-
rogen oxides NOX and so-called PM. And 20 – 45 % of that parameter 
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accounted for PM. This in turn is because PM contained the polycyclic 
aromatic hydrocarbons, which include carcinogenic and mutagenic effe-
cts on humans or animals. Besides, to the appearance in diesel EG the-
se two types of legislative normalized pollutants caused by antagonistic 
factors.  

2) Model of exploitation of the vehicle, which powered by diesel 
ICE of certain type and purpose with specific ecological and performance 
indicators. It has a direct impact on absolute value of the mass emissions 
of PM in its EG flow.  

3) The operating efficiency of DPF that is, a part of removed PM 
from diesel EG flow and neutralized in it FE from the common quantity of 
their mass emission. Also must be assumed the change of the DPF wor-
king characteristics depending of regime, constructive, adjusting and 
other diesel parameters.  

4) The features of organization and flow of DPF regeneration pro-
cess. Also must be assumed the principal difference between processes 
of DPF regeneration of 1st and 2nd kind. DPF regeneration of 1st kind is a 
periodic process of FE purification from the oxidisable fractions of PM, 
which accumulated due to its exploitation. It is a integral part of life cycle 
of DPF. DPF regeneration of 2nd kind is a non periodic process of FE pu-
rification from the inoxidisable fractions of PM and coking products of oxi-
disable fractions, which accumulated due to its exploitation. It stands out 
a much greater period between regenerations (or may be generally non-
recurrent) and may not enter into the life cycle of DPF. Most often the re-
generation process of 1st kind is released by appropriated onboard sys-
tems of vehicle by the thermal-catalytic method. In this case oxidation of 
PM takes place in unsteady mode and may be interrupted and produce 
the toxic products. Most often the regeneration process of 2nd kind carri-
ed out by using out-board systems (manual or automated installations 
stands), with washing of DPF with water in the opposite direction. The re-
sulting suspension of PM in water must be filtered, the received filtrate 
must be evaporated of drained, obtained dry concentrate of PM must to 
be burnt at steady state (e.g., in firebox or mini-boiler or plant for burning 
solid waste) [1.11]. 

 
3.2.10. Conclusions  
Thus, in present study described results analysis of issues of deve-

lopment of scientific thought and global trends in questions of ensure 
compliance with legislative established norms of vehicle engine exhaust 
gas toxity and main pollutantes in diesel exhaust gases, structure of ve-
hicle fleet of Ukraine, using petrol and alcohol mixtures for piston internal 
combustion engines and emulators of exhaust gas cleaning system, 
technogenic and ecological safety features of diesel particulate matter 
filter using and regeneration processes. 
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3.3. DESCRIPTION OF ENGINE TEST BENCH AS A SOURCE  
OF DANGER FACTORS IN EXPERIMENTAL RESEARCHES  [А.3.10] 

 
Introduction. As well known, the main porpoise of any kind of sci-

entific researches is a creation of newest intellectual product of funda-
mental of applied nature, which characterized by scientific novelty, origi-
nality and practical value. In this connection, that product on its way bet-
ween initial idea and form of some kind of competitive goods, which im-
plemented in serial production, necessarily passes the stage of experi-
mental researches of its working characteristics. That fact causes the ne-
cessary of development of special programs and methods, designing 
and manufacturing of experimental samples and also creating and impro-
ving of laboratory equipment – stands, plants, measuring instruments. 
But any experimental researches of objects that related with energy pla-
nts, except co-called mental experiment, characterized by some kind of 
danger factors. Therefore scientific research works aimed on identifying, 
analysis and maximal reducing or elimination of danger factors, sources 
of which are experimental plants and stands, are relevant because life 
and health of researchers and laboratory staff are the values of much hi-
gher order, than any kind of scientific knowledge. 

Analysis of recent publications. In Department of Piston Power 
Plants (DPPP) of A.N. Podgorny Institute for Mechanical Engineering 
Problems of NAS of Ukraine (IPMash NASU) was developed modular di-
esel particulate matter filter (DPF) with new nonconventional construction 
and bulk natural zeolite in cassettes of stainless steel mash – DPF 
IPMash. Several variants of DPF construction are embodied in the form 
of operating layouts of its filter elements (FE). Their working characteris-
tics under real operation conditions was obtainned on engine test bench 
(ETB) of DPPP [3.33]. The scheme of ETB shown in Fig. 3.1 and its ap-
pearance – in Fig. 3.2. 

Porpoise of research is description of structure of ETB for follo-
wing identification and analysis of factors of industrial, ecological, fire 
and explosive danger of carriage of experimental researches on ETB. 

Formulation and solving of problem. ETB as himself is a compli-
cated system of follows interrelated power plants.  

1) Bench contains electrical load machine made by firm VSETIN 
with dynamometer of direct current of type DS 742/4-N in which structure 
is control cabinet of type VH 136, two-machine unit (motor-generator) of 
type IDP 942-1 and remote control panel [3.34].  

2) On board of bench installed an autotractor diesel engine D21A1 
(2Ch10.5/12) [3.35] as the object of study.  

3) System of measuring instruments of ETB consists of following 
devices: sensors, appliances and informational channels, which measure 
and control the adjustment, regime and other parameters of diesel engi-
ne, load devise and other units of the bench [3.36].  
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Fig. 3.1 – Scheme of Engine Test Bench: 
1 – diesel engine D21А1 (2Ch10.5/12); 2 – load machine (motor-generator IDP 924-
4); 3 – remote control panel; 4 – cardan shaft with protecting casing; 5 – welded steel 

fundament frame; 6 – exhaust ventilation; 7 – dynamometer DS 742-4/N; 8 – high 
pressure fuel pump; 9 – all regimes regulator of crankshaft; 10 – coupling for variati-
on of angle of advancing of fuel injection; 11 – fuel tank; 12 – sensor of fuel level in 
tank; 13 – electric-hydraulic automatic valve for fuel topping; 14 – laboratory scales 

of 2nd class VLR-200; 15 – optical sensor; 16 – consumption tank of fuel consumption 
measurer; 17 – references weight; 18 – oil dipstick or oil temperature sensor in sump 
of diesel; 19 – oil temperature sensor in sump of diesel ТМ100V; 20 – exhaust col-

lector of diesel; 21 – intake receiver of diesel; 22 – rotary gas counter RG-100; 23, 40 
– mercury thermometer TL-4 №2 (0 – 50 ºC); 24 – psychrometer; 25 – choke orifice 

of intake air consumption measurer; 26, 34 – differential U-shape hydraulic manome-
ter; 27 – ventilator of diesel cooling system; 28 – exhaust collector; 29 – EG noise 

muffler; 30 – EG toxicity sampler; 31 – filter holder for EG smokiness determination; 
32 – 5 components gas analyzer Autotest-02.03P; 33 – exhaust tract; 35 – unconne-
cted coupling of loading machine; 36, 37 – control handle and metal cable; 38 – ba-
rometer-aneroid BАМM-1М; 39 – timer; 41 – appliance А-565; 42, 43, 45 – frequent-
cymeter-chronograph  F-5040 or F-5041; 44 – appliance А-566; 46 – TDC marker; 
47 – resistance thermometer ТSМ; 48 – oil pressure sensor; 49 – manometer МО 

 
4) Diesel engine and load devise are installed on welded steel fun-

dament frame that rests on a concrete base.  
5) Transmission of the bench is mechanically connect flywheel of 

diesel engine and flange of rotor of loading devise with spline shaft and 
is covered by protecting casing. These questions are studied in [3.41]. 



 

 91 

 
 а                                                                 c  

 

Fig. 3.2 – Engine Test Bench:  
а – general view of bench; b – remote control; c – loading device with dynamometer 

 

All of these structure units of ETB characterized by definite set of 
factors of industrial, ecological, fire and explosive danger. The motor ex-
periments provided in accordance with programs and methodics of 
DPPP and also provisions of GOST 18509-88 and GOST 14846-87 
[3.37, 3.38]. The programs of motor research is developed on basis of 
standardized 13- and 8-regime stationary test cycles that are models of 
exploitation of automotive and tractor diesel engines, respectively, and 
are described in UNECE Regulations # 49 and # 96 [3.1, 3.40]. They 
was adapted to abilities of laboratory of DPPP and features of it process 
are described in [3.33]. To providing the engine bench researches of 
DPF IPMash the exhaust system of ETB was modernized by the way of 
adding to it the place for installing of experimental samples (insert for sa-
mple retention (ISR)), the new sampling systems of exhaust gases (EG) 
for determine its toxicity and opacity and also for measuring of gas dyna-
mic parameters of EG flow. The scheme of modernized ETB exhaust 
system shows in [3.33, 3.36]. The danger factors of experimental studies 
on ETB is expedient to consider for each of its single units apart. That 
will be the porpoise of following studies [3.41].  

Conclusions. In present research considered structure, composi-
tion and features of engine test bench of DPPP of IPMash of NASU as a 
source of factors of industrial, ecological, fire and explosive danger.  

In following researches will be determined and analyzed that dan-
ger factors for each of it single bench units apart. It is the loading device, 
transmission, diesel engine 2Ch10.5/12, measuring instruments and ex-
perimental samples of DPF. Also it will be proposed the list of actions for 
ensuring industrial, ecological, fire and explosive safety of experimental 
studies on ETB. 
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3.4. GENERAL ISSUES OF METROLOGICAL MAINTENANCE  
AND ENSURING OF TECHNOGENIC AND ECOLOGICAL SAFETY  

OF EXPERIMENTAL ENGINE TEST BENCH RESEARCHES  
[А.3.11 – А.3.15] 

 

These article is based on materials of 5 reports at International sci-
ence and technical conferences [А.3.11 – А.3.15]. 

Relevance of the study exhaustive manner characterized by title 
of the publication. Purpose of the study is describing of general issues 
of metrological maintenance and ensuring of technogenic and ecological 
safety of experimental engine test bench researches. Object of the stu-
dy is metrological maintenance and ensuring of technogenic and ecolo-
gical safety of experimental engine test bench researches. Subject of 
the study is general issues of ensuring of object of the study. 

Tasks of the study is: 
1. analysis of problems of particulate matter mass emission in die-

sel exhaust gases experimental determination; 
2. creation of classification of gravimetric methods for determinati-

on of particulate matter mass emission in exhaust gas flow of diesel in-
ternal combustion engines; 

3. analysis of classification of optical devices for particulate matter 
content in internal combustion engines exhaust gas determination; 

4. analysis of classification of instruments for determination of ga-
seous pollutants concentrations in internal combustion engine exhaust 
gases; 

5. analysis of aspects of fire safety of engine bench researches. 
 
3.4.1. Problems of particulate matter mass emission in diesel 

exhaust gases experimental determination 
Requirements for the ecological characteristics of diesel piston in-

ternal combustion engines (PICE) vehicles obligatory in the territory of 
Ukraine, the Russian Federation and the European Union [2.2], as fixed 
legislatively – UNECE Regulation № 49 [3.40] and № 96 [3.1] level of 
EURO III, IV and V respectively. These documents defines a list of nor-
med pollutants in the exhaust gas (EG) of diesel engines, limits for their 
mass emissions, bench testing methodology and a list of modes in stati-
onary test cycles (13 and 8 respectively), is a model of the operation of 
such vehicles. This sets the method for measuring a mass emissions of 
particulate matter (PM) – gravimetric and means of its realization – full- 
or partially flow tunnels. The high cost of manufactured tunnels, extreme 
science intensity of their self-development and the complexity of their ce-
rtification determine the need to find methods and means for determining 
the of PM mass emissions, alternative for tunnels and suitable for preli-
minary and comparative laboratory studies [2.2, 3.1, 3.40, 3.42, 3.43]. 

In Piston Power Plants Dept. (DPPP) of A.N. Podgorny Institute for 
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Problems in Machinery of NASU (IPMash NASU) developed particulate 
matter filter (DPF) with new modular unconventional construction for die-
sel vehicles in operation. Thus its operating characteristics under real 
operating conditions determined during the bench experimental studies. 
They were carried out on the engine test bench (ETB), equipped with an 
autotractor diesel engine 2Ch10,5/12 (D21A1), but is not equipped with a 
tunnel [3.42, 3.43, 3.35]. Test programs are based on standardized stati-
onary testing 13 and 8-mode cycles, which are a models of operation of 
the vehicle and described in [3.40, 3.1]. 

The main operating characteristics of the developed DPF is the ef-
ficiency coefficient KCE of cleaning a diesel EG flow from the PM, which 
defines by the following formula in % [3.42]: 

 

    DPFPMDPFPMICEPMPMCE GGGGК ... /100 ,            (3.1) 

 

where GPM – PM mass emission with diesel EG, kg/h; indexes ICE and 
DPF refers to cases of absence and presence of the DPF in the exhaust 
system of a diesel engine. 

This raises the following problems, the solution of which require the 
use of appropriate approaches. 

 
3.4.1.1. The approach to determining of particulate matter 

mass emissions  
It involves direct measurement of EG samples opacity (by Opaci-

meter INFRAKAR-D) and the volume concentration of unburnt hydrocar-
bons in EG (Five-component gas analyzer AUTOTEST-02.03.P) [3.42, 
3.43], and the recalculation of these data into units of a of PM mass emi-
ssions according to the formula proposed by I.V. Parsadanov (Dr.Sci. 
(Tech.), Prof., NTU "KhPI") and obtained in certification tests of the au-
totractor diesel engine SMD-31 of the company Ricardo bench, equipped 
with a full-flow tunnel [1.14]. 
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where ND – light absorption coefficient of EG sample, %: CCH – volume 
concentration of unburned hydrocarbons of EG sample, ppm; Gair и Gfuel 
– mass flow of air and fuel in the diesel engine on steady-state operation, 
kg/h. 
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3.4.1.2. The approach to implementation of standardized test 
cycles 

The list of operating modes of diesel engine included in above-
mentioned standardized test cycles, there are modes, the implementati-
on of which (transferred on this mode and its characterize parameters 
automatic maintenance) is difficult for diesel engines and the ETB, not 
equipped with an electronic control system [3.42, 3.35] – this is the mode 
with zero and closest to it effective power. The second problem in this 
case is a hit of measured values in the area of the lower measuring ran-
ge of measuring instruments of ETB and, as a consequence, the output 
of errors of their measurement beyond the limits of established by stan-
dards [3.37, 3.38]. Therefore, the parameters of the diesel engine and 
DPF for the modes from the list of toxicity regulations obtained in the stu-
dy of polynomials derived when describing by the linear regression me-
thod of the results of motor tests, in which registered the following cha-
racteristics of a diesel engine: the external speed, the loading with the 
engine speed of maximum torque mode, the loading with the engine spe-
ed of nominal power mode and the characteristic of idling [3.42, 3.43]. 

 
3.4.1.3. The approach to comparative tests of various designs 

of diesel particulate matter filters 
These tests were carried out as part of the exhaust system of ETB 

in order to obtain DPF working characteristics by registering one external 
speed characteristics of diesel engine that has the following features 
[3.42, 3.43]: 

– exhaust gas flow along it (the exhaust gas mass flow rate per unit 
of the characteristic section of the experimental sample) changes in the 
most widely for diesel; 

– it contains a maximum torque mode, which is usually observed 
global minimum air excess factor α in the diesel engine operating conditi-
ons (the so-called "smoke limit" at α equal to 1.3) and, as a result, the 
global maximum exhaust smoke. Also on this mode there is a global ma-
ximum of EG temperature. It is also important that on this mode at the 
absence of autotractor diesel engine electronic control systems, the rest 
of his work parameters agreed to achieve global minimum specific fuel 
consumption; 

– it contains a diesel engine nominal power operating mode, in 
which there is a global maximum weight hourly fuel consumption;  

– on its mode EG temperature is changed in range that sufficient 
for prediction it depending on operating characteristics of the experimen-
tal sample. 

 
3.4.2. Classification of gravimetric methods for determination 

of particulate matter mass emission in exhaust gas flow of diesel 
internal combustion engines 
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Requirements for ecological indicators of the vehicle PICE fixed le-
gislatively [3.40, 3.1, 1.11]. Among the legally normed pollutants in EG of 
diesel PICE (carbon monoxide (CO), unburned hydrocarbons of motor 
fuel and oil (CnHm), nitrogen oxides (NOx) and particulate matter (PM)), 
2nd place after NOx according to reduced toxicity occupy PM [3.1, 3.42]. 
So, existing UNECE Regulation № 49 and № 96 [3.40, 3.1] contain the 
maximum level of average operating mass emissions of PM with the die-
sel PICE EG flow, the method and requirements for measuring equip-
ment for its experimental determination, the list and parameters of diesel 
engine operating conditions at steady test cycle [3.40,3.1]. The levels of 
these requirements and the dynamics of their alterations from the review 
[1.11] reflects the Fig. 3.3. PM is dispersed phase of EG aerosol in which 
in according with definition from the [3.40, 3.1] include all substances 
which deposited on special Teflon filter, through which passes the EG 
probe, diluted with clean air in certain ratio, at temperature is not above 
52 °С and are not water. Main manners for PM mass emission determi-
nation in EG flow as well as some other EG aerosol characteristics and 
also PM by itself, by used methods is expedient to divide into the follow-
ings [2.2, 1.11]:  

1) optical;  
2) gravimetric;  
3) experimentally-estimated;  
4) estimated. 
Operational principle of such measurement instruments as “Dilution 

tunnels” is grounded on gravimetric methods [2.2, 1.11]. They operatio-
nal principle is to search the difference between weight of clean Teflon 
filters and same specifically prepared filters (stabilized – dried at certain 
temperature and during certain period of time) through which passed 
specifically prepared EG sample (cooled and diluted once or twice in a 
certain ratio by clean atmospheric air to simulate the PM scattering pro-
cess in the atmosphere), which taking through isokinetic sampler from 
particular location of EG flow in diesel exhaust system or imitating it dilu-
tion tunnel. 

From the value of part of the exhaust gas flow into the dilution tun-
nel such measurement instruments are divided into:  

a) full-flow (whole diesel engine EG flow) dilution tunnels;  
b) partially-flow (some representative of diesel engine EG flow) 

dilution tunnels.  
Partially-flow tunnels are divided into (overall dimensions of the 

tunnels differs in three times):  
a) mini dilution tunnels;  
b) micro dilution tunnels. 
Principal schemes of internal structure and samples taking in mini 

and micro dilution tunnels, developed by domestic scientists, is shown in 
Fig. 3.5 [3.44]. External view of Teflon filters, which were used in study 
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[1.14] of PM mass emission with EG flow of autotractor diesel SMD-23, 
stabilized and weighted is shown in Fig. 3.6.  

 

 
 

Fig. 3.3 – Legislative established requirements for diesel PICE ecological 
indicators, in particular  average operating mass emissions of PM and 

NOx  with the its EG flow [1.11] (in the original language) 
 

 
a                                         b 

Fig. 3.4 – External view of partially-flow tunnel which manufactured 
by AVL company (a) and its filterholder (b) [3.46] 
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a                                                    b 

 
Fig. 3.5 – Schemes of mini- (a) and micro-tunnel (b) [3.44] 

 

 
 

Fig. 3.6 – External view of stabilized and weighted Teflon filters, which 
used in study of PM mass emission with diesel EG flow [3.45]  

(in the original language) 
 
World leader in designing and manufacturing of full- and partially-

flow dilution tunnels is Austrian company AVL [3.44, 3.46]. But cost of its 
products is about hundred thousands US dollars (for partially-flow mo-
dels) an up to about million US dollars (for full-flow models). External vi-
ew of partially-flow dilution tunnel, which manufactured by AVL company 
and its filterholder (allonge) [3.46] is shown in Fig. 3.4.  

Thus, in these section of paper vas reviewed such measuring in-
struments for experimental determination of PM mass emission with die-
sel PICE EG flow as dilution tunnels, both of foreign and of domestic ma-
nufacturing. 

 
3.4.3. Classification of optical devices for particulate matter 

content in internal combustion engines exhaust gas determination 
One of the transport problems are the emissions of PM from the 

exhaust gases of the piston internal combustion engine of vehicles, both 
on urban and regional levels.  

The main methods for determining the mass emissions of PM from 
diesel EG flow as well as some other parameters of aerosol "EG – PM" 
and proper PM according to used methods should be divided into the fol-
lowing [2.2, 3.47]:  

1) Optical;  
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2) Weight;  
3) Experimentally-calculated;  
4) Settlement. 
On use of optical methods relies on such devices [2.2, 3.47]: 
1. Instruments for measuring optical density EG (Hartridge type 

opacimeters). They measure the absorption luminous flux coefficients K 
(m-1, K = 0...∞) and luminous flux weakening coefficients ND (in %, ND = 
= 1...100) of cooled EG sample column (layer) of light signal (luminous 
flux) with known parameters, which passed through the EG sample from 
the calibrated light source, by the photosensitive element that signal re-
corded by device. With this method, the EG sample selected or from die-
sel exhaust tract by probe tube (in partially flow devices) or directly from 
diesel exhaust system outlet cut (in full flow devices). 

2. Devices of Laser Digital Holography. They are based on the use 
of perspective principle which provides EG sample column scanning with 
a laser beam that hits the high speed photosensitive pixel electronic mat-
rix, if not reflected from the PM (dissipated). Information from the matrix 
processed by a computer, based on what is built hologram by interferen-
ce method. In analyzing of this diagram are defined diameter, weight and 
volume of PM and distribution of these indicators their quantity. 

3. Devices of exhaust filtration method (Bosch type opacimeters). 
Principle of their work based on by passage samples of VG of certain vo-
lume through a special Teflon or paper filter and further determine its de-
gree of blackness by an optical method – or visually (compared to the 
benchmark), or through photometer (shows or register parameters or re-
flected from the filter surface light flow from calibrated source) or by spe-
cial graphics software to work with images that are scanned of stabilized 
filters. 

 
3.4.4. Classification of instruments for determination of 

gaseous pollutants concentrations in internal combustion engine 
exhaust gases 

EG of PICE consists of within from 200 to 2000 chemical compo-
unds, but only 5 mass % of it are toxic. Among all of harmful substances 
in EG (pollutants) legislation normalized following four: unburned hydro-
carbons of motor fuel and oil CnHm, nitrogen oxides NOx, carbon mono-
xide CO, particular matter PM. In diesel EG for in total toxicity prevailing 
PM (they contain also CnHm) and NOx, in EG of petrol PICE – CnHm and 
CO, and for uprated engines – also NOx[1.11]. 

Quantitative and qualitative content of gaseous pollutants in PICE 
EG examined by special devices – multicomponent gas analyzers 
(MCGA) [3.47, 3.48]. By purpose they may be of the following types: 

– automatic – for industrial purpose; 
– manual – for laboratory research and controlling the EG composi-

tion in the operating conditions. 
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MCGA by the principle of operation is divided into groups: 
1) chemical (volumetric-manometrical); 
2) based on physical or physic-chemical methods; 
3) physical. 
Chemical MCGA measure volume or pressure of the gas mixture 

by the chemical reaction of its components. 
MCGA, based on physical or physic-chemical methods, by the prin-

ciple of operation is divided into: 
– chromatographical; 
– thermochemical; 
– photocolometrical; 
– electrochemical. 
 Physical MCGA is divided into: 
– thermoconductometrical; 
– magnetical; 
– optical; 
– dencimetrical. 
Chromatographical MCGA by the measuring methods can be divi-

ded into: 
– displacerical; 
– frontal; 
– development. 
Thermochemical MCGA measure the temperature effect of exo-

thermic redox catalytic reaction by thermistor. 
Photocolometrical MCGA define the gas mixture components with 

the light absorption from a calibrated source and is divided into:  
– fluid type; 
– tape type. 
Electrochemical MCGA define the gas mixture components with 

the electrical phenomena caused by the reaction of a chemical agent to 
a specific mixture component and is divided into: 

– galvanical – records the changing in electric conductivity; 
– electric-conductometrical – records changing in electric current or 

voltage; 
– potentiometrical – record the change in intensity of electromagne-

tic field and active ions. 
Thermoconductometrical MCGA measure the change in qualitative 

and quantitative gas mixture composition with change in its thermal con-
ductivity by thermistor and compare them with the pattern. 

Magnetical MCGA measure the Ampere force which on measuring 
device rotor in inhomogeneous magnetic field and is divided into groups: 

– thermomagnetical; 
– magneticmechanical. 
 Optical MCGA measure the change in optical properties of gas 

mixture – optical density, spectral emission or refractive index, and is di-
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vided into: 
– ultraviolet; 
– infrared; 
– spectral-photometrical; 
– interferometrical. 
MCGA by form factor is divided into: 
– stationary; 
– portative; 
– transportable. 
Now the most common are optical and electrochemical MСGA, and 

in the analysis of the content of regulated pollutants in the exhaust gas 
piston PICE – mainly optical [3.47, 3.48]. 

 
3.4.5. Fire safety of engine bench researches 
Experimental comparative study of performance of various grades 

of motor fuels and oils, petroleum and alternative (biodiesel, benzoehta-
nols, various combustible gases), carried out on engine benches.  

In addition, these benches consist of the following components:  
– piston internal combustion engine of the appropriate type;  
– load device (electrical, hydraulic or mechanical brake);  
– transmission of the stand;  
– stand control system;  
– system of measuring equipment;  
– base frame.  
Each of these components is characterized by definite indicators of 

fire safety [1.11]. Special attention should be PICE himself and measure-
ment system of hourly mass fuel consumption.  

The system includes the following substances:  
– motor fuel (with pressure up to 200 MPa);  
– motor oil (with pressure up to 0,5 MPa and temperature up to 

150 °С). 
Motor fuel is a highly-flammable volatile liquid or gaseous substa-

nce, which exothermic redox reactions with oxygen of air and emits heat 
energy, which of this type of heat engine, like diesel PICE, converts into 
mechanical work. The engine oil is a flammable volatile liquid which cir-
culates in engine lubrication system and provides a mode of fluid friction 
in the engine, cooling its details and takeaway products they wear. 

Exhaust system of diesel PICE contained follow harmful compo-
nents: toxic exhaust gasses, engine solid parts and parts (both with tem-
peratures up to 1000 °C), vapor of unburned fuel. 

Ignition system (if any) and the launch engine system contain elec-
trical circuits with high voltage and current capable of producing of elec-
trical sparks and arcs. 

 
 



 

 101 

3.4.6. Conclusions  
Thus, in present study described results analysis of issues of prob-

lems of particulate matter mass emission in diesel exhaust gases experi-
mental determination, creation of classifycations of gravimetric methods 
and optical devices for determination of particulate matter mass emission 
and instruments for determination of gaseous pollutants concentrations 
in exhaust gas flow of diesel internal combustion engines, aspects of fire, 
technogenic and ecological safety of engine bench researches. 

 
3.5. METROLOGICAL MAINTENANCE OF EXHAUST GAS 

SAMPLING SYSTEM OF ENGINE TEST BENCH 
AS AN OBJECT OF RESEARCHES                 [А.3.16] 

 

Introduction. As well known, the main porpoise of any kind of sci-
entific researches is a creation of newest intellectual product of funda-
mental of applied nature, which characterized by scientific novelty, origi-
nality and practical value. At the same time in this segment of life cycle it 
passes the stage of experimental studies of physical processes that form 
the basis of its functioning and also its operational characteristics as a fi-
nished product. Often, the programs of these studies and implement go-
als and objectives of so-called “pioneer” scientific research works for stu-
dying of “white spots” in specific fields of knowledge, that is the essence 
of scientific research. The implementation of such researches related 
with developing of appropriate programs and methods, designing and 
manufacturing of experimental samples and also creating and improve-
ment of appropriate laboratory equipment – benches, plants, measuring 
instruments and etc. That means, objects of laboratory equipment are 
unique but designed for implementation of the widest possible range of 
experiment programs.  

It also well known, that no changes can not be executed absolutely 
precisely and in any case contain some errors. We can only reliably de-
termine its magnitude, which determines the value of obtained data 
[3.49]. That’s why scientific works aimed at identification and analysis of 
metrological aspects of creation of new and modernization of existing la-
boratory equipment are relevant because accuracy of direct and indirect 
measurements has influence on clarity of the modern world view.  

Purpose of the study is description of structure and construction 
of modernized exhaust gases (EG) toxicity and smokiness sampling sys-
tem of engine test bench (ETB) of laboratory of Department of Power 
Piston Plants(DPPP) of A.N. Podgorny Institute for Mechanical Enginee-
ring Problems of National Academy of Science of Ukraine (IPMash of 
NASU) for its following analysis as a metrological system [3.43]. 

The scheme of modernized exhaust system of ETB shown on Fig. 
3.7 and its external view – on Fig. 3.8 [3.43, 3.36]. Options of measure-
ment equipment of ETB summarized in Table 3.1, data in which taken 
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from sources [3.36 – 3.38, 3.51 – 3.63]. 
Statement of problem of the study and it solving. In DPPP vas 

developed modular diesel particulate matter filter (DPF) with new non 
conventional design and bulk natural zeolite in stainless steel mash cas-
settes – DPF IPMash.  

 

 
 

Fig. 3.7 – Scheme of EG sampling system of ETB: 
 

1 – diesel engine 2Ch10.5/12; 2 – diesel exhaust collector; 3 – insertion for experi-
mental DPF samples; 4 – angled EG pipeline; 5 – flexible heat resistant EG pipelines; 
6 – EG noise muffler; 7 – exhaust pipeline; 8 – adapters; 9 – operating sample of FE 
DPF; 10 – sample probe; 11, 12, 13, 15, 16 – intake fitting, cone, four way valve, cap 
and exhaust fitting of allonge; 14 – exchangeable filter; 17 – adjusting valve; 18 – gas 

flowmeter; 19 – five-component gas analyzer AUTOTEST-02.03.P; 20 – protective 
covering with holder; 21 – connection gas pipeline; 22, 23, 24 – outdoor gas pipeline; 
25, 26 – differential U-shape hydraulic manometers; 27, 28 – thermometric sensors 
TKhA; 29 – electrical cord; 30 – appliance OVEN TRM-200; 31 – barometer-aneroid 
BАММ-1М; 32 – mercury thermometer; 33 – timer; 34 – opacitymeter INFRAKAR-D, 

35 – measuring receiver (6,36 l); 36 – air pump 
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a 

   

b                                                     c 
 

Fig. 3.8 – Modernizing exhaust system of ETB equipped with insertion for 
DPF operating samples and EG toxicity and smokiness sampling system:  

а – general external view, б – stand with measuring instruments,  
в – insertion box for DPF operating samples 
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Table 3.1 – Measuring equipment of ETB and its parameters 
 

Name, designation of 
the measured parameter 

and its units 

Limits and 
diapasons of 
measuring 

Measuring instrument 

Frequency of rotation of 
engine crankshaft and mo-
tor-generator rotor, n, min-1 

0 – 5000  
800 – 1800 

Measuring complex IDS-742 4/N or mark of 
TDC and five-ways gas analyzer Avtotest-
02.03.P 

Torque of engine, М, Nm  0 – 250  
0 – 120 

Measuring complex IDS-742 4/N with 
mechanical weight dynamometer 

Time of consumption of 
diesel fuel weighed 
portion, τ, s 

0 – 10000 
0 – 600 

Scales of 1st accuracy class and weighted 
portion and electrical hydraulic automatic valve 
for fuel refilling and optical sensor and 
frequencymeter-chronometer F-5041 

Volume consumption of 
air, Vair, m

3/h 
5 – 120 

30 – 100 
Gas counter RG-100 and frequencymeter-
chronometer F-5040 

Drop of intake air 
pressure, ∆Рint, mm w.col. 

0 – 1200 
0 – 300 

Throttling washer and differential manometer 
type DM 

Drop of exhaust gases 
pressure, ∆Рexh, mm 
w. col. 

0 – 1500 
0 – 300 

Differential manometer type DM 

Exhaust gas temperature, 
texh, °C 

-50 – 1400 
20 – 700 

Device А566 and thermocouple type K 

Engine oil temperature, toil, 
°C 

-50 – 180 
40 – 100 

Sensor ТM-100V and device А565 or sensor 
and five-ways gas analyzer Avtotest-02.03.P 

Engine fuel temperature, 
tfuel, °C 

-50 – 180 
10 – 40 

Device А566 and sensor type 10011 

Intake air temperature, tair, 
°C 

0 – 50 
5 – 40 

Mercury laboratory thermometer TL-4 

Environment air 
temperature, t0, °C 

0 – 50 
0 – 35 

– // – 

Environment air pressure, 
В0, kPa 

80 – 106 
90 – 104 

Aneroid barometer BAMM-1М 

Relative air humidity, φ0, % 0 – 100 
0 – 100 

Psychrometer 

NОx volume concentration 
in exhaust gas, СNОx, ppm 

0 – 5000 
0 – 3000  

Five-ways gas analyzer Avtotest-02.03.P 

СО volume concentration 
in exhaust gas, ССО, % 

0 – 5 
0 – 2 

Five-ways gas analyzer Avtotest-02.03.P 

O2 volume concentration in 
exhaust gas, 

2О
С , % 

0 – 21 
0 – 10 

Five-ways gas analyzer Avtotest-02.03.P 

СО2 volume concentration 
in exhaust gas, 

2СОС , % 
0 – 16 
0 – 5 

Five-ways gas analyzer Avtotest-02.03.P 

СnНm volume 
concentration in exhaust 
gas, ССН, ppm 

0 – 2000 
0 – 150 

Five-ways gas analyzer Avtotest-02.03.P 

Linear dimensions of expe-
rimental samples, l, mm 

0 – 500 
1 – 250 

Caliper ShC-1 and locksmith ruler 

Samples taking time, τsamp, 
s 

0 – 60 
15 – 50 

Timer SOSpr-2a 

Opacity of exhaust gas:  
– weakening of light flow 
coefficient, ND, %; 
– absorption of light flow 
coefficient, К, m-1 

0 – 100 
10 – 75; 

0 – ∞ 
0 – 5 

Exhaust gas sampling taker and Teflon filter in 
holder or opacitymeter INFRAKAR-D 
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Several variations of that DPF construction embodied in form of 
operating experimental samples of its filter element (FE). Its working cha-
racteristics under real exploitation conditions vas studied on ETB [3.43]. 
ETB is a complex system of interrelated power plants and its structure 
and features of work described in [3.36]. 

For executing a bench motor researches of DPF IPMash the exha-
ust system of ETB vas modernized by adding to it a place for FE opera-
ting samples (insertion box for samples (IBS)) and the new EG sampling 
and EG flow thermodynamic parameters, toxicity and smokiness measu-
ring systems [3.43,3.36].  

The tests executing in accordance with programs and methodics of 
DPPP and also GOST 18509-88 and GOST 14846-87 [3.37, 3.38], in 
which contains requirements for accuracy of measuring of some physical 
quantities. 

Programs of the study developed on basis of standardized test 13- 
and 8-mode stationary cycles that are models of exploitation of automoti-
ve and tractor diesel engines respectively and are described in UNECE 
Regulations # 49 and # 96 [3.40, 3.1]. They were adapted to possibilities 
of equipment of DPPP laboratory by the way that described in [3.43, 
3.36].  

The methodic of obtaining of errors of direct and indirect measuring 
of mode parameters diesel engine operation, EG gas dynamic parame-
ters, EG toxicity and smokiness parameters on ETB will be object of fol-
lowing studies. 

A variety of measuring instruments on the bench allows us to con-
clude of rational use of the mathematical apparatus of the beta distribu-
tion as described in [8], to evaluate the measurement errors. 

Conclusions. In present paper was considered structure, constru-
ction and features of  EG toxicity and smokiness sampling system of 
ETB of DPPP IPMash NASU laboratory as a metrological system. 

In following studies will be developed and described the method of 
obtaining of direct and indirect measuring errors of regime parameters of 
diesel engine, EG gas-dynamic parameters, EG toxicity and smokiness 
parameters on ETB. 
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Сhapter 4. PROVISION OF ECOLOGICAL SAFETY OF PRODUCTS 
OF NANOTECHNOLOGIES DURING THEIR LIFE CYCLE 

 
4.1. GENERAL PROVISIONS 

 
Purpose of studies, presented in the chapter, is creation of science 

and technical basis of provision of ecological safety of semiconductor 
products of nanotechnology during their life cycle.   

Object of studies, presented in the chapter, is ecological safety of 
semiconductor products of nanotechnology during their life cycle. 

Subject of studies, presented in the chapter, is analysis of ecologi-
cal safety factors of semiconductor products of nanotechnology during 
their life cycle and also activities for its increasing. 

The chapter includes materials of three articles. 
The first of these articles dedicated to general issues of technolo-

gy of obtaining of porous semiconductors and ways of controlling the 
geometry parameters of the pores of semiconductors for manufacturing 
of combined optoelectronic devices, in which information is processed 
not only in an electronic but also in an optical form. In the article analised 
the dependence of the porous InP morphology on the type of reacting 
anion in photoelectrochemical etching surface texturing method is pre-
sented and shown that nanoporous single-crystal InP layers can be ob-
tained through certain conditions of electrochemical etching in terms of 
the features of the growing process of heavily doped crystals. 

The second article includes materials about searching of rational 
technological regimes of achieving of layer of porous silicon as an basic 
material for manufacturing of photovoltaic converters, namely method of 
electrochemical etching in a solution of hydrofluoric acid with taking into 
account dependence of thickness of porous layer on etching duration 
and also almost linear dependence of porosity on current density. 

The third article describes the results of analysis of general issues 
of developing of methodological maintenance of tasks of increasing of 
ecological safety level of environment by the way of using of innovative 
technologies for solar energetics with taking into account that increasing 
of efficiency coefficient of photovoltaic energy converters becomes pos-
sible through using of nanostructured semiconductors. 

Findings of presented in chapter 4 studies is submitted in general 
conclusions of the monograph. 

Bibliographic description of presented in chapter 4 published scien-
tific articles is submitted in are given in Appendix A. 
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Розділ 4. ЗАБЕЗПЕЧЕННЯ ЕКОЛОГІЧНОЇ БЕЗПЕКИ ПРОДУКТІВ  
НАНОТЕХНОЛОГІЙ ПРОТЯГОМ ЇХ ЖИТТЄВОГО ЦИКЛУ 

 
4.1. ЗАГАЛЬНІ МІРКУВАННЯ 

 
Метою досліджень, наведених у розділі, є створення науково-

технологічних основ забезпечення екологічної безпеки напівпровід-
никових продуктів нанотехнології впродовж їх життєвого циклу.  

Об’єктом досліджень, представлених у розділі, є екологічна 
безпека напівпровідникових продуктів нанотехнології впродовж їх 
життєвого циклу. 

Предметом досліджень, описаних у розділі, є аналіз факторів 
екологічної безпеки напівпровідникових продуктів нанотехнології 
впродовж їх життєвого циклу та заходи щодо підвищення її рівня. 

Розділ містить матеріали трьох статей. 
Перша з статей присвячена загальним питанням технології от-

римання пористих напівпровідників і способів контролю параметрів 
геометрії їх пор для виготовлення комбінованих оптико-електронних 
приладів, в яких інформація обробляється не тільки в електронній, а 
й в оптичній формі. У статті проаналізовано залежність пористої 
морфології InP від типу аніон-взаємодії в текстурирования його по-
верхні методом фотоелектрохімічного травлення і показано, що на-
нопористі шари монокристалічного InP можуть бути отримані за до-
помогою електрохімічного травлення за певних умов згідно до особ-
ливостей процесу вирощування сильнолегованих кристалів. 

Друга стаття містить матеріали щодо пошуку раціональних 
технологічних режимів отримання шару поруватого кремнію як ос-
новного матеріалу для виготовлення фотоелектричних перетворю-
вачів, а саме методу електрохімічного травлення у розчині плавико-
вої кислоти з урахуванням залежності товщини пористого шару від 
часу травлення та майже лінійної залежності пористості від щільно-
сті струму. 

Третя стаття описує результати аналізу загальних проблем 
розробки методологічного забезпечення задач підвищення екологіч-
ної безпеки довкілля шляхом використання інноваційних технологій 
для сонячної енергетики з урахуванням того, що підвищення ККД 
фотоелектричних перетворювачів енергії стає можливим за рахунок 
використання наноструктурованих напівпровідників. 

Висновки по результатам досліджень, представлених у розділі 
4, винесено у загальні висновки по монографії. 

Бібліографічний опис наведених у розділі 4 друкованих науко-
вих праць наведено у Додатку А. 
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4.2. POROUS INDIUM PHOSPHIDE  
                                  FOR ENVIRONMENTAL SAFETY                 [А.4.1] 

 
Introduction 
Needs of modern society in processing and transfer of the growing 

information content led to the formation of the super-high-speed opto-
electronic integrated circuits based on silicon and binary semiconductors. 
Integration of transistor structures into very large-scale integrated circuits 
is technologically limited by the physical boundaries of the microregion 
size and the low charge mobility in semiconductors. The solution of this 
problem is in the increase in the functionality of the elements. 

Recently, scientific interest is directed to the formation of nanostru-
ctures considered as a promising material for the creation of photon devi-
ces. The electrochemical process, which is unique due to its simplicity, 
low process temperature, and low cost, stands out against different for-
mation techniques of semiconductor nanostructures. The most well-kno-
wn application of the electrochemical methods is the formation of a poro-
us layer on the surface of semiconductor plate by anode etching. For the 
first time such structures were obtained on silicon. Lately it was establi-
shed that porous layers can be also obtained on binary compounds, 
such as GaAs, GaР, and InP. 

Porous semiconductors attract the attention of many researchers 
due to the relatively simple technology of obtaining them and possibility 
of controlling the geometry parameters of the pores (from nanometer- to 
micrometer-scale objects), as well as prospects of manufacturing of com-
bined optoelectronic devices, in which information is processed not only 
in an electronic but also in an optical form. The recently attained pro-
gress in studying the properties of porous silicon stimulated similar studi-
es for the III – V compounds. Particularly, the most promising in this as-
pect is porous InP, since the energy parameters of its single crystals are 
very close to the parameters of single-crystal silicon and devices of inte-
grated optoelectronics compatible with silicon, particularly resistive and 
diode optopairs, can be easily fabricated based on it. 

Indium phosphide (InP) has great prospects of wide industrial pro-
duction. Field-effect transistors and other microwave devices are manu-
factured based on InP. Monocrystalline InP plates are used as substra-
tes for the growth of different heterostructures, which are the basis of ef-
fective radiation sources (injection lasers, light-emitting diodes) and high-
speed photodetectors for the systems of fiber-optic communication lines. 
InP is promising for the development of super-high-speed integrated cir-
cuits. Presently InP is the most probable material for the mass producti-
on of integrated circuits. It is impossible not to mention about the growing 
interest in porous InP, which has unusual optical and electrical properties 
in comparison with the monocrystalline InP. 

It is established that different factors, namely, the composition and 
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concentration of electrolyte, current density, and etching time, influence 
the formation of porous layer. Behavior of the semiconductor under elec-
trochemical treatment also depends on the type and concentration of 
majority carriers. Here one should keep in mind that electrochemical pro-
cess is accompanied by a number of coupled chemical reactions, and 
the final result of the electrochemical treatment of semiconductor de-
pends on the ratio of the reaction rates. 

It is possible to use the halogenide, sulfate, phosphate, nitrate aqu-
eous, and anhydrous solutions of alkalis at considerable current densiti-
es as electrolyte for obtaining the porous III – V materials (particularly 
InP), Table 4.1. In most cases, for the electrolytic etching of binary III – V 
compounds, solutions of HCl in ethanol or water are used. 

The interest in investigation of defects in the crystals and their influ-
ence on the formation of porous layers of semiconductors increased be-
cause of the requirements, each deviation from which leads to the emer-
gence of defects. External conditions are the determining factor, due to 
which the surface of the crystal during etching varies its shape and mor-
phology, which is expressed on the faces in the form of hatching, figures 
of etching, etc. Thus, a defect brings information about the events that 
took place with this crystal and about the factors determining the behavi-
or of the crystal during the anodic etching. 

Thus, the questions associated with the methods of obtaining the 
porous structures of InP, mechanisms of their formation, and dependen-
ce of conditions of pore formation on internal defects and imperfections 
of crystals remain unresolved. In this article, we consider the procedure 
of obtaining the porous layers on the (111) surface of indium phosphide 
of n-type of conductivity as well as the influence of defects and dislocati-
ons on the configuration and structure of porous layers obtained during 
this process. 
 

Table 4.1 – Electrolytes and regimes of anodic etching 
 

 
 
Technology for Production of Porous Structures 
There are several physical and chemical technologies for obtaining 

porous structures: the colloidal deposition, MOCVD, spark discharge, 
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plasma etching, hydrothermal synthesis, sol-gel methods, vapor deposi-
tion, and chemical and electrolytic deposition. 

 
Electrochemical Etching 
Electrochemical etching has the following features: low-temperatu-

re process, minor surface damage, easy, and low cost. This method do-
es not require high-tech equipment and is fast (2 – 30 min). Electroche-
mical methods allow for a high density of pores, which is unattainable us-
ing other methods. 

Electrochemical etching can be divided into two different proces-
ses: 

• chemical etching (electroless etching); 
• anodic etching. 
Note that in both cases there is electrochemical etching of charge 

exchange at the border of the semiconductor and electrolyte. 
Chemical etching is usually a process of electrochemical oxidation 

without external potential. The performance of this type of etching requi-
res strong enough reagents that can form/rip holes and electrons to/from 
the valence band of the semiconductor. Thus, the redox coupled with 
high positive standard electrode potential is required for efficient etching. 
Electronic energy distribution function oxidants exceed the energy level 
of the valence band in solid. 

The mechanism of electrochemical oxidation is usually divided into 
two partial reactions: 

• injection of holes in the valence band (release of electrons); 
• broken bonds will be occupied by molecules such as OH, which 

leads to the dissolution of the material. 
These two steps of chemical etching split apart in time. Because of 

this, you can stop the progress of the first phase and the second stage 
(dissolution) will also be stopped. When applying an electrical displace-
ment that causes electrons to move from the solution to the electrode, 
the process is called anodic etching (holes move to the buffer zone). 

On the other hand, if they are moved from the electrode into the 
solution, the process is called cathode etching (holes are removed from 
the buffer zone). Anode etching, like chemical etching, requires hole for 
the process. A large number of holes on the surface will induce a bond 
failure. Similar to the chemical etching, broken bonds will react with nuc-
leophilic molecules (such as OH–) in the electrolyte. If all the bonds of 
atoms of the solid will be replaced by bonds with nucleophilic molecules, 
this will form new compounds that consist of atoms of the solid and nuc-
leophilic molecules. New compound will have only a small portion of the 
solid bonds or will not have them at all. If this compound is dissolved in 
the electrolyte, it can dissolve chemically pure, and thus, the surface of 
the sample will be free and ready for the next interaction with nucleophi-
lic molecules of the etchant. 
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Otherwise, i.e., if the newly created compound is dissolved in the 
electrolyte, a thin oxide layer on the surface of the electrode will form 
which will prevent electrochemical attack. For this reason, suitable for el-
ectrochemical etching, electrolytes contain two main components: 

• nucleophilic (i.e., decelerating) components; 
• components that dissolve oxides. 
In general, for n-type semiconductors required for etching, holes 

can be generated by the avalanche breakdown mechanism that can be 
achieved by a high positive potential on the electrode or whether this ef-
fect can be achieved with a semiconductor light photons with energies 
greater than the energy gap of the semiconductor. 

 
Getting the Initial Pore Growth 
Getting the initial pore growth can be realized in two main areas: 
• providing certain places of origin of pores, i.e., lithographs – “se-

eding pore formation”; 
• pore formation is going its own way – “random pore formation”. 
Seeding origin has a practical significance only for macropores be-

cause micropores or mesopores, by definition, require very small structu-
res. The easiest way to ensure this process is the use of standard litho-
graphy to transmit the desired pattern on the photoresist. The template 
can be referred to as the “mask”. 

After macropore growth is finished and if stable pore growth condi-
tions prevail, the mask is no longer needed. Thus, it does not matter if 
the mask dissolves during a long process of etching. 

Applying a template can be realized by other methods: 
• electron beam lithography: expensive and slow way, but still used 

and necessary for small sizes; 
• imprinting the appropriate template; 
• laser interferometry: standing waves, which are formed from the 

impact of several lasers, can produce periodic structures in photoresist. 
The method is a bit limited, but relatively easily repeated; 

• overlaying masks with template. For example, here can be used a 
two-dimensional crystals from latex or have any mask. 

There are several aspects that must be considered for the process 
of seed pore formation: 

• pores may arise in the given nodes, but not for everyone. They 
can also arise out of nodes elsewhere – in particular, if the mask is not 
too stable and homogeneous; 

• even if the pore formation was properly, receiving pores may mo-
ve at further etching and not grow steadily, so the target structure is dis-
rupted with increasing of depth. This is an inevitable process, if the exter-
nal length scale imposed on the porous structure is too different from the 
scale of the internal process; 

• However, the pores can emerge and grow steadily, but their form 
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is far from ideal. 
Emergence of random pores takes place on unstructured but ne-

vertheless uniform and clean surface. The concept of “clean surface” is 
obviously relative. But, as it is obvious, “dirty” heterogeneous surfaces 
(e.g., polished surface with a locally damaged area) will somehow influ-
ence the pore formation. Random pore growth can be quite different on 
the polished or “rough” surface. The characteristic feature of most semi-
conductors is the stable structure of their pores by random pore formati-
on. In other words, the average pore diameter and the distance between 
them have their own values with relatively small standard deviation. 

 
The Structure of Porous Layers 

According to the recommendations of the International Union of 
Pure and Applied Chemistry (IUPAC), pore sizes are divided into: 

• macropores (pore width greater than 50 nm); 
• mesopores (pore width of 2 – 50 nm); 
• micropores (pore width less than 2 nm). 
Pores in A3B5 compounds exhibit a variety of forms. Therefore, it 

is convenient to classify them in the direction of growth: 
• pores are oriented along the crystallographic directions (crysto); 
• pores are oriented on current (curro); 
• pores have no definite direction. 
This shows the anisotropy of etching crystals. 
Anisotropic etching is important for the structuring of semiconduc-

tors and is mainly related to the differences in the rate of etching low-in-
dexed surfaces of crystals. The reasons for this behavior are not yet fully 
understood. Typically, we investigate low-indexed crystal surface – orien-
tations (111) (100) (110). Each set of planes has its own different behavi-
or in solution. One of the reasons may be the density of atoms in the cry-
stallographic planes (high density = low dissolution rate). However, this is 
not the only factor that determines the anisotropy. In III – V compounds, 
there are several additional factors that contribute to the anisotropy; this 
is due to different chemical properties of atoms in the third and fifth gro-
ups of the periodic table of elements. For example, along the surface 
with the orientation <111>, atomic planes are occupied by atoms of the 
third and fifth groups, forming double layers, i.e., there are small and lar-
ge gaps between the planes {111}, which alternate. Each atom has three 
bonds within a double layer and one bond outside the double layer. Sur-
faces limited by atoms of In are called {111} A, while surfaces limited by 
atoms of P {111} B. It is important to note that almost all surface oxidati-
on processes such as {111} have a slower dissolution rate. This can be 
explained by the assumption that three bonds (within the same double 
layer) are much harder to break from A than from B, due to the fact that 
the electronic cloud of a bond is polarized in the direction of B atom (mo-
re electronegative). 
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If we assume that in order to break the bond by atom B, we need 
the average time t1, whereas for A, it takes time t2 >> t1. So to eliminate 
the double layer of B, we must spend time (3t1 + t2), whereas for A, it is 
equal to the total time (3t2 + t1). It is easy to see that (3t2 + t1) >> (3t1 + 
t2). As a result, the etching of B (along the <111> B) is much faster than 
A (along the direction (<111> A). Besides, along the directions of atomic 
planes <100>, space is also alternately occupied by atoms of the third 
and fifth groups. However the atomic planes are equidistant and symme-
trically related to each atom with atoms of neighboring layers. Thus, the 
time required for etching of two layers from A side is (2t2 + 2t1) and from 
B (2t2 + 2t1). As a result, in this case there is no difference on what sur-
face is etched, because the average time is the same. 

 
Obtaining Low-Dimensional Structures on the Surface of 

Indium Phosphide 
Indium phosphide monocrystals were produced in the research la-

boratory of Molecular Technology GmbH company (Berlin). Thickness of 
the samples was 1 mkm. Plates were cut out perpendicular to the growth 
axis and polished on both sides. 

InP samples with different surface orientations of the n- and p-ty-
pes and with different charge carrier concentrations were chosen for the 
experiment. Electrochemical etching was performed using the standard 
plant in the electrolytic cell with the platinum cathode. The plant scheme 
is presented in Fig. 4.1. 

 

 
 

Fig. 4.1 – Plant for the semiconductor etching 
 
Solutions of hydrofluoric and hydrochloric acids with different con-

centraitons were taken as the electrolytes. Etchants based on HF and 
HCl with added iodides (KOH), ethanol, and nitric acid were also used. 
The experiment was carried out at room temperature. 
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Samples were thoroughly purified before the experiment. The follo-
wing are the purification steps: 

1. degreasing in hot (75 – 80 °C) peroxide-ammonia solution; 
2. treatment in hot (90 – 100 °C) concentrated nitric acid (metal ion 

removal); 
3. washing in distilled water; 
4. drying of the plates using centrifuge in the purified dry air. 
After experiment the samples were purified in acetone and isopro-

panol, washed in distilled water, and dried in extra pure hydrogen, whe-
reupon they were undergoing natural aging during 3 days. 

Morphology of the obtained porous structures was investigated us-
ing the scanning electron microscope JSM-6490. Chemical composition 
was studied with the EDAX method, and the diffractometric investigati-
ons were carried out using the diffractometer DRON-3 M. 

 
Physicochemical Regularities of the Porous Layer of Indium 

Phosphide 
 
Effect of the Type of Electrolyte Anion on the Porous InP 

Morphology Obtained by the Electrochemical Etching 
The processes that form at the junction of the semiconductor and 

electrolyte should lead to the establishment of thermodynamic equilibri-
um between the electronic subsystem of the semiconductor and hydro-
gen redox system solution, as well as the establishment of local chemical 
equilibrium at the interface which minimizes its free energy. Setting elec-
trochemical equilibrium between aqueous electrolyte and semiconductor 
n-type is provided by the transition of electrons from the conduction band 
to the hydronium cations. As a result, semiconductor is positively char-
ged, and the electric double layer arises in solution with excess anionic 
concentration at the border of the crystal. 

Let us consider the surface of InP as a free crystal surface. Depen-
ding on the crystallographic orientation of this surface, the atoms that go 
into it may have one or two broken bonds. In the volumesurface equilibri-
um, one orbital of the broken bonds of the indium atom should be vacant, 
and phosphorus atoms occupied by the unshared pair of electrons. Then 
during the adsorption of at least one atom in the anion of the indium, full 
heat of adsorption should be the same with the heat on the electrophilic 
center. At the same time for P atoms, conversion of the filled orbitals of 
broken bond into the electrophilic center requires energy, which, in gene-
ral, exceeds the energy released in the act of adsorption. Therefore, in 
the absence of an electric shift, only a small part of the surface atoms of 
phosphorus may be associated with halogen adatoms. On the surface of 
indium phosphide n-type, a thin dense layer of particles is formed, in 
which the negative charge of the semiconductor is concentrated – Helm-
holtz layer. As the anodic shift increases, gradual convergence of the en-
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ergy of levels takes place, filled states in the Helmholtz layer and vacant 
states in the crystal. As a result of the convergence, channels of tunnel-
ing electron transfer in the crystal from components of this layer arise. As 
the deviation from the initial equilibrium conditions, the growth of several 
processes may take place, the complete oxidation of the material, elec-
trode oxidation of solvated anions, and the emergence and growth of po-
res; pore formation in this sense is the nature of an avalanche break-
down. 

 
Table 4.2 – Conditions for obtaining of various classes  
of nanostructures on the surface of indium phosphide 

 

 
 

Table 4.3 –Types of nanostructures on the surface InP 
 

 
 
Morphology analysis of the tested samples obtained using the sca-

nning electron microscopy (SEM) showed that almost in all cases the ac-
tive pore formation was observed (Table 4.2 and 4.3). In the conditions 
when pore formation is the dominant electrochemical process, which ta-
kes place at the given value of the polarizing voltage on the monocrystal 
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semiconductor anode, the steady-state configuration of the porous layer 
surface is formed by the time of the maximum current density attainment. 

Under equal conditions (identical crystals, equal charge and anion 
concentration in the solution), the electrolytic reaction rate depends on 
the type of reacting anion. Depending on the degree of dissociation into 
ions, electrolytes can be classified as strong and weak ones. Their beha-
vior on dissolving is different. Some molecules of weak electrolytes dis-
sociate into ions under solventation. Their dissociation is the reversible 
process since ions are easily associated in collisions; therefore, in soluti-
ons of weak electrolytes, the dynamic equilibrium between ions and un-
dissociated molecules is attained. When strong electrolytes dissolve, the 
dissociation occurs almost completely, and ionic crystals or molecules 
dissociate with the formation of aquated (solvated) ions. 

Some of the most important acids, namely, HNO3, H2SO4, HClO4, 
HCl, and HBr, belong to strong electrolytes. Most of weak electrolytes 
are inorganic compounds, such as H2CO3, H2S, HCN, and HF. 

 
HF-Based Etchants 
Small size of F atom substantially influences the fluoride properti-

es. F atom in chemical compounds practically always is negatively char-
ged. F is the most active oxidant among the elementary substances; it 
reacts with almost all substances. The feature of fluorine chemistry is the 
presence of stable hydrogen bonds HF. The average degree of associa-
tion of HF molecules in a liquid state is closed to 6. Etching acid is consi-
dered to be the half-strength acid (the dissociation constant is 6.8∙10–4). 
Electronegativity of F–atoms in the series F–, Cl–, and Br– is the largest 
and is equal to 4 on the Pauling scale. 

In the halogenide-ion series, the minimum voltage value of the for-
mation initiation always corresponds to fluorine anion. Morphology of the 
porous samples obtained using etching acid demonstrates the net of me-
so- & macropores. 

Formation of such pores is often connected with the displacement 
of defects and dislocations on the crystal surface. In this case the sub-
stantial overetching of the surface is observed (Fig. 4.2). 

In Fig. 4.2 it is possible to see clearly the etched regions that imply 
about very “harsh” etching conditions. Porous surface demonstrates the 
developed morphology with the formed large etching pits. Such surface 
has a huge effective area in comparison with the monocrystal one, but it 
is imperfect enough for use as the substrate for heterostructure producti-
on. In this case, in order to decrease the electrolyte effect on the porous 
structure formation, it is reasonable to change the etching regimes (time, 
current density) for more soft ones or use more dilute etchant solution. 

When adding ethanol to this solution, the value of threshold voltage 
of the pore-formation initiation substantially increases, and here porous 
layer has more qualitative structure that has appeared in the decrease in 
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pore size (Fig. 4.3). 
In general, ethyl alcohol is an organic diluent of electrolyte. When 

adding it to the aqueous solution of etching acid (the component ratio is 
HF : H2O : C2H5OH = 1 : 1 : 2), the electrolytic reaction rate slows down, 
and therefore, more time is needed to obtain the porous structures. 

Ethyl alcohol is used for the improvement of HF penetration into 
pores. In our case this leads to the formation of the densest of anisotropi-
cally propagating pores along the directions <111> A and <111> B (Fig. 
4.4). The degree of porosity is about 30% of the total area of the sample. 

 

 
 

Fig. 4.2 – Morphology of porous n-InP (111); 
electrolyte HF : H2O = 1 : 1, j = 80 mA/cm2, t = 10 min 

 

 
 

Fig. 4.3 – Morphology of porous n-InP (111); 
electrolyte HF : H2O : C2H5OH = 1 : 1 : 2, j = 40 mA/cm2, t = 15 min 

 
In Fig. 4.5 we present the cleavage of porous n-InP (111) obtained 

in the HF-based etchant. Irritated area, the appearance of which can be 
caused by the dislocation displacement, is clearly observed under the 
crystal surface. 

The following fact is found to be interesting: the crystal surface is 
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not so irritated as an area under it. This implies about the pore formation 
inside the crystal as well, where pores can be combined due to the thin-
ning of the walls and their accumulation around defects. 

 
HCl-Based Etchants 
Hydrochloric acid is the aqueous solution of hydrogen chloride; it is 

strong monatomic acid. The maximum concentration of such solution at 
200 °C is 38 % and the density is 1.19 g/cm3. HCl is most often used du-
ring the electrochemical etching of the crystals that is explained by the 
possibility of this acid to easily dissociate into ions. 

HCl-based etchants allow to obtain the layer composed of the na-
nopores mainly. Figure 4.6 demonstrates the ordered assembly of pores 
formed on the monocrystal InP substrate during the etching in 5 % hyd-
rochloric acid solution. Pores appeared all over the sample surface. The 
average pore size is 40 nm that implies about the nanodimensionality of 
the given structure. The wall size between pores is in the range (5 – 10) 
nm. Such a result is important technologically, since the quality of porous 
films is determined by the nanostructure sizes, degree of porosity, and 
uniformity of the pore distribution over the sample surface. The smaller 
the pore size and the larger porosity percent, the more quailtative porous 
structure is. The degree of porosity is about 60 % of the total area of the 
sample.  

 

 
 

Fig. 4.4 – Anisotropic pore propagation along the directions  
<111> A and <111> B 

 
In Fig. 4.7 we present the cleavage of the porous sample obtained 

in 5 % hydrochloric acid solution. This figure demonstrates the long pa-
rallel pore channels placed strictly perpendicular to the crystal surface. 
Such pores are directed along the lines of flow and reach the depth of 60 
mkm inside the sample. 
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Salts and Acids Addition to the Electrolyte Solution 
Iodide addition to the fluoride solution essentially influences the po-

re-formation process. When adding KI (potassium iodide) to 50 % etch-
ing acid solution, the pore-formation process slows down somewhat what 
the current-voltage characteristics taken during anodization imply about. 
Morphology of the samples obtained in such solution demonstrates the 
decrease of the pore inlets (the degree of porosity is about 15 %). How-
ever, the branching of the pore channels under the crystal surface incre-
ases. Here the irregular layer preceding the long mutually parallel pores 
widens up to 2 mkm (in comparison with the irregular pore layer formed 
in the aqueous fluoride solution, which in this case is 0.5 – 1 mkm). 

 

 
 

Fig. 4.5 – Cleavage of porous n-InP (111), 
electrolyte HF : H2O : C2H5OH = 1 : 1 : 2, J = 50 mA/cm2, t = 10 min 

 

 
 

Fig. 4.6 – Morphology of porous n-InP (100) obtained  
by the electrochemical etching in 5 % HCl solution, t = 5 min 

 
Nitric acid in addition to the chloride solutions accelerates the elec-

trolytic reaction rate and allows to obtain the porous surfaces with the 
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more densely packed pores (the degree of porosity is 60 – 70 %). How-
ever, as in the case of iodides, nitric acid influences the thickness of irre-
gular porous layer. In this case the given value is about 1.8 mkm (in the 
absence of nitric acid, it is 0.4 – 0.7 mkm). 

 
Influence of the Carrier Concentration of Indium Phosphide on 

the Porous Layer Formation 
Additional doping of the monocrystalline InP surface is a sufficiently 

interesting, to our opinion, way to obtain pores of the specified shape 
and provide the necessary quality of the por-InP – monocrystalline InP 
boundary. This circumstance allows, firstly, to form pores of the required 
shape, which makes further cleaving of the basic plate easier, and, se-
condly, to provide the necessary quality of the cleavage surface. 

 

 
 

Fig. 4.7 – Cleavage of porous n-InP (100) obtained by the 
electrochemical etching in 5 % HCl solution, t = 5 min 

 
Rate of a chemical reaction essentially depends on the doping le-

vel of the semiconductor. Threshold voltage of the pore formation decre-
ases with the increase in the volume concentration of free electrons. Mo-
reover, increase in the doping level leads to the reduction of the disloca-
tion density but simultaneously is accompanied by the generation of mic-
rodefects (stacking faults, small prism dislocation loops, dispersed se-
cond-phase release). As known, the pore growth occurs along preferen-
tial directions, which the given defects of the crystal surface are. Figure 
4.8 illustrates the morphology of the InP porous surface with different 
charge carrier concentration. 

A porous layer with low pore density is formed during the etching of 
the semiconductor with the concentration of impurity charge carriers of 
the order of 1.8∙1016 cm–3. However, in this case the obtained pores are 
sufficiently small (20 – 50 nm) and demonstrate a certain order and uni-
form distribution over the ingot surface. Moreover, the coarse etched are-
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as, which appear due to the dislocation outcrop, can be observed on the 
sample surface. With the increase in the number of charge carriers, one 
can observe a completely different scenario for the pore distribution over 
the sample surface. Pores with different diameters (from 100 nm to 3 m) 
appear under electrochemical treatment of the samples, which are doped 
with sulfur up to the concentration 2∙1017 cm–3. Appearance of crystalli-
tes, which can indicate the formation of oxide islands on the upper poro-
us semiconductor layer, is possible in this case. Another situation takes 
place during electrochemical treatment of the heavily doped InP crystals 
(about 2.3∙ ∙1018 cm–3). Such concentration of impurity charge carriers is 
the most favorable for the formation of a qualitative porous layer on the 
surface of monocrystalline InP that is expressed in a high pore density 
and their uniform distribution over the plate surface. Pores, which are for-
med in this case, have a size of the order of tens of nanometers; the de-
gree of porosity is 60 %. Varying other etching conditions (current densi-
ty, etching time), it is possible to obtain porous structures with different 
parameters (pore diameter, porosity, depth of the porous layer). Howev-
er, while using materials for crystal etching with higher impurity concen-
tration (3∙1019 cm–3), the surface etching without pore formation is obse-
rved, that is, the upper crystal layers just break off along certain planes. 
Such structures cannot be used as effectively as porous ones due to the 
fact that the surface layer is strongly disturbed. Thus, the given experi-
ment demonstrates the role of the charge carrier concentration for the 
pore formation on the semiconductor surface. 

However, one should take into account that additional doping leads 
to the impurity segregation, which appears during the crystal growth. El-
astic long-range stresses can impede the formation of continuous spli-
cing surface. The regions of compositional and structural inhomogeneiti-
es, namely, the bands of impurity segregation and crystalline defect clu-
sters, are the sources of these stresses. Microfluctuations of the growth 
rate on the boundary of the solid and liquid phases lead to the formation 
of the sulfur segregation bands (growth bands). Denser pore clusters in 
the central segregation lines with respect to the peripheral ones indicate 
the increase in the sulfur concentration along the direction from the cen-
ter to the InP crystal periphery. Moreover, sulfur distribution in InP crys-
tals can be nonuniform not only along but also across the growth axis. In 
this case, change in the lattice parameter of the solid solution excites el-
astic stresses. 

Moreover, significant etching of the crystal surface is observed in 
the areas of dense pore clusters. This can be connected with the outcrop 
of the secondary pores, as well as with the coalescence of small pores 
into bulk holes. 

Generation of the bulk etching holes can be explained from the po-
int of view of the impurity influence on the defect formation in the crystal. 
Doping with donor impurities up to the high concentrations is accompani-
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ed by the appearance of microdefects but leads to the decrease in the 
dislocation density. 

Intrinsic point defects play the main role in the microdefect formati-
on. At high doping levels, decomposition of supersaturated solid solution 
of the doping impurity influences the formation of microdefects. The main 
production problems during InP crystal growth are the following: tenden-
cy to twinning, formation of dislocation clusters, and segregation pheno-
mena conditioned by high impurity content in semi-insulating crystals. 
Impurity concentration, which is the function of the crystal growth rate, 
has periodicity and excites the so-called doping streakiness. This is part-
ly explained by the fact that the crystal growth rate on the microscopic le-
vel is not the same, but cyclic. 

Appearance of nanoregions with different element concentrations 
can lead to the qualitative change in the InP properties. Imperfection of 
the crystals connected with the striate growth structure influences the se-
miconductor properties of the crystals. The presence of the domain (the 
twin) structure is an undesirable factor from the point of view of using the 
given materials in optical devices and sensors.  

 

 
 

Fig. 4.8 – SEM image of the (001) InP porous surface, j = 100 mA/cm2,  
t = 10 min. Concentration of impurity charge carriers:  

2.3∙1018 cm–3 (a), 3∙1019 cm–3 (b), 2∙1017 cm–3 (c), 1.8∙1016 cm–3 (d) 
 
Therefore, investigation of the mentioned phenomenon is of a great 

importance from the point of view of both the crystal production techni-
que and research of the properties connected with nonuniformity of ele-
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ment distribution, which enter into the composition of the grown crystals. 
 
Influence of Dislocations on the Process of Pore Formation in 

n-InP (111) Single Crystals 
The chemical composition was analyzed with the use of the proce-

dure of energy dispersive X-ray analysis (EDAX). The component com-
position was analyzed for four arbitrarily selected points at the surface. 

It is evident that the results of analysis of oxygen and fluorine on 
the sample surface are associated with random processes correlating 
with the etching process. The excess of indium atoms indicates that they 
are situated not only in the associated state (in the form of the In-P clus-
ters) but also in the free state (due to their accumulation along the crys-
tallographic axis [111] of n-InP), which is promoted by the production 
process of single-crystal growth. 

In a microphotograph of the surface (Fig. 4.9), the nonuniformity of 
the distribution of the pores over the crystal surface is observed. After 
the electrolytic etching, dark and light bands emerge on the surface of 
the samples; these bands are detected visually. Using scanning electron 
microscopy, we managed to establish that the dark bands are places of 
more dense accumulation of the pores, i.e., etch pits. Etching locally took 
place precisely in the region of the defects of the crystal structure. 

The width of each band was ~100 mm. Dark bands have clear ex-
ternal boundaries, while the boundaries directed inside the crystal are 
more spread. The striation nonuniformity in the distribution of the compo-
nents is a very widespread phenomenon during growing the single crys-
tals by the Czochralski method. We can also observe an increase in the 
concentration of input orifices of the pores along the direction from the 
center to the periphery of the crystals. The formation of the continuous 
overgrowth boundary can be prevented by the elastic long-range stres-
ses. The sources of these stresses are the regions of the compositional 
and structural nonuniformity or the bands of segregation of the impurity 
and accumulation of the defects of the crystal structure. 

In this case, each fragment is a region of increased impurity con-
centration. Such a region can be considered as the inclusion possessing 
the intrinsic deformation caused by the lattice mismatch and discrepancy 
in coefficients of thermal expansion of segregation bands and the surro-
unding material. As the ingot cools, the elastic stresses of such inclusion 
decrease and the shift components of residual elastic stresses can 
cause plastic deformation. 

Figures 4.3 and 4.4 represent the image of the fragment of the sur-
face of the n-InP sample, on which the location of formation of pore co-
res is clearly seen. The edges of pores are somewhat extended along 
the (111) plane. Comparison with the known published data indicates 
that the anions (the F– ions) play the decisive role in the formation of the 
pores (their shape, diameter, and location). The diameter of the most of 
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pores is in the range from 100 to 600 nm. We can also notice that, both 
in the plane of the (111) surface and to the depth of the sample, the po-
res practically have no specific growth direction, which largely manifests 
itself during etching of the (111) V surface, the formation of pores in the 
plane of which is energetically more favorable. 

 

 
 

Fig. 4.9 – Surface morphology of the porous n-InP 
 
The pore depth depends on the imperfection of the material in the 

places of their formation. The seeds of the pores are the dislocations, 
which are the sources of elastic stresses and generate elastic deformati-
ons around them. Elastic interactions of starting dislocations with point 
defects of the crystal structure lead to an increase in the concentration of 
residual defects near the dislocation axis and to the formation of the Cot-
trell cloud. During etching of the n-InP single crystals, the tendency is ob-
served to grouping the pores into symmetrical agglomerations near the 
seed pores, which emerged previously and are associated with the out-
crop of dislocations and microcracks on the (111) surface. 

In some cases, the impurity atoms of the crystal act electrochemi-
cally on the dissolution processes in the region of the dislocation outcrop 
on the surface since the preferential localization of impurity is often per-
formed in the region of dislocation lines. The symmetry and periodicity of 
the ensemble of pores repeat the symmetry and periodicity of the defect 
structure of InP, which emerges in the surface layer of semiconductor. 

The number of etch pits in this case is considered as the measure 
of dislocation density. The calculation of the average dislocation density 
ND is performed by the formula 

 
ND = nav / S;                                   (4.1) 

 
where nav is the average number of etch pits and S is the area of the field 
of view. 
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The calculation of the dislocation density in the places of the incre-
ased impurity concentration (dark bands) yields the value 2∙106 cm–2. In 
the regions less filled with pores, the dislocation density is ~104 cm–2. 
This result agrees well with the manufacturer’s data of the samples obtai-
ned from the producing company – namely, the dislocation density is 106 
– 107 and 104 in the places of accumulation of the impurity and in the re-
gions where the impurity concentration is lower, respectively. 

It should be also noted that, in InP, the pores in the (111) plane 
emerge over the entire range of electric potentials of formation of the po-
res corresponding to the conditions of pore formation in all fluoride elec-
trolytes. 

Texturing of the Indium Phosphide Surface While submerging the 
semiconductor InP plate in the etchant solution, its molecules are adsor-
bed on the plate surface. With direct current passing through the electro-
lyte, adsorbed molecules detach from the surface of the plate. In this ca-
se the phosphorus atoms adsorb easier with the hydrogen ions that pro-
vide faster etching of the phosphorus sublattice. Stoichiometry of the sa-
mple is violated toward the increase in the concentration of indium ato-
ms. As a result the set of pyramidal clusters is formed on the plate surfa-
ce. Slope of the cluster edges provides the obtaining of a rather low re-
flection coefficient and the tenfold increase in the active area of the plate 
in comparison with the monocrystalline sample. 

 

 
 

Fig. 4.10 – p-InP textured structure 
 
The optimal concentration of the electrolyte, current density, and 

etching time were established experimentally in order to obtain the most 
uniform in height and shape texture. Thus, the optimal conditions for the 
obtaining of quailtative texturing p-InP surface are given below: the et-
chant composition is HBr : H2O 1 : 1; the current density is 150 mA/cm2; 
the etching time is 8 min; the power of the tungsten lamp is 200 W. 

Figure 4.10 demonstrates the morphology of the textured InP plate. 
As seen from this figure, the dense system of pyramidal growths with the 
slope connected with the crystal anisotropy and current direction is for-
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med on the monocrystal surface. The pyramid height varies from 0.7 to 
1.1 mkm. Under the assumption that the abovementioned conditions are 
not executed, the semiconductor behavior during the anodization has so-
me peculiarities. Thus, with the increase in the etching time up to 15 min, 
the pore grooves start to grow deep into the substrate that is accompani-
ed by the plate surface failure. While etching takes less than 8 min, the 
incomplete surface texturing is observed, i.e., some surface regions stay 
with the conserved monocrystallinity and surface orientation. 

If the current density is more than 150 – 170 mA/cm2, the etching 
of InP layer of the thickness of about 8 – 10 mkm is observed. At current 
densities less than the mentioned values, the pyramids have insufficient-
ly pronounced shape and height (less than 0.5 mkm). At higher acid con-
centrations in the electrolyte solution, the insoluble films composed of the 
adsorbed by the semiconductor surface bromine atoms are formed. At 
low acid concentrations the figure formation on the InP surface does not 
take place at all. Illumination of the plates is the necessary condition as 
well. This provides high density of the pyramid distribution over the surfa-
ce of the sample (density is about five pyramids per 1 mkm). 

We have to note that solutions of other acids also do not provide 
sufficient level of the surface texturing. Moreover, n-InP monocrystals de-
monstrate an inability to texture. The fact is that while anodizing in the 
acid solutions, the plates with electron conductivity are easily etched for-
ming the porous layers. 

 
Conclusion 
The large and well-developed porous semiconductor surface puts 

on the agenda the study of the fundamental characteristics of matter that 
lies in the relationship and mutual influence of the surface and volumetric 
properties. The research can lead to answer the question: What determi-
nes the properties of porous indium phosphide – extensive surface or de-
crease in the volume? In any case, the modification of the morphology of 
space essentially creates a new interesting object, in which different cla-
sses of phenomena both physical and chemical nature are closely inter-
twined; besides the surface and volumetric properties in this sense are 
difficulty separated. In this connection, it opens the prospect of further 
study of the presence of fractal properties of the phenomena associated 
with the formation of porous space. The possibility of forming porous 
spaces with regular distribution of pores and diverse correct form of the 
intersection allows quite easily to create photonic crystals. 

Etching indium phosphide in fluorinated and chlorinated etchants, 
along with epitaxy and lithography techniques, is included in the arsenal 
of modern microelectronics that allows us to create objects with reduced 
dimensionality. Types of porous indium phosphide (por-InP), which con-
stitute a new class of substances, have different physicochemical proper-
ties: photo- and electroluminescence, adsorption sensitivity, properties of 



 

 133 

photonic crystals, etc. The presence of photo-and electroluminescence 
properties is directly associated with decreasing of the output dimension 
of the semiconductor crystal. Adsorption sensitivity is caused by the fact 
that substances from the environment are well adsorbed by the porous 
bodies. 

Approaching the limits of miniaturization of classical microelectro-
nic devices enhances the interest in devices capable of providing of the 
further progress of electronics. One possible way of such progress is the 
development and creation of devices, in which moving of certain number 
of electrons is controlled. 

A more complete understanding of the relationship of process pa-
rameters with the characteristics of porous indium phosphide will deter-
mine the conditions for the formation of the material with strictly specifi-
ed, reproducible properties that enhance its applied potential and will de-
velop the theoretical understanding of the mechanism of pore formation 
in semiconductors. In addition, por-InP is a good model to study the sub-
ject of quantum size effects, fractal phenomena of self-organization, and 
the fundamental problems of nanoelectronics. 

This subsection of the monograph is based on research materials 
reflected in publications [4.1 – 4.29]. 

 
4.3. DEVELOPMENT OF EFFICIENCY IMPROVEMENT METHOD 

OF PHOTOVOLTAIC CONVERTERS BY NANOSTRUCTURIZATION  
OF SILICON WAFERS                                 [А.4.2] 

 
4.3.1. Introduction 
Modern social, environmental and economic trends of society de-

velopment determine the key role of energetics in transition the strategy 
of society transition to sustainable development. Energy issues serve as 
key global issues of the day, the nature of which decision directly deter-
mines not only overcoming the ecological crisis, but construction of the 
global economy and development strategies. Hence, the urgency to find 
alternative ways to provide human by energy is followed. 

The growth of the industrial capacity of mankind is based mainly on 
the progress in the field of energy technologies. Energetics plays a cen-
tral role, as in the emergence of ecological crisis and to overcome it. 
Most important mechanism for harmonization of "society-energy-bio-
sphere" system is a gradual transition to large-scale implementation of 
alternative energy sources in the energetics. 

The most promising method of alternative energy is photovoltaic 
solar energy conversion method through existing advantages: 

1) direct energy conversion of light photons into electricity; 
2) diversity of basic framework for the production of solar cells; 
3) ability to create modular systems of different capacities; 
4) use of concentrated solar radiation; 
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5) quietness; 
6) ease of use; 
7) environmental friendliness and so on. 
Disadvantages of using solar energy often are the following: 
1) high cost of solar panels; 
2) electricity generation only during daylight hours; 
3) depending on the climatic conditions; 
4) need for large areas to photovoltaic stations; 
5) problems of energy storage; 
6) imperfect technology, low efficiency and so on. 
Imperfect creation technology of photovoltaic converters (PVC) and 

their low efficiency is a major deterrent of global replacement of traditio-
nal energy to renewable. So, there is a need to develop innovative tech-
nologies that can increase efficiency and other electrical characteristics 
of solar panels. 

In this regard, relevant studies are devoted to finding ways to im-
prove the processes of manufacturing photovoltaic converters. In the de-
velopment of appropriate technological solutions it should be taking into 
account characteristics of the materials used as raw material for PVC. 

 
4.3.2. The object of research and its technological audit 
The object of this research is the process of preparing silicon wa-

fers for further use as the main component of solar panels. 
One of the problems in this process is the degradation of silicon in 

service and high rates of reflection coefficient, which greatly affects the 
PVC performance. Technological audit was conducted to identify the ba-
sic laws of state impact of silicon wafers on PVCs technology performan-
ce. Its aim is to determine the feasibility of nanostructurization of single-
crystal ingots and passivation of their surface. 

The basis of the most common commercial photovoltaic devices is 
solid single-crystal silicon solar cells with p-n-junctions [4.35]. Well estab-
lished technology for producing and processing of single-crystal silicon 
allows maintain key positions for solar cells based on it in the near future 
[4.36]. The high cost of technologies for single-crystal silicon films and 
multicomponent technology of multilayer semiconductor structures are 
prevented to widespread PVCs use. Mono-Si-based solar cells have effi-
ciency is about 15 – 20 %. 

Because of a high refractive index of silicon (n = 3,5), much of the 
solar radiation is reflected from the surface of the photovoltaic converter 
(value can be ~ 35 %) and therefore do not contribute to the process of 
generation of electron-hole pairs. This leads to a decrease in the efficien-
cy of converters [4.37]. Typically, this problem is solved by application of 
antireflection coatings on the surface of solar cells. The use of such coa-
tings leads to the increase of the conversion efficiency, extend the life 
and improve electrophysical and operational performances of photovolta-
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ic converters. 
The technical and economic alternative to existing devices in the 

near future can make the items, which operation is based on photoelec-
trochemical methods of surface conversion. 

 
4.3.3. The aim and objectives of research 
The aim of this research is to develop technological solutions for 

treatment of the front surface of the silicon solar cells and to establish 
feasibility of porous layer formation on their surface. 

To achieve this aim it is necessary: 
1. Identify technological modes of obtaining porous silicon layer. 
2. Investigate the correlation between the parameters of porous la-

yer and conditions of crystal etching. 
3. Set the feasibility of using porous silicon as the main material for 

PVCs. 
 
4.3.4. Literature review 
Among areas to overcome the problem of PVC imperfection it can 

be allocated the next: 
– Search of new materials for solar panels [4.37, 4.38]. 
– Preparation improvement of elementary base [4.30, 4.40 – 4.42]. 
– Use of antireflection coatings for PVC [4.43, 4.44]. 
In particular, [4.38] proposes the photoelectric converter having a 

two-way sensitivity and made on based crystals as p- and n-type. Reduc-
tion of the rate of surface recombination in these PVCs is ensured in the 
implementation of techniques that specific to PVCs with PERL-structure. 
Efficient absorption of solar radiation is provided by using chaotic textu-
res of direct pyramids type without further photolithography. The reflecti-
on coefficient from the front PVC surface with DSBC-structure is 5,8 %. 
Such PVCs in exposure mode AM1,5 have the following output parame-
ters: Uhh – 704-706 mV, Jsc – 42,2 mA/cm2, FF – 0,82 – 0,83. Also their 
technological aspects allowed to achieve the following values of output 
parameters: Uhh – 663-665 mV, Jsc – 32,6-36,6 mA/cm2, FF – 0,76 –0,78, 
η – 16,8 – 18,6 %. 

The authors of [4.38] proposed resource-saving industrial technolo-
gy of radiation-stable PVCs of n + -p-p + type with area of 7 cm2 on the 
basis of low-cost single-crystal silicon KDB-10 grown by the Czochralski 
method, with thick tк = 350 ± 50 microns, orientation (111) and (100), 
which in exposure mode AM0 have efficiency of 12 – 15 %. Development 
of such PVCs provided an opportunity to use them to build solar cell of 
spacecraft KS5MF2 «Micron» – the first in Ukraine from spacecraft seri-
es «Microsatellite». 

The technology of porous layers of semiconductors by electroche-
mical etching is represented in [4.30, 4.40, 4.41]. The use of porous sili-
con for solar panels was investigated by the authors of [4.43]. It was pro-
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ved that the increase in conversion efficiency (25 – 30 %) is achieved for 
the por-Si solar cells compared to cells without porous layer. 

The authors of [4.43, 4.44] believe that the most promising antiref-
lection coating for photoelectrochemical cells is zinc oxide (ZnO). This 
material is cheap, accessible and non-toxic. But consensus on the mor-
phology of these coatings is still not there. 

Thus, the results suggest that the consensus on the possibility of 
improving the efficiency of photovoltaic energy conversion does not exist. 
Obviously, the choice of the most appropriate technical solution should 
be based on experimental and theoretical studies of the structure and 
properties of porous silicon layers. 

 
4.3.5. Materials and methods of research 
Samples of single-crystal n-type silicon of solar grade (silicon with 

silicon content of more than 99,99 % by weight, with an average lifetime 
of non-equilibrium carriers of 25 microseconds and electrical resistivity of 
10 Ohm*cm) were selected for experiment. Surface orientation: (111) 
(100) (001). Silicon single crystals were grown by the Czochralski me-
thod and doped with phosphorus. Then the ingots were cut into 1 mm 
thick wafers by the method of wire cutting by the diamond-impregnated 
wire. Samples were purified in acetone and isopropanol before thee ex-
periment. 

The layers of porous silicon were formed by electrochemical etch-
ing in a solution of hydrofluoric acid at room temperature. This method is 
the most common for making porous semiconductors, due to the simpli-
city and low cost [4.30]. In addition, this method is different from other by 
rate and accountability of the process. Multivariate implementation of the 
method is technically possible, combining it with other additional (exter-
nal) physical and technological influences, factors, fields and so on. 

Another factor that makes electrochemical crystal processing as at-
tractive method for forming porous spaces is the possibility to adjust the 
pore size from a few nanometers to tens of micrometers [4.40]. This is 
achieved by adjusting the doping level and orientation of the surface wa-
fers and etching conditions. In addition, a wide range of porous characte-
ristics such as thickness, porosity, effective area surface and morphology 
may control, changing etching conditions. 

The conditions of the experiment were chosen in the following ran-
ge of characteristics: 

a) current density – from 10 mA/cm2 to 2,2 A/cm2; 
b) etching time – from 5 to 30 minutes; 
c) electrolyte – HF : H2O = 1 : 1; 
d) electrolyte temperature – 20 ºC. 
The scheme of the simplest galvanic cell is shown in Fig. 4.11. The 

silicon wafer serves as the anode, the cathode is platinum. 
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Fig. 4.11 – The scheme of device for electrochemical silicon etching  

In the figure the following symbols are applied: 
Электролит – Electrolyte; Анод – Anode; Платина – Platinum 

 
Samples after experiment had several stages of cleaning: washing 

in ethanol, deionized air drying and annealing in a stream of nitrogen. 
Annealing is carried out to stabilize the properties of porous wafers. Oxi-
de layer is removed from semiconductor surface using this passivation 
method. Thin crystalline film of chemically inert material is formed inste-
ad of this layer. Such film can do the properties of ultrathin buffer layer 
and protect the semiconductor surface from contact with aggressive 
components of the environment. 

4.3.6. Research results 
The thickness of the porous silicon layer on the Si substrate adjusts 

with etching time. The porosity, i. e. the proportion of voids in the porous 
layer, is depended on the current density of the electrolyte, resistance 
and Si substrate doping density. 

Anodic reaction during the formation of porous layer can be written 
as: 

 
Si + 6HF → H2SiF6 + H2 + 2H+ + 2e-.                     (4.2) 

 
Atoms of silicon creates adatoms SiF6

2-, requiring the presence of 
ions F- (from HF solution) [4.38]. Adatoms escape from the wafer surface 
and create rudimentary positively charged holes. The concentration of 
holes in positively charged silicon is enough (about 1014 – 1018 cm-3) for 
the formation of nanometer-sized pores. 

When using a fairly low current density (from 10 to 200 mA/cm2), 
there is a local solution of single-crystal silicon surface. Rudimentary po-
res are formed in places with surface defects, further the pores are gro-
wth into the depth of the silicon substrate. This process occurs by diffu-
sion of the holes to the interface Si-electrolyte. 
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In the case of high current density (0,3 – 1 A/cm2), when the num-
ber of holes moving to the border Si-electrolyte is very high, is the most 
appropriate is etching of upper regions of the silicon substrate. It provi-
des uniform etching of silicon surface and formation of a smooth substra-
te surface (called electrolytic polishing process). 

Increase of current density above the critical point at the end of 
anodizing process leads to disconnection of the porous silicon film from 
Si substrate. Such behavior at high current density is useful for separa-
ting porous layers from substrate. 

Fig. 4.12 shows the morphology of porous silicon grown on the sur-
face of n-type mono-Si. The porous layer has a developed structure, po-
re size ranging from 0,2 to 3 microns, porosity is about 70 %. The thick-
ness of the porous layer is 35 microns. Pores have a columnar structure. 

In this case, there is heterogeneity of porosity and thickness of the 
porous layers. Most likely, this is due to the presence of bubbles that for-
med in the electrolyte and bonded to the silicon surface. To avoid this 
heterogeneity, concentration of HF should be locally constant on surface 
of the silicon substrate. 

Removal of the bubbles from the surface of a silicon wafer, and, 
thus, obtaining of homogeneous porous silicon layers is done by means 
of electrolyte mixing. The distance between the silicon wafer and the pla-
tinum cathode also affects the uniformity, while form of the platinum ca-
thode virtually no affects homogeneity. 

The thickness of the porous layer depends primarily on etching ti-
me. Fig. 4.13 shows the experimental dependence of the thickness of 
the porous silicon area (100) under the following etching conditions: cur-
rent density j = 150 mA/cm2, etching time t = 20 min, electrolyte HF : H2O 
= 1 : 1. It is shown that the average growth kinetics of porous silicon la-
yer is about 2,2 m/min. It is noted that this parameter is determined for 
each etching case separately. 

It should be noted that porous silicon is a special form of crystalline 
silicon. The crystal structure of porous silicon is a network of silicon in 
nanoscale areas surrounded by empty space with a very high ratio of 
surface area to volume (up to 103 m2/cm3) – so-called effective area of 
the crystal. Quantum effects in this case play a fundamental role. In par-
ticular, the photoluminescence of porous silicon shows shear in short-
wave spectrum in relation to the crystal. 

The porosity shows a nearly linear dependence on the current den-
sity in the range of 30 to 200 mA/cm2 (Fig. 4.14) at constant other para-
meters. 

Materials used as raw materials for the manufacture of solar cells 
have a number of requirements, including: 

1) direct band gap structure; 
2) band gap width from 1,1 to 1,7 eV; 
3) must be composed of readily available and non-toxic materials; 
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4) good photovoltaic conversion efficiency; 
5) long-term stability. 
Silicon is the second most abundant element in the earth's crust 

(35 %) after oxygen. This is the basic material for photovoltaic conversi-
on of solar spectrum radiation ranging from ultraviolet to near-infrared 
region of the spectrum, but it can absorb a small portion of solar radiation 
that can convert photons with energy of band gap of silicon. The theore-
tical curve for the conversion efficiency of solar cell material compared to 
the band gap shows that silicon (1,1 eV) is not at maximum of the curve 
(about 1,4 – 1,5 eV), but relatively close to it. Efficiency for ideal silicon 
solar cells can reach about 30 % (at 300 K) [4.38]. 
 

 
 

Fig. 4.12 – Morphology of por-Si (100): current density j = 150 mA/cm2,  

etching time t = 20 min, electrolyte HF:H2O = 1:1 
 

 
Fig. 4.13 – Increase of the porous silicon layer thickness (100) during 

electrolytic processing in 50 % solution of hydrofluoric acid for 20 
minutes at a constant current density j = 150 mA/cm2 

In the figure the following symbols are applied: 
Час (хв) – Time (min); Товщина (мкм) – Thickness (micrometer) 
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Fig. 4.14 – Porosity dependence on the current density (for por-Si (100), 

current density j = 150 mA/cm2, etching time t = 20 min, electrolyte  
HF : H2O = 1 : 1) In the figure the following symbols are applied: 

Пористість (%) – Porosity (%);  
Щільність струму (мА/cм2) – Current density (mA/cm2) 

 
Photoelectron properties associated with non-direct band gap stru-

cture and high reflectivity of crystalline silicon (about 30 –35 %) still do it 
as contender for making solar cells with high conversion efficiency. The 
high refractive index of crystalline silicon (about 3,5) in the solar spec-
trum (300 – 1100 nm) creates large optical losses that can be reduced 
by using antireflection coatings (ARC). Although availability of highly-ef-
fective double and triple antireflection coatings, most industrial crystalline 
silicon solar cells use simple and inexpensive single-layer ARC with rela-
tively poor antireflection properties. 

Opportunities for reflectivity minimization (by catching the light in 
the pores), an increase band gap width of porous layer of silicon (through 
quantum maintenance of the charges in microcrystallites por-Si) by chan-
ging the porosity allow to use the layers of porous silicon as antireflection 
coating, and as broadband photosensitive layer. 

The high degree of surface roughness of the porous silicon allows 
for its use as ARC, because the textured surface reduces light reflection. 
In addition, scattering in por-Si may be due to the roughness relative to 
the thickness of the porous layer. 
 

4.3.7. SWOT analysis of research results 
Strengths. Among the strengths of this research it should be noted 

results in optimal conditions of silicon etching to formation of porous la-
yers on its surface, as well as determining por-Si parameters from anodi-
zing modes. In favor of this assertion are evidenced the above analysis 
results of contemporary world literature, where no such correlation. This 
is holding back the beginning of the use of porous silicon as the main ba-



 

 141 

se of the solar panels. Use of the proposed dependencies will optimize 
the electrochemical crystal etching process and produce the layers of po-
rous silicon with strictly controlled properties. 

Weaknesses. Weaknesses of this research are related to the fact 
that the proposed solution will be effective when using ultrapure disloca-
tion-free silicon. Using polycrystalline wafer, electrochemical treatment 
will not lead to the formation of the porous layer. Wafers of monocrystalli-
ne silicon are known to be much more expensive than other versions of 
this semiconductor. This can lead to an increase in the cost of silicon so-
lar panels. However, the expected significant increase in the efficiency of 
photovoltaic converters will minimize this factor. 

Opportunities. Additional features that achieve the aim of rese-
arch appear likely in these external factors. Considered technological ob-
ject is widely studied by foreign scientists. Green energy program is in-
troduced in the world. In Japan, there are programs «Sunshine» and 
«Moonlight». Germany has a government program that provides tax in-
centives to manufacturers of solar panels, which are mounted on roof-
tops. At the same time for several years there is a program «One hun-
dred thousand solar roofs». A similar program «Million Solar Roofs» is in 
the US. Solar energy market is growing rapidly. Thus, the demand for so-
lar cells of new generation will grow. This is a motivating factor for further 
research in this area. 

Threats. Difficulties in the implementation of research results are 
related to the following factors. The first of these is knowledge-base of 
proposed technologies that require, on the one hand, the training of qua-
lified personnel and, on the other hand, considerable resources. Another 
factor is the market of modern solar cells. Leaders of industrial solar cells 
today are Chinese companies that offer solar panels are much cheaper 
than other manufacturers. However, such PVCs are much inferior to their 
performance. It is necessary shift in the direction of product quality from 
the price. 

Thus, SWOT-analysis of research results allows to determine the 
main directions for the successful achievement of the objectives of rese-
arch, including: further improvement of obtaining porous layers of semi-
conductors, integration of porous layers in elementary base of photoelec-
trochemical converters, investigation of surface passivation modes for 
the purpose of refusal of ARCs. 
 

4.3.8. Conclusions 
1. The technological modes of obtaining porous silicon layer are 

determined. The porous silicon is expedient form by electrochemical et-
ching in a solution of hydrofluoric acid. It is established that nitrogen an-
nealing of the samples after etching leads to stabilization of the properti-
es of porous silicon layer. 

2. The dependence between the parameters of porous layer and 
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conditions of crystal etching is investigated. It is established that the 
thickness of the porous layer is correlated with the etching time. The po-
rosity shows a nearly linear dependence on the current density in the 
range of 30 to 200 mA/cm2 at constant other parameters. 

3. The feasibility of using porous silicon as the main material for 
making PVCs is established. The high degree of surface roughness of 
the porous silicon allows for its use as ARC, because the textured sur-
face reduces light reflection. 

 
4.4. PROVISION OF ENVIRONMENTAL SAFETY THROUGH THE USE  

OF POROUS SEMICONDUCTORS FOR SOLAR ENERGY SECTOR 
[А.4.3] 

 

4.4.1. Introduction 
An analysis of the present state of ecological situation in Ukraine 

displays a trend to deterioration. The rapid pace of modern technological 
development has caused a significant increase in the consumption of en-
ergy resources. Energy sector is the basis for the development of all the 
sectors of industry. At the same time, energy sector is one of the main 
sources of adverse impact on the environment, such as hydro, atmo-, 
and lithosphere. About half amount of anthropogenic greenhouse gas 
emissions and harmful substances are produced by sector of traditional 
energy. 

On the other hand, Ukraine meets its needs in energy sector only 
by 70 %, that is, it is an energy dependent state. In terms of resource 
provision, sufficiency and reliability of electricity and heating supplies that 
meet the growing needs of economy and population are of paramount 
importance, in terms of quality of life, a crucial problem is ecologically fri-
endly energy production. Aspects of the energy sector are a key global 
challenge, the nature of which directly influences not only the constructi-
on of the global economy and strategies for the development of the state, 
but also overcoming the environmental crisis. Hence is the relevance of 
finding alternative ways of supplying the humankind with energy. 

The most promising method of alternative energy sector is photo-
electric method of converting solar energy due to its evident advantages: 

– direct conversion of energy of light photons into electrical energy;  
– variety of elementary base for creating solar elements;  
– opportunity for creating modular systems of various capacities;  
– ability to use concentrated solar radiation;  
– absence of noise; 
– operation simplicity; 
– environmental friendliness, etc. 
Shortcomings of using solar energy most often include the follo-

wing: high cost of solar panels, generation of electricity only during day-
light hours, dependence on climatic conditions, need for large areas for 
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the installation of photoelectric power plants, problems with energy accu-
mulation; imperfection of technology and low efficiency, etc. 

The imperfection of technology of creation of photoelectric modifi-
ers (FEM) and their low performance efficiency (PE) are major restrain-
ing factors to global replacement of traditional energy with renewable en-
ergy. Thus, there is a need for the development of innovative technologi-
es that can improve performance efficiency and other electro-physical 
characteristics of solar panels. 

At the modern level of production, manufacturing silicon solar ele-
ments with a total capacity of 100 GW requires not less than 1 million 
tons of silicon of high purity degree [4.45]. To achieve the expected ca-
pacity of the solar photoenergy sector by 2030 [4.46], it is necessary to 
produce pure silicon in the amount not less than 20 thousand tones an-
nually, which is not only complicated technological and financial, but also 
ecological problem, because obtaining pure silicon is an environmentally 
harmful production. Another shortcoming of traditional silicon solar ele-
ments is relatively low energy efficiency – on average, about 11 % [4.45]. 
The use of nanostructures would allow a significant improvement of cha-
racteristics of photoelectric modifiers. 

The relevance of the research is predetermined by the necessity of 
solving environmental and resource problems and lies in developing the 
methods of providing for environmental safety by using nanostructures 
for solar energy. 

 
4.4.2. Literature review and problem statement 
Paper [4.47] proposes the way of texturing silicon to increase effec-

tiveness of converting solar energy. The authors of the work propose to 
use silicon of multi-porous structure as the front surface of the solar ele-
ment. The method of "hybrid" technology based on the developed crater- 
and column-like morphology of silicon surface makes it possible to chan-
ge the type and dimensions of the multi-porous texture in a wide range. 
Both chemical and electrochemical technologies do not require 
thermostabilization, since porous silicon is formed at room temperature. 

Article [4.48] considers the possibility of applying two- and three-la-
yer anti-reflecting coatings (ARC) based on porous silicon for silicon pho-
tovoltaic modifiers by means of approximation of the optical matrix. Ba-
sed on this method, the spectra of displaying anti-reflecting coatings of 
MgF2/ZnS, SiO2/TiO2 and MgF2/CeO2 were calculated, which are usually 
used in the photovoltaic modifiers, and the results of calculations were 
compared with the corresponding experimental data. It was shown that 
the spectra of displaying, calculated using the method of approximation 
of optical matrices, and the experimental data coincide. The aforementio-
ned multilayer anti-reflectors of coating result in the improvement of cha-
racteristics of silicon solar elements, but have the following shortco-
mings: magnesium fluoride and zinc sulfide are relatively soft materials 
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and have little resistance to aggressive environment, which over time le-
ads to the degradation of parameters of solar elements. Unlike standard 
ARC with SiO2/TiO2 and other materials used in silicon photovoltaic con-
verters, using porous silicon, it is possible not only to save a small image 
in the visible and infrared spectrum areas, but also to expand it into the 
short-wave (UV) area (up to 400 nm). 

In paper [4.49], textured pyramidal silicon layers were formed using 
the method of electrochemical etching. The authors demonstrated that 
the larger the height of pyramid clusters, the lower reflecting ability, ob-
served in the range of short wavelengths. The feasibility of using porous 
silicon as material for solar elements was substantiated by researchers 
in article [4.50]. An increase in porosity of crystals causes the blue shift 
and an increase in photoluminescence peaks [4.51]. 

Porous silicon is widely used for optoelectronic devices due to anti-
glare properties. This material has the following advantages: the expan-
sion of the restricted zone, a wide range of absorption and a high range 
of optical transmission from 700 – 1000 nm. Paper [4.52] presents expe-
rimental research into electrochemically prepared porous silicon structu-
res. It was found that with an increase in the time of etching, the thick-
ness of por-Si also increases, and the index of refraction is reduced ac-
cordingly. A high degree of roughness of porous silicon surface implies 
its application as antirefracting coating, the textured surface reduces light 
reflection. In addition, scattering in por-Si is possible due to roughness in 
relation to thickness of the porous layer. 

Authors of article [4.53] obtained solar elements based on por-Si at 
the efficiency of 15.5 %. Porosity of the samples reached the value of 91 
%, which causes blue shift of PL. Prepared samples of por-S layers with 
different porosity were used for manufacturing solar elements, using the 
following procedure. The samples were coated with photo resister. Then 
the mask was placed directly above the layers of porous silicon. The sa-
mples were subjected to the action of UV radiation for 40 seconds to 
form a patterned coating. N- and P-type of alloying were achieved by us-
ing the method of coating by placing the phosphorus and boron solution 
in the middle of the layers of por-Si, and then applying coating by centri-
fuging at the rate of 1000 rpm for 10 seconds at room temperature. Then 
the por-S layers were placed in a furnace at the temperature of 100 °C 
for 15 minutes to remove the moisture. 

As we can see, world scientists actively explore the methods of 
creating photoelectric modifiers based on nanostructured silicon. In addi-
tion, the nanostructures based on the semiconductor group A3V5 [4.30, 
4.33] and A2V6 [4.54] are increasingly considered as the material for so-
lar elements. But still there is no unified mechanism to obtain nanostruc-
tured semiconductor layers with the assigned properties. The aspects of 
correlation between parameters of porous layers and conditions of their 
obtaining are not explored enough. In addition, the problems of provision 
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of the environmental safety (ES) by introducing nanotechnology into the 
alternative energy sector is not sufficiently explored either. 

 
4.4.3. The aim and tasks of the study 
The purpose of this study is to search for the methods of providing 

for the environmental safety by using nanostructured semiconductors as 
an elementary basic framework for photoelectric modifiers of energy. 

To achieve this aim, the following tasks were to be solved: 
– to develop a scheme of the problems for providing environmental 

safety for solar energy sector; 
– to establish the types of negative influence of traditional energy 

sector on the ecological state of the environment, to compare factors of 
influence on the environment of traditional and non-traditional sectors of 
energy industry;  

– to explore basic regularities of the formation of a porous layer on 
the surface of semiconductor of the A3V5 group and of silicon; 

– to select essential technological stages of production of solar pa-
nels based on nanostructured semiconductors; 

– to establish and propose methods for increasing the efficiency of 
photoelectric modifiers of energy based on nanostructured materials. 

 
4.4.4. Materials and methods of research into provision of en-

vironmental safety by using nanomaterials for solar energy sector 
To solve complex technological, technical, environmental, econo-

mic and other problems, a systems analysis is widely used. This scienti-
fic approach can rationally formulate and solve complex problems, which 
are characterized by the capacity of structuring and selecting specific 
tasks, taking into account available resources. Therefore, we will accept 
the systems approach as methodological foundations for achieving set 
purpose of providing environmental safety. 

Environmental safety should be seen as a dynamic process, evol-
ving and improving in interconnection with scientific research, design-te-
chnological and organizational-technical preparations for controlling this 
process. To formalize the solution of the set problems, we used the prin-
ciple of multilevel decomposition. This principle is characterized by divi-
ding the process into hierarchical levels of functionally completed stages 
of solving a complex of local problems at this level. 

Development of technological stages of production of solar panels 
was based on the principle "from the particular to the general". In this ca-
se, attention is paid not only to the technical aspects of this process, but 
also to the scientific principles of obtaining and implementation of innova-
tive technologies, in particular, obtaining materials for photoelectric modi-
fiers of energy. 

To obtain and study the possibility of using nanomaterials for FEM, 
the sets of plates of semiconductors of silicon (Si), gallium arsenide 
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(GaAs), indium phosphide (InP), gallium phosphide (GaP) were used. 
The plates were previously cleaned and polished. The method of photo-
electrochemical etching in acid solutions was used as a method for obtai-
ning nanostuctures at the surface of semiconductors. In order to stabilize 
properties of the derived structures, passivation by ammonia was used. 
The morphology was examined with the help of a raster electronic micro-
scope. 

 
4.4.5. Results of studying ways of providing environmental 

safety based on using nanostructured semiconductors for the 
fabrication of solar elements 

4.4.5.1. Systems approach to the problems of providing 
environmental safety based on nanostructures for the fabrication  
of solar elements 

With regard to the model of providing environmental safety, a hie-
rarchical construction of its structure and the establishment of structural 
links between the components mean the following subordination of its te-
chnological components: it is impossible to develop and produce techno-
logical equipment or install a range of the necessary equipment without 
preliminary development of technological processes of controlling the 
ecological safety [1.12]. 

Hierarchical levels of stages for solving a set of problems to control 
environmental safety, which uses innovative technologies for solar ener-
gy sector, are presented in Fig. 4.15. In order to construct a multilevel 
decomposition scheme, we used the study into the functions of compo-
nents of the system of environmental safety control as an integral part of 
the creation of methodological base for constructing such a system [1.8].  

In the process of building a hierarchical structure for the system of 
controlling the environmental safety, we adhered to the basic principles 
of multilevel decomposition: 

– existence of vertical and horizontal links between the levels and 
stages;  

– priority of action of the levels and stages from top to bottom;  
– interrelation of the levels, variability of the selection and solution 

of tasks at each level. 
Thus, a generalized scheme of providing environmental safety con-

sists of four stages, each of which contains two levels. The first stage in-
volves the identification of sources and classification of factors of envi-
ronmental danger. At this level, it is necessary to study the influence of 
energy sector on the environment. 

The task of the second stage is development of technologies and 
technological processes that can improve the state of environmental sa-
fety. 

In this case, by preliminary technologies we should imply the meth-
ods of treatment of semiconductor plates, which will be applied to PEP. 
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Fig. 4.15 – Scheme of multilevel decomposition of the problems  
for providing environmental safety through the use of innovative 

technologies for solar energy sector 
 
The third stage involves organization and implementation of tech-

nological processes that provide a specified level of environmental safe-
ty. Technological processes include the stages of production of solar pa-
nels based on semiconductor nanostructures. 

At the fourth stage, it is necessary to evaluate effectiveness of the 
proposed technologies through examining basic physical parameters of 
the received structures and to explore the ways to increase efficiency of 
photoelectric modifiers of energy. 
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4.4.5.2. Identification of environmental sources and classifi-
cation of factors of ecological danger in traditional and non-
traditional energy sectors 

Renewable energy sources are believed to be the real ways of pro-
tecting against climate changes without creating new threats for the po-
pulation and future generations.  

Comparison of basic forms of influence of traditional and alternative 
energy sectors on the environment is presented in Table 4.4.  

 
Table 4.4 – Influence of different types of energy sector  

on the environment 
 

1 Influence Traditional energy sector Solar energy sector 

2 Resources use of non-renewable 
resources  

the energy source is completely 
renewable  

3 Hydrosphere thermal pollution of water 
bodies, exhausts of 
polluting substances  

does not influence the state of 
hydrosphere  

4 Atmosphere thermal effect, gases and 
dust emission into the 
atmosphere  

ecologically friendly kind of 
energy  

5 Lithosphere pollution during energy 
carriers transportation and 
burying wastes and during 
energy production  

does not pollute lithosphere, 
however requires considerable 
areas for locating PES 

6 Radioactivity contamination with 
radioactive and toxic 
wastes  

radioactive elements are not used 

7 Temperature of 
atmosphere 

temperature rise  there is an opinion that the use of 
solar energy is able to increase 
considerably temperature near 
the surface of Earth, but this 
theory has not been proved 

8 Hydrological mode 
of rivers 

change in the mode under 
the influence of 
hydroelectric power plants 
as, as a result, pollution on 
the territory of a water body  

does not influence 

9 Electromagnetic 
fields 

creation of electromagnetic 
fields around the electric 
power lines  

are not created 

10 Technogenic 
catastrophes 

there is a risk (supported by 
many examples) of 
emergencies at power 
plants 

this kind of risk is reduced to mini-
mum. When one panel fails, the 
others continue operation without 
any changes 

 
To align a constant growth in energy consumption and increasing 

negative effects of energy sector, taking into consideration that the hu-
manity will feel the shortage of energy resources, may by possible using 
two methods: energy saving or development of environmentally friendly 
types of energy production, which include energy of the Sun. 
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4.4.5.3. Nanostructured semiconductors as the base for 
creating photoelectric power modifiers 

Solar cells have traditionally been produced based on monocrysta-
lline silicon. Their efficiency, as a rule, does not exceed 15 – 20 %. In ad-
dition, such elements are fragile and require existence of anti-reflecting 
coating, improvement in technologies, etc. 

Overcoming a number of problems becomes possible under condi-
tion of nanostructuring of semiconductors, namely the formation of a po-
rous layer on the surface of the plates [4.31]. Such technology can large-
ly improve the electrical and physical properties of solar elements due to 
the multifold increase in the working area of the plate (due to the existen-
ce of a huge number of pores at the surface). In addition, a significant in-
crease in the efficiency of solar elements is expected, as well as the in-
tensity of their absorption of light, the possibility of accumulation of large 
amount of energy, a longer operation term (increasing life cycle of the 
device), etc. As it was mentioned above, porous surfaces are formed by 
the method of photoelectrochemical etching. Using various modes of 
processing, one can control parameters of the obtained structures (Table 
4.5, Fig. 4.16). The plates of semiconductors of Si, InP, GaAs, GaP with 
the n-type of conductivity with the orientation of the surface were selec-
ted (111). The period of etching for all samples was the same – 10 min, 
density of current was 150 mA/ cm2. 

The received structures are characterized by stability of chemical 
and electrical properties. Porosity of samples is in a wide range from 20 
to 80 %, the most common is the value of 40 –60 %. According to results 
of the study, we can conclude that the smaller the size of pores, the mo-
re orderly the pores are arranged and the larger the value of porosity is.  

Analyzing data in Table 4.5, it can be argued that the addition of 
electrolyte ethanol to the solution leads to increased permeability of the 
solvent into the pores. This creates a better germination of pores into the 
crystal thickness and creation of massive pores. 

The non-uniformity of porosity and thickness of porous layers can 
be explained by the existence of bubbles that are formed in the electroly-
te and stick to the surface of the crystal. To avoid this non-uniformity, the 
concentration of HF must be locally constant at the surface of the treated 
sample. Removal of bubbles from the surface of the plate, and therefore 
obtaining homogeneous layers of porous layer is achieved by mixing the 
electrolyte. Distance between the plate and the platinum cathode also af-
fects the uniformity, while the shape of the platinum cathode virtually has 
no impact on uniformity. 

It is necessary to note that the most common regularities in the for-
mation of porous layers at the surface of semiconductors were presented 
above. The processes of pores formation differ for different crystals. At 
present, there is no single model for the formation of nanostructures. 
However, in all cases, it is possible to conduct certain generalizations: 
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Table 4.5 – Modes of obtaining nanostructures at the surface  
of semiconductors and dimensions of the formed pores 

 
Semiconductor Electrolyte Dimensions 

of pores, 
µm 

Specific features of 
pores formation 

Si 
(Fig. 2, а) 

HF: H2O=1:1 0,2 – 0,4 
Cylindrical pores, surface is 
covered with passivating 
layer 

HF:H2O:C2H5OH=2:1:1 0,4 – 0,8 
Cylindrical pores, the 
length of a pore is 100 µm 

InP 
(Fig. 2, b) 

HF: H2O=1:1 0,05 – 0,1 
Densely packed cylindrical 
pores 

HF:H2O:C2H5OH=2:1:1 0,1 – 0,4 

Densely packed cylindrical 
pores first grow in crystallo-
graphic directions, then are 
leveled along the lines of 
current, the length of a 
pore is up to 100 µm 

GaAs 
(Fig. 2, c) 

HF: H2O=1:1 0,4 – 0,8 

Uneven pored layer with 
low porosity (up to 20 %), 
the surface is covered with 
an oxide layer 

HF:H2O:C2H5OH=2:1:1 0,6 – 0,9 
Porosity amounts to 50 %, 
the length of a pore may 
amount up to 20 µm 

GaP 
(Fig. 2, d) 

HF: H2O=1:1 0,4 – 0,7 

Pores have a “crater” 
construction, are located 
on the surface unevenly, 
the length of a pore is up to 
3 µm 

HF:H2O:C2H5OH=2:1:1 0,5 – 0,8 

Pores have a “crater” 
construction, are located 
on the surface unevenly, 
the length of a pore is 10 – 
20 µm 

 
– thickness of a porous layer correlates with the duration of crystal 

etching. In this case, there is critical duration of time, within which the po-
res formation is terminated and alternative processes take place (remo-
val of porous layer from the surface, polishing etc.). For each semicon-
ductor, this period is an individual indicator; 

– density of current, at which processes of the pores formation are 
observed, is in the range from 20 to 200 mА/сm2. At lower density of cur-
rent, only a local etching of the deformed areas of plate takes place, 
whereas at an excessively large index of this parameter, the plate poli-
shing is observed; 

– hydrofluoric acid is not only a single available etcher for semicon-
ductors of the group A3V5 and silicon. Pores may be formed using bro-
mide, nitric and hydrochloric acids. In this case, the morphology of poro-
us plates will be significantly different depending on the chosen type of 
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etcher and its concentration in electrolyte; 
– the shape of the pores and density of porous layer are also stro-

ngly influenced by parameters of the crystal itself – the type of conducti-
vity, surface orientation, degree of alloying of plates, the number of point 
defects and dislocations, etc. 

 

 
 

Fig. 4.16 – Morphology of porous structures at the surface  
of semiconductors obtained by the method of electrochemical etching  

at current density of 150 mA/cm2 for 10 minutes in the solution of 
electrolyte HF : H2O = 1 : 1: а – por-Si; b – por-InP; c – por-GaAs, d – por-GaP 

 

By varying the conditions of etching for different crystals, it is possi-
ble to obtain a significant diversity of morphology of porous layers. The 
main task is the possibility to control the processes of self-organization of 
nanostructures with the view to forming porous layers with the assigned 
properties. In more detail the processes of pores formation at the surface 
of semiconductors are considered in papers [4.34, 4.32]. Studies [4.58 – 
4.60] present mechanisms for the formation of nanostructures on other 
semiconductors. Summarizing the obtained experimental data, we con-
cluded that during the formation of low-dimensional structures, the proce-
sses of self-organization appear, however, it becomes possible to predict 
morphological and, as a consequence, electro-physical properties of the 
obtained structures changing conditions of the experiment. 
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4.4.5.4. Development of technological stages of the fabrication 
of solar panels 

Technological route determines the sequence of operations and 
composition of technological equipment. Quality of the device and effec-
tiveness of its production largely depend on the way the technological ro-
ute is built. Development of the route includes: 

1) selection of technological bases and the sequence of producing 
the elements; 

2) determination of the workpiece modules and technological trans-
itions; 

3) development of the sequence of workpiece treatment;  
4) formation of operations. The basic most important stages are 

presented in Fig. 4.17. 
It should be noted that, in reality, different variants of the sequence 

of production of the same construction are possible. This multi-variability 
is the resulting effect of a large number of factors: size of the series, ava-
ilability of production equipment, a variety of tools, the ease of installati-
on, organizational factors, etc. 

 
4.4.5.5. Assessment of feasibility of using nanostructures for 

photoelectric modifiers 
The formation of porous layers at the surface of semiconductors re-

sults, first of all, in an increase in the effective area by thousands and 
tens of thousands times (depending on the degree of porosity). Obvious-
ly, this fact leads to the increased efficiency (20 % and higher) of solar 
modules under condition of using nanostructures. Photoluminiscence of 
porous structures demonstrates a shift in the visible portion of light. Due 
to this, the target range of electromagnetic radiation extends throughout 
the entire visible region, including its long-wave part. The high degree of 
roughness of the porous layer surface implies the possibility of its use as 
antirefraction coating, since the textured surface reduces the light reflec-
tion. In addition, scattering is possible due to roughness in relation to 
thickness of the porous layer. 

The possibilities to minimize the reflection capacity (due to catching 
light in pores), an increase in the width of the restricted area of the poro-
us layer (due to quantum retaining of charges in microcrystals) by means 
of changing porosity, make it possible to use the layers of a porous semi-
conductor as anti-reflecting coating, and as a broadband photosensing 
layer. 

Under condition of using nanostructured semiconductors, the sen-
sitivity of solar panels to the contamination of the surface decreases gre-
atly. This happens due to a thin passivating layer, formed during etching 
of semiconductor and further treatment of the samples with ammonia. 

The economic benefits of using porous silicon in solar power sector 
include low cost of an area unit of a solar battery, which is provided for 



 

 153 

by the cost parameters of the basic technology of porous material pro-
duction. 

The represented above advantages of using nanostructured semi-
conductors over the monocrystalline ones make them unquestioned can-
didates as the basic material for PEP. 

 

 
 

Fig. 4.17 – Technological stages of the fabrication of solar panels  
based on nanostructured semiconductors 
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4.4.6. Discussion of results of research into provision of envi-
ronmental safety by using nanostructures for solar energy sector 

As a result of the study, we completed all four stages of the multi-
level decomposition of the problems for providing environmental safety 
through the use of innovative technologies for solar energy sector (Fig. 
4.15). Thus, at the first two levels, the main sources of threats arising 
from the use of traditional energy sources were analyzed and comparati-
ve analysis of the impact of traditional and alternative energy sectors 
was conducted. The third and the fourth levels were completed through 
development of the technology for obtaining nanostructures and identifi-
cation of the basic regularities of the formation of porous layers at the 
surface of semiconductors. In the course of completing the fifth and the 
sixth levels, technological stages of the production of solar panels based 
on nanostructures were developed. The latter two levels involved study-
ing the feasibility of using nanostructures for solar cells as an effective 
tool to provide environmental safety. 

However, in this case it would be incorrect to talk about the possi-
bility of using obtained generalizing results for the formation of a unified 
system to control the environmental safety. To design the system to con-
trol the environmental safety, which uses innovative technologies for so-
lar energy sector, it is necessary to conduct a series of comprehensive 
studies, namely [4.58]: 

– development of database of initial data for creating SCES;  
– further improvement of technologies for obtaining materials for 

photoelectric modifiers and development of technological regulations for 
PEP; 

– research into the processes that provide control of the environ-
mental safety, etc. 

A system for control of the environmental safety through the use of 
innovative technologies for solar energy sector requires a detailed step-
by-step analysis of all components of the process of manufacturing solar 
elements based on the nanostructured porous materials, which becomes 
the basis for further research. 

A special feature of the presented study is the systems approach to 
the solution of problems of environmental safety. This approach is based 
on the identification of local problems and their stage-by-stage solution. 
Such studies are of interdisciplinary and multidisciplinary nature and al-
low a comprehensive approach to the issues of provision of environmen-
tal safety. 

 
4.4.7. Conclusions 
1. A scheme of provision of the environmental safety through the 

use of innovative technologies for solar energy sector was developed. 
This scheme is a multilevel decomposition of the problems that includes 
the following levels: initial data for creating SCES, improved technologies 
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for the provision of ES, organization and implementation of technological 
processes that ensure the assigned level of ES and results of using inno-
vative technologies. A split into levels allows comprehensive and efficient 
solution to the problem of providing the assigned level of environmental 
safety and obtaining functional products. 

2. It was found that traditional energy sector causes significantly 
more damage to the environment than alternative energy sources. In 
particular, it leads to the thermal effect, dust and gases emission, creates 
electromagnetic fields, etc. Reducing this effect is possible through gra-
dual replacement of traditional energy with the alternative one. 

3. Basic regularities of the formation of porous layer at the surface 
of semiconductor of the A3V5 group and silicon were explored. To obtain 
nanostructures, it is expedient to use the method of electrochemical et-
ching in the solution of hydrofluoric acid. Technological conditions are 
selected individually for each semiconductor. 

4. A generalized scheme for the technological process of producing 
solar elements based on nanostructured semiconductors was presented. 
The scheme contains a three-stage technology, which includes obtaining 
nanostructures, manufacturing photoelectric modifiers and direct produc-
tion of solar elements. 

5. It was demonstrated that the use of nanostructures for solar ele-
ments might increase their efficiency (20 % and higher) due to the incre-
ase in effective area of the receiving surface. The passivating layer that 
is formed during etching of semiconductor provides for the stabilization of 
properties and reduces sensitivity to the surface contamination. 
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Сhapter 5. CRITERIAL AND ECONOMIC ASSESSMENT OF 
ECOLOGICAL SAFETY MANAGEMENT SYSTEMS FUNCTIONING 

PROCESS EFFICIENCY 
 

5.1. GENERAL PROVISIONS 
 

Purpose of studies, presented in the chapter, is creation of science 
and technical basis of criterial assessment of functioning efficiency of 
ecological safety management systems of technics during their life cycle 
and technologies formed the basis of its work.   

Object of studies, presented in the chapter, is functioning efficiency 
of ecological safety management systems of technics during their life cy-
cle and technologies formed the basis of its work. 

Subject of studies, presented in the chapter, is criterial assessment 
of functioning efficiency of ecological safety management systems of 
technics during their life cycle and technologies formed the basis of its 
work. 

The chapter includes materials of three articles. 
The first of these articles dedicated to issues of energetic and 

economic assessment of effectiveness of technological process of im-
proved plasma technology of utilization of domestic solid waste in com-
pliance with its basic variant and other thermal utilization methods.  

The second article includes materials about results of calculated 
foundation of choice of US dollar as the unit of expression of monetary 
equivalents of components of complex fuel and ecological criteria as fre-
ely convertible global reserve currency, history of circulation of which 
completely covers the history of existence of piston internal combustion 
engines, on example of autotractor diesel engine 2Ch10.5/12. 

The third article describes the results of calculated assessment of 
ecological safety level of exploitation process of emergency and rescue 
technics, equipped with piston internal combustion engine, with using of 
improved mathematical apparatus of complex fuel and ecological criteria 
on example of autotractor diesel engine 2Ch10.5/12, which operates on 
regimes of 13-mode standardized steady testing cycle.  

Findings of presented in chapter 5 studies is submitted in general 
conclusions of the monograph. 

Bibliographic description of presented in chapter 5 published scien-
tific articles is submitted in are given in in Appendix A. 
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Розділ 5. КРИТЕРІАЛЬНЕ ТА ЕКОНОМІЧНЕ ОЦІНЮВАННЯ 
ЕФЕКТИВНОСТІ ПРОЦЕСУ ФУНКЦІОНУВАННЯ СИСТЕМ 

УПРАВЛІННЯ ЕКОЛОГІЧНОЮ БЕЗПЕКОЮ 
 

5.1. ЗАГАЛЬНІ МІРКУВАННЯ 
 

Метою досліджень, наведених у розділі, є створення наукових 
основ методологічного забезпечення критеріального оцінювання еф-
ективності функціонування систем управління екологічною безпекою 
техніки впродовж її життєвого циклу та технологій, покладених в ос-
нову її роботи.  

Об’єктом досліджень, представлених у розділі, є ефективність 
функціонування систем управління екологічною безпекою техніки 
впродовж її життєвого циклу та технологій, покладених в основу її 
роботи. 

Предметом досліджень, описаних у розділі, є методологічне 
забезпечення критеріального оцінювання ефективності функціону-
вання систем управління екологічною безпекою техніки впродовж її 
життєвого циклу та технологій, покладених в основу її роботи.  

Розділ містить матеріали трьох статей. 
Перша з статей присвячена питанням енергетичного та еконо-

мічного оцінювання ефективності технологічного процесу вдоскона-
леної плазмової технології утилізації твердих побутових відходів у 
порівнянні з її базовим варіантом й іншими термічними методами 
утилізації. 

Друга стаття містить матеріали щодо результатів розрахунко-
вого обґрунтування вибору долара США як одиниць вираження вар-
тісних еквівалентів складових комплексного паливно-екологічного 
критерію як вільноконвертованої світової резервної валюти, історія 
обігу якої повністю охоплює історію існування поршневих двигунів 
внутрішнього згоряння як таких, на прикладі автотракторного дизеля 
2Ч10,5/12. 

Третя стаття описує аналіз результатів розрахункового оціню-
вання рівня екологічної безпеки процесу експлуатації аварійно-ряту-
вальних енергетичних установок, оснащених поршневим двигуном 
внутрішнього згоряння, за допомогою вдосконаленого математично-
го апарату комплексного паливно-екологічного критерію на прикладі 
автотракторного дизельного двигуна 2Ч10,5/12, що працює за режи-
мами 13-режимного стаціонарного стандартизованого випробуваль-
ного циклу. 

Висновки по результатам досліджень, представлених у розділі 
5, винесено у загальні висновки по монографії. 

Бібліографічний опис наведених у розділі 5 друкованих науко-
вих праць наведено у Додатку А. 
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5.2. ECONOMIC AND ECOLOGYCAL ANALYSIS  
OF IMPROVED WASTE UTILIZATION PLASMA TECHNOLOGY [А.5.1] 

 
5.2.1. Introduction 
Wastes are the of environmental hazards formation sources, and 

therefore must be utilized. Their quantity is large and the choice of tech-
nology utilization is a responsible stage. Firstly, it is connected by that 
the implementation of some of the utilization technologies can reduce the 
level of ecological safety, which is unacceptable. Second, the selected 
utilization technology may be energy or economically effective. Countries 
that intend to avoid the landfilling of waste unsuitable for recycling, give 
preference to thermal methods for decontamination and disposal, such 
as incineration, pyrolysis and gasification. 

Their use allows to obtain synthesis gas, in which structure except 
for the carbon monoxide (CO) and hydrogen (H2), there are components 
such as carbon dioxide (CO2), nitrogen oxides (NOx), a small amount of 
methane (CH4), ethylene (C2H4) and etc. The obtained low-calorie gas is 
used for direct combustion to produce heat for domestic needs and ge-
nerate electricity. Thus, the use of thermal processes waste utilization 
reduces their quantity and allows to obtain useful products in the form of 
electricity and heat. At the same time, the plants implementing these me-
thods of waste utilization and recycling has not ensure ecological safety, 
leading to the need for additional processing exhaust gases and solid 
residues (dross). 

An alternative to the above manner, is a plasma technology, which 
is based in the decomposition of high-toxic substances (dioxins and fu-
rans) into simpler molecules at extremely high temperatures and in the 
absence of free oxygen. At the plasma jet temperature completely des-
troyed any organic and biological materials, assured destroyed most to-
xic materials are melted and vaporized most refractory inorganic compo-
unds. Plasma gasification process provides an ecologically pure waste 
utilization without the formation of tar and dioxins. The products of plas-
ma gasification are a high-calorie combustible gas and a neutral solid 
residue as a glassy slag that does not require additional treatment. 

 
5.2.2. Analysis of published data and problem statement 
Experience in the use of plasma technology for the processing and 

decontamination of solid municipal, industrial and medical waste is des-
cribed by many authors, including those in S.V. Petrov, S.G. Bondaren-
ko, E.G. Didyk, G.S. Marinsky, A.V. Chernets, V.N. Korzhik, M.N. Berna-
diner, A.L. Mosse, V.V. Savchin, A.V. Lozhechnik, Pragnesh N Dave, 
Asim Joshi, Hua Zhang, LimingShao. Waste utilization plasma technolo-
gy involves large amounts of electricity, in contrast to the high temperatu-
re pyrolysis or gasification processes, that are used as fuel obtained gas. 
From the authors A.V. Artemov, A.V. Pereslavtsev, Y. Krutikov, V.V. 
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Vambol, V.N. Kobrin, N.V. Nechiporuk, Nickolas J. Themelis, Marco J. 
Castaldi denoted that the main factors that hinder the widespread indus-
trial use of plasma technology for the processing of waste are not large 
enough resource of low-temperature plasma generators, as well as the 
fact that the plasma arc discharge is a relatively local source of heating. 

On the other hand it proved experimentally that the synthesis gas 
produced during the plasma technology for utilization more calories than 
in conventional gasification. In the article V.M. Batenin, V.I. Kovbasyuk, 
L.G. Kretova, Y.V. Medvedev compared the energy efficiency of proces-
ses of plasma and autothermal gasification at 1400 K for waste utilizati-
on. It is shown that an additional energy output from the synthesis gas, is 
achieved through the use of plasma generators, with existing methods of 
energy conversion can’t cover the real costs of consumed electricity. 

In [5.1, 5.2], the authors proposed an advanced technology of plas-
ma waste disposal, which includes the following processes: thermoche-
mical gasification, plasma post-combustion of the resulting gases, their 
sharp cooling, preliminary cleaning, methanation, final purification of ga-
ses and cryogenic separation of synthesis gas for fuel products. 

 
5.2.3. Object, purpose and problem of the research 
Object of research – energy and economic indicators of improved 

plasma waste utilization technology. 
Purpose of research is energy and economic evaluation of plasma 

waste utilization technologic process and also grounding of application 
expediency of improved plasma technology by the way of comparison of 
its energy and economic indicators with other thermal waste utilization 
methods. 

For achieving of setting research purpose solved the following prob-
lems: 

– evaluation of plasma waste utilization application energy efficiency 
from point of view of its energy costs minimization in comparison with 
other thermal methods; 

– evaluation of plasma waste utilization application economic expe-
diency from point of view of its recoupment period in comparison with 
other technologies; 

– evaluation of usability of fuel products obtained during utilization 
process for energy and monetary costs reducing. 

 
5.2.4. Material and results of energy and economic indicators  

of improved plasma waste utilization technology researching. 
5.2.4.1. Evaluation of energy indicators.  
It is proposed to carry out a comparative assessment of waste utili-

zation energy costs for the conventional gasification technology (“Tech-
nology 1”), and improved plasma utilization technology (“Technology 2”). 
In the improved plasma waste utilization technology [5.1] the reactor ma-
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de up of two chambers, one of which is the gasification reactor, and the 
other – the plasma reactor (Fig.5.1). In the gasificator carried out the pro-
cess of high temperature waste gasification and then the its resulting 
products – steam-gas mixture (synthesis gas) and slag – are processed 
in the plasma jet. Such stepwise waste treatment reduces energy con-
sumption, due to the fact that in a plasma reactor not processed all raw 
materials, and only a portion (about 20 %). 
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Fig. 5.1 – Scheme of waste utilization plant 
 
During afterburning process in a plasma reactor, the slag is conver-

ted into an ecologically safe glassy mass and synthesis gas contains ma-
inly carbon monoxide and hydrogen. This gas can be used as a fuel in-
stead of methane for heating and maintaining the gasification process. 
The “Technology 2” also suggests further methane-enriching of obtained 
synthesis gas by implementing the process of methanation [5.3, 5.4] and 
further its purification and low-temperature separation to produce fuel 
products suitable for sale [5.5]. Thus, the products of waste processing 
by “Technology 2” in contrast to “Technology 1” are, in addition to heat 
and electricity, liquefied or gaseous methane and synthesis gas contai-
ning methane, to compensate unevenness daily and annual energy con-
sumption by stockpiling. 

To carry out the energy assessment of the appropriateness of “Te-
chnology 2” a comparative calculation was made at the standard conditi-
ons, and namely has been chosen the most typical variant and type of 
waste – processing of municipal solid waste with productivity of 1.6 tons 
per day (66.8 kg/h, 529 t/year). Initial data and results of comparative 
calculations are presented in Table. 5.1. 

As a result, waste disposal by “Technology 1” is formed of 60 kg/h of 
fuel gas and 6.8 kg/h of slag. The products of this technology are heat or 
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electricity. When implementing the “Technology 2” we obtain the follo-
wing products: liquefied or gaseous methane at a pressure of 25 MPa – 
16,8 kg/day, liquefied or gaseous synthesis gas (94 % methane) – 6.2 kg 
per h, the fuel gas – 37.1 kg/h, slag – 6.8 kg/h. 

 
Table 5.1. Comparing evaluation of Technologies  

by amount of produced energy [5.3, 5.4] 
 

Indicators Technology 1 Technology 2 

Amount of raw materials kg/hour 66,80 66,80 

Amount of raw materials tons/day 1,60 1,60 

Amount of raw materials tons/year 529,06 529,06 

Yield of products per hour    

methane liquefied, kg/day  16,80 

synthetic gas (94 % methane), kg/hour  6,20 

fuel gas for heating, kg/hour 60 37,10 

slug, kg/hour 6,8 6,68 

Yield of products per hour (330 days)   

methane liquefied, tons/year  133,06 

synthetic gas (94 % methane), tons/year  49,10 

fuel gas for heating,  tons/year 380,16 235,07 

Composition, %   

N2 / CH4 / Н2 3 / 11 / 31 20,6 / 0,1 / 31,14 

СО / С2Н4 / СО2 23 / 4 / 28 48,16 / 0 / 0 

Net calorific value, kJ/м3 12584 9467 

density, kg/м3 0,96 0,827 

Net calorific value, kJ/kg 12081 7829 

Net calorific value, kW∙h/kg 3,36 2,17 

Efficiency factor of steam generator  0,9 0,9 

Heat energy, kW∙h/h 181,21 72,62 

Heat energy, kW∙h/year 1435180 575123 

Efficiency factor of steam cycle 0,3200 0,3200 

Electric energy in steam cycle, kW∙h/year 459258 184039 

or Efficiency factor of gas turbine cycle 0,45 0,45 

Electric energy in gas turbine cycle, kW∙h/year 645831 258805 

slug, tons/year 53,86 52,91 

Recalculation to 1 tons of raw materials   

Products tons per 1 ton of raw materials   

methane liquefied, tons/ton of raw  0,25 

synthetic gas (94 % methane), tons/ton of raw  0,09 

fuel gas for heating, tons/ton of raw  0,44 

Heat energy, kW∙h/ton of raw 2713 1087 

Electric energy in gas turbine cycle,  
kW∙h/ton of raw 868,07 347,86 

or Electric energy in gas turbine cycle,  
kW∙h/ton of raw 1220,72 489,18 

slug, tons/ton of raw 0,10 0,10 
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To compare the two technologies the amount of heat we expressed 
in an amount of equivalent electricity. To determine the amount of electri-
city and heat, which can be obtained from the fuel gas, it is necessary to 
set the calorific value of which is determined by the composition of the 
gas. For “Technology 1” typical composition of the synthesis gas which is 
produced during the gasification of municipal solid waste includes com-
ponents: N2 – 3 %, CH4 – 11 %, H2 – 31 %, CO – 23 %, C2H4 – 4 %, CO2 
– 28 %. The “Technology 2” accepted the worst scenario, when as a pla-
sma gas used air, because in this case formed much amount of  nitrogen 
which is ballasted fuel gas and reduce its heating value. More appropria-
te variant is the use of water vapor because in this case nitrogen and its 
oxides virtually absent. Composition of fuel gas obtained by “Technology 
2” after the separation of useful product in the form of methane and syn-
thesis-gas: N2 – 20,6 %, CH4 – 0.1 %, H2 – 31,14 %, CO – 48,16 %. Net 
calorific value of the fuel additive function is a defined as the amount of 
calorific values of combustible components, constituting the fuel: 
 

 ,r   r   r   r   42422244 HCHC
n

COCO
n

HH
n

CHCH
nn QQQQQ      (5.1) 

 

where 
i

nQ  – net calorific value of the i-th component; ir  – volume fracti-

on of the i-th component. 
Net calorific value of 1 kg of fuel is equal: 
 

 /  nnm QQ ,                                         (5.2) 

 
where   – density of fuel that equal to amount of  density portions of fuel 

components. Their values are given in Table 5.1. 
The calculation results show that the net calorific value of gas obtai-

ned by “Technology 1” is 12584 kJ/m3 (12081 kJ/kg), and obtained by 
“Technology 2” – 9467 kJ/m3 (7829 kJ/kg). Conventional gasification pro-
vide more calorific value due to the presence of significant amounts of 
nitrogen in the plasma gasification process. 

Fuel gas is sent to a steam generator for burning in the combustion 
chamber and further to the turbine to produce electricity. Energy compa-
rison is made of the equivalent number of electric power produced by the 
fuel gas. We consider production of electricity in the steam cycle and at 
direct fuel combustion using a gas turbine. In the calculation of the steam 
cycle is accepted that the efficiency factor of the steam generator is equ-
al to 90 %, the efficiency factor of the steam cycle is 32 %, then the amo-
unt of obtained of electricity is given by follow formula: 

 

SCn     Q   SGEPE ,                                (5.3) 
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where nQ  – net calorific value of fuel (synthesis) gas; SG  – efficiency 

factor of steam generator; SC  – efficiency factor of steam cycle. 

Upon receipt of electric power on gas turbine plant it is assumed that 
thermal energy loss is 10 %, and the efficiency of the gas turbine plant is 
50 %. The amount of obtained electricity is equal to: 

 

GTCEPЕ    Q 0,9  n ,                                  (5.4) 

 
where GTC  – efficiency factor of gas turbine cycle. 

Calculations showed that the electricity produced in “Technology 1” 
in the steam cycle amounts to 868 kW∙h/ton of raw materials, in a gas 
turbine cycle – 1221 kW∙h/ton of raw materials. In the “Technology 2” el-
ectricity amounts to – 348 kW∙h/ ton of raw materials and 489 kW∙h/ton 
of raw material respectively. 

 
5.2.4.2. Evaluation of economic indicators.  
Products of waste utilization by “Technology 1” is electricity and for 

“Technology 2” – electricity, liquefied methane and liquefied synthesis 
gas. The wholesale price of the products obtained, was chosen based on 
the prices listed in the Internet resources. The price of products for tech-
nology 1 is determined by the cost of electricity and equivalent amounts 
to $ 0.11 per 1 kW/h for 2 technology – accepted the same price for all 
products – $ 400 per ton. In addition to both technologies have a solid re-
sidue – slag. 

The total annual income we define as the sum of products of product 
price and the quantity of the produced product of this denomination per 
ton of raw material. All calculations are carried out in US dollars, and as-
sess the effectiveness per ton of processed raw materials. When asses-
sing the cost of electricity based on the received steam-gas cycle becau-
se it gives less income than the gas turbine cycle. In addition, income in-
cludes revenues from the payment of municipal services for waste treat-
ment. Then, the total annual income of “Technology 1” will be $ 84,961, 
and in “Technology 2” – 127,550 $. The increase in annual income is en-
sured by an additional product – liquid methane. 

Plants made for the implementation of “Technology 1” and “Techno-
logy 2” are different first of all by capital investment. Plant for “Technolo-
gy 2” has a larger capital investments than for “Technology 1”. This is at-
tributed with presences in the plant for implementing “Technology 2” two 
additional blocks: for methanation and for gas separation. Furthermore, 
plasma generators require powerful power sources and control system. 
The results of calculations of profit and payback period of plants using 
both technologies are presented in Table 5.2. The results of calculations 
(columns 2 and 3 of Table 5.2) are shown taking into account the capital 
investments required for the manufacture of a particular plant with setting 
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performance in processed raw material. Capital investments of serial 
processing plant waste using plasma was determined by compiling a 
cost calculations based on current prices for completing parts, manufac-
turing of non-standard equipment, salaries and other expenses in view of 
VAT. To plant for conventional gasification to produce synthesis gas for 
power generation capital investments accepted by 1.5 times smaller. Ac-
cordingly, the construction and assembly works and pre-production costs 
are accepted by value in 2 times more, as associated with a lot of equip-
ment. 

Total capital investment in the use of “Technology 1” amount to 108, 
“Technology 2” – 176 th $, that 1.63 times greater. Subjects to amortiza-
tion cost are of equipment and construction and installation works. 

Operating expenses include: depreciation charges, 10 % of the capi-
tal investments subject to amortization; the cost of capital repairs – 5 %; 
costs of minor repairs – 1.6 %; the cost of electricity. Electricity consum-
ption in the use of “Technology 2” is much larger. This takes into account 
the power consumption of the plasma generators, gas separation unit 
and other consumers. In the “Technology 2” of plasma generators electri-
city consumption is accepted on the basis of experimental data for plants 
of “Europlasma” – 240 kW∙h/ton of raw material. 

Electricity consumption in the separation unit together with other 
consumers (the plasma gas compressor) is determined on the basis of 
calculation and amounted to 246 kW∙h/ton of raw material. The total el-
ectricity power consumption is about 486 kW∙h/ton of raw material. In the 
“Technology 1” power consumption assumed to be equal 50 kW∙h/ton of 
raw material, which is almost 10 times less. Accordingly, the cost of elec-
tricity is also 10 times less than in plasma process. 

Salaries accepted the same for both technologies. Maintenance staff 
consists of 6 people, working for 12 months with an average salary of  
500 $ per month. Accruals for salaries is 37.5 % in both cases. Additional 
costs associated with payments to the Innovation Fund, the cost of roads 
maintaining and other costs taken the same. 

Total operating expenses amounted to 72,300 $ for “Technology 1” 
and 107,000 $ for “Technology 2”. Thus, capital investment and operati-
ng costs for the implementation of “Technology 2” (plasma technology) 
significantly higher than for the “Technology 1” (conventional gasification) 

Profit P and the payback period is calculated by the formulas: 
 

P = D – E,                                               (5.5) 
Р / КВ  оТ ,                                             (5.6) 

 
where D – year profit; E – maintain costs; оКВ  – total investment. 

Comparison of the two techniques indicates that in a conventional 
gasification “Technology 1” profit is $ 12615, in “Technology 2” – in 1.6 
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times higher, 20,534.5 $. Payback period, calculated according to the 
above formula, is 8.6 years. 
 

Table 5.2 – Compurgation of economic indicators  
for two Technologies [5.3, 5.4] 

 

Indicators 
Techno-
logy 1 

Techno-
logy 2 

Techno-
logy 1 

Techno-
logy 2 

1 2 3 4 5 
Product wholesale price      

methane liquefied, $/ton of raw   400,00   400,00 

synthetic gas liquefied (94 % methane), 
$/ton of raw   400,00   400,00 

electricity, $/kW∙h 0,11 0,11 0,11 0,11 

slug, $/ton of raw 1,00 1,00 1,00 1,00 

Product quantity       

methane liquefied, $/ton of raw   100,60   100,60 

synthetic gas liquefied (94 % methane), 
$/ton of raw   37,13   37,13 

electricity, $/ton of raw (steam-gas cycle) 95,49 38,26 95,49 38,26 

or electricity, $/ton of raw (gas turbine cycle) 134,3 / 0,1 53,81 / 0,1 134,3 / 0,1 53,81 / 0,1 

slug / metal, $/ton of raw 0,10 0,10 0,10 0,10 

Proceeds of waste treatment, $/ton of raw 65,00 65,00 65,00 65,00 

Income of products sale, $/ton of raw 160,59 241,09 160,59 241,09 

Total annual income, $ 84961 127550 84961 127550 

Capital investments       

cost of equipment, 1000 $ 80 120,00 31,74 40,63 

construction and installation works, 1000 $ 16 32,00 16 32,00 

pre-production costs, 1000 $ 12 24,00 12 24,00 

Total capital investments, 1000 $ 108,00 176,00 59,74 96,63 

subject to amortization, 1000 $  96,00 152,00 47,74 72,63 

Operational costs, 1000 $       

amortization expense (10 %), 1000 $ 9,60 15,20 4,77 7,26 

capital repairs (5 %), 1000 $ 4,80 7,60 2,39 3,63 

current repair (1,6 %), 1000 $ 1,54 2,43 0,76 1,16 

Electricity consumption         

plasma generators, kW∙h/ton   240,00   240,00 

separation bloc and other consumers, 
kW∙h/ton 50 246,00 50 246,00 

Sum of consumption electricity, kW∙h/ton 50,00 486,00 50,00 486,00 

Electricity tariff,  $/kW∙h 0,11 0,11 0,11 0,11 

Electricity costs, 1000 $ 2,91 28,28 2,91 28,28 

Salaries, 1000 $ 36,00 36,00 36,00 36,00 

Accruals for salaries (37,5 %), 1000 $ 13,50 13,50 13,50 13,50 

Additional costs, 1000 $ 4,0 4,0 4,0 4,0 

including:         

innovation fund, 1000 $ 1,3 1,3 1,3 1,3 

allocations for road maintenance, 1000 $ 1,2 1,2 1,2 1,2 

other, 1000 $ 1,5 1,5 1,5 1,5 

Total operational costs, 1000 $ 72,3 107,0 64,3 93,8 

Profit, $/ton of raw 12615,0 20534,5 20625,6 33709,7 

Recoupment, year 8,6 8,6 2,9 2,9 
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To verify the obtained results carried out additional calculations of 
economic indicators (columns 4 and 5, Tab. 5.2). In this case, the asses-
sment of capital investments made on the basis of Nickolas J. Themelis, 
Marco J. Castaldi, according to which the capital investment for a conve-
ntional gasification technology is 60 $/ton of raw materials and for plas-
ma technology – 96.63 $/ton of raw material, which is 1.6 times higher 
compared with a conventional gasification technology, and 1.8 times less 
than that taken earlier for plasma technology. Total investments were lo-
wer than in the first case, since it does not take into account the increase 
in their performance decreases. All other payments are made in accorda-
nce with the above data and formulas. Payback period in this case amo-
unted to 2.9 years. 

 
5.2.5. Conclusions 
1. Based on analysis of research in this field shows the ecological 

efficiency of the plasma waste utilization technology as compared with 
other thermal techniques. 

2. The proposed improved plasma waste utilization technology mo-
re promising from the viewpoint of minimizing energy consumption, due 
to the fact that in a plasma reactor is processed not all raw materials but 
only part of it (20 %). 

3. When implementing improved plasma waste utilization technolo-
gy quantity of received electric power is less than “Technology 1”. Howe-
ver, during the waste treatment by “Technology 2”, unlike “Technology 
1”, the useful products, such as liquefied methane, synthetic gas (94 % 
methane) and fuel for heating gas suitable for sale. 

4. The calculation results showed that the payback period is the sa-
me in both cases, however, the profit in the implementation of improved 
plasma waste utilization technology higher due to producing fuel product 

5. Plant for improved plasma waste utilization technology allows to 
compensate the daily and seasonal fluctuations of electricity and heat 
consumption by creating fuel products suitable for storage and subsequ-
ent implementation. 

 
5.3. CALCULATED SUBSTANTIATION OF CHOICE OF UNITS  

OF MONETARY EQUIVALENTS OF COMPLEX FUEL  
AND ECOLOGICAL CRITERIA COMPONENTS         [А.5.2] 

 
Relevance of the study, problem statement and literature ana-

lysis. Exploitation process of any power plants (PP) units, which are in 
commercial or personal use and equipped with diesel piston internal 
combustion engines (PICE), as it can be seen in article [1], may be cha-
racterized by certain ecological safety (ES) level [1.11, 1.13, 5.7] with the 
prof. Parsadanov complex fuel and ecological criteria KFE, described in 
[3.40] and taking into account legislative established on Ukraine territory 
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requirements, contained in [1.14]. ES factors for such objects is polluta-
nts mass hourly emissions with its engines exhaust gas (EG) flow, which 
produces in large quantities during normal (with no accident) exploitation 
process. Values of that criteria may be used for calculated assessment 
of functioning effectiveness of  ecological safety management system 
(ESMS) and described in [1.11] in accordance with evaluation concepti-
on which was developed in study [1.13]. Also values of that criteria may 
be used for calculated assessment of activities for increasing of PP with 
PICE ES level [5.6]. But monetary equivalents of KFE criteria components 
in monograph [1.14] are expressed in UAH, that assciated with some 
problems described in article [3.35], where was some hypotheses have 
been put forward. In present paper that hypotheses will be find its confir-
mation by the results of calculated study. It will be carried out for examp-
le of autotractor diesel engine 2Ch10.5/12, description and technical cha-
racteristics of which are given in [1.14]. Initial data for calculated assess-
ment were obtained in studies [3.29, 3.30]. 

Purpose of the study is calculated choice substantiation of moneta-
ry equivalents units of prof. Parsadanov complex fuel and ecological cri-
teria components. 

Object of the study is mathematical apparatus of prof. Parsadanov 
complex fuel and ecological criteria. 

Subject of the study is monetary equivalents units of components 
of object of the study. 

Tasks of the study is: 
1. Analysis of methodic and mathematical apparatus of prof. Parsa-

danov complex fuel and ecological criteria taking into account the essen-
ce of put in study [1.11] forward hypotheses. 

2. Modification of mathematical apparatus of KFE criteria in order to 
be able assess its value for the individual representative modes of the di-
esel operation in its exploitation model as well, as in study [5.6], based 
on the initial data obtained in studies [1.14, 3.35]. 

3. Calculated choice substantiation of monetary equivalents units of 
prof. Parsadanov complex fuel and ecological criteria components on ex-
ample of autotractor diesel engine 2Ch10.5/12 for regimes of 13-mode 
standardized steady testing cycle. 

4. Analysis of results of the study. 
Methods of the study is analysis of specialized science and techni-

cal literature, processing of motor bench experimental testing data, cal-
culating of middle exploitation values of technical, economical and ecolo-
gical diesel engine operational indicators, mathematical apparatus of 
prof. Parsadanov complex fuel and ecological criteria, instruments for an-
alysis of the dynamics of exchange rates, the mathematical apparatus of 
Consumer Price Index.  

Solution of problem of the study. Mathematical apparatus of 
prof. Parsadanov complex fuel and ecological criteria KFE, which descri-
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bed in [3.40] and modified in [5.6] for separately taken individual represe-
ntative i-th operational regime of exploitation model can be and descri-
bed by following formulas. 

 
    eifieiеіiеіFEi ZZZК  /11 ;               (5.7) 

fеifi PgZ  ;                                            (5.8)  

priffіEifіei gfPGUGZ  ;                      (5.9) 

 
where ηе –  effective efficiency coefficient of diesel engine; gpr – specific 
effecttive mass hourly pollutant emission by diesel engine, kg/(kW∙h); Gf 
– mass hourly fuel consumption by diesel engine, kg/h; β – coefficient of 
relative exploitation ecological monetary costs; Ze, Zf and Zfe – ecological 
damage compensation monetary costs, motor fuel monetary costs and 
total fuel and ecological monetary costs, $/(kW∙h); gе – specific effective 
mass hourly fuel consumption by diesel engine, kg/(kW∙h); UЕі – ecologi-
cal damage compensation monetary valuation, $/kg; δ – dimensionless 
index of relative dangerous of pollution for various territories; f – dimensi-
onless  coefficient, which taking into account the character of EG disper-
sion in atmosphere; σ – dimension coefficient for converting scoring as-
sessment of damage in the monetary (σ = Pf [3.40]); Pf  – price of motor 
fuel mass unit (results of choice of monetary equivalents units of KFE cri-
teria components given in [1.11], Pf = 0,871 $/kg at Pf = 20,0 UAH/l, ρf = 
0,85 kg/m3 and currency exchanging course at December 2016 27,0 
UAH/$). 

Features of engine test bench and methodic of experimental rese-
arches with it, which are used for determination of 2Ch10.5/12 diesel en-
gine and its DPF operational characteristics, described in articles [5.6, 
3.35, 3.29]. Operational characteristics of autotractor diesel engine 2Ch 
10.5/12 described in [3.35]. Parameters of 13-mode standardized steady 
testing cycle as an autotractor diesel engine exploitation model descri-
bed in UNECE Regulations № 49 [3.40]. Legislative established on Ukra-
ine territory requirements to PP with PICE ES level indicators in historical 
dynamic shown in article [5.6].  

Results of calculated assessment of KFE criteria values, which ba-
sed on experimental data obtained in articles [3.29, 3.30], for autotractor 
diesel engine 2Ch10.5/12, that operates on 13-mode standardized stea-
dy testing cycle, as well for its individual regimes as for whole cycle, 
shown in article [5.6].  

Verbal justification and logical substation of measurement units 
choice for KFE criteria as an as the nearest of the known analogues of 
ESMS of PP with PICE exploitation process functioning efficiency criteria 
ΩESMS – US Dollars ($, USD) as a freely convertible global reserve cur-
rency units, whose history completely covers the history of PICE – in 
form of hypothesis proposed and presented in [5.7].  
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This decision is due to the following circumstances. 
Firstly, by definition, money is the commodity of maximum liquidity 

and the universal equivalent of the value of goods and services [1.16].  
Secondly, the presence of the successful experience of applying 

well-known approach to assessment of technical, economic and ecolo-
gical indicators of PICE developed by prof. I.V. Parsadanov as part of the 
methodology of calculation of the fuel and ecological criteria KFE [1.14].  

Thirdly, not all of monetary expenses components is possible to 
bring to form the dimensionless quantity β and, moreover, give them a 
physical meaning of average operational efficiency specific mass hour 
fuel consumption gеme, as in the case KFE [1.14]. 

In monograph [1.14] monetary expenses, which included in KFE cri-
teria structure, expressed in Ukrainian Hryvnia (₴, UAH). But in this case 
there is the problem of assessing the effectiveness of measures to ensu-
re the ES level of PP with PICE which are in operation for a long time. 
So, for the case of raising the ES level of diesel 2Ch10.5/12 by equipping 
it exhaust system with DPF, developed in Piston Power Plants Dept. of 
A.M. Podgorny Institute for Mechanical Engineering Problems of NAS of 
Ukraine with the participation of staff members of the Applied Mechanics 
Dept. of Technogenic and Ecological Safety Faculty of National Universi-
ty of Civil Defense of Ukraine [1.14, 3.29, 3.30, 1.16], a direct compari-
son of KFE criterion values for the basic (diesel without DPF) and moder-
nized (diesel with DPF) version to perform in the UAH difficult. This is 
due to the following circumstances.  

Firstly, diesel 2Ch10.5/12 (D21A1), which was used as a generator 
of aerosol of PM in the EG in these studies, released in the middle of the 
80-years of the XX century, modern its modification produced by the Vla-
dimir Tractor Plant (Russian Federation) and has significant constructive 
differences (e.g., electronic fuel supply control system). In this case to 
accurately estimate total operating time and the residual motoresource, 
prehistory and features of its exploitation, maintenance and repair mea-
sures and also, accordingly, its current technical condition and correlate 
it with any value indicator is extremely difficult.  

Secondly, at the time of its release, such monetary unit as UAH did 
not exist, and the unit in which to express it cost parameters – USSR Ru-
ble – do not exist at present; monetary unit in which its cost was estima-
ted at the time, when motor test bench was equipped with this diesel en-
gine – Ukrainian Coupon-Karbovanets – also no longer exists; and curre-
nt modification of this diesel engine is estimated in Russian Rubles(RUB)  

Thirdly, for some reason the UAH exchange rate against major fre-
ely convertible (so-called hard) currencies is very unstable. So, at the ti-
me of introduction into circulation UAH (1996), its rate against the USD 
amounts to less than 2 ₴/$, at the beginning of development of DPF con-
cept (2008) – about 5 ₴/$, at the time of obtaining experimental data for 
the study [1.14] (2013) – about 8 ₴/$, at the time of mathematical models 
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[1.14, 3.29, 3.30, 1.16] creation (2014) – about 12 ₴/$, at the moment 
(October 2016) – about 26.5 ₴/$. To predict behavior of this macroeco-
nomic indicator with reasonable accuracy for at least six months in adva-
nce is impossible, not to mention the longer term.  

It confirmed the above by the history of official National Bank of Uk-
raine average monthly currency exchange rate UAH against USD in the 
period from 1998 to 2016, shown on Fig. 5.2. The same holds true for ra-
te UAH against EUR and UAH against RUB in the same period, presen-
ted on Fig. 5.3 and 5.4 [5.8].  
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Fig. 5.2 – Official National Bank of Ukraine average monthly currency 
exchange rate UAH against USD in the period from 1998 to 2016 

 

This is most clearly be demonstrated by the example of official Na-
tional Bank of Ukraine average annual currency exchange rate UAH aga-
inst USD, against EUR and against RUB in the period from 1998 to 2016, 
shown on Fig. 5.5 [5.8]. 

In connection with the above considerations, it seems rational to 
express the monetary expenses values Ze, Zf and Zfe in the formula (1) – 
(3), that forming KFE criteria value, in one of the widely used in Ukraine 
freely convertible world reserve currencies – Euro (€, EUR) or USD. Ho-
wever, only USD has a history, that completely covering the PICE history 
from birth of the idea (1807 de Rivas engine, 1860 Lenoir engine, 1863 
two-stroke Otto engine,1876 four-stroke Otto engine, 1880 Kostovich en-
gine, 1897 Diesel engine) and to the present day. EUR as the currency 
was introduced in cashless transactions in 1999 alone, and in the cash 
trade turnover – in 2001. In 1785 USD approved as an USA national cur-
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rency, in 1794 USD begun to mint in USA, accepted for payment any ba-
nknotes and coins issued since 1861, but since 1971 it canceled USD 
backed by gold reserve. 
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Fig. 5.3 – Official National Bank of Ukraine average monthly currency  
exchange rate UAH against EUR in the period from 1998 to 2016 

 

In this case should take into account that purchasing capacity of 
the USD throughout its existence since the creation of the first PICE to 
the present day was not constant due to manifestations of inflation phe-
nomenon, which can be accounted by applying the Consumer Price In-
dex CPI [1.16]. CPI described by following formula. 
 

    %100/ 00    ii
t
i

t
i PQPQCPI ;                        (5.10)  

 
where index i marked types of products, index 0 marked base year (for 
USD it is 1982 – 1984); index t marked current year; Q – amount of pro-
ducts issue; P – price of products. 

Then Ze, Zf and Zfe values with taking into account inflation pheno-
menon – non-inflationary monetary costs ze, zf and zfe – described by fol-
lowing formula. 
 

    100/$ tCPItZz jj  ,                                  (5.11) 

 
where index j marked types of monetary costs (j = e, f of fe); t – date;  
Zj – monetary costs as a part of KFE criteria, $. 
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Fig. 5.4 – Official National Bank of Ukraine average monthly currency  
exchange rate UAH against RUB in the period from 1998 to 2016 
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Fig. 5.5 – Official National Bank of Ukraine average annual currency  
exchange rate UAH against USD, against EUR and against RUB  

in the period from 1998 to 2016 
 

Annual values of CPI for Ukraine, based on data from [5.9], shown 
on Fig. 5.6. Annual values of CPI for USA shown on Fig. 5.7 [5.10]. 
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Fig. 5.6 – CPI annual values for Ukraine in 2000 – 2016 
 

 
 

Fig. 5.7 – CPI annual values for USA in 1913 – 2015 [5.10] 
 
In present study carrying out calculating assessment values of KFE 

criteria components for autotractor diesel engine D21A1 for 13-mode sta-
tionary standardized test cycle. 

Calculation investigated following cases of expression of weight 
unit cost of diesel fuel Pf. 

– 1.81 UAH/kg (value at the moment of monograph [5] publication 
–2003);  

– 0.34 $/kg (value at the moment of monograph [5] publication – 
2003); 

– 23.53 UAH/kg (current value);  
– 0.871 $/kg (current value). 
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The results of this assessment calculation shown in Fig. 5.8 – 5.10. 
From the Fig. 5.8 follows, that the difference in the monetary of va-

lue equivalent of these variables, expressed in the currency selected 
above (USD and UAH), can reach one order for the present value of their 
ratio and close to two orders when compared their values for 2003 and 
2016 years. This is due to the instability of their course relative one to 
another, caused by external and internal economic and political factors, 
as well as the phenomenon of inflation, and can not be unaccounted. 

In addition, in Fig. 5.8 – 5.10 shows that the correlation between 
variables Zf, Ze, Zfe and is not constant over different modes of the test 
cycle. 

As it can seen on Fig. 5.6 and 5.7, USD as a world reserve currency 
due to manifestations of inflation phenomenon can not be an absolute 
monetary equivalent of KFE criteria components. Than in further studies it 
necessary to pay attention to changes in the cost of banking gold and oil. 

Conclusions. Thus, in present study for the first time carried out 
calculated substantiation of choice of prof. Parsadanov complex fuel and 
ecological criteria components monetary equivalents and in what is sci-
entific novelty of results of the study.  
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Fig. 5.8 – Distribution of values of fuel and ecological monetary costs Zfe  
and ecological damage compensation monetary valuation U as a KFE 

criteria components by regimes of 13-mode standardized steady testing 
cycle for different values and units of fuel price Pf 
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Fig. 5.9 – Distribution of values of fuel monetary costs Zf and coefficient  
of relative exploitation ecological monetary costs β as a KFE criteria 

components by regimes of 13-mode standardized steady testing cycle for 
different values and units of fuel price Pf 
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Fig. 5.10 – Distribution of values of ecological monetary costs Ze and KFE 
criteria by regimes of 13-mode standardized steady testing cycle for 

different values and units of fuel price Pf 
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The study found that difference in the values of monetary equiva-
lent of these variables, expressed in the selected currency – USD and 
UAH, can reach one order for the present value of their ratio and close to 
two orders when compared their values for 2003 and 2016 years, due to 
different economic and political factors. But the study also shows, that 
USD as a world reserve currency due to inflation can not be an absolute 
monetary equivalent of prof. Parsadanov complex fuel and ecological cri-
teria components. It was propose to use mathematical apparatus of Con-
sumer Price Index for taking into account inflation phenomenon.  

 With modified mathematical apparatus can be carried out  assess-
ment of ecological safety level of exploitation process of emergency and 
rescue equipment, which powered with piston ICE of different years of 
release, and in what is practical value of results of the study. 

 
5.4. RESULTS OF COMPLEX CRITERIAL FUEL AND ECOLOGICAL 

ASSESSMENT OF DIESEL ENGINE 2Ch10.5/12  
FOR EMERGENCY AND RESCUE POWER PLANTS     [А.5.3] 

 

Relevance of the study, problem statement and literature ana-
lysis. Exploitation process of emergency and rescue power plants (PP) 
units, which are on combat duty of divisions of the State Emergency Ser-
vice of Ukraine and equipped with diesel piston internal combustion engi-
nes (PICE), obviously, must be characterized by certain ecological safety 
(ES) level [1.11, 1.13, 5.8]. The main ES factors for such objects is pollu-
tants mass hourly emissions with its engines exhaust gas (EG) flow, legi-
slative established on Ukraine territory requirements to which contained 
in [3.40]. In order to ensuring the necessary ES level of that process was 
developed corresponding ecological safety management system (ESMS) 
and described in [1.11]. In study [1.13] was developed evaluation conce-
ption of the ESMS functioning efficiency, which involves calculated crite-
rial assessment of ES level of PP with PICE exploitation process, and 
formulated main requirements for such criteria. But in specialized scien-
ce and technical literature unitary approach to ES level complex assess-
ment of such objects exploitation process vas not find and that puts the 
actual task of developing of methodological basis and mathematical ap-
paratus for such assessment [1.13, 5.8]. Most close to meet requireme-
nts to that criteria from number of known is prof. Parsadanov complex fu-
el and ecological criteria KFE, which vas developed for assessment of cu-
rrent competitiveness level of diesel PICE and activities for its increasing 
[1.14]. Calculated assessment of fuel and ecological effectiveness of PP 
exploitation process, the results is present in these paper, carried out for 
example of autotractor diesel engine 2Ch10.5/12, description and techni-
cal characteristics of which are given in [3.35]. Initial data for calculated 
assessment were obtained in studies [3.29, 3.30]. 

Purpose of the study is calculated assessment of ES level of explo-
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itation process of emergency and rescue PP, based on PICE, with using 
complex fuel and ecological criteria on example of autotractor diesel en-
gine 2Ch10.5/12.  

Object of the study is ES level of exploitation process of emergency 
and rescue PP with PICE.  

Subject of the study is values of complex fuel and ecological crite-
ria, which describes object of the study.  

Tasks of the study is: 
1. Analysis of methodic and mathematical apparatus of prof. Parsa-

danov complex fuel and ecological criteria. 
2. Modification of mathematical apparatus of KFE criteria in order to 

be able assess its value for the individual representative modes of the di-
esel operation in its exploitation model. 

3. Obtaining the initial data for calculated assessment of KFE criteria 
values. 

4. Calculated assessment of ES level of exploitation process of em-
ergency and rescue PP with PICE on example of autotractor diesel 
2Ch10.5/12 for regimes of 13-mode standardized steady testing cycle. 

5. Analysis of results of the study. 
Methods of the study is analysis of specialized science and techni-

cal literature, processing of motor bench experimental testing data, cal-
culating of middle exploitation values of technical, economical and ecolo-
gical diesel engine operational indicators, mathematical apparatus of 
prof. Parsadanov complex fuel and ecological criteria.  

Solution of problem of the study. Mathematical apparatus of 
prof. Parsadanov complex fuel and ecological criteria KFE described in 
[1.14] and assumes calculation middle exploitation value, that is, the only 
for separately taken exploitation model. For separately taken individual 
representative i-th operational regime of exploitation model it apparatus 
can be modified and described by following formulas. 

 
      

    eifieieifіu
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

/1//3600

/1/36001
;               (5.12) 

fеifi PgZ  ;                                            (5.13)  
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h

m
fіmkikfіei NGGAfGZ //

1
 


;                   (5.14) 

9550/квікріei nMN  ;                                      (5.15) 

where index i represent i-th operational regime of exploitation model; Ни 
– motor fuel lower heat of combustion (Ни = 42,7 MJ/kg [1.14]); Nei – die-
sel engine effective power, kW; Gfі – mass hourly fuel consumption by di-
esel engine, kg/h; Gmkі – mass hourly pollutant emission with diesel engi-
ne EG flow, kg/h; Am – dimensionless index of relative aggressiveness of 
m-th pollutant as a EG component (АNOx = 41,1; АPM = 200; АCnHm = 3,16; 
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АСO = 1,0 [1.14]); h – number of legislative normalized pollutants in EG (h 
= 4 [1.11, 3.40, 1.14]); δ – dimensionless index of relative dangerous of 
pollution for various territories (for vehicle diesel engine δ = 1,0, for trac-
tor diesel engine δ = 0,25 [1.14]); f – dimensionless coefficient, which ta-
king into account the character of EG dispersion in atmosphere (forUkrai-
ne territory f  = 1,0 [1.14]); σ – dimension coefficient for converting sco-
ring assessment of damage in the monetary (σ = Pf [1.14]); WFi – weight 
factor operational mode in exploitation model (relative lobar engine run ti-
me on i-th polygon of exploitation model); ηе –  effective efficiency coeffi-
cient of diesel engine; β – coefficient of relative exploitation ecological 
monetary costs; Ze, Zf and Zfe – ecological damage compensation mo-
netary costs, motor fuel monetary costs and total fuel and ecological mo-
netary costs, $/(kW∙h); gе – specific effective mass hourly fuel consump-
tion by diesel engine, kg/(kW∙h); Pf  – price of motor fuel mass unit (resu-
lts of choice of monetary equivalents units of KFE criteria components gi-
ven in [1.13], Pf = 0,871 $/kg at Pf = 20,0 UAH/l, ρf = 0,85 kg/m3 and cur-
rency exchanging course at December 2016 27,0 UAH/$); Mкрі – torque 
of diesel engine, N∙m; nкві – crankshaft speed of diesel engine, min-1. 

Formulas (5.12) – (5.13) for whole diesel engine exploitation model 
formed in following formula [1.14]. 
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where ηе.me – middle exploitation values of effective efficiency coefficient 
of diesel engine; gе.me – middle exploitation values of specific effective 
mass hourly fuel consumption by diesel engine, kg/(kW∙h); UЕі – ecologi-
cal damage compensation monetary valuation, $/kg; gpr.і – specific effec-
tive mass hourly pollutant emission by diesel engine, kg/(kW∙h); Ze і Zf – 
middle exploitation values of motor fuel and ecological damage  compen-
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sation monetary costs, $/(kW∙h). 
Features of engine test bench and methodic of experimental rese-

arches with it, which are used for determination of 2Ch10.5/12 diesel en-
gine and its DPF operational characteristics in articles [1.11, 3.29, 3.30], 
involves the following activities. Firstly, the GPMі value in kg/h for i-th ex-
ploitation mode obtained with using following known conversion formula, 
which described and grounding in the study [1.14], depended on value of 
light flow weakening coefficient in EG probe ND (indicator of EG opacity), 
%, unburned hydrocarbons of motor fuel and oil CnHm volume concentra-
tion in EG flow ССН, ppm, mass hourly consumption of fuel and air Gair і 
Gf, kg/h. 

 

  
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     (5.23) 
 
Secondly, values of mass hourly emissions of NOx, CnHm and СО 

GmNOx, GmCH and GmСO in kg/h converts from experimentally obtained va-
lues of volume concentrations in EG probe CVNOx CVСOi and CVСnHmi in 
ppm with using methodic in [1.14] by following formulas, which taking in-
to account correction coefficients of laboratory air humidity FNOxi and FСOi. 

 

 повіпаліNOxiVNOxiNOxi GGFCG  310587,1 ,           (5.24) 

 повіпаліСOiiVСССOi GGFCG  
.

41066,9 ,             (5.25) 

 повіпаліVCnHmiСnHmi GGCG  41078,4 ,               (5.26) 
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NOxi ,    (5.27) 

 ss PBPd  000 01,0/21,6 ,                      (5.28)  

повіпаліCOi GGF /85,11  ,                          (5.29) 

    000 14,257/5,234/678,18exp1121,6 tttPs  ,    (5.30) 

 
where d = 5,367 g/kg – mass concentration of water steam in air; υ0 = 
= 50 % – relative air humidity; В0 = 995 hPa – barometric pressure; Ps = 
= 17,052 hPa – water vapor saturated pressure; t0 = 15 °С – temperature 
of environmental air. 

Diesel engine 2Ch10.5/12 is autotractor naturally aspirated two-cy-
linder in-line four-stroke two-valve air-cooled piston internal combustion 
engine with internal mixture formation and compression ignition; with tra-
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ditional trunk-piston axial crankshaft mechanism, cylinder diameter 105 
mm, piston stroke 120 mm, piston-rod length 270 mm, working volume 
2.0 l, compression ratio 16.5; with nominal power 21-3 kW (at ncs = 1800 
min-1), maximal torque 111 N∙m (at ncs = 1200 min-1), middle exploitation 
specific mass hourly fuel consumption 235 g/(kW∙h); with direct injection 
in undivided semispherical combustion chamber in piston by one-plunger 
high-pressure fuel pump of distributional type with all-regimes mechani-
cal regulator and hydromechanical nozzles; with weight 280 kg, external 
dimensions 693×687×855 mm; with starting from the starter; made by 
Vladimir Tractor Plant. It using on tractors, automotive chassis, selecting 
combines, asphalt and concrete placers, mobile electric welding, water 
pump and air compressor stations [3.35]. 

Parameters of 13-mode standardized steady testing cycle as an 
autotractor diesel engine exploitation model describing in UNECE Regu-
lations № 49 [3.40] and shown on Table 5.3. Legislative established in 
Ukraine requirements to PP with PICE ES level indicators in historical 
dynamic shown on Table 5.4 [1.11].  

In monograph [1.14] KFE criteria values and its components β, Ze, Zf 
and Zfe was assessed for different models of exploitation as a whole, but 
not for its individual modes. These due to presents in that exploitation 
models regimes with zero (idling) and low effective power. For idling regi-
mes Nei → 0 kW and therefore ηе → 0, gе → ∞ kg/(kW∙h) and Ze, Zf, Zfe 
→ ∞ $/(kW∙h), β → 1 and KFE → 0 (see formulas (5.12) – (5.14)). For re-
gimes with low effective power KFE criteria values are not informative. 

For obtaining opportunities of assessment KFE criteria values for in-
dividual regimes of exploitation models in present paper propose the fol-
lowing method. It is necessary to use interpretation of the term “idle run” 
is not in adopted in engine theory, but in the engine operating practices 
as a part of the PP. In this case, the on idling run engine produces non 
zero effective power that is spent on the needs of secondary energy con-
sumers of PP and on providing comfortable working conditions for the 
PP operator. The first-mentioned case includes charging an electric bat-
tery, powering electronic control systems, powering hydraulic and pneu-
matic servo systems end others. The second-mentioned case includes li-
ghting of workplace and passenger compartment, powering light indica-
tors and control panel, powering air conditioning, multimedia and naviga-
tion systems end etc. 

Then we take the following assumption: the effective power Nei on 
the idle run regime of engine operating models defined by the formula 
(5.15), in which the torque Mкрі is equal to 1 % of the maximum diesel tor-
que (110 N∙m), and crankshaft speed nкві equal to the crankshaft speed 
of minimal idling regime (900 min-1), that is for diesel 2Ch10.5/12, it is eq-
ual to 46.1 W. 

Results of calculated assessment, which based on experimental 
data obtained in [3.29, 3.30] (presented on Fig. 5.11 – 5.13), for autotrac-
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tor diesel engine D21A1 and, that operates on 13-mode standardized 
steady testing cycle, shown on Fig. 5.13 and 5.15.  

 
Table 5.3 – Parameters of 13-mode standardized steady testing cycle  

and its values for diesel engine 2Ch10.5/12  [1.11, 3.40, 1.14] 
 

№ 
of 

mode 

ncs, min-1 МT, N∙m WF 

designation 
at regime of 

value designation 
 % МTmax 

value 

13-mode cycle 

1 minimal idle 800 0 0 0,25/3 

2 maximal torque 1200 2 2,2 0,08 

3 maximal torque 1200 25 27,5 0,08 

4 maximal torque 1200 50 55 0,08 

5 maximal torque 1200 75 82,5 0,08 

6 maximal torque 1200 100 110 0,25 

7 minimal idle 800 0 0 0,25/3 

8 nominal power 1800 100 95 0,10 

9 nominal power 1800 75 71,3 0,02 

10 nominal power 1800 50 47,5 0,02 

11 nominal power 1800 25 23,8 0,02 

12 nominal power 1800 2 1,9 0,02 

13 minimal idle 800 0 0 0,25/3 

 
Table 5.4 – Legislative established requirements  

of ecological indicators of diesel engines [1.11, 3.40, 1.14] 
 

EURO 
level 

Year of goes  
into effect 

Specific mass hourly emission  
of pollutant, g/(kW∙h) 

PM NOx CnHm CO 

I 1992 0,612 8,0 1,1 4,5 

II 1996 0,25…0,15 7,0 1,1 4,0 

III 2000 0,10 5,0 0,66 2,1 

IV 2005 0,02 3,5 0,46 1,5 

V 2008 0,02 2,0 0,25 1,5 

VI 2012 0,01 0,5 0,2 1,0 

 
From the Fig. 5.12 and 5.13 we can see, that that ratio between 

monetary equivalents of compensation of ecological damage costs Ze, 
motor fuel costs Zf and total fuel and ecological costs Zfe are vary from 
mode to mode of testing cycle and reaches maximum on modes of mini-
mal idling (modes № 1, 7, 13). 

Values of KFE criteria without taking into account weight factor value 
WF reaches maximum on the mode of nominal power (mode № 8) and 
with taking into account WF value – on the mode of maximal torque (mo-
de № 6).  
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Fig. 5.11 – Initial data for calculated estimation of values of complex fuel 
and ecological criteria KFE for diesel engine 2Ch10.5/12 and 13-modes 

testing cycle, experimentally obtained in [3.29, 3.30] 
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Fig. 5.12 – Initial data for calculated estimation of values of complex fuel 
and ecological criteria KFE for diesel engine 2Ch10.5/12 and 13-modes 

testing cycle, experimentally obtained in [3.29, 3.30] 
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Fig. 5.13 – Initial data for calculated estimation of values of complex fuel 
and ecological criteria KFE for diesel engine 2Ch10.5/12 and 13-modes 

testing cycle, experimentally obtained in [3.29, 3.30] 
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Fig. 5.14 – Results of calculated quantitative estimation  
of complex fuel and ecological criteria KFE  

for diesel engine 2Ch10.5/12 and 13-modes testing cycle  
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Fig. 5.15 – Results of calculated quantitative estimation of components  
of complex fuel and ecological criteria KFE  

for diesel engine 2Ch10.5/12 and 13-modes testing cycle 
 
Exploitation of diesel engine 2Ch10.5/12 on loading characteristic 

with crankshaft speed of maximal torque mode (modes № 2 – 6) by KFE 
criteria value is less preferred, than its exploitation on loading characteris-
tic with crankshaft speed of nominal power mode (modes № 8 – 12).  

Exploitation of that diesel engine on modes with zero effective power 
(modes № 1, 7, 13) and also on modes with low effective power (modes 
№ 2, 12) is characterized by extremely low fuel and ecological effective-
ness. 

Middle exploitation value of KFE criteria (e.i. with taking into account 
distribution of value WF by modes of testing cycle) is 43.989∙10-3, and 
middle value (e.i. in case of equality of value WF for all modes of model of 
diesel engine exploitation) is 41.204∙10-3. 

Obtained in this study middle exploitation value of KFE criteria for di-
esel engine 2Ch10.5/12 can be compared with middle exploitation value 
of that criteria for autotractor diesel engine 6ChN12/14 (SMD-31), asses-
sed in monograph [1.14] for 18-mode testing cycle, which equal 106.0∙10-

3. In this case fuel and ecological efficiency of exploitation process of the 
investigated diesel engine can be characterized as relatively low.  

This conclusion is explained by high values of hourly mass emissi-
ons of normative pollutants with its EG flow against the background of ac-
ceptable fuel efficiency.  

Such results caused by significant differences in technical level of 
compared diesel engines, namely presence of turbo charging  liquid coo-
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ling system, individual sections of high pressure fuel pump, much higher 
nominal power and crankshaft speed in the second one engine and also 
significant difference in the date of implementation in series production of 
this engines. 

Conclusions. Thus, in present study describes methodology, mo-
dified mathematical apparatus and results of application of prof. Parsa-
danov complex fuel and ecological criteria and its components.  

The study found that ratio between monetary equivalents of criteria 
components are vary from mode to mode of testing cycle and reaches 
maximum on minimal idling modes. Values of criteria reaches maximum 
on the mode of nominal power. Exploitation of diesel engine on loading 
characteristic with crankshaft speed of maximal torque mode is less prefe-
rred, than its exploitation on loading characteristic with crankshaft speed 
of nominal power mode. Exploitation of that diesel engine on modes with 
zero and low effective power is characterized by extremely low fuel and 
ecological effectiveness. 

With modified mathematical apparatus can be carried out  assess-
ment of ecological safety level of exploitation process of emergency and 
rescue equipment, which powered with piston ICE of any type, and in 
what is practical value of results of the study. The study carried out using 
experimental data of motor bench tests on example of autotractor diesel 
engine 2Ch10.5/12, that operates on 13-mode standardized steady tes-
ting cycle both for the whole cycle, and for its individual modes, and in 
what is scientific novelty of results of the study.  

Obtained in this study middle exploitation value of KFE criteria for di-
esel engine 2Ch10.5/12 was compared with that value for autotractor die-
sel engine 6ChN12/14. 
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G E N E R A L   C O N C L U S S I O N S 
 

Thus, main results of the study, presented in Chapter 1 – 5 of these 
monograph, can be summarized by following provisions.  

1. Created scientific basis of methodological maintains of ecological 
safety management systems during life cycle of technics with taking into 
account specific features of technologies on which based on its exploita-
tion and utilization. 

2. Carried out mathematical modeling of processes of ensuring of 
ecological safety as the base of rationalization of technical decisions of 
construction, exploitation and utilization of technics units. 

3. Detected and decrypted technogenic, ecological and 
metrological aspects of experimental researches of indicators of level of 
ecological safety of technics and technologies as source of initial data for 
physical and mathematical modeling and identification of models. 

4. Detected and studied features of ways of ensuring of ecological 
safety of products of nanotechnology during its life cycle as most proba-
bility alternative for traditional technologies. 

5. Created scientific basis of methodological maintains of criterial and 
economical assessment of efficiency of functioning process of ecological 
safety management systems as basis of monitoring and feedback of 
such systems. 

6. Presented above can be systemized with logical apparatus of 
SWOT-analysis, results of what is shown bellow. 

 
Strengths (S). Developed scientific basis of methodological mainta-

ins of ecological safety management systems during life cycle of technics 
of various porpuse, wich taking into account specific features of techno-
logies and also technologies of threatment of nanotechnologies products. 
These scientific basis developed for the first time with using of principals of 
systematic approach, multilevel decomposition, analysis of hierarchical 
structures, decimal division and because of that it possible to solve in com-
plex the task of ensuring of legislative established level of ecological safety 
indicators of management objects. With using of such achievements it can 
be ensure compliance with legislative established requirements for ecologi-
cal safety level of technics, technologies and its products during their life 
cycle and also to implement assessment of functioning efficiency of such 
management systems. 

 
Weaknesses (W). Developed scientific basis of methodological ma-

intains of ecological safety management systems in its hierarchical struc-
ture contains stages and levels that needs of specially created mathema-
tical models and methodics of calculated assessment, which in its turn 
needs of experimentally achieved data specific for management objects. 
Both of named components is highly scientific and require significant ma-
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terial and time resources. In addition, not all of ecological safety indica-
tors are legislative established, that is mandatory for execution, and due 
to these implementation in practice of results of created management 
systems depends of level ecological consciousness of target audience. 

 
Opportunities (O). Implementation in practice of created ecologi-

cal safety management systems in all complex of stages and levels of its 
hierarchical structure allows to solve in complex of urgent and actual sci-
ence and practical problem of ensuring of legislative established level of 
ecological safety indicators of technics, technologies using in it and pro-
ducts of nanotechnology during their life cycle. Such results can be using 
as basis of significant improvement of technogenic and ecological safety on 
local (within of particular urbanic system), regional (within of particular co-
untry) and global (within of whole ecumene) levels. 

 

Threats (T). Implementation in practice of created ecological safety 
management systems requires developing, manufacturing application 
and equipping of units of technics with elements of systems of ensuring 
of ecological level indicators and its control systems. Such designing, te-
chnological, organizational and technical measures associated with sig-
nificant amount of science, research, engineering and designing works. 
That circumstance causes the high cost of the finished product. Without 
of legislative maintains of measures of ensuring of ecological safety level 
of management objects, for example compulsion and stimulation of both 
the manufacturer and consumers, real implementation of named activiti-
es it may be an impossible task the territory of Ukraine. 
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З А Г А Л Ь Н І   В И С Н О В К И 
 
Таким чином, за результатами проведених досліджень, що відоб-

ражені у розділах 1 – 5 даної монографії, можна зробити наступні зага-
льні висновки. 

1. Створено наукові основи методологічного забезпечення сис-
тем управління екологічною безпекою протягом життєвого циклу тех-
ніки з урахуванням особливостей технологій, покладених у основу її 
роботи й утилізації. 

2. Здійснено математичне моделювання процесів забезпечен-
ня екологічної безпеки як основи раціоналізації технічних рішень що-
до конструкції, експлуатації й утилізації одиниць техніки. 

3. Виявлено і описано техногенно-екологічні й метрологічні ас-
пекти експериментальних досліджень показників рівня екологічної 
безпеки техніки і технологій як джерела вихідних даних для моделю-
вання й ідентифікації відповідних математичних моделей. 

4. Виявлено і досліджено особливості шляхів забезпечення 
екологічної безпеки продуктів нанотехнологій протягом їх життєвого 
циклу як найімовірнішої альтернативи традиційним технологіям. 

5. Створено наукові основи методологічного забезпечення кри-
теріального та економічного оцінювання ефективності процесу фун-
кціонування систем управління екологічною безпекою як основа мо-
ніторингу ефективності функціонування й зворотного зв’язку систем 
управління екологічною безпекою. 

6. Вищенаведене можливо систематизувати за допомогою логіч-
ного апарату SWOT-аналізу, результати застосування якого наведено 
далі. 

 
Переваги (S – Strengths). Розроблено наукові основи методоло-

гічного забезпечення систем управління екологічною безпекою усіх 
етапів життєвого циклу техніки різноманітного призначення, що врахо-
вують особливості застосовуваних технологій, а також технологій по-
водження з продуктами нанотехнологій. Вказані наукові основи роз-
роблено вперше із застосуванням принципів системного підходу, ба-
гаторівневої декомпозиції, аналізу ієрархічних структур, десятинного 
поділу і тому дозволяють комплексно вирішувати проблему забезпе-
чення законодавчо встановленого рівня показників екологічної без-
пеки об’єктів управління. Із застосуванням такого доробку стає можли-
вим забезпечити виконання законодавчо встановлених вимог до рівня 
показників екологічної безпеки техніки, технологій та їх продуктів вро-
довж життєвого циклу цих об’єктів управління та заходів із забезпечен-
ня екологічної безпеки, а також здійснити оцінювання ефективності 
функціонування самих систем управління. 
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Недоліки (W – Weaknesses). Розроблені наукові основи мето-
дологічного забезпечення систем управління екологічною безпекою у 
своїй ієрархічній структурі містять етапи і рівні, що потребують спеціа-
льно розроблених математичних моделей і методик розрахункових 
досліджень, які у свою чергу потребують експериментально отримані 
дані саме для обраних об’єктів управління. Обидві названі складові є 
наукоємними і потребують значних матеріально-часових ресурсів. Крім 
того, далеко не усі з показників екологічної безпеки є законодавчо нор-
мованими, тобто обов’язковими до виконання, і тому впровадження у 
практику результатів застосування створених систем управління зале-
жить від рівня екологічної свідомості цільової аудиторії. 

 
Можливості (O – Opportunities). Впровадження у практику роз-

роблених систем управління екологічною безпекою в усій сукупності 
етапів і рівнів їх ієрархічної структури дозволяє комплексно вирішити 
нагальну й актуальну науково-прикладну проблему забезпечення за-
конодавчо встановленого рівня показників екологічної безпеки усіх ета-
пів життєвого циклу різних видів техніки, технологій у ній застосовува-
них та продуктів нанотехнологій. Такі результати можуть стати осно-
вою значного покращення техногенно-екологічної безпеки на місцево-
му (у межах окремо взятої урбосистеми), регіональному (у межах ок-
ремо взятої країни) та глобальному (у межах всієї біосфери) рівнях. 

 
Ризики (T – Threats). Впровадження у практику розроблених 

систем управління екологічною безпекою потребує розробки і впровад-
ження у виробництво й оснащення одиниць техніки агрегатів пристроїв 
систем забезпечення екологічних показників і систем управління ними. 
Такі конструкторсько-технологічні й організаційно-технічні заходи по-
в’язані зі значними об’ємами науково-дослідних й конструкторсько-про-
ектувальних робіт. Остання обставина зумовлює високу собівартість 
готового продукту. Без законодавчого забезпечення заходів із забезпе-
чення екологічної безпеки об’єктів управління – примусу й стимулю-
вання як виробника, так і споживача – реальне впровадження вказаних 
заходів може виявитись нездійсненним завданням на теренах України. 
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