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(Fig.2). It is employed at a pilot plant producing rare earth elements,
molybdenum trioxide, and calcium molybdate, with complete
utilization of sulfur dioxide. Trial batches of molybdenum trioxide
have been supplied to steel plants.

1. Introduction
In the present work, examples of the successful development
of new materials and technologies on the basis of fundamental
research by members of the Russian Academy of Sciences are
outlined.

2.

Examples of developments

Institute of Metallurgy of Ural Branch of the Russian
Academy of Sciences, Yekaterinburg City (IM) founded the
Innovative Technology Centre “Akademicheskii”, with 10 000 m2
total area. 12 Innovative Enterprises are working in this Centre.
Corrosion and wear-resistant coatings developed at IM, which
are applied by plasma methods, have been introduced at enterprises
including Yakutautotrans (Yakutsk), Tyumen’transgaz (Yugorsk),
the Yekaterinburg and others [1–3].
Technology and equipment for production of shot and
powders of ferrous and nonferrous metals. Technology was
transferred to LLC "Invest-Ural“ (Nizhny Tagil, Sverdlovsk region,
according to license agreement (Fig. 1). Licencing to company
“CTRP” (Chelyabinsk) is in process.

Fig.2 Pilot plant to produce rare-earth elements, molybdenum
trioxide, calcium molybdate and to make full utilization of
sulfur dioxide
Output production by plants of “Akademicheskii” engineering
and technical center
 Antiwear additives: remetallizers of RiMET series (RiMET,
RiMET-T, Motor HEALER), metal plaque lubricant Vympel;
 Ferromolybdenum FeMo, molybdenum trioxide MoO3,
calcium molybdate MoCa;
 Molded aluminum and brass pieces;
 Concentrates for precious metals obtaining;
 Precious metals (gold, silver, platinum);
 Combustion and heat-exchange equipment;
 Equipment for foamed concrete making;
 Metal beads with various typical sizes;
 Injection equipment for processing of metal melts.
At “Akademicheskii Research and Development Center (VMP
Holding Company, associated with IM), on the basis of
fundamental research into the evaporation and condensation of
metals, a production technology was developed for ultrafine zinc
powder and corresponding anticorrosion coatings [6, 7] (Fig.3). The
coatings are used in oil and gas tanks and pipelines at the (Kuru
space center (French Guyana) to protect the metal structures of the
launch system for the Soyuz-ST rockets and in the construction of
infrastructure (bridges, walkways, for example - Patriarchal bridge
in Moscow, painting of load-bearing structures, constructions for
the winter Olympics at Soch).

Fig. 1. Production system for nonferrous and ferrous metal shot
and powder at Akademicheskii Research and Development Center,
Gran-Met Scientific Production Company.

Researchers at Akademicheskii Research and Development
Center and IM have created a fundamentally new waste-free system
for the processing of molybdenum-bearing sulphide material [4, 5]
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(a)

(с)

(b)

Fig. 32. Production of metal powder by gas-phase synthesis and powder-based materials at “Akademicheskii” Research and
Development Center: (a) production of zinc powder; (b) products based on bronze powder for the protection of frictional surfaces;(c)
production of zinc-enriched paint.
In collaboration with OOO Tekhnologii Tantalum, IM
researchers have produced experimental batches of sintered
tantalum nanopowder for use in tantalum capacitors by a new
technology. The production conditions for these tantalum powders
are consistent with the capabilities of OAO Elekond, which
produces electrolytic high-voltage and chip capacitors.
Nanopowders of other refractory metals and their carbides may be
produced by this method, which is covered by two patents [8, 9]. It
is possible to plate the powders so as to produce composite powders
for additive technologies [10, 11].
A plasma system currently undergoing trials at IM could form
the basis of a modern industrial version of the Korvet-6 plasma
system equipped with a special system for powder preparation, with
the possibility of maintaining the specified protocol in supersonic
and hypersonic conditions [12, 13]. This system is intended for the
application of external coatings at a rate of up to 30 kg/h (~150
m3/h). Metals may be applied to paint coatings and even to an
organic base (plastic, cardboard).

“Rapidly Quenched Materials and Coatings,” November 27–28, 2012),
Moscow, 2012, pp. 74–78.
4. Kozhevnikov, G.N., Sitdikov, F.G., and Vodop’yanov, A.G., RU
Patent 2296802, Byull. Izobret., 2007, no. 10.
5. Kozhevnikov, G.N., Sitdikov, F.G., and Vodop’yanov, A.G., RU
Patent 2291110, Byull. Izobret., 2007, no. 1.
6. Leont’ev, L.I., Zalazinskii, G.G., Gel’chinskii, B.R., Zhuchkov, V.I.,
Lopatin, V.N., and Selivanov, E.N., Processes and equipment for
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2009, vol. 53, no. 1, pp. 105–113.
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I.G., and Gel’chinskii, B.R., The effect of super- and nanodispersed
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Patent 2397279, Byull. Izobret., 2010, no. 23.
9. Kostylev, V.A., Leont’ev, L.I., Lisin, V.L., and Petrova, S.A., RU
Patent 93805, 2010.
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Abstract: Success in the market can only be achieved if the business processes are designed and realized with the optimum use of the
resources in order to do the best job for the first time, without any disadvantages, without waste of time and to the satisfaction of all the
interested parties. Sustainable success can only be left out if innovations are being promoted and innovated. That is why this paper is based
on innovations in correlation with the European Quality Award, so we are evaluating the state of innovativeness of the relationship with the
model of business excellence. The enterprises have been analyzed through the questionnaire in accordance with the criteria for obtaining the
international quality award.
The obtained data have united the experience and reality of significance of a number of certifed organizational systems in Montenegro.
The analysis of data, principles and strategies that would be resulted from this research should help and provide useful directives in
developing of a model for improving of organizational performance, in defining of measures to achieve a sustainable business systems, for
increase of innovation, to contribute the strenghtening of links among the enterprises, scientific research and Innovation.
Keywords: Business Excellence, Europian Quality Award, Standardization, Business Processes, Innovations
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1. Introduction
The subject of this paper includes enterprises from Montenegro,
and their impact on the global market where there is a global
increase in claims related to quality. The main objective of this
paper is that, to make the analysis of the situation by applying
modern scientific approaches and their application in business
environments. This will affect the performance improvement of
business processes, particularly in the promotion and development
of innovation and entrepreneurship in companies with certified
management systems, and those who have not done it.
The European Quality Award model quality with its criteria
enables organizations to realize a picture of themselves on the basis
of clear criteria. Most of the countries on the basis of this model
have their own national awards. Montenegro has no national quality
award and there is no one company that is applying for the
European Quality Award. Therefore, the paper is oriented towards
organizations with certified management system (ISO 9001, ISO
14001 or any others), because such systems are arranged, using a
planned approach, possess the necessary dose of persistence and
have defined rights, obligations and responsibilities of each
individual.

Creating a Sustainable Future
Developing Organisational Capability
Harnessing Creativity & Innovation
Leading with Vision, Inspiration & Integrity
Managing with Agility
Succeeding through the Talent of People
Sustaining Outstanding Results

Fig. 1 The Fundamental Concepts EFQM.

Today, the business excellence is evidenced on the basis of
national and regional awards, which play a particularly important
role in the development of quality in each country which are
extensively applied on the basis of established quality awards. The
three most famous model of business excellence are: the Deming
Award in Japan, the US National Quality Award Malcom Baldrige
and the European Quality Award - EFQM. The paper discusses the
EFQM - European model. Many countries in the world have their
own national award,. All these awards were declared for models of
excellence, and the criteria which change over time, are used to
compare organizations or self-assessment in the process of
continuous improvement of business.

The results stemming from this research for these companies
can be taken as a benchmark for all others, because the rules for
certification of management systems are unambiguous, which leads
to the conclusion that the results are widely used.

2. Business excellence
The concept of business excellence (BE) should be seen as an
expression of the highest quality and reliability. For superior
organizations is characterized to continuously improve their
operations and adapt to changes in time and space, and
simultaneously cause changes on their own. Organizations that seek
business excellence are characterized by superior business results at the same time in their business inevitably involve a wider social
responsibility. [1]

The EFQM Excellence Model is based on nine criteria. Five of
these are "Enablers" and four are "Results". The "Enabler" criteria
cover what an organisation does and how it does it. The "Results"
criteria cover what an organisation achieves (Figure 2).

Today, the business excellence is evidenced on the basis of
national and regional awards, which play a particularly important
role in the development of quality in each country which are
extensively applied on the basis of established quality awards. The
three most famous model of business excellence are: the Deming
Award in Japan, the US National Quality Award Malcolm Baldrige
and the European Quality Award - EFQM. The paper discusses the
EFQM - European model. [2]
The Fundamental Concepts are (Figure 1):
• Adding Value for Customers

Fig. 2 EFQM Excellence Model.
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As shown in Figure 2, the model reflects the causalconsequential relationship between the actuator and the results of
the criteria. Correlation of the left and right hand side consists of the
causal-consequential relation between the mover and the results, as
well as the feedback of the results in the form of learning and
innovation. [4]

4. Research methodology and results
Research was carried out by interview method. Questionnaire
that is used in that occassion consisted of 91 questions, 33 of which
referred to innovativeness in correlation with the criteria elements
of the European Quality Award.
From the set of all Montenegrin business systems, we performed
a survey on the sample of 120 business systems as following:

Confirmation of a causal-consequential link between the
actuator and the result is of fundamental importance in selfassessment, where the assessor should always check the Log file
consistency between the given results and data collected on the
basis of relevant criteria and driving sub-criteria. Such consistency
is sometimes difficult to verify in view of the holistic character of
the organization, because different drivers react to each other in the
creation of the result. [5,6]

1) Statistical set: 425 business systems, from 15 Montenegrin
cities;
2) Sample: 120 business systems;
3) Unit of research (entity): small, medium or large
Montenegrin enterprise;
4) Instrument of research: INTERVIEW – filling in the survey
questionnaire by the interviewer;
5) Manner of selecting the respondents: Systematic.

3. Innovation
Innovation is introduction of a new, previously unknown
product or process or significant improvement of already existing
organization scheme which leads to the development of a new
generation of products and their distribution.
Understanding the significance of innovation and reengineering
of products/services, innovation strategy and activities of
organization in that field is one of the preconditions for achieving
competitive advantage and survival in dynamic market. Business
system that tends to be successful and to make a progress in market
aspect needs to be innovative. Creation of the new market or new
category of product is the most efficient way of competing in
mature markets. Innovations and innovative strategies, constant
improvements and application of knowledge bring a series of
advantages and their significance is reflected in the following [7,8]:

Elements

Montenegro

Statistical group
Sample size

125
60

Firm structure

Standard
utilization

• Innovation encourages the economic growth and makes
profit,
• Growth in innovations of 1% contributes to the growth of
income per a citizen of about 0,05 %,
• Innovation directly influences the increase of employment
and indirectly contributes to economic efficiency and profit,
• Innovative products provide the winning and retaining of a
share in the market, as well as the increase of profitability in
markets.

size

owership

One standard
Integrated standard

24 (40%)
36 (60%)

Micro

-

Small

33,33%

Medium

45%

Big

21,67%

private

70%

state

21,67%

mix

8,33%

Education
Utiliyation of quality tools
Innovation
orientation

Small
Medium
Big

R&D department
Relational potencial

The concept of innovation can best be observed through the
definition of innovation as the implementation of a new and
improved idea, procedure, good, service, process which brings new
benefits or quality in implementation. The most accepted is
classification by OECD: [9,10]

Employee training investment
Technological investment
partners
Research inst.
Own inno activities
Without research

16,67%
10%
62%
11,59%

Number of commercial innovations
Without inno
Number of patents
Without patent protection

4,7
15%
2
66,67%

Profitability
Profitability improvement

85%
-

Networking

Innovation of product – some product or service which is new
or significantly improved. This includes significant improvement in
technical specifications, components and materials, improvement in
the sense of approaching users’ requirements and suitability for use
or some other functional characteristics.
Innovation of process – new or significantly improved method
of production or delivery. This includes significant changes in
techniques, equipment and/or software.
Innovation of organization represents the implementation of a
new method of the organization within the enterprise, organization
in the workplace or organization of external relations.

20%
71,63%
8,3%
43,33%
83,34%
1,62% of revenue
33,33% without
investment
63,33%
95%

R&D investment

1) Innovations of products/services,
2) Innovations of process,
3) Innovations of organization,
4) Innovations of marketing.

36,7%
1,66

For the purpose of this study a comparison was based on seven
issues, which the authors believe that in terms of the goals are the
most important and can contribute to obtaining the most beneficial
results [11]. The following table gives a comparative view on all
items.

Innovation of marketing – new method in marketing that
includes significant changes in product’s design and packaging,
placement of the product, promotion of the product or price
formation.
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Table 1: Investment in modernization of business systems.
Question 1a: Do you have invested in the business systems
modernization in the last 3 years?

Table 6: Documents that involve innovation.
Question 6: Documents that involve innovation?

Question 1b: What type of investments is made?

Table 7: Share of innovation in the total income of business systems.
Question 7: What is the share of revenues from new - improved
products / services developed in the last 3 years, the total income of the
business system?

Table 2: The existence of the person or team responsible for innovation.
Question 2: Is there a person or team responsible for innovation?

With this defined results and views, we enter into the analysis
and conclusions presented in the next section work.

4. Conclusion
Table 3: The frequency of innovation related meetings.
Question 3: How often are held meetings related to innovation?

The study was conducted based on data that are selected so as to
be fully comparable and give a true picture of the state of
innovation in Montenegrin organizations. Samples provide a picture
of the real business environment and are therefore significant results
and applicable in realistic conditions. It should also be noted that
the method of collecting data through surveys and interviews,
tended to reduce subjectivity and to create an objective view of the
situation in our organizations.
We performed a survey in 120 Montenegrin organizations and
found that there are a lot of fields for improving its innovation.
Based on that survey we found that even, organizations invested in
the modernization of their business system (mostly in equipment),
most of them don’t have person or team responsible for innovation.
Most organizations allocated less than 5 % of funds per year to the
innovation while just 19,18% allocated more than 5 %. The very
serious fact is that more than 30% organizations don’t allocate any
funds for innovation. There were also found that innovation is
important for organizations but they mostly don’t include
innovation in their documents.

Table 4: The funds allocated to innovation.
Question 4: How many funds are annually allocated for innovation?

However, increasing the innovation capacity and improving
business processes innovation system, create a predisposition for
the development of a number of new products / services, and thus
greater chance of their commercialization. In order to improve
innovation in organizations they need to: develop a strategy for the
company which will be an integral part of innovation activities and
to develop organizational structures and processes that support
innovation activities.

Table 5: Place of innovation in the strategy of the operating system.
Question 5: What priority is given to innovation in business strategy?

The most important aspect of any business sistem is a learning
organization. From all this follows the conclusion that a successful
business is only possible with a well-functioning system of
innovation that develop TQM strategies and weight meet the criteria
of the European Quality Award.
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Abstract: The main issues are considered in this article: urgency creative learning in the system for retraining and improving of pedagogical
staffs’ professional skills in the Republic of Uzbekistan, specificity of ICT-professor’s activities, pedagogical conditions and content of ICTprofessors’ creative learning, pedagogical model and stages of organization classroom for ICT-professors’ creative learning.
KEYWORDS: CREATIVE LEARNING, INFORMATION and COMMUNICATION TECHNOLOGies, higher education, system for
retraining and improving of pedagogical staffs’ professional skills, pedagogical model, curriculum, innovative TRAINING technologies.

and Methodological Center for professional development for
academic and executive staff in Higher education, as well as 16
branch centers for various fields of training programs in Tashkent
and regional centers in the regions of our country.
The decree of the First President of the Republic of Uzbekistan
No.91 from June 2, 2005 “On improvement of the system of training
in the field of ICT” [1], Tashkent University of Information
Technologies has been determined as a responsible university for a
preparation of ICTs’ specialists. Five branches of the university in
the cities Nukus, Karshi, Samarkand, Urgench and Fergana provide
training for ICTs’ specialists in the regions of the country. In Mart
2017, Tashkent University of Information Technologies was named
after Muhammad al-Khorazmi [2].
The decree of the First President of the Republic of Uzbekistan
No.4732 from June 12, 2015 "On measures to further improve the
system of retraining and improving of pedagogical staff’s
professional skills of the Higher education" [3] sets out the goals
and tasks, as well as the structure of this system.
The main task of these branch centers for the system for
retraining and improving of pedagogical staffs’ professional skills is
to disclosure of the creative potential of each academic staff, based
on innovative and modern teaching technologies.
Achieving this goal is possible only with the use of adequate,
purposeful, content and teaching technologies that involve each
person in an active creative information and communication
process, allow creating conditions for the awareness and effective
application of acquired knowledge.
It is important to understand that techniques and skills of
creative activity do not fit the traditional model of teaching and
learning.

"Imagination is more important than
knowledge"
A. Einstein

1. Introduction
In modern conditions of innovative education, creativity is
considered as one of the main professional qualities of a teacher,
since in a dynamically changing world the success of teacher's
professional self-realization depends on his ability to find and make
effective original decisions in a timely manner, be well orientated in
the new context of education.
Effective forms, methods and means, on which possible to
develop the creative potential of the teacher, in practically, the
teacher of the Higher education (hereafter reoffered to as “a
professor”) is definition of the problem.
It should be noted that this problem is defined not only as socioeconomic and socio-cultural changes in the society, but as well as
the methodological problems. With a great interest of researchers to
the concept of "the professor's creativity" there is still no clear
mechanism for his development.
Each person has creative abilities and this idea is important for
pedagogy.
In our opinion, any teacher is creative, moreover, the professor,
who works in the field of information and communication
technologies (hereafter reoffered to as “ICT-professor”) is more
creative, due to the innovative nature of information and
communication technologies (hereafter reoffered to as “ICT”) itself.
The purpose of the article is to examine the content and
methods of developing the creativity of ICT-professors in the
context of the system for retraining and improving of pedagogical
staffs’ professional skills in the Republic of Uzbekistan.

2.2. ICT-professors’ training program
Changing the goal of learning primarily leads to change a
content and a curriculum of the system for retraining and improving
of pedagogical staffs’ professional skills.
The new curriculum was developed for the system for retraining
and improving of ICT-professors’ professional skills, which includ
the following training modules:
1) The legal and regulatory framework for Higher education,
2) Innovative training technologies and creativity,
3) ICT in education,
4) Practical English language,
5) Fundamentals of system analysis and decision making,
6) ICT-subjects,
7) Practice,
8) Attestation.
The percentage of these training modules in the curriculum is
shown in the diagram (Fig. 1).

2. Preconditions and means for resolving the
problem
2.1. Legal basis for the system of professional development of
academic staffs in the Republic of Uzbekistan
The Law "On Education" and "On National Training Program",
adopted in 1997, became an important factor in creating a national
model for the training of personnel in the Republic of Uzbekistan.
In these basic documents, the system for retraining and
improving of pedagogical staffs’ professional skills is an
independent type in the system of lifelong education, it that
demonstrates the importance of this field in Uzbekistan.
The advanced training and retraining of pedagogical staff of the
Higher educational institutions is carried out by the Head Scientific
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4. Use interactive forms, methods and tools for developing ICTprofessors’ creativity.
5. Use pedagogical innovations and results.
Since we are dealing with practicing ICT-professors, we need to
make maximum use of their experience and innovative knowledge
in the field of information and educational technologies, for we
created the model of ICT-professors’ creative leaning for the system
for retraining and improving of pedagogical staffs’ professional
skills (Fig. 2).
The stage of
comprehending
experience and
experiencing
the problem

Fig. 1. The curriculum of ICT-professors’ training program
Creativity has become one of two interrelated components in
the program of the system for retraining and improving of ICTprofessors’ professional skills:
1) an independent training module;
2) a creative learning: "A form of education that develops
people's potential for original ideas and actions" [4].

The stage of
analysis of the
problem and
arising

The stage of
searching a new
knowledge,
solutions and
critical analysis

3. Problem-solving

The stage of
birth and
assimilation of
new knowledge,
approbation a
new experience

Fig. 2. The model of ICT-professors’ creative leaning

3.1. A creativity as a training module

In such creative teaching environment the main place is
occupied by a group of interacting ICT-professors who, while
discussing issues of interest and participating in discussions,
stimulate and activate each other in statements and actions.
In order to implement creative ideas, ICT-professors, working
in the group, carry out pedagogical projects, presenting their
methodical products in the form of presentations (PowerPoint,
Ispring, etc.), mental maps in MindMap, videos, blogs, educational
and methodological software products, etc.

As an independent educational module, a creativity is presented
the theoretical and practical point of view in the program of the
system for retraining and improving of ICT-professors’ professional
skills.
The core of the module “Innovative training technologies and
creativity” is consists of a familiarization and practical application
with the basic approaches for development of creativity, as a
necessary condition for the emergence of a creative personality,
ability to go beyond the available knowledge, views, opinions and
create a new one.
The module assumes the development of the creative potential
of ICT-professors by reducing the share of reproductive activity and
increasing the share of productive and creative activity.
In the classroom, ICT-professors solve situational tasks on
methodological problems on the basis of methods of creativity
development [5]:
- "10 discoveries",
- "Disney's Creative Strategy",
- "Plus. Minus. Interesting",
- "Novelty. Attractiveness. Exercise",
- "Simply. Complicated. Unrealistic", etc.
Additionally practical skills help to disclose the specific of the
professional activity of ICT-professors, spastically, to use modern
ICTs not only as an object of study, but also by means of innovative
forms, methods and tools teaching and learning.
ICT-professors pioneer in introducing in innovative
technologies into the educational process – an electronic learning
systems, distance learning technologies, interactive electronic
boards, 2.0/3.0 web-technologies, SMART-rooms, etc.
On the other hand, modern ICTs make possible to reveal the
creative potential of the person [6].

4. Results and discussion
The experiment was conducted at the branch Center for
retraining and improving of ICT-professors’ professional skills of
Tashkent University of Information Technologies in November
2016, and also in January 2017.
In total, 103 participants of the system for retraining and
improving of ICT-professors’ professional skills (Table 1) in the
areas:
- “Informatics and Information Technology” (IIT),
- “Computer Engineering” (CE),
- “Software Engineering” (PE).
Table 1. General data
№

3.2. The model of ICT-professors’ creative leaning
The creative teaching is the creative education-research activity
where both professors and listeners create the atmosphere where
new innovative products are born.
Pedagogical conditions was developed for the effective
development of ICT-professors’ creativity:
1. Use a motivation of ICT-professors for scientific and
innovational pedagogical activity.
2. Orient on a specific product in forms of a new pedagogical
ideas, sites, blogs etc.
3. Competent-oriented work with the real pedagogical projects.

Category

IIT

KE

PE

TOTAL

1

Without a scientific
degree

48

14

22

84

2

Candidate of Science

8

3

5

16

3

Doctor of Science

2

1

0

3

4

Total:

58

18

27

103

5

Of them:
-men;
- women.

40
18

13
5

24
3

77
26

At the beginning of the experiment, a survey was conducted to
determine the basic concepts of creativity development
technologies.
The main questions and answers are reflected in the diagram
(Fig. 3).
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This is consistent with the fact that women are more plodding
and solve problems by existing methods, and men are trying to use
non-traditional methods in order to do quickly.
After going through the training courses, ICT-professors noted
that the followings were new for them:
- Creative abilities are widely used in pedagogical practice;
- Creativity manifests itself not only in individual activities, but
also in collective activity;
- Creativity is developed through practice: participating in the
processes of creative production thought: create programs for
computer, computer diagrams and figures, sites, and so on;
- New technologies provide new opportunities for creative
thinking, as well as new forms of access to ideas, information and
people;
- Creative is not the subject of a curriculum; it is the general
functions of education.

Fig.3. The scheme of the analysis of the phenomenon of
the ICT-professors’ creativity
The data of the questionnaire do not require comments and, in
our opinion, reflect the insufficient awareness of the problem in
question.
At the beginning of the study module "Innovative training
technologies and creativity", testing was conducted to reveal the
level of creativity according to the method of E.Torrance [7].
The analysis revealed that (Tabl. 2):
1. The factor of the flexibility is 56%;
2. The factor of the fluency is 31%;
3. The factor of the accuracy is 24%;
4. The factor of the originality is 23%.

5. Conclusion
In conclusion, this article reveals the model of ICT-professors’
creative leaning in the system for retraining and improving of
pedagogical staffs’ professional skills and its specificity.
The creative leaning is a main condition for the maximum
development of ICT-professor’s professional abilities that will
enable to see, find, effectively solve and correctly evaluate solutions
to creative problems in his activities. The model of ICT-professors’
creative leaning consist of the four interrelated stages:
comprehending experience and experiencing the problem, analysis
of the problem, searching a new knowledge, solutions and critical
analysis, birth and assimilation of new knowledge, approbation a
new experience. This model corresponds with models of creative
leaning by A.Osbrn [8] and K. Rossman [9].
The data of the experiment show that ICT-professor is a
creative person, whose professional activity relat to ICT’s
innovation and ICT-professors’ creativity able to be developed.

Table 2. Data of Torrance’s testing
№

IIT

KE

PE

The factor of the flexibility (%)
Of them:
-men;
- women.

55

51

62

54
56

49
53

61
63

The factor of the fluency (%)
Of them:
-men;
- women.

31

29

34

29
35

26
32

33
35

2.

22

24

27

3.

3

The factor of the accuracy (%)
Of them:
-men;
- women.

23
21

24
24

28
26

25

21

22

4

The factor of the originality (%)
Of them:
-men;
- women.

27
22

22
20

25
19

1

2

Category

6. Literature
1.

4.

5.
6.

The data of the testing are consistent with the fact that ICTprofessors are creative by their nature and by the rapid development
of modern ICTs.
It was also noted that female ICT-professors (and about 25%
among ICT-professors) have a higher level of fluency and
flexibility; however, they possess relatively lower originality;
whereas the ICT-professors of the male gender have opposite
characteristics.

7.
8.
9.
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RISK FACTORS INDUCED BY INSULATED MINE SELF-RESCUERS ON
CHEMICALLY RELATED OXYGEN AFFECTING ON RESPIRATORY COMFORT
Prof. Gryzunov V.V. PhD.1, student of the 3rd year Dzhemilev E.R.1, student of the 3rd year Chipura S.I. 1
Saint-Petersburg Mining University, Russian Federation 1
bajnnemech2@yandex.ru@mail.com, enver.dzhemilev@mail.ru, s.chipura@mail.ru
Abstract: The high methane hazard of coal mines, despite safety measures, has led to a change in the structure of fatal injuries. More
than 54% of miners die from carbon monoxide poisoning, which predetermines the need to study risk factors when activating a mine selfrescuer with chemically bound oxygen. These factors include normobaric hyperoxia, "nitrogen hazard", hyperoxic hypoxia, high
temperature and dryness of the inhaled gas mixture, increasing hypercapnia, increased resistance to ventilation. The current situation
predetermined the need to study the tolerability of physical loads when activating the mine self-rescuer. 18 healthy volunteers were
examined. The obtained results demonstrated that already from 15 minutes the volume fraction of carbon dioxide begins to increase,
indicating the formation of a "break point" of the mechanisms of voluntary control of breathing. The volume fraction of oxygen in the
respiratory bag reaches its maximum values by the 25-35 minute and ranges from 96.0 to 97.3% v/v at a barometric pressure of 770.5 ± 1.70
mm Hg. Resistance to breathing during inspiration and expiration during physical exertion reached 77.5 ± 9.95 mm WG and 85.0 ± 9.06 mm
WG, respectively, on the 30th minute. At the 40th minute, the aerodynamic resistance to ventilation reaches its maximum value and this zone
can be considered as a kind of "reference point", with which deactivating of the self-rescuer due to severe dyspnea begins. Threat also
consists in a decrease in the percentage of nitrogen in the gas mixture. Already from the level of 1.7 volume percent of the nitrogen content
in the respiratory bag, the mine self-rescuer is deactivated under physical exertion. The main reason for stopping work is the lack of GDS for
inhalation, which is probably due to micro-teleclactisation of the lungs and compensatory hyperventilation. Thus, the traditional system of
training miners for the use of self-rescuers in emergency conditions does not allow miners to adequately compensate for the effects of
negative factors associated with activation of the self-rescuer.
Keywords: COAL INDUSTRY, TRAUMATISM, CARBON MONOXIDE, POISONING, COAL MINE SELF-RESCUERS, RISK
FACTORS, RESPIRATORY PROTECTIVE EQUIPMENT, BREATH

pulmonary ventilation more than 70 L/min, which reduces the
protective action time of the self-rescuer almost twice. In addition,
any emergency situation is aggravated by the fact that 52% of
miners have inadequate behavior, which is the evidence of
psychophysiological instability of a number of workers caused by
the phenomenon of “professional exhaustion”. It is this
phenomenon that can initiate the resistance to malfunctions of
systems, equipment, and compliance with safety rules.

1. Introduction
The Russian coal industry is represented by a rather large range
of enterprises for extraction of mineral resources. Coal mining is
carried out at 63 coal mines, on which the conditions for the
development of coal beds have changed: the volumes of worked out
spaces have increased, the depth and length of the working faces
has increased. Almost every third mine in Russia mines for coal at a
depth of more than 500 m. Russian mines are not only the deepest,
but also methane-hazardous. About 85% of miners die during
explosions of methane dust-air mixtures. However, despite the
decrease in the number of explosions in coal mines, the specific
value of fatal traumatism has increased almost threefold (Fig. 1) [1].

2. The prerequisites and means of problemsolution
The current situation is the evidence of the need to study the
risk factors induced by the mine self-rescuer with chemically bound
oxygen, affecting the respiratory comfort and the time of protective
action. In the opinion of domestic researchers [3,4], miners die both
when connected to isolating self-rescuers with chemically bound
oxygen, and when leaving in mine self-rescuers from gassed
working areas for the following reasons:
1) the imperfection of mine self-rescuers with chemically bound
oxygen (the trigger device is not always activated, the breathing bag
does not open, there is a large resistance to breathing during the
inhalation and the exhalation due to the increase of “dead” space, a
high temperature of inhaled air resulting from the exothermic
reaction is formed);
2) the inability to use them.
In addition, these reasons can also include:
1) the insufficient adaptation of constructive and operational
characteristics of a mine self-rescuer to the constitutional features
and psychophysiological qualities of miners;
2) the lack of reliable dynamic control of the working condition
of the mine self-rescuer;
3) the lack of personal-oriented qualification educational
programs of professional training for admission to independent
work in coal mines;
4) the personal attitude of miners to mine self-rescuers, as well
as ambiguous requirements for their wearing;
5) the lack of individual educational routes for the formation of
adaptive model of safe behavior when miners are included in the
RPE (Respiratory Protective Equipment) in situations simulating
emergencies in the coal mines, during evacuation stages;

Fig. 1 The dynamics of quantity of fatal traumas per 1 explosion
[1].
The structure of fatal traumatism has also changed, in which
carbon monoxide poisoning dominates. The analysis of major
accidents in coal mines showed that 54.5% of deaths occurred as the
result of carbon monoxide poisoning. It should be noted that,
according to other sources, lethal carbon monoxide poisoning
occurs in 32.8 - 49%, and in some cases up to 80% of miners die
[2]. It can be assumed that during an emergency situation in a coal
mine, miners do not even have time to open and “breathe out” a
mine self-rescuer, and in some cases cannot effectively use it. The
increase in the length and depth of working is accompanied by large
energy losses when leaving emergency areas and increasing of
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In addition, when the miner is connected to RPE, he is affected
by negative factors related to the design features and operational
characteristics of the mine self-rescuer, the combined and
associated effects of which can initiate life-threatening conditions
for miners emerging in conditions of gas contamination, smoke,
increased temperature. These pathogenic factors include the high
temperature of inhaled GRM, which can cause burns of the upper
respiratory tract, lungs; increasing resistance during the inhalation
and the exhalation in hyperventilation conditions under the physical
exertion; normobaric hyperoxia; toxic effects of normobaric
hyperoxic GRM (gas-respiratory mixture); hyperoxic hypoxia; the
phenomenon of nitrogen washing-out from the human body, which
represents “nitrogen hazard”; the dryness of GRM; increasing
uncompensated hypercapnia. Psychological and physical exertion in
conditions of emergencies in a coal mine are able to potentiate the
negative effects caused by connection to the mine self-rescuer.
Therefore, it is reasonable to consider in detail the factors caused by
the chemical reaction when connected to the mine self-rescuer,
negatively affecting the respiratory system and respiratory comfort
(Fig. 2).

protective reactions is of dual character. The spasm of capillaries,
slowing of blood flow induce the development of hypercapia and
pH shift to the acid side (metabolic acidosis), which triggers the
mechanisms of mitochondrial dysfunction. It completely levels out
the defensive reaction of organism. And the physiological adaptive
reactions of organism develop into a pathological reaction of toxic
effect of oxygen (Fig. 2). Traditionally it is considered that the safe
exposure to normobaric hyperoxia for a healthy person does not
exceed 2-3 hours. In addition, several researchers note the
pronounced variability of individual sensitivity to the oxygen
intoxication. The psychoemotional stress, intense physical exertion,
hypercapnia can change the sensitivity to the toxic effect of
hyperoxia. The pathogenesis of normobaric hyperoxia is due to the
toxic effect of oxygen and is associated with the generation of
active species of oxygen and nitrogen monoxide (NO). But the
imbalance between the antioxidant defense of organism and
oxidative stress is in the base of many pathological processes.

Fig.2. The main factors of adverse effects on a human induced by
the mine self-rescuer.

3. Results and discussin
Normobaric hyperoxia. As the conducted studies on 18
practically healthy volunteers showed, the volume concentration of
oxygen in the respiratory bag when the mine self-rescuer is
connected reaches its maximum values by 25-35 minute and ranges
from 96.0 ± 1.19 - 97.3 ± 0.56 v/% at a barometric pressure of 770.5
± 1.70 mm Hg, which allows to say that normobaric hyperoxia
prevails in the GRM (Table 1). But within this framework, the
volume concentration of carbon dioxide begins to increase from 15
minutes, which indicates the formation of “break point” of
mechanisms for voluntary control of external breathing.

Fig. 3. General scheme of pathogenesis of normobaric hyperoxia
during breathing when one use a mine self-rescuer with chemically
bound oxygen.
Thus, endothelial, mitochondrial dysfunctions, the disruption of
surfactant synthesis, alveolar-capillary membrane edema, and
microatelectasis contribute to the impaired diffusion capacity of
lungs and the decrease of active pulmonary surface. These changes
can lead to the development of hypoxia and hypercapia even in
conditions of normobaric hyperoxia.
Increased resistance. When testing RPE on volunteers, it was
found that the resistance to breathing during the inhalation and the
exhalation during physical exertion varied on the first minutes from
26.7 ± 3.33 mm of w.c. to 51.4 ± 2.6 mm of w.c., and, on the 30th
minute it reached 77.5 ± 9.95 mm of w.c. and 85.0 ± 9.06 mm of
w.c., respectively. (Table 2). However, the resistance to exhalation
up to 15 minutes is significantly higher than the resistance to the
inhalation, which is largely due to the need to overcome the
resistance force of respiratory bag. On the 40th minute, the
aerodynamic counteraction to the inhalation (107.5 ± 23.8 mm of
w.c.) and the exhalation (97.5 ± 17.8 mm of w.c.) reaches its
maximum value and this area can be considered as a kind of
“reference point”, from which disconnecting of RPE starts because
of the shortage of GRM to the inhalation. One of the reasons for
disconnecting of the mine self-rescuer is uncompensated hyperoxic
hypoxia against the background of physiological hyperventilation,
activation of auxiliary respiratory muscular system and switching to
the metabolic level of respiratory regulation. But with increasing of
aerodynamic resistance, the patients begin to breathe frequently,
thereby contributing to the reduction of resistance. However, with
frequent breathing, the respiratory volume of the lungs decreases, so
the small airways can completely close. The mechanism of dynamic
compression of bronchi is due to the fact that with the expansion of
lungs, the bronchi are also expanded and their lumen increases.

Table 1. The dynamics of volume concentration change of oxygen in a gasbreathing mixture

concentr
ation of
СО2

(v/%)

Volume
concentra
tion of О2

Time, min

1
m
in
52,
7±

5
min

15
min

30
min

45
min

50
min

65
min

60,7
±3,6

83,0
±2,6

97,0
±0,7

95,5
±1,5

93,6
±4,6

95,6
±1,7

0,03
±
0,01

0,13
±
0,04

0,54
±
0,13

0.96
±
0,39

1,33
±
0,54

1,46
±
0,58

4,9
0,0
7±
0,0
2

The reactions of organism to normobaric hyperoxia can be very
diverse, and many issues of the effect of increased oxygen content
in inhaled air during physical exertion in healthy people have not
been sufficiently studied. Their directivity and intensity depend on
the level of partial pressure of oxygen, carbon dioxide, nitrogen,
water vapors in the respiratory bag and the duration of phases of
respiratory cycle.
The initial reactions to normobaric hyperoxia are usually of an
adaptive character and are aimed at limiting the excessive increase
of O2 in tissues, especially in the brain, which is very sensitive to
the toxic effect of oxygen. It should be noted that the direction of
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Table 2. The dynamics of changes in resistance during the inhalation and
the exhalation during the physical exertion using the mine self-rescuer
ShSS-TM.
Min
1
5
10
15
mm
Resistance
to
inhalation

26,7±3,3

39,7±4,7

56,2±4,9

63,7±5,9

Resistance
to
exhalation

51,4±2,6

50,0±6,3

70,0±6,5

77,5±8,2

25

30

35

40

Resistance
to
inhalation

70,0±8,8

77,5±9,9

78,5±13,8

107,5± 23,8

Resistance
to
exhalation

78,5±9,5

85,0±9,0

95,0±13,2

97,5± 17,8

the technical data sheets) of 45-55°C, although according to the
results of technical trials, the temperature of the inhaled gas
fluctuated within the range of 55-72°C. However, even at the
temperature of 45-55°C, the thermal denaturation of proteinsenzymes leads to the stop of enzymatic processes. The temperature
within the range of 60°C can initiate the change in the state of
delocalized electrons of biomolecules and, in particular, induce
replication of DNA molecule, which can lead to a pronounced
biological effect, and also affect the phase transitions of lipids in
cell membranes.
Increase of functional dead space. When connected to the
mine self-rescuer, the functional dead space (FDS) is increased due
to the heat exchanger and the corrugated tube. But the dead space
should be considered not as a static value, but it is reasonable to
analyze it from the position of dynamic space, ensuring the
constancy of alveolar environment. The analysis of FDS role from
the position of adaptation to high temperature of GRM suggests that
the increase in the respiratory rate, increasing the “dead space”, as
well as the additional “dead space”, contribute to the evaporation of
liquid from the surface of the mucosa of upper respiratory tract,
mouth, tongue, increases the space volume, which provides a shortterm phase of compensation during the thermal adaptation to hightemperature GRM.

Min
mm

Therefore, the studied subjects arbitrarily choose the mode of
hyperventilation, including the auxiliary respiratory muscular
system with increasing energy loss. Such a situation will inevitably
lead to a compensatory hyperventilation, and a large absorption of
oxygen by respiratory muscles will restrict the limits of physical
load.
Nitrogen hazard. Unfortunately, this problem did not find wide
coverage in the scientific literature. However, it is well known that
when breathing atmospheric air, the dynamic constancy of partial
pressure of рО2, рСО2, рN2 is maintained in the alveoli of the lungs,
where nitrogen has more than 78%. The partial pressure of nitrogen
in the alveolar gas mixture and its partial arterial tension is 76.6 kPa
(573 mm Hg), and 1.9 mL of nitrogen is dissolved in 100 mL of
blood. In addition, nitrogen penetrates into all tissues, especially
fatty and nervous tissues. Therefore, the value of partial pressure
level and the nitrogen intensity during breathing in insulating means
of individual protection of respiratory organs with chemical bound
oxygen acquires special significance. And the phenomenon of
“nitrogen absence effect” can be observed when breathing GRM
from the mine self-rescuer, which is based on increasing the
excitability of the central nervous system, including the respiratory
and vasomotor center, which leads to the development of
compensatory hyperventilation and an increase in the level of
systemic blood pressure. Therefore, the increase in activity of
nervous system contributes to the development of energy deficiency
under the condition of hyperoxic hypoxia and induces the
mechanisms of apoptosis and necrobiosis. In addition, nitrogen acts
as a support gas for the lung alveoli. Penetrating through the
interalveolar pores of Kona and Lambert's channels, nitrogen
provides collateral ventilation. Studies on volunteers demonstrated
the tendency to reduce the level of nitrogen in the respiratory bag of
mine self-rescuer when breathing gas mixture (Table 3).
Table 3. The dynamics of the volume concentration of nitrogen in the
respiratory bag when connected to the mine self-rescuer.
Time,
1
3
10
15
20
25
30
35
min
V.%
nitrogen

46,5

36,3

29,4

16,9

8,5

3,7

2,5

1,8

4. Conclusion
The basic mechanisms of ventilation disturbance described
above only occasionally appear in a pure form. The combination of
these processes is much more common. In such conditions, physical
exertion in conditions of normobaric hyperoxia does not always
improve the saturation of arterial blood with oxygen. However,
breathing with the help of RPE promotes intrapulmonary
redistribution of blood flow, which can disrupt venous return.
Therefore, it is appropriate to carry out the respiratory therapy to all
employees who were connected to a mine self-rescuer and got to
first-of-the-air in RPE. One of the most promising methods is PEEP
(positive end expiratory pressure). The method is used for
spontaneous breathing. The PEEP regimen affects not only
breathing but also a circulation and a water-electrolyte balance.
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And it is from the level of 1.7% v/% of nitrogen content in the
respiratory bag that the studied subjects begin to disconnect from
the ShSS-TM under the physical exertion. The main reason for the
termination of work is the shortage of GRM for inhalation, which is
due to microatelectasis.
High temperature of GRM. The temperature of the inhaled
GRM of mine self-rescuers can vary within the range (according to
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Abstract: The research focuses on university-industry technology transfer, which is becoming increasingly important. The research
analyses factors affecting the certain case of university-industry cooperation. The factors are tested by adapting the Kano methodology,
often used for determining consumer needs and quality assurance purposes. The research results show that although in most cases the
respondents' opinion on the importance of certain factors is not homogenous; nonetheless it indicates that the greatest importance should be
paid to the factor defining the students' abilities to absorb the skills. In the meantime, the accuracy of the stated outcomes can be considered
as the most successful factor in this case. The research results may not be generalized due to the limitations in the tested aspects as well as
the fact that it analyses a certain case study, but it can be used for complementary purposes in the context with other case studies.
Keywords: KNOW-HOW TRANSFER, INNOVATION, UNIVERSITY-INDUSTRY COOPERATION, LEAN MANAGEMENT,
KANO MODEL, LEARNING OUTCOMES
and foreign origin, and the publicly available information on the
university-industry cooperation models. As a result 90 factors were
determined, both the drivers of and barriers to the cooperation
between the university and the industry [6]. Using the paircomparison method the following 14 factors affecting universityindustry cooperation were chosen and adapted for this know-how
transfer case study:
1. Clarity and concreteness of the stated outcomes of the skill
acquisition process;
2. Existence of a common goal among all stakeholders
participating in the skill acquisition process (industry
representatives, academics, students);
3. Mutual trust among the stakeholders involved (industry
representatives, academics, students) in the skill acquisition
process;
4. The students’ prior knowledge for the skill acquisition process
within the company;
5. The students’ ability to absorb the skills acquired as a result of
the cooperation initiative;
6. Interest of the universities to learn and help provide solutions
to the existing problems of the companies;
7. Capacity of the industry representatives to define the
achievable outcomes of the resulting skill acquisition process;
8. Motivation of the industry representatives participating in the
cooperation initiative;
9. Motivation of the academics to promote the skill acquisition
process;
10. Motivation of the students to acquire new skills while
cooperating with the companies;
11. Availability of rooms and equipment for students during their
skill acquisition process;
12. Participation of other institutions (local municipalities, NGOs,
business incubators, university career centres, etc.) in the skill
acquisition process;
13. Positive legal framework regulation for the skill acquisition
process in the companies;
14. Better career prospects for the graduates.

1. Introduction
The research on the technology transfer and its practical
application is becoming ever more important due to its potential
positive impact on the development of the organizations, which are
applying it. The technology transfer as well as its results can be
considered as an innovation of a certain grade. The multilateral
interrelation of these concepts is best illustrated by the Venn
diagram [7]. The systematic literature search [7] identified a variety
of researches [27; 37] focusing on the classification of the
technology transfer. Depending on the viewpoint the technology
transfer is defined as a technology, technique or knowledge that has
been developed in a given organization and transferred to another
where it is adopted and used [22 cited in 26]; an adoption of
innovation made by another organization [28 cited in 30] or an
application of technology to a new use or user [11 cited in 30]. The
results of the focus group discussion [7] indicate that the technology
transfer should be viewed as a systematic process of transformation
in which a variety of stakeholders from individual (people),
organizational (University-Industry) and macro (Industry-ScienceSociety) levels may be involved. The university-industry
cooperation is an often studied form of technology transfer in the
scientific literature (see, e.g., 15; 23; 24) and often is analysed in the
context with the government, thus creating the so called Triple
Helix model [see e.g. 9]. The university-industry cooperation holds
the potential to create reciprocal benefits for the involved
stakeholders as well as the general society, thus gaining increased
importance [25 cited in 10].
The term technology can be referred to both a physical item and
the information or knowledge [see e.g., 19; 26; 32]. The Paper
analyses the Lean management techniques know-how transfer from
the industry (manufacturer of vehicles) to the university. As
suggested [8] the process of know-how transfer can be best
implemented by using a learning outcomes oriented approach and
the performance of know-how transfer is affected by the accuracy
of the stated learning outcomes, applied teaching, learning and
assessment methods and both internal and external environment
characteristics of the stakeholders involved in the process. The aim
of this Paper is to identify the drivers of and barriers to the knowhow transfer. Accordingly, the research question is – which are the
drivers of and barriers to the know-how (Lean management
techniques) transfer from the industry to the university?

2. Factors
affecting
cooperation

3. Methods
Quantitative and qualitative data collection was carried out by
surveying students (hereinafter respondents) participating in the
know-how transfer project. The questionnaire included the
previously indicated drivers of and barriers to university-industry
cooperation. In most cases the limitations in the attitude researches
are related to the fact that there are significant differences in the
subjective perspectives, attitudes and feelings of the respondents in
the absence or existence of a certain criteria. In order to acquire
more accurate response, for the categorization of the factors, a
modified Kano methodology [14] was applied, which is often used
to determine the consumer needs and for quality assurance

university-industry

This chapter presents factors adapted from the research on the
university-industry cooperation conducted by the Latvian
Association of Universities in spring 2017 [6]. Data sources of
information included scientific literature, grey literature, interviews
with members of the higher education institutions of both Latvia
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purposes. This method allows to analyse the aspects in a more
detailed way similar to Herzberg et al. (1966), etc. [2; 3; 4; 13; 17;
18; 35 cited in 1]. The methodology of the Kano model [14]
prescribes formulating the research aspects into two groups –
functional and dysfunctional. The functional is a positively
formulated assumption, i.e., the given aspect applies, while the
dysfunctional is a negatively formulated assumption, i.e., the given
aspect does not apply. Different possible options of the answers are
available [see e.g. 36]; however, the following formulations have
been adapted:
1) I like it;
2) I expect it;
3) I am neutral;
4) I can tolerate it;
5) I do not like it at all.
The importance (category) of any given aspect can be
determined according to a modified evaluation matrix of the Kano
methodology (see Table 1).

4. Results and discussion
The survey results – the categorization or the importance of the
factors tested in the research are shown in Table 2.
Table 2: Categorization of factors affecting university-industry cooperation

Number of Respondents (n=10)
Factor

Table 1: Modified Kano evaluation matrix, based on [31]
Dysfunctional form of the question
1. I
like it
very
much

2. I
expect
it

3. I am
neutral

4. I can
tolerate
it

5. I do
not like
it at all

1. I like it
very much

Q

A

A

A

P

2. I expect
it

RA

Q

I

I

M

3. I am
neutral

RA

I

I

I

M

4. I can
tolerate it

RA

I

I

Q

M

5. I do not
like it at all

RP

RM

RM

RM

Q

Functional form of the question

Answers

Category
M

P

A

RM

RP

RA

I

Q

1.

3

3

1

0

0

0

3

0

2.

5

0

3

0

0

0

2

0

3.

2

5

1

0

0

0

2

0

4.

1

0

1

0

0

0

8

0

5.

0

9

0

0

0

0

1

0

6.

0

0

1

1

0

0

8

0

7.

3

3

2

0

0

0

2

0

8.

1

5

2

0

0

0

2

0

9.

4

4

0

0

0

0

2

0

10.

1

7

1

0

0

0

1

0

11.

1

6

2

0

0

0

1

0

12.

0

2

2

0

0

0

6

0

13.

2

0

2

0

0

0

6

0

14.

0

4

3

0

0

0

3

0

The survey results indicate that in most cases the respondents'
attitude towards the importance of the aspects is rather
heterogeneous, except for factors as follows:
• The students' ability to learn and use skills acquired as a result of
the cooperation initiative;
• The students' prior knowledge for the skill acquisition process
within the company;
• Interest of the universities to learn and help provide solutions to
the existing problems of the companies.
According to the Kano methodology it is clear that the final two
factors are evaluated as rather unimportant, while the ability of the
students to learn and use skills acquired as a result of the
cooperation initiative is considered as the performance aspect or
rather important, because if it is met or if it isn’t, the satisfaction
and dissatisfaction increases proportionally accordingly. The ability
to acquire and use the skills (absorptive capacity) both on the
individual, group and organizational level has been analysed within
the Learning organization concept [see, e.g., 21]. The ability of a
company to recognize the value of external information, to
assimilate it, and apply it to commercial ends is critical to its
innovative capabilities [5]. The research results confirm that the
absorptive capacity is considered as very important also by the
persons which acquire the knowledge.
Although the students’ prior knowledge is believed to be an
important factor [see, e.g., 12; 16; 33; 34], respondents found it as
relatively indifferent. This could be explained by the fact that in this
project the students were not required to have any additional
knowledge thus it was not a defining factor for the skill acquisition.
However, the situation unveils the imperfection of the Kano
methodology. The evaluation results of other factors are not
unambiguous, however according to the proportion of the answers,
separate groups can be identified. Among them factors which are
not relatively important to the respondents themselves:
• Participation of other institutions (local municipalities, NGOs,
business incubators, university career centres, etc.) in the skill
acquisition process;

The following designations have been used in the table, based
on [20; 31]:
M (must-be) – in case this criterion is met, the satisfaction of
the respondents does not increase, while in the case if the criterion
is not met the dissatisfaction of the public increases. This is
believed to be a so-called hygiene factor that is necessary to be
present for a successful implementation of the skill acquisition
process.
P (performance) – in case this criterion is met, the satisfaction
of the respondents increases proportionally, meanwhile if it is not,
the dissatisfaction increases proportionally. This is believed to be
both hygiene and an attractive factor. Thus, it is important for a
successful implementation of the skill acquisition process.
A (attractive) – criterion which is not expected to be met by
default (excitement factor). If this criterion is met, the satisfaction
of the respondents increases, while if it is not met, the
dissatisfaction however does not increase. This is believed to be an
important aspect, however it gains importance only after the mustbe and performance criteria are met.
R (reverse) – criterion is proportionally inversed – its fulfilment
causes decrease of respondents’ satisfaction.
I (indifferent) – the criterion according to the respondents is
believed to be relatively unimportant.
Q (questionable) – the answers provided by the respondents
concerning the given criterion were contradictory.
The survey also included an open type question in which
respondents were asked to explain in detail the provided answer to
the criteria. The survey was conducted by using Google forms and
disseminated to respondents, who were participants of a certain
university-industry cooperation project during the spring semester
of 2017. In total 10 out of 12 respondents filled the survey form.
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• Positive legal framework regulation for the skill acquisition
process in the companies;
The following factors were defined as rather important:
• Availability of rooms and equipment for students during their
skill acquisition process;
• Mutual trust among the stakeholders (industry representatives,
academics, students) in the skill acquisition process;
• Motivation of the students to acquire new skills while cooperating
with the companies;
• Motivation of the academics to promote the skill acquisition
process;
• Existence of a common goals among all stakeholders participating
in the skill acquisition process (industry representatives,
academics, students);
• Capacity of the industry representatives to define the achievable
outcomes of the resulting skill acquisition process;
• Motivation of the industry representatives participating in the
cooperation initiative;
• Clarity and concreteness of the stated outcomes;
• Better career prospects for the graduates.
The strength of the given criteria according to the survey results
can be observed in Table 3.

placements in the given companies for the students to enrol in”. The
provided quotes provide an example of the difference in the
respondents' attitudes. The evaluation results of the factors related
to the other institutions' involvement in the skill acquisition process
is related to the fact that such other institutions were not present.
Most of the respondents (9 out of 10) strongly agree that the factor
clarity and concreteness of the stated outcome is important within
the skill acquisition process. The respondents provided the
following comments: “All tasks are clear”, “The achievable tasks
were clearly defined”, “The outcomes were defined already in the
beginning of the study course, before our visit to the company.”,
“We were introduced to the tasks and how to conduct them well in
advance as well as the possibility to approach the lecturer or the
head of the company in case we had any uncertainty”. The results of
the evaluation as well as the fact that the given aspect is believed to
be rather important, it can be suggested that in this case the factor is
a technology transfer driver of the most importance.
Additional factors which importance were highly evaluated
(more than half of the 10 respondents strongly agreed), are the:
• Motivation of the industry representatives participating in the
cooperation initiative;
• Availability of rooms and equipment for students during their
skill acquisition process;
• Existence of a common goals among all stakeholders participating
in the skill acquisition process (industry representatives,
academics, students;
• Capacity of the industry representatives to define the achievable
outcomes of the resulting skill acquisition process;
• Motivation of the students to acquire new skills while cooperating
with the companies.
Respondents provided the following comments regarding the
aforementioned factors:
“All representatives of the company (…) were cooperative and
replied to all of the questions by students, thus I believe they were
motivated”; “For the students to acquire the skills and to effectively
cooperate with the company, it is highly important to have access to
rooms and equipment, which is the only way how to see and
understand the real situation as well as the possible problems.”;
“The company was highly involved in the process of educating and
informing the students. The aim of the students is to gain new
knowledge and understanding about the actual processes in the
companies. The same inversed aim applies to the companies which
are eager to provide the necessary information to the students, thus
attracting them as the new employees!”; “All of the participating
parties had common goal, since everyone benefited from our visit”;
“If the company is participating in this process, it has to be able to
define what particularly important skills they would like to
disseminate and what are the achievable outcomes.”; “We were
motivated to fulfil the given tasks as good as we could, so the
company may gain the largest possible benefit from our
cooperation.”

Table 3: Significance of the university-industry cooperation factors
according to the respondents
Number of Respondents (n=10)
Respondents’ factor evaluation results

Factor
Strongly
disagree

Rather
disagree

Rather
agree

Strongly
agree

Do not
know

1.

0

0

1

9

0

2.

0

0

3

7

0

3.

0

0

6

4

0

4.

0

0

9

1

0

5.

0

0

5

5

0

6.

0

3

5

0

2

7.

0

0

3

7

0

8.

0

0

2

8

0

9.

0

0

7

3

0

10.

0

0

4

6

0

11.

0

0

2

8

0

12.

0

3

3

0

4

13.

0

0

3

5

2

14.

0

0

6

3

1

5. Conclusions

The evaluation of the tested factors according to the
respondents’ opinion indicates that in the majority of cases they
strongly agree or rather agree to the provided criteria. With the
exception of the following criteria:
• Interest of the universities to learn and help provide solutions to
the existing problems of the companies;
• Participation of other institutions (local municipalities, NGOs,
business incubators, university career centres, etc.) in the skill
acquisition process;
When evaluating the interest of the universities to learn and to
provide solutions to the existing problems of the companies, the
respondents have provided the following comments:: “It is not in
the interests of the university to solve the most significant problems
of a given company, but rather to educate the students thus
improving their understanding about the possible problems and
solutions to them in the business environment.”; “The university is
interested in helping the companies to solve their problem, because
by such means the university is creating closer interrelationships
between the both sectors and thus creates highly valuable internship

The research results indicate that in most cases the opinion of
the student groups on the factor importance is not homogenous.
Nonetheless, it allows drawing conclusions. However, the factor
significance evaluation indicates that the given case from the
perspective of the tested factors can be defined as successful. It can
be concluded that out of the tested factors the most important is the
ability of the students to learn and use skills acquired as a result
of the cooperation initiative, meanwhile the most success-defining
factor - clarity and concreteness of the stated outcomes in the
skill acquisition process. It can be concluded, that tested factors
are the drivers of technology transfer. Although the sample of the
case study was quantitatively limited, the results indicate the
usefulness of the Kano methodology, because from the perspective
of the respondents factors can be divided into multiple categories.
The specificity of the research defines its limitations and limits the
generalisation of the results; however, it can be used
complementary with other case studies. The novelty of the research
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is defined by the use of Kano methodology for categorization of
factors, thus proving that the application of Kano methodology is
not limited to determining of consumer needs and quality assurance
purposes.
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Abstract: Standard ISO 9001: 2015 brings some novelties which caused changes in the work of already certified organizations. Except of
changes in terminology and structure of the standard, there has been a substantial change which opens up the possibility for the realization
of effective quality management system. One such change is the introduction of the new standard's requirement “7.1.6 Knowledge”, which
emphasizes the obligation of establishing, maintaining and updating the knowledge of the organization.
Knowledge has become the main driving force in society and a major success factor. Knowledge of individuals integrated into a
particular entity or organization, represents the highest value and intellectual capital of the organization. Since the knowledge is the main
factor of organization's success, it is necessary to adequately organize knowledge management in order to provide sustainable development
of the organization. Knowledge management is a broad multidisciplinary and complex field that is constantly evolving and represents an
essential driver of innovation in organizations.
In contrast of previous version of the standard, ISO 9001: 2015 has more requirements focused on providing knowledge and
information, through which can be made the integration of knowledge management. Thus, the paper is focused on research of correlation
between standards ISO 9001: 2015 and knowledge management. Accordingly, the paper gives an overview of identified techniques and
methods of knowledge management and analysis of their correlation with the requirements of ISO 9001 standard.
Keywords: KNOWLEDGE MANAGEMENT, STANDARD ISO 9001:2015

The most appropriate definition of knowledge is: Knowledge is
data plus "knowledge" about the meaning of these data, i.e.
knowledge is always associated with the procedures for its use.

1. Introduction
According to Ackoff, the content of the human mind can be
divided into 5 categories:
•
•
•
•
•

Knowledge is intangible, dynamic and difficult to measure, but
without it organization cannot function. The basic division of
knowledge is as follows:

Date – unorganized and unprocessed static fact
Information – has meaning, purpose, relevance
Knowledge – useful information gathering
Understanding – connects and synthesizes knowledge
Wisdom – state of mind which comprises the treatment of
conscience and morality, the code of ethics, etc.

• Tacit knowledge. Represents inarticulate knowledge that is
largely personal, experiential, specific context. Tacit
knowledge is variable, increasing and constantly getting new
forms, in line with recent experience of its owner. The basis
is for innovation and creative processes. Methods of
transmission are: mentoring, apprenticeships, communities,
practices.
• Explicit knowledge. It can easily be written and codified.
Objectively it exist, it can be codified, clearly and formally
expressed and documented and is easy to transfer, sharing and
transferring.

The ratio of these categories on the basis [1] is shown in Fig. 1.

Knowledge has become the main driving force in society and a
major success factor. Knowledge of individuals integrated into a
particular entity, i.e. business system, represents the highest value,
and intellectual capital of the organization. Knowledge is actually
the base for the realization of all the processes in the organization,
therefore, the aim of knowledge management is actually the
construction and use of intellectual capital in an efficient and
effective manner.
Standard ISO 9001, in the new edition of 2015, provided the
knowledge more importance by assigning it a special point 7.1.6.
Knowledge of the organization. This requirement was introduced to
protect the organization from the LOSS OF KNOWLEDGE (staff
turnover, lack of knowledge sharing ...) but also to encourage
organizations to acquire new knowledge. In direct correlation with
the knowledge is associated and the standard requirement 7.1.2.
People, 7.2 and Competence and 7.3 Awareness.

Fig. 1 The path from data to wisdom.

The fact is that from all of the above emphasized categories, the
most difficult is to make a clear distinction between information and
knowledge because these two categories are mutually intertwined.
This is because it is debatable whether the segments of recorded
information actually are "knowledge" and whether the recorded
knowledge contains much information.

In accordance with the foregoing, the aim of this paper is to
highlight the importance of the categories of knowledge and
management skills and to determine their correlation with the
standard ISO.

Knowledge is one of the terms that are difficult to define.
Knowledge can be defined as the volume of information,
observations or understanding that has a personality.
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2) Effective knowledge management requires a hybrid
combination of people and technology
3) Knowledge management is in the hands of top management
4) Knowledge management requires knowledge managers
5) Knowledge management provides greater benefits through
the plan than through the model
6) Sharing and use of knowledge is often un unnatural act
7) Knowledge management means improving of working
processes that are based on knowledge

2. Knowledge management
More than 40 years 80% of the employees participated in the
production (directly or indirectly). At the present time only 20% of
employees are involved in the production. Thus, the organization
uses on average 20% of the available knowledge while about 80%
of knowledge in the organization is unstructured.
In addition to the basic division of knowledge to tacit and
explicit, knowledge is still divided into individual and collective
knowledge. Individual knowledge is part of the organizational
knowledge that exists in the minds and skills of individuals. It is
autonomous in the application and transferability between
individuals.
Collective knowledge - "organizational memory" or "collective
thinking of organization," depends on the way in which knowledge
is spread and shared among members of the organization. It’s
accumulated in the organizational rules, procedures, routines, and
common standards that define ways of solving problems in practice,
and the interaction between members of the organization.
The fact that knowledge is the main factor of success of the
organization that’s why is necessary to manage adequately with the
individual and collective knowledge in order to provide sustainable
development of organization.
Knowledge management is a broad multidisciplinary and
complex field that is constantly evolving and therefore there are
different interpretations of its meaning. Here are given some of the
older definitions of knowledge management that are still in use
nowadays:

Fig. 2 The cycle of knowledge management.

The knowledge management uses a variety of multidisciplinary
techniques and approaches to manage with the knowledge. Some of
the most popular techniques and approaches are [3]:

According to Birkett (1995) knowledge management represents
bringing of unutterable knowledge to the surface, their
consolidation into forms that are more accessible and promote their
continued creation.

• Professional groups/Asynchronous communication (e-mail,
bulletin board / advertising, index text and alerts, discussion
themes);
• Synchronous communication (instant messages / documet
sharing, application and screen sharing, video i audio
conferencies);
• Colaborative services (calenders and schedules, task
management, voting and evaluation monitoring, labor flows);
• Management of documents and content;
• Engineering knowledge;
• Classification;
• Mapping;
• Detection of knowledge (data warehouse, data mining, expert
systems);
• Depot records of learned lessons and the best practices;
• E-learning, training and mentoring;
• Locator of experts/Organizational;
• Yellow pages;
• Management of changes, agent of changes, BPR culture of
change, incentives, leadership;
• Intellectual property/Ownership.

Davenport 1994, defines knowledge management as a process
of abstraction, distribution and effective use of knowledge.
Basic components of knowledge management are:
• People. The most important and the most difficult challenge
of knowledge management implementation concept is to
prepare the organizational culture of (values and behavior)
• Processes. Should be adapted in a way to support the
employees in creation, division and knowledge application.
• Technology. Should be adapted to people and processes of
creation, division and knowledge application.
As knowledge is recognized as increasingly important "asset" of
the organization's knowledge, thus that knowledge of organization
must be formalized, distributed, shared and applied. Thus, the
existence of knowledge in the organization is not enough that the
organization becomes a highly-competent, but it is necessary to
establish an effective system of knowledge management.
There have been proposed many models of knowledge
management system. In Figure 2 on the basis of the paper [14] is
shown a model that is in consistent with PDCA cycle.

All of the above mentioned methods and techniques by the
character can be classified to the linkage and the collecting. [4]
Gathering techniques connect people with the information, and the
other connecting people with people who have specific knowledge.
Basically all the knowledge of management techniques are enabled
thanks to the development of information technology.

As the PDCA cycle is the basis of ISO 9001 standard, so and
the model and system of knowledge management is displayed
through this cycle on the basis of five processes. Planning and
organizing of knowledge are the segments of the phase P (Plan),
Transfer of knowledge belongs to a phase D (Do), Application of
knowledge belong to a phase C (check) and a Measurement and
Analysis belong to phase A (Act). In each of the processes are
defined and key activities that define them.

3. Relationship of knowledge management and
ISO 9001 standard

In knowledge management are defined the following principles

The succes of the business system can be expressed on the basis
of the four key factors:

[2]:

• knowledge,
• quality,

1) Knowledge management is expensive but irrelevant
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• competence and
• continuity.

• Item 7.5 refers to the documented information which clearly
defines how information is created, stored, controlled,
recorded, distributed, delayed .... Although between the
information and knowledge is the fine line yet in ISO 9001
standard these two themes are clearly separated.
• Item 7.1.6. Knowledge of the organization is the only item
of the standard ISO 9001: 2015 without any equivalent subitems in the preceding standard and indicates the commitment
of the standard of knowledge as one of the important
resources of an organization.
• Item 7.1.6 defines three imperatives related to knowledge as
a resource of organization, as follows:
1) the necessity to continuously measure and determine
overall knowledge that is necessary for the performance of
business processes in the organization, in order to increase
or retain the necessary level of quality products and
services;
2) this knowledge must be maintained at the desired level and
to make available at the organization level;
3) depending on the available knowledge, the organization
has to design ways to access additional knowledge in order
to innovate the existing.

Neglecting other influencing factors, that can be treated as 4
mentioned functions, the success is defined as:
Success=f(knowledge, quality, competence, continuity)
The 4 mentioned factors, as a dependent variable, present
(Figure 3):
•
•
•
•

Precondition of success – Knowledge,
Guarantee of success – Quality,
Ensuring of success – Competence and
Sustainability of success – Continuity.

In order to meet all the challenges that today is facing a
business system a prerequisite of success, respectively the basis of
success is the knowledge.

Well, the standard’s requirement 7.1.6, in terms of knowledge
as a resource, in some way directly promotes the use of techniques
and methods of knowledge management for the fulfillment of those
imperatives. Unlike this item, item 7.6. Documented information
contains all the elements of a documented management system,
which is one of the tools of knowledge management. Also, within
the item 9 Evaluation of performance, there is a sub-item 9.1.2
Customer satisfaction, which requires that the organization must
establish methods for preparing, monitoring and review of
information on user satisfaction with products and services. The
methods and techniques that can be used to fulfill a request by the
mentioned items of the standard at the same time are and the
methods and techniques in the field of knowledge management
process. In Figure 4 indicates the relationship between the ISO 9001
standard and Knowledge Management.

Fig. 3 Success.

One of the principles of quality management is "Decisionmaking based on facts." Analyzing this principle, from the
standpoint of his expedient fulfillment, are revealed two aspects of
knowledge.
The first aspect relates how to provide a fact. In this case,
under the fact is implied true detailed information. So this is
information that is timely and topical, relevant, accurate and
reliable. Information is itself a resource at which basis is the data.
The data itself is nothing until it is put into context. Thus,
knowledge of how to put the information into context on the basis
of which leads to a fact presents the first aspect.
The second aspect is the knowledge necessary for decisionmaking. And in addition to providing adequate facts, unless there is
a sufficient quantum of knowledge of decision-makers, there is a
risk of making the wrong decision.
The requirements of ISO 9001 standard that are in direct
correlation with knowledge are:
• In item 4.1, "Understanding the organization and its context,"
pointing out that "Understanding the Internal context can
facilitate consideration of issues relating to values, culture,
knowledge and organizational performance".
• Item 16.7 is specifically oriented to the knowledge of the
organization. In the previous standard the knowledge is only
mentioned in item 6.2.2. The work environment due to the
importance now got special item.
• In Item 7.2 Competence is associated with knowledge of the
organization but for expressing the importance of this item is
included separately, which was not the case in the old version
of the standard.
• Item 7.3 Consciousness is also associated with the knowledge
of the organization because it requires the organization to
develop the awareness of individuals in relation to the
contribution to the effectiveness of the quality management
system, including the benefits of improved performance, as
well as the consequences of non-compliance with the
requirements of the quality management system.

Fig. 4 The relationship between the standard and knowledge management.

Standard ISO 9001 requires from organizations the
establishment of knowledge management as a support process, i.e.
support through the application of techniques and methods of
knowledge management. In the context of item 7.1.3.
Infrastructure requires the organization to provide the equipment,
including hardware and software, and information and
communication technologies that are the basis for the application of
methods and techniques of knowledge management. In the other
direction through the application of techniques and methods of
knowledge management are provided the knowledge and
information necessary to meet the requirements of the standard in
terms of smooth functioning of the business processes of the
organization, achieving the goals of the organization and the
achievement of quality in the organization.
Unlike previous versions of the standard, ISO 9001: 2015
standard has broader requirements in terms of providing knowledge
and information and through which can be made with the
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integration of knowledge management. In Table 1, have been
identified methods and techniques of the knowledge management

via which it is possible to satisfy the requirements of the ISO
9001standard.

4.1
4.2

4.4.2

5.2.2
6.2
7.1.5.1
7.1.5.2
7.1.6
7.2
7.4
7.5
8.1
8.2.3.2
8.2.4
8.3.2

8.3.3
8.3.4
8.3.6
8.4.1
8.5.1
8.5.2

8.5.3
8.5.5
8.5.6
8.6
8.7
9.1.1
9.2.2
9.3.2
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Intellectual property

Management prom.

Yellow pages

Lokator eksperata

Electronic learning

Depot on sci. record.

Knowled. discovery

Engineer. of know.

Managemen of doc.

Collaborat. services

Requirements
ISO 9001:2015 in terms of knowledge
The organization shall monitor and review the information to these external
and internal issues;
The organization shall monitor and review the information of those
interested parties and their relevant requirements;
a) to keep up documented information as support on functionin of their
processes;
b) to keep up documented information to have confidence the processes to
be carried out as it were planned;
a) to be available and maintenaned as documented information;
b) to communicate about it, to be understood and applied within the
organization;
f) to communicate about them;
The organization shall keep up appropriate documented information as
evidence of conveniences of resources for monitoring and measuring, for an
appropriate purpose
a) .... must be kept as documented information;
Knowledge of information
Competency
Communication
Documented information
e) identification and management of documented information to the
necessary extent
The organization must, as applicable, to keeps up documented information:
When request for produts and services change, the organization must ensure
that the relevant documented information are changed and the relevant
persons are aware of changed requests.
j) documented information that are needed to be shown that the
requirements for design and development are completed.
b) information stemming from previous similar design and development
activities;
Organization shall retain documented information on input elements of
design and development.
e) that on these activities to keep up documented information
Organization must keep up documented information:
Organization must keep up documented information on all activities and all
necessary measures stemming from evaluation.
e) appointment of competent persons, including of all required
qualifications;
When the traceability is a requirement, an organization must manage with
unique identification of output elements, must keep up documented
information which are necessary to enable traceability.
When a property of a user or extern supplier is lost, damaged or is found
otherwise to be unsuitable for use, organization must inform the user or
extern supplier and to keep up documented information about what
happened.
e) feedback from user.
Organization shall retain documented information describing the results of
the review of changes, people who approve changes and all necessary
measures stemming from review.
Organization shall retain documented information on the release of products
and services
Management of nonconforming output elements
Organization shall retain appropriate documented information as evidence
of reults
f) to keep up documented information as evidence on the application of
checks of program and results
c) information about the performance and effectiveness of the quality
management system, including trends:

Synchron. commun.

Methods and techniques of
management knowledge

Professional groups

Requiremnt of the
ISO 9001 standard

Table 1: The ratio of the standard requirements ISO 9001:2015 and method of techniques of management knowledge.
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Organization must keep up documented information as evidence on review
●
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of results by the leadership.
10.1
Organization must keep up documented information as evidence:
●
●
In the table have been identified exclusively those requirements
[14] Arsovski S., Stefanović M. (2016). Znanje – ključni resurs za
of the standard which indicate directly to the application of the
razvoj i uspostavljanje QMS-a saglasno ISO 9001: 2015,
methods and techniques of knowledge management.
Kvalitet i izvrsnost, (1-2).
9.3.3

4. Conclusion
The paper describes the correlation of ISO 9001:2015 standard
and knowledge management. Specifically standard ISO 9001:2015
introduces a new requirement that is directly related to the
knowledge with a view to ensuring that knowledge is maintained
and therefore to make available to the necessary extent.
The correlation between knowledge management and ISO
9001:2015 standard goes in two directions. ISO 9001 sets out the
basis for the application of knowledge management methods,
through whose further implementation of the goals of quality and
meet the requirements of the standard. It has been observed that
most of the requirements of the standard, both directly and
indirectly has specific requirements in terms of knowledge that
allows them quality management through their methods of
collecting information and new knowledge. On the other hand, meet
the requirements of standards that are correlated with the
knowledge management provide a good basis for the establishment
of an effective and efficient knowledge management.
The paper also shows the correlation of the standard
requirements of the identified methods and techniques of
knowledge management, and further research may move in the
direction of determining the strength of this correlation and ranking
of the selected method from the aspect of knowledge management.
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Abstract: Many theoretical concepts of studying innovation strategies concentrate on selected aspects and determinants of this phenomenon
and dissemble cohesive and wider perspective. In result there is lack of comprehensive researches concerning innovation policies, especially
covering long term, repetitive studies based on the same methodology. The main purpose of this article is to assess innovation strategies
applied in Polish medium and large industrial enterprises based on three dimensional innovation activity model – innovation cube. Those
dimensions are: place of creating, continuity of activity and way of innovation utilization. In result of imposition above criteria these model
presents eight different variations of innovation policies. The most common innovation policy utilized in Polish industrial enterprises is
individual innovator. This means that innovations were created in continuous manner, based on own resources and for own use.
The test sample covered years 2007-2009 and 2012-2014. Surveys were conducted on group of medium and large Polish enterprises
belonging to low-, medium- and high-tech industries. Each phase of research was based on the same methodology. From first stage 80
responses were obtained and from the second one 92.
KEYWORDS: INNOVATION, STRATEGY, INNOVATION POLICY, INDUSTRY, COMPANY
There are several studies and attempts of meta-analysis
comparing relations of numerous factors in the context of
1. Introduction
Innovation is one of the key dimensions of functioning
innovation strategy (Damanpour 1991:555-590; Kimberly,
and development of the organization (Kaplan, Norton 1993:67Evanisko 1981:689-713). However most of those analyses are
70). It can be perceive as decisive dilemma of company`s success
based on different scope and are focused on different level of
due to its dual role. On the one hand innovation can be seen as a
complexity. Thus still exist a cognitive gap and need of analysis
source of change that can reshape company`s competitive
of this phenomenon that is up-to-date and based on complex
potential. On the other hand this requires investments and
research framework.
Above mentioned discourse allows to formulate main
reconfiguration of key resources which raises uncertainty and is
purpose of this article which is assess of innovation strategies
highly risky activity (Tidd et al. 2005:111). Therefore, innovation
applied in Polish medium and large industrial enterprises based
strategy must cope with both of these perspectives. Short term
on three dimensional innovation activity model – innovation
plan focused on orchestrating resource synergy and efficiency.
cube. In specific those three dimensions are: place of creating
However, long term perspective creates capacity and growth
innovation (in-house / outside), continuity of activity (continuous
potential of organization. Moreover innovation strategy should
/ occasional activity) and utilization of innovation (own usage /
also enable cohesion of wide scope of company`s activities
commercialization). In result of imposition above criteria these
depending of current level of its competitiveness, development of
model presents eight different variations of innovation policies.
technology and market conditions.
Adoption of main goal and presented model allows derivation
In general view, the key goal of the innovation strategy
following research questions assuming Polish industrial
is to assure a long-term survival of the company and growth of its
enterprises:
competitiveness by creating revenue streams based on delivery
1) in terms of diagnosis of innovation strategies:
value to customers. On a tactic level innovation strategy should
a. What is the distribution of each of
designate goals, create boundaries conditions and key
abovementioned dimensions in cube model in
assumptions for innovation process. Embeddedness of and
both surveyed periods?
consistency of innovation process within innovation strategy and
b. What is the distribution of eight variants of
both of them in organization`s competitive strategy is crucial for
innovation policies in both surveyed periods?
achieving success in a longer perspective. These dependencies
2) in terms of innovation strategies effects assessment:
determine efficiency of innovation strategy based on achieving
a. What type of innovation (according to Oslo
synergies from positive feedback between the subsystem of
methodology) was dominant in both surveyed
innovation and other subsystems of organization (Mielcarek
periods?
2016:29). Complex and multidimensional nature of this
b. How innovation importance phenomenon presents
phenomenon is result of being conditioned on both, external and
in both surveyed periods?
internal factors, as well as a need of coping operational activity
c. What other effects were obtained by applying
with long term development.
innovation policies in both surveyed periods?
There are many studies that emphasize one specific
aspect or research perspective of innovation strategy. For
instance in literature of last decades in reference to business
2. Innovation strategy - theoretical starting points
In general main goal of business activity is creating
environment and external conditions, there can be distinguished
added value for its customers in order to make profit. That is why
m. al.: managing relations (Ahuja et al. 2008), innovation
planners must cope with several functions of strategy, extending
network (Perri et al. 2006), innovation ecosystem (Iansiti,
on corresponding dimensions of company`s activity (Grant
Levien 2004), business model and open innovation (Chesbrough
2012). First of all strategy is way to achieve goals and ensure
2006). Also in regards to organizational factors there are many
development of organization. Therefore it reflects to future
concepts and research frameworks. For instance K. Zduńczyk
actions and intended position that company wants to acquire. To
and J. Blenkinsopp adapted idea developed by E. Martins and F.
put this vison into reality, strategy should also motivate and
Terblanche (2003) consisting of four dimensions – strategy,
inspire organization members. Second dimension of strategy is to
structure, support mechanisms and behavior, to examine their
ensure cohesion of organization`s decisions, which is essential
influence on innovation (2007:25-40). In other research, to group
for managers acting within limited rationality. In this sense
of organizational factors researchers include financial
strategy reduces risk and scope of possible paths of development
expenditure, innovation culture, leadership, organizational
into a satisfactory solution that meets accepted criteria. Third one
structure and interorganizational relations (Assimakopoulos et al.
is function of coordination and communication. Strategy enables
2011).
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Organization

Innovation character

Decision
makers

cooperation of different units and individuals within
of analysis, it is worth to notice that below list isn`t exhaustive
organization. Process of strategic planning leads to exchange of
(more criteria and variants can be proposed). At the same time
views of involved parties and in result, to achieve consensus
presented variants describing innovation strategies aren`t
about how organization should proceed and control its actions
alternative choices. This means that innovation strategy can be
(Grant 2012).
characterized by a combination of different variants, i.e. global,
Literature brings many different views and perspective
offensive, imitating, marketing, production and technological.
of defining innovation strategy (see Table 1). Despite wide scope
Table 1. Criteria of defining innovation strategy
Scope
Criterion
Authors
Strategy variants
Main concern of
H. I. Ansoff, E. J.
Level of complexity and detail in preparing
McDonnell,
Development
Formal plan /
development paths according to future
1988;
approach
Emerging plan
environment fluctuation and potential
H. Mintzberg
organization`s response.
1987
Acquisition and developing relations with
Exploration /
Creating value
H. R. Greve 2007
entities in order to create or discount
Exploitation
innovation.
Level of
C. Christensen,
Defining technology capabilities and
Incremental /
technological
M.E. Raynor
capacities. Providing market acceptance of
Breakthrough
change
2003
innovation.
Rothwell R.,
Initiating and driving of innovation activity
Gardiner P.,
Technology push /
Source of
depending on the relationship between
1983; Rothwell
Market pull /
innovation
technology developments and fulfilling
R., Zegveld W.
Coupled
market needs.
1985
P. Doyle, S.
Organizational innovations: modification of
Bridgewater
internal elements of company in coherent
Type of
Organizational /
1998;
way, i.e. structure, processes, culture.
Oslo Manual
innovation
Market
Market innovation: delivery of value for
2005
customers via products and distribution.
Competiton
apporach

C. Freeman, L.
Soete 1997;
R. G Cooper
1984

Company`s
function

J. Tidd, J.
Bessant, K. Pavitt
2005

Value chain
position

P. Drucker 2006

Offensive /
Defensive

Balancing cost and revenue structure.
Competition and risk assessment.

Technology /
Marketing /
Production / Human
Resources /
Financial
Pioneer /
Imitating /
Niche

Enabling cohesion and synergy effect
between company`s function.
Balancing cost and revenue streams in
perspective of market needs and
competition activity.

Source: own preparation.
First criterion presented in the table, perhaps most
general, is decision makers approach to organization development,
allowing divisions of rationalist and incremental types of innovation
strategy (Whittington 1994). Rationalist approach, represented by
H. I. Ansoff, is based on a formal and planned path of development
that must cope, with complexity of interdependencies, in the long
term perspective. It is crucial to ensure company`s capacity to
endure changes and provide coherence in goals with corresponding
organization`s procedures and routines. In second perspective called incremental approach, represented by H. Mintzberg,
innovation strategy comes to continuous and evolutionary
adaptation to environment fluctuations based on exploring different
development paths and create readiness to change strategy
whenever new circumstance appears.
Different approach presents Peter Drucker, which
emphasizes and relates innovation strategy to position of
organization within value added chain (2006). In this perspective
efficiency of innovation strategy depends on interactions with
different entities such as competitors, suppliers and customers
which both, directly and indirectly, determine level of expenditures,
achieved income and rate of return form innovation activity. In this
view expenditures are determined by cost of resources
specialization, entry cost to industry, cost of access to technology or
market and cost of innovation duplication. Whilst income and return
rate are dependent on market scale, competition activity and
possibility of achieving innovation rent.

Another perspective of defining innovation strategy is
based on relationship between technology developments and
fulfilling market demand. Core concept were laid by R. Rothwell, P.
Gardiner and R. Rothwell, W. Zegveld (1983; 1985) that described
different model of innovation process according to main source of
initiating and driving of innovation activity. Their assumption focus
on dominating role one of two factors: technology developments or
fulfilling market needs. Later, corresponding to those
considerations, C. Christensen and M.E. Raynor focus on
phenomena of technological innovation included in their concept of
incremental versus breakthrough innovation (2003). In this
approach company pursue to deliver proposition corresponding to
level of improvements that customers are able to accept, whilst
company has to strive to maximize sales and minimize costs. The
acceptance level of novelty differs for each industry. There are
some of the most demanding customers whose expectations won`t
be satisfy by any of the offered products on the market. On the other
hand there is a group of potential customers who would buy the
product if company would reduce its price. Nonetheless the pace of
technological development usually exceeds the capacity to acquire
new products by the average customers. It is also important that
companies by developing innovations raise limit of customer`s
acceptance for new products (Christensen, Raynor 2003).
Propositions presented in above table do not deplete
existing criteria of analysis of innovation strategy. They rather
designate complexity and scope of this phenomenon. However, due
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to fragmentation of listed criteria and concept, raise a need for
synthesis aim at presentation of comprehensive and consistent
concept describing types of innovation strategies.

innovation strategy: buyers, collectors, individual innovators,
occasional innovators, brokers, guerrillas, seller and casual sellers
(see Figure 1).
First of dimensions is a place of innovation creation.
Companies that build own research and development resource often
meet several limitations hindering efficiency of innovation
operations. That is why some of organizations build relationships
with other entities within innovation process. The main reasons for
this is reduction of transaction costs, division of labor and
specialization of activities, access to technology, markets and knowhow, or sharing the risk in the project (Bae, Chang 2013:968).
However collaboration within innovation activity can bring several
negative effects, such as knowledge spillovers, strategic drift,
unnecessary diversification, raises cost of cooperation and
relationship management, lowering efficiency and product quality
or creates cultural conflicts (Tidd et al. 2005:292).
Second of dimensions is a type of activity in terms of its
continuity of operation. Constant running of innovation activity
enables fast and flexible reactions for changes appearing in the
environment and within the organization. Moreover continues
operation foster control and coordination, as well as favor process
of innovation management. In result, it creates the conditions for
synergy, which contribute to raising the efficiency of innovation
activities. Also potential advantages can be gained by implementing
constant improvement of activity due to business process
orientation (Harrington 1991:16–21). But the realization of
innovative activity in a constant manner is also costly and not
always adequate to market demand or given competitive
environment.
Third of dimensions is innovation utilisation. Entities that
implement innovations for their own use are usually driven by two
different causes. First one is aimed at building and securing the
leader position in a market. In this approach it is crucial to ensure
long enough period of discounting incurred investment due to
innovator rent. Second approach is to reduce the distance between
the company and the market leader, which usually leads to create
imitation of innovation or by providing lower cost of operation, in
order to avoid risk carried out by leader (Tidd et al. 2005:121). In
group of companies that aim at sales of innovations,

3. Variants of innovation strategies – innovation cube model
Presented model covers innovation strategy variants based
on several determinants such as: scale and scope of resource base,
company`s bargain power and position within its competitive
environment and value added chain as well as market scope and
demand. The basic assumptions that create foundation and
boundaries condition of this model are as follow:
1)
Each variant presents general overview of company`s
innovation strategy, that predetermine use and efficiency of most of
engaged resources and overall of achieved effects. However, at the
same time some of innovation projects can be realized outside of
selected variant (based on different approach and/or resources
usage).
2)
The ability to achieve goals of innovation strategy is
limited by set of simultaneously affecting boundaries conditions.
Most important of them are coping with competitor`s activities and
simultaneously delivering value according to customer`s needs.
Based on above limitations, company can choose how to realize its
innovative policy. In results managers can decide if they need to
cooperate or not within innovation process? Is it crucial to run
continuous innovative activity or based on solely projects? What is
purpose and effect of created innovation?
3)
Above assumption favor covering broad variety of
different configurations of individual innovative behavior of
organization. In results this put pressure to extend number of
variants cover by innovation cube model. At the same time it was
crucial to ensure readability of the model that will determine its
utility and applicability, so to limit number of variants cover by
cube model.
In result of overlapping abovementioned assumptions
three dimensions were selected: (1) place of innovations creation (in
house or outside), (2) type of activity in terms of its continuity
(continuous or occasional activity), (3) utilization of innovation
(own usage or commercialization). That allows setting a threedimensional matrix consisting of eight different variants of
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it is possible to distinguish few types of approaches. First of them is
implemented by large companies while introducing new-generation
of innovation. After successful entry to new geographical market
they may decide to sell previous innovation to other, less advanced
markets (Bennett 1995:273-275). Other approaches based on
commercialization as innovation strategy, can aim at achieving
advantage in market position due to monopoly or niche occupancy.
According to M. Porter`s five forces concept, along with increasing
of company specialization, raises the cost of entering to industry, so
other companies are forced to buy innovations introduced by more
developed or specialized entities.
Above presented variants of innovation strategies
correspond to both conditions created by the environment as well as
the result of manager’s decision and company`s competitive
potential and create framework for assessing innovation policies.

traditional mail questionnaire survey and half were achieved by
CATI method (computer-assisted telephone interview). The
questionnaires were delivered to managers or specialists involved in
innovation activity and R&D within companies.
Research results
First step of innovation strategies diagnosis was analysis
of the three dimensions characterizing innovation policies of Polish
industrial enterprises. In general in both surveyed periods most of
responders were creating their innovations in house, based on
continuous manner and for own use (see Figure 2). This kind of
orientation of innovation policy is typical for closed innovation
model, which seems to be less effective in highly dynamic and
competitive environment.
However there can be indicated changes in patterns in
both analyzed periods that mark new trends. Including dynamic
perspective there tendencies between 2007-09 and 2012-14 were
noticed. 1) There was raise of concentration on endogenous
potential and own resource base in creating innovation (from 61%
to 95% of companies). This change can be interpreted as further
closing of company innovation process within organization
boundaries. As advantages of this orientation are economics of scale
and rise of resource efficiency but at the same time there is strong
dependency of current resource base and limitation of stimulus of
development. 2) There is decrease of continuity and regularity of
innovation activity (drop from 67% to 54% of companies). This can
mean that more enterprises turn towards use of project orientation
instead of consistent innovation process. So it can reflect raise of
dynamic and discontinuity of environment, especially customer’s
needs. 3) There is also growth of company’s percentage that creates
innovation for commercialization (raise from 13% to 37%). This
also support view of innovation policies focused on customer’s
needs.

4. Effects of innovation strategies in Polish industrial
enterprises - research results
Characteristics of the research sample
The analysed data are the result of nonprobability
sampling procedure carried out on a group of medium and large
Polish industrial companies. In specific, research covered six
industries - two of each: low, medium and high technology. The
twosteps research procedure was conducted in 2010 (the collected
data cover years 2007-2009) and repeated in 2015 (the collected
data cover years 2012-2014). Then responses were rejected from
entities that do not establish innovation or have provided
incomplete questionnaires. Altogether from a first stage of research
80 responses and from second 92 responses were collected.
The methods used in research were survey with a
structured questionnaire including 17 closed questions. The
questionnaire includes auto check questions in order to ensure the
reliability of answers. Half of the responses were gathered via

Place of innovations
creation:
in house / outside

2012-2014

6

2007-2009

5

Continuity of activity: 2012-2014
continuous / occasional
2007-2009
activity

4

Innovation utilization: 2012-2014
own usage /
2007-2009
commercialization

2

95%

5%

61%

39%

54%

3

46%

67%

33%

63%

1

37%
87%

0%

20%

40%

13%
60%

80%

100%

Figure 2. Three dimensions of innovation policies in Polish industrial enterprises Source: own work.

Despite some changes and observed tendencies in innovation
policies, still the most common type of strategy is based on close
innovation model. More than one third of surveyed companies were
using individual innovator (35%), then seller (28% of respondents),
occasional innovator (18%) and casual seller (14%). Rest four
variants represent 5% of company’s behavior (see Figure 3). Two
variants: individual innovator (creating based on own resource,
continuous manner and for own use) and casual innovator (creating
based on own resource, in discontinuous manner and for own use)
are covering 53% of all innovation policies in Polish industrial
enterprises in 2012-2014. This also reflects and confirms

domination of close innovation model. Next innovation policies in
term of distribution are seller (creating based on own resource,
continuous manner and for sell) as well as occasional seller
(creating based on own resource, in discontinuous manner and for
sell). Both of those variants represent 42% of innovation policies in
Polish industrial enterprises. This emphasis importance of
marketing orientation in adopted strategies.
According to changes between analyzed periods there is
significant growth of market orientation policies (raise about 17%
of those two variants) in comparison to decrease in adoption of
close innovation policies (drop about 10%).
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50%
40%

44%
35%
28%

30%

18% 19%

20%

16% 14%
9%

10%

4%
0%

2%

4%
0%

3%

3%

1%

0%
Individual Occasional
innovators innovators

Sellers

Casual
sellers
2012-2014

Buyers

Collectors

Brokers

Guerillas

2007-2009

Figure 3. Distribution of variants of innovation policies in Polish industrial enterprises Source: own work.

Second part of analysis refers to effects of innovation policies. In
this area there was analyzed innovations activities for each of
innovation type (product, process, marketing and organizational) in
refer to its geographical scope/importance of created innovation
(see Table 2). There was assumption that the wider the geographical
scope of created innovation the greater is it importance and novelty
level. Innovation activity was presented as percentage (values
shown in below table response number of companies that introduce
at least one innovation in given period).
In general most of surveyed companies were creating
product innovation, then process innovation, marketing innovation
and lastly organizational innovation. In comparison between two
analyzed periods more companies were carrying innovation activity

in regards to all of four innovation`s types. The average values rise
from 29% in 2007-09 to 35% in 2012-14.
In terms of innovation importance most common are in
house innovations (implemented within company so can be
interpreted as imitations in regards to their competitors) that were
created in more than 50% of surveyed companies. On the second
place there were innovations with country scope, next innovations
with regional scope and lastly with global scope. It is worth to
emphasize that innovation characterized with global scope, which
are assumed with the highest novelty level, had raise from 12% in
2007-09 to 23% in 2012-14. This almost doubles the amount of
companies that created breakthrough innovation. Observed
tendencies confirm raise of efficiency of innovation policies in
Polish industrial enterprises.

Table 2. Innovation activity of Polish industrial enterprises – breakdown of innovation type
Innovation importance (geographical scope)

Innovation type

In house
innovation

Innovation with
regional
influence

Innovation with
country influence

Innovation with
global influence

Average

2007–
2009

2012–
2014

2007–
2009

2012–
2014

2007–
2009

2012–
2014

2007–
2009

2012–
2014

2007–
2009

2012–
2014

Product
innovation

58%

74%

23%

49%

58%

48%

21%

38%

40%

52%

Process
innovation

63%

44%

15%

28%

25%

32%

13%

21%

29%

31%

Organizational
innovation

56%

46%

2%

25%

19%

27%

0%

16%

19%

26%

Marketing
innovation

40%

44%

15%

22%

40%

31%

13%

18%

27%

29%

Average

54%

52%

14%

31%

36%

35%

12%

23%

29%

35%

Source: own work.
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Besides innovation activity also other effects of innovation policies were analyzed. Respondents could choose any answer out of
ten propositions: brand building, cost reduction, gaining competitive advantage, income rise, fulfilling law and polices, new market entry and
rise of market share, reduction of environmental hazards, rise of production flexibility rise of production capacity, rise of production
flexibility (see Figure 3). In both surveyed periods most common effect of innovation strategies was enter on new market or rise of share on
current market (respectively 62% in 2007-09 and 79% in 2012-14). Next there were achieving competitive advantage and rise of production
capacity. Less common response from all effects was fulfilling law and polices.

Brand building

Cost reduction

Rise of production flexibility
Income rise

Rise of production capacity
Competitive advantage

New market entry and rise of
market share

Figure 3. Distribution of effects of innovation policies in Polish industrial enterprisesSource: own work.
building relationships and innovation networks which are one of
crucial elements of open innovation strategies.
To gathered full view of innovation strategies, indicted
policies were assessed by criterion of achieved effects. Namely
distribution of four types of innovation was presented as well as
innovation scope in terms of its geographical influence. In general,
since first research phase more companies attended to innovation
activity (growth from 29% in 2007-09 to 35% in 2102-14). Most of
surveyed companies were creating product innovation, then process,
marketing and lastly organizational innovation. In comparison
between two analyzed periods innovation activity rise in regards to
all of four innovation`s types. In terms of innovation importance
most common are imitation changes however between two surveyed
periods there was significant rise of global innovation that can be
identify with breakthrough and highly novelty of introduced
solutions.
Obtained view of innovation policies of Polish industrial
enterprises is rather complex and hard to explain with a few
regularities. One of observed trends is change towards market
orientation between both surveyed periods (rise of share of seller
and occasional seller as well as enter on new market and increase
market share as the effect). Also despites some gaps in environment
embeddedness and innovation networks building (open innovation

5. Conclusions
The main purpose of this article was to assess innovation
strategies applied in Polish medium and large industrial enterprises
based on three dimensional innovation activity model – innovation
cube. In refer to the main goal two research fields were indicated:
innovation strategies diagnosis and effects assessment.
In terms of diagnosis of Polish industrial enterprises the
most common adapted strategy was individual innovator (creating
innovation based on own resources, in continuous manner and for
own use). Second most popular variant is seller (creating innovation
based on own resources, in continuous manner and for sell). Next
two are occasional innovator and occasional seller. Those four
variants out of eight altogether represent 95% of adopted innovation
policies in surveyed companies. It is worth to emphasize, that
despite some ongoing changes, still most popular is closed
innovation model that designate and create framework of companies
behavior as rather self-sufficient and independent entities.
These finding might be surprising especially in contrary to
one of key theoretical paradigm and widely comment open
innovation model. Partly the reason of this state might be found on
macroeconomic level in refer to Poland i.e. low interpersonal trust
that transfer on interorganizational trust, complex and illegible law
and tax system, underfunded research institution and lack of
incentives for business – since cooperation. Those factors hindered
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model) there is consistent rise of innovation activity as well as
growth of importance and novelty level of created solutions.
Conducted research also has some limitations. First one is
lack of financial results of each of implemented strategy as well as
no precise information about profitability of created innovations.
This is commonly found obstacle in all of innovation research due
to tangible/intangible and complex character of this phenomenon as
well as rather long and hard to defined scope of investment return.
Second group of limitations is result of sample size and
characteristics. It would be preferred to carry out more research
based on probability sampling and wider scope of selected
industries (services, agriculture e.t.c.) as well as to provide some
multinational comparisons for analysis.
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Abstract: Customers demand a guaranteed availability of machine components in capital goods industry. However, manufacturers are
not willing to guarantee the demanded availability due to increasing costs based on high risks and uncertainties resulting from missing
operational data, insufficient transparency of the machine condition as well as missing information of the customer behavior. In the
following paper, a strategy to enable the development of availability-oriented Product-Service Systems (PSS) will be presented. Therefore, a
use case focusing on the agricultural industry is regarded. Based on the use case, service-relevant parts will be identified and failure
mechanisms of these parts will be determined. The subsequent development of condition monitoring strategies depend on the determined
failure mechanisms. In a last step, the strategies will be assessed and the strategy with the highest added value will be chosen for an
exemplary implementation, for which an electric motor and a conveyor belt of a potato harvester will be used.
Keywords: INDUSTRY 4.0, CONDITION MONITORING, AVAILABILITY-ORIENTED BUSINESS MODELS, SMART PARTS

Then, concepts for condition monitoring of that components are
developed. With the smart components, which additionally are able
to communicate, the basis for failure prediction is set. By realizing
predictive maintenance concepts, it is possible to offer availability
by means of suitable availability-oriented business models.

1. Introduction and research gap
In the capital goods industry customers demand a guaranteed
availability of machine components. However, manufacturers are
not willing to guarantee the demanded availability due to increasing
costs based on high risks and uncertainties resulting from missing
operational data, insufficient transparency of the machine condition
as well as missing information of the customer behavior.
Furthermore, the necessary data management to handle a vast
amount of data is insufficient. However, to gain competitive
advantages and provide availability-oriented services, the
development of Product-Service Systems (PSS) in context of
Industry 4.0 (PSS 4.0) is an essential approach to solve this issue.
The integration of Industry 4.0 technologies [1], e.g. internet
technology, smart sensors or business analytics, in PSS enable new
forms of value creation, e.g. condition monitoring based on the
connectivity of products and services. Implementing condition
monitoring requires suitable smart service-relevant components. For
identifying the service-relevant components, their failure
mechanisms need to be analyzed. Afterwards, the developed sensors
will be integrated into the service-relevant components. Based on
the smart, communicating components, a smart system can be
evolved. Within the smart system concept the sensor data will be
saved on and analyzed by a cloud based platform. After analyzing
the sensor data online, the gained information about the condition of
the machine will be send to the operator of the capital good as well
as to the service team. If a failure occurs, the operator and the
service team can react on short notice and thus reduce down times.

2. State of the art
According to Mont, Product-Service Systems are defined as
systems of products, services, networks of actors, and supporting
infrastructure. The aim of a PSS is to increase the competitiveness
of the PSS-provider and to satisfy customer needs. Furthermore,
compared to traditional business models, PSS have a lower
environmental impact [4]. A business model describes how
companies generate, deliver and capture value [5]. There are
different kinds of business models, which are enabled by PSS:
function-oriented, availability-oriented and result-oriented business
models. In availability-oriented business models, as only these are
considered in the following, the PSS-provider guarantees the
availability of a technical product. With this guarantee, the PSSprovider bears a part of the customers manufacturing risk [6]. To
realize availability-oriented business models, suitable business
model development concepts, smart components with the ability to
communicate and a consistent information management are
necessary.
This article deals with the development of smart components. In
the following, only the mechanical parts of the machine are focused.
In the first step the electronics, the electronic components, the
software and the sensor systems are not taken into account. In
further steps, the method in this article can be analogically
implemented in an adapted form on electronic components as well
as on software applications.

Capital goods are subject to high requirements regarding
availability and productivity [2]. To fulfill the requirements the
product needs to be complemented by lifecycle-oriented services
within an integrated solution. Those integrated solutions are called
Product-Service Systems (PSS). The down time of a machine is
related to high costs and service effort. Predictive maintenance can
reduce down times and service efforts even before a machine failure
occurs [3]. To realize predictive maintenance in times of big data
and Internet of Things (IoT), the monitored components need to be
smart, that means they are able to make a diagnosis of their own
condition in real-time and are able to communicate. One of the
objectives is the forecast of wear behavior to detect machine
failures in advance. The implementation of such a system can
increase the availability of the capital good, but also increases costs
for development and realization. To reduce the costs to a minimum,
only critical, service-relevant components have to be monitored.

In general, a machine consists of multiple components and
assemblies fulfilling different functions. To structure the
relationship between the components or the functions two
perspectives can be differentiated. The first perspective is the
functional structure of the machine and the second perspective is the
product structure of the machine. The transformation of the
functional structure into the product structure and the product
architecture are shown in Fig. 1. [7]
The functional structure includes all functions of a machine.
Those functions can be divided into main functions and auxiliary
functions. The product structure contains all assemblies, subassemblies and components. Each component has a specific role for
each assembly group and each sub-assembly group has a specific
role for the complete assembly group or the entire machine. The
functional perspective is analogical to the product structure. Each
sub-function is of specific importance for the auxiliary functions,

In this contribution, the basis for the identification of servicerelevant parts to realize predictive maintenance in an availabilityoriented business model are in focus. First, critical, service-relevant
components with a high impact on availability need to be identified.
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main functions and the overall function. There are one or more
linkages between assembly parts, assembly groups and functions. In
case of a damaged assembly part or group, hence one or more
functions are not properly fulfilled.

Table 1: Methods for identification of service-relevant components

Fig. 1: Product architecture and transformation of function structure in
product structure [7]

The cause-effect-diagram is used for the basic understanding of
the constructive background and structure of the machine. The
intensity-relation-matrix is a method for solving of complex
problems. It is based on the method of linked thinking and network
analysis. Effect intensities between different factors for complex
machines or other systems can be estimated. [12]

Name of the method
Failure tree analysis FTA
DIN 25424-1 und DIN 25424-2
2 Event tree analysis
DIN 25419
3 Failure Mode and Effects analysis- FMEA
IEC 56/1579/CD:2014
4 Cause-effect-diagram
5 Intensity-Relation-Matrix
The fault tree analysis is a deductive method. The reasons for
failures are identified based on unwanted incidents [10]. The event
tree analysis is an inductive method, which identifies the possible
impact of occurring failures. The Failure Mode and Effect Analysis
(FMEA) is an analytical method for failure analysis. By application
of this method, components, assemblies and subsystems can be
analyzed and their possible failures, causes and effects can be
determined. [11]
1

The availability of the machine will be reduced, if one or more
functions are not fulfilled properly. In the context of this article the
technical availability is defined as follows: “The availability
describes the relative part of time, while a component or a system
can fulfil its defined function as required (stipulated by contract
main functions). The availability is the ratio of time, in which the
systems is functional, to the total time” [8].The availability of the
machine is reduced by the non-fulfilment of one or more functions.
This implies that one or more failures occurred in the system.
According to Eberlin/Hock, there are three categories of failures,
early failures, incidental failures and wear failures [8]. Early
failures cause machine down times due to failures in the early
utilization phase of the machine. Those failures are caused by
construction, manufacturing or operating errors. Random failures
appear if an unexpected incident happens. Reasons therefore are
environmental conditions or wrong operating. The third group of
failures are wear failures. These failures generate machine down
times due to the common machine wear. Fig. 2 shows the time
progress of the sum of the error rate for.

By application of these methods, the critical components can be
determined. The service-relevant components in this paper were
chosen by application of the methods listed in Table 1 and of the
software Visual-XSel® for calculation and visualization of the
results. Based on these components, a machine diagnosis and
prediction strategy can be developed.
To reduce the costs to a minimum, only critical, service-relevant
components should be monitored and for these components,
diagnosis and failure prediction strategies should be developed.

4. Strategies for machine diagnosis for availabilityoriented business models
There are four strategies for machine diagnosis for availabilityoriented business models. The strategies are shown and compared in
Table 2.
Table 2: comparison of the strategies for diagnosis

Fig. 2: Bathtub curve with sum of the error rate [8]

To increase the availability of a machine by condition
monitoring, predictive maintenance, diagnostics and prognostics
these three groups of failures need to be distinguished [9]. For this,
the failure mechanisms and failure criteria need to be analyzed.

3. Identification of service-relevant components
In the context of this article, methods to identify the servicerelevant components considering the three groups of failures are
described. One failure implies one or more unsatisfied functions.
The connection between the components and their related functions
enables the identification of failures. The identification of servicerelevant components can be realized by means of system analysis.
Table 1 presents some methods for system analysis.
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1

2

3

4

Strategy for
monitoring
of

Whole
system

Components

Failure
mechanisms

Combined

System
complexity

low

middle

high

very high

Number of
sensors

low

middle

middle

very high

New sensor
development
needed

no

no

yes

yes

Cost

low

middle

high

very high

Accuracy

low

middle

high

very high

Qualified for
availabilityoriented
business
models

no- not
enough
information
about
system
condition

yes

no- system
complexity
and cost to
high

yes

Strategy 1: Condition monitoring for prediction of machine
failures for the whole system, for example electric motor, gearbox,
conveyor belt. It is not possible to locate and monitor one servicerelevant component. For this strategy, few sensors are needed. The
complexity of the condition monitoring and failure prediction
system is low, and the accuracy is low. It is not necessary to
develop new sensors. For example, only the rotational speed of an
E-motor or the vibration is monitored.
Strategy 2: Condition monitoring for prediction of failures of
components, for example bearing, seal, gear, rotor, stator. It is
possible to locate the component. It is not possible to determine the
failure mechanism. For this strategy, more sensors are needed. The
system complexity and accuracy of the failure monitoring are
higher. The monitoring task can be solved with existing sensors. For
example in an electric-motor the vibration of the bearings is
monitored.

Fig. 3: Overview of mechanisms and reasons for failure of bearings in
electric motors [19]

If there is no information about the service-relevant components
and their failure mechanism by using of the FTA, FMEA, Causeeffect-diagram and Intensity-Relation-Matrix can be shown, which
component and which failure mechanism have to be monitored.

Strategy 3: Condition monitoring for prediction of failures
based on the failure mechanisms. For example seal-leakage,
bearing-vibration, bearing-temperature, bearing-currents, elongation
of the conveyor belt. It is possible to locate the service-relevant
component and to monitor its failure mechanism for accurate
prediction of the failure. The system complexity is high. Many
sensors are needed for every component and failure mechanism.
The system accuracy is also high. For the monitoring of some
failure mechanism new sensors have to be developed and the
components have to be modified to be able to communicate, send
and receive signals, and determine their own condition. Physical
values typical for each failure mechanism need to be defined and
monitored.

Fig. 4 shows the four condition monitoring strategies based on a
FTA structure. If the first strategy is chosen, only the E-motor as a
complete assembly will be monitored.

Strategy 4: Combination of the three strategies. For example
monitoring of the whole system and detailed monitoring of servicerelevant components and their failure mechanisms. This system has
the highest complexity and costs and the best accuracy for condition
monitoring and failure prediction.
Strategy two and three are qualified to be used for the
development of availability-oriented business models.
Fig. 4: Example of failure tree analysis with the four strategies

5. Theoretical example

For the second strategy, it is necessary to monitor the bearings,
because they represent the service-relevant components. Monitoring
failure mechanisms, e.g. bearings failure, is essential for the third
strategy. This process is highly complicated and expensive. It is
necessary to define some significant physical values for instance
temperature, acceleration, distance, length and to measuring them
continuously. For the fourth strategy, it is necessary to monitor the
main function of the relevant components (e.g. the rotation of an Emotor), the critical service-relevant components- and their failure
mechanism characterization (e.g. bearings, their vibration and the
physical values, which characterize the failure mechanism of the
bearings).

In this chapter, a theoretical example based on literature values
is shown. The next example shows how the four strategies for
condition monitoring can be used and how they work. Based on the
literature, several components and their failure rates could be
identified over a few years. In the following, the year 1999 will be
analyzed. It was clearly determined that the main failure
components of the electric motor are the rotor (1%), stator (2%),
bearings (95%) and other parts (2%). Hence the service-relevant
components are the bearings, based on the data of the year 1999.
The information is shown in Table 3. [13]
Table 3: Failure components in electric motors [13]
Year
1985
1986
1995
1995-1997
37%
36%
13%
9%
Stator
10%
9%
8%
6%
Rotor
41%
41%
42%
75%
Bearing
12%
14%
38%
10%
Other

1999
2%
1%
95%
2%

To increase the availability of the machine in times of Industry
4.0, the service-relevant components have to be monitored, the data
must be analyzed online and the manufacturer, service team and
customer should have access to information about the machine
condition. It is possible, that there are no existing sensors for some
measurement tasks. Then it is necessary to develop new sensors for
the specific tasks. In the following chapter an example of a newly
developed sensor for a special measurement task will be presented.

Fig. 3 shows the failure mechanisms and main reasons for
bearing failures in electric motors in general. Because of wrong and
aged lubricant, grease missing or too much grease, vibration from
motor or load machine, or bearing currents, failures occur. In [14],
[15], [16], [17] and [18] examples for condition monitoring of
bearings, based on vibration and temperature, are presented.

6. Example from the agricultural industry
Focusing on the agricultural industry, the following use case
analyzes a potato harvester. To harvest potatoes, there is a short
span of time every year and there are rough environmental
conditions under which the machines operate [20], [21]. Wear
occurs and leads to failures when preventive service is lacking. It is
very critical for the customer of the capital good and the
manufactures, if a machine failure occurs during the harvest season.
To increase the availability of the machine during the harvest

Based on the information in Table 3 and the Fig. 3, a theoretical
FTA (DIN 2542-1 and DIN 25424-2) can be carried out. This is
shown in Fig. 4. The Top-Event is the E-motor failure. This kind of
failure occurs when the rotor, stator, bearings or other components
are not working properly. The failure mechanisms of the bearings in
E-motors are shown in Fig. 3. In this case there is information about
the service-relevant components and their failure mechanisms.
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season and realize availability-oriented business models it was
necessary in the first step to identify the service-relevant
components and in the second step to develop a smart sensor
concept to determine the condition of these components. By use of
system analysis (failure-tree-analysis, cause-effect-diagram and
intensity-relation-matrix) it was determined, that the conveyor belt
of a potato harvester is the critical component.

about the condition of the machine will be sent to the operator of
the capital good as well as to the service team. In case a failure
occurs, the operator and the service team could react on short notice
and thus reduce down times.

After the identification of the critical component, the failure
mechanisms of the conveyor belt were determined. After further
analysis and experiments in test bench trials, the main failure
mechanisms were defined. Results have shown that the elongation
of the belt increased slowly according to the applied stress, and can
be predicted. Investigations by the manufacturer of the conveyor
belts identified the source of break-down as related to the
elongation of the conveyor belts. It was possible to use the third
strategy for machine diagnosis and condition monitoring for the
development of an availability-oriented business model. [22]
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The harvester uses conveyor belts to move the harvested
potatoes through the machine and to separate them from the ground
of the mounds, in which the potatoes are grown in, and other parts
of the plant (Fig. 5). The conveyor belts consist of three belts made
of hard rubber, which connect bars orthogonal to the conveying
direction to build the conveying surface for the potatoes. The three
belts are closed by locks. Both bars and locks are made of
ferromagnetic metal. [22]
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MARKETING INNOVATIONS IN THE AUTOMOTIVE INDUSTRY GLOBALLY
ИНОВАЦИИ В МАРКЕТИНГА НА АВТОМОБИЛНАТА ИНДУСТРИЯ ПО СВЕТА
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Faculty “Managmenet and administration” – University of National and World Economy, Sofia, Bulgaria
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Abstract: In the center of the development of the new cars marketing tendencies in the next decades lay the innovations in few industries
which interact between. This leads to the appearance of the autonomous vehicles, connected vehicles – between themselves, with the
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as they will have more charge by low-carbon resources. There is
powerful dynamics based on the strong intеraction.

Introduction
The desire for travel has its consequences: the cities become noisy,
congested and poluted. (Bouton S, Knupfer S, Mihov I, Swartz S,
2016, McKinsey). People spend hours in the trafic and the air polution
is inevitable. The mobility becomes critical for the economy, because of
the movement of goods and services. Everybody is moving around with
some purpose – to scool, to the office, going see friends and family.
However moving form A to B is safe, ecological, affordable and reliable
on very few places.

Today not many cities have effective mobility infrastructure –
developed and working public transport, ecological ways to move
around and stimulating them, or to have maneged to limit congestion and
polution. It is recommended to combine shared mobility, autonomous
cars and transport electrification with integrated energy systems, public
transport and the infrastructure. It is expected that the future will be
radically different, based on three models of advanced urban mobility,
which to be achived by 2030 (Hannon E., McKerracher C., Orlandi
I., Ramkumar S., 2016, McKinsey). Each will be appropriate for the
specific type of metropolis depending whether it has dense, it is
developing, or it is spread with suburbia. The cities will be able to
demonstrate the effects of the mobility innovation on everything – from
electrical systems up to the usage of public spaces, thus creating new
dynamics. (Bouton S, Knupfer S, Swartz S., 2016, McKinsey).

It is expected that the way people travel in the cities will change
dramatically. (Neuman C-S, 2015, McKinsey). New business models,
such as Uber, already change the traditional ways of travel. The
technological innovations such as electrification, connectivity, Internet of
things (IoT) and autonomy are already in place. The increased
urbanization of the megacities (Dobs R, 2010) with more than 10
million citizens, offers opportunities for change.

The new ways of transportation will cause changes in other sectors
which will have to find new solutions and opportunities. The electric
vehicles could represent 3% of power demand worldwide, and almost
4% in Europe by 2030. Various electricity supply plans could leverage
the negative effects coming from the charging of the cars. The electric
vehicles could support the increased usage of alternative energy
resources for charging. (Hannon E., McKerracher C., Orlandi I.,
Ramkumar S, 2016, McKinsey).

The mobility systems will differ than current ones. In the center of
this evolution is going to be the individual traveller, and the consumers
should be opened to new technologies and services. The public and the
private sector are the ones to pave this way. Of course the innovation and
the communication strategy should be always sinchronzed.
(Chernatony, 2003)

Innovation trends

The automotive industry is about to change fundamentally in the
future, and the car ownership models should be reconsidered in the
direction of range of transportation services provision. The electric
vehicles are direct competitor of the conventional ones. The gas stations
networsk should consider various ways to benefit from the new future
technologies and to be able to provide to give value and new experiences
to their customers, i.e. charging infrastructure, shopping centers, shared
ride stations etc. There are huge opportunities for the technological
companies as well, because with the growth of the smart vehicles and the
connectivity, there will be bigger demand for software and sensors.

In the next 10-15 years, lots of trends – from decentralizing the
energy sector up to the IoT, are going to connect and will create drastic
changes in the mobility systems. There are two main factors for going
this direction. (Hannon E., McKerracher C., Orlandi I., Ramkumar
S, 2016, McKinsey). First, some key tendencies in the mobility –
electrification, shared driving and the autonomous vehicles, are about to
happen. The prices of the lithium-ion batteries will drop in the next
decade. The shared driving and hailing services are happening on some
big cities around the globe, due to the smartphones evolution and solid
financial resources. Almost all big automotive and technological
companies form partnerships or alliances, in order to provide human-less
mobility. The second factor is that the tendencies in connected areas are
boosting one another. The urbanization is expected to increase the
average population density in the cities with 30 % by 2030. The
sustainability will become more important for the individuals and the
managers of the companies. The increase connectivity begins to reveal
lots of opportunities for the shared mobility, as well as the autonomous
driving, safety on the road and the potential services which to be offered
inside the vehicles.

The new innovative technologies change the ways the
companies develop and manufacture the vehicles too. Electric
powertrains and fuel-cell powetrains offer better performance, with
less investment at lower emission levels. (Consumer reports, 2014).
The new lighter materials allow for the manufacturers to lower the
weights of the cars without sacrificing the safety and to provide
better fuel economy and lower emissions too. The customers could
even invest more in their current vehicles because of the new
customization era. (Corwin S., Vitale J., Kelly E., Cathles E,
Deloitte 2016). This will change the options and the design of the
existing vehicles. This new maret segment could offer lighter,
smarter vehicles, with very different design.

The combined impact of both factors will be significant. The more
shared mobility will impact the sales of electric vehicles, because of the
more intense usage of these shared vehicles, improving the economies of
ownership. The bigger manufacturing of electric vehicles will decrease
the cost of the batteries development. It will provide usage in the close
areas such as distributed storage. The decrease cost of the the electricity
could improve impact of the greenghouse effect by the electric vehicles

The most important trends and findings are those connected
with the introdution and launching the automous vehicles.. The
connected vehicles are developing rapidly – all the innovations
which are integrated, the communications technologies and IoT – in
order to ensure important services for the drivers. (Ninah et al.
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2015). The vehicles equipped with communication control
equipment and sensors, which allow vehicle-to-vehicle (V2V)
communication and vehicle-to-infrastructure (V2I) communication,
could proactively to offer various routes in order to avoid risks on
the road, or to call for help in case of accident. (Onstar.com,
bmw.com). The companies continue seriously to invest into such
technologies. The vehicles receive precise information about their
location on the road compared to the other vehicles, hazardeous
situations, so to take precautions to avoid accidents. (Yvkoff L.,
2015). Along with these innovations, the change of the behavior of
the Generation Y is taking place. They go for pay-on-demand
personal mobility models, rather than buying and ownership of
assets. This fundamentally changes the consumer model of personal
ownership of vehicles. (Giffi C, Vitale J., 2014) The system which
has been developed for a century is about to be transformed, which
will create whole new ecosystem. (Tansley A., 2012) for personal
mobility. It is still arguable whether the automotive industry will
continue to develop towards this future ecosystem for mobility or
the changes will be even more radical. It can’t be forecasted
precisely now how exactly the industry and the existing structures
will change, what kind of new business models will appear, what
are going to be the value propositions.

The autonomous technology and opportunities will resut in
more shared vehicles, more autonomous taxi cars and more sharing
of the priately owned vehicles. (Fagnant D. and Kockelman K.
2013; Schonberger and Gutmann 2013). The possibility of one
household vehicle to serve many users, could decrease the
ownership with 43% and to increase the mileage with up to 75%
(Sivak M. and Schoettle B., 2015). The potential benefits which the
advocates of autonous technology foresee are the significant
convenience, safety, congestion reduction, fuel efficiency, energy
savings pollution decrease. Human mistake causes 93% of the road
accidents and the autonous vehicles will decrease these accidents by
90% (KPMG 2013; Fagnant D. and Kockelman K., 2015), incl. the
system errors (“death by computer”), cyberterrorism (Bilger B.,
2013), and wil compensate the risk of the human behavior on the
road and the side effects such as increased traffic caused by the
faster or more cost-effective way of travel. (Ecenbarger W., 2009;
Fung B., 2015; Kockelman, et al. 2016; Lin P., 2013; Ohnsman
A.,2014). The decrease of privately owned vehicles will decrease
the parking issues. The necessity of conventional public transport
services will also decrease. To have clear and visible benefits of the
self-driving cars, dedicated autonous vehicles lanes will be required,
which will change the infrastructure of the cities. (Litman T.,
Victoria Transport Policy Institute, 2017) The autonous vehicles
will solve the parking issues, but they will reduce the the important
incomes for the cities by parking. Besides the drives, other
professional occupations will disappear. If the accidents on the road
are reduced, then industry working on this will be seriously
changed. This indludes insurance business, aftersales, repair shops
and workers, spare-parts suppliers etc.. (Anderson J. et al. 2014,
Rand.org)

Future mobility
There are two opposite visions for the future mobility.
(Corwin S., Vitale J., Kelly E., Cathles E, Deloitte 2016). The
fundamental differences lay in the alternative whether today’s
system with personally owned vehicels, driven by humans will stay
relatively unchanged, or we are going to shift into a system of selfdriving, autonomus, vehicles shaped by dominating shared mobility.
There is critical difference in the ways this to happen. So called
“Insider” point of view believes thet the current system could
progress in a way that in its basis it stays unchanged. The
“Disrupter” point of view foresees disruptive approach towards very
different future. The authors offer four future states of personal
mobility based on two important tendencies – vehicle control
(driver vs. autonomy) and vehicle. ownership (private vs. shared).

It’s the main trend in the new cars marketing – the
transformation of the traditional conventional cars into autonomous,
with sharing between many consumers, with smart options for
management, e-hailing, and providing personal and customizable
services inside, thus transforming it into new type of media. When
the autonomous vehicles become bigger part of the fleet on the road
and most of the transits are autonomous, they could reduce
significantly the risk on the road, congestions, parking issues, as
well as to ensure energy savings and reduction of the CO2
emissions. (Litman T., Victoria Transport Policy Institute, 2017).

The new era of affordable mobility requires converging the
tendenciеs of self-driving vehicles and the shared vehicels. In this
future the companies should offer new value, new range of
experiences and services for the passengers, to meet their various
needs, at various price levels. (Vanderveen C., 2014). The
connevtivity and IoT will give opportunity for direct link between
home, appliances, and vehicles. The autonomous vehicles could be
programed to optimize the comfort of the occupants. (Le Vine,
Zolfaghari and Polak J., 2015)

The autonomous driving
This innovative technology can be understood in five ways of
driving, proposed by National Highway Traffic Safety Assiciation
(NHTSA, www.nhtsa.gov), which provides various benefits,
depending on the autonomy level:
Level 0: the human drive does everything;
Level 1: an automated system on the vehicle can
sometimes assist the human driver conduct some parts of
the driving task;
Level 2: an automated system on the vehicle can actually
conduct some parts of the driving task (e.g. wheel and
acceleration), while the human continues to monitor the
driving environment and performs the rest of the driving
task;
Level 3: an automated system can both actually conduct
some parts of the driving task and monitor the driving
environment in some instances, but the human driver
must be ready to take back control when the automated
system requests;
Level 4: an automated system can conduct the driving task
and monitor the driving environment, and the human need
not take back control, but the automated system can
operate only in certain environments and under certain
conditions (or fully automated driving)
Level 5, the automated system can perform all driving
tasks, under all conditions that a human driver could
perform them (or driverless operation)

The early addopters of the autonomous and connected
technology would be people travelling to work in some of the
biggest cities, for the sake of faster transits, shorter distances and
improved routes due to the provided real-time data and information.
Until the expansion of the smart infrastructure and its usage become
to a breakpoint, the fleet of the autonomous vehicles could spread
from the downtown of the cities to their high populated suburbia.
The advanced communication technologies will coordinate the
transits from place to place. Intuitive interfaces will allow the
consumers to e-hail a vehicle to pick them in a minutes, and to
travel safely and cost-efectively. The vehicles and the traffic system
operators, the service providers inside the vehicles and the data and
metadata owners could find new opportunities to monetize the cost
providing new experiences to the passengers.
The autonomous vehicles are just one of the several factors
influencing the future transportation and costs. The demographic
tendencies, the changing consumer behavior and preferences, IoT,
price changes, improved transport options, information flows, as
well as other innovations and tendencies, will seriously influence
how and how much people drive and travel. These factors will be
still predominant over the autonomous vehicles at least by 2040.
(Litman T., Victoria Transport Policy Institute, 2017)

The autonomy could increase the mobility of those who are not
able or don’t want to drive. At level 4 there the technology will be
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able to give a ride to disabled people, blind, or those who are too
young to drive. This will give independency, reducing the social
isolation and access to public and private services.
At level 3 or higher, could be reduced the congestion costs, as
the occupants can perform various tasks within the vehicle – work,
have a rest, watch TV, read etc.

It is possible now to be provided better ways for mobility at
lower cost for the consumers and society. This opportunity is a
result of combination of five technological and business enablers:
-

Level 3 could also increase the longer commutting. This could
make the people to settle at far distance from the main part of the
cities. The autonomous vehicles could lead to higher spread of the
population and usage of less populated areas around big cities.
However inside the metropolis areas it could lead the population
density due to the reduced need of parking space. At Level 4 the
autonoums vehicles could just leave the occupants at their
destination and to drive to satellite parking zones, leading to
potential decrease of car ownership. (Litman T., Victoria Transport
Policy Institute, 2017).

-

-

-

Litman T. continues to argue on other potential benefits of the
autonomous technology. The overall effect on the energy usage and
pollution is stil not clear, but it seems both will be decreased. The
autonomous vehicles will alow fuel efficiency, allowing
acceleration and breaking 4-10% smoother than by humans. The
other imnprovements could include less distance between the
vehicles leading to road capacity incremental. The platooning
suggests less stops or speed changes. It allows lower speed
(meaning fuel economy), but more effective overall speed, meaning
improved time for travel. As the accidents suppose to be reduced
with time, the cars and the trucks will have lower weght, which will
increase fuel efficiency. The autonous vehicles would decrease the
air pollution by using alternative fuels and powertrains. If the
accidents reduction allows lighter vehicles, then this will solve lots
of the issues with the electric vehicles range, resulting into higher
demand. At Level 4, аthe vehicles could drop off their occupants at
the given destination and continue to the charging station or to the
gas station by themselves. Still it is a disadvantage the lack of
developed charging infrastructure for the alterantive fuel vehicles.

-

“Mobility internet” does for the movement of people and
goods, what Internet has done for the movement of
information by coordinating large amounts of real-time
data.
Self-driving vehicles operatate without human control,
allowing to occupants to spend their time in the vehicle as
they please, without endanger themselves or the others on
the road.
Shared vehicles are by several people throughout the day
rather exclusively by individual drivers who leave them
parked 90% of the time during the day.
The specific-purpose vehicle design is developed to
respond to the type of mobility and the number of
occupants they serve, which makes them efficient to
energy, space and cost compared to the conventional
vehicles.
The new advanced powertrains allow the usage of
alternative sources to move the cars and trucks. This
includes electric drive, electric motors and electronic and
digital control in addition or separately to the regaular
combustion engines. Individually each of these are
significant advantage to the contemporary transport
infrastructure. Combined in a new innovative way to
enhance the customers’ experience in the vehicles, they
bring drastic improvements and transformational changes.

The new mobility system can improve people’s life which is
shown via three exmaples and analytics models, give by the authors.
The new system combines the existing developments in the
autonomous vehicels with the emerging of the mobility internet,
which could coordinate the movement of the vehicles in space in
time. The new mobility could work if optimally sized shared fleets
of driverless, coordinated, specific‐purpose vehicles are available.
The customers could request a ride via app on their smartphone. An
autonomous vehicle arrives at their door within few minutes and
gives them a ride straight to their destination. During this trip the
occupants can use their time as they are pleased. (reading, eating,
talking on the phone, working, sleeping, watching a movie,
listening to music). Futhermore, personalized playsists could be
offered to the custmores based on their entire mobile experice,
browsing and made choices during their previous trips. Upon
arrival, the vehicle leaves the passangers and continues to its next
destination for next client, without any need to park anywhere.

Litman T. argues on potential disadvantages as well. Many of
the disadvantages exist in the benefits themselves. As the
autonomous vehicles would decrease the congestion cost and would
improve fuel efficiency, they would decrease the personal cost for
driving. Due to this fact and increased mobility of people who are
not able to drive, the total vehicle-travel would increase leading to
negative external effects like congestion and increased fuel
economy. However, despite of the congestions, the techology could
could increase the road permeability due to the more effective
vehicle operations and the overall delay due to decreased. The
autonomous driving capability will probably increase vehicle
purchase prices by thousands, and may require hundreds in annual
subscription fees for special assistance, navigation and mapping
services. The analysis suggests that effects which increase vehicle
travel are more numerous and significant than those that reduce
vehicle travel, so self-driving vehicles are likely to increase total
vehicle travel, although these impacts are difficult to predict and
will depend on specific autonomous vehicle implementation, such
as their performance, technical matters, user costs, fuel and road
prices.

The authors conclude that, by combining the five business and
technological factors, could be achieved much better performances
at lower cost. This new mobility system is more attractived in
comparison to the other ways for public transport, due to its
potential to be more convenient, more energy- and resources
efficient, more cost-effective, and much safer and cheaper. The
shared vehicles bring this efficiency, which lead to cost-saving. The
econy of scale could be reached rapidly, the autonomous vehicles
are comfortable for the consumers. The results are similar in the
different types of cities. The benefits for sustainable growth are
significant with the autonomous shared vehicles.

A research (Burns L., Jordan W., Scarborough B., The Earth
Institute, Columbia University 2013) presents three different
scenarios to evaluate the personal mobility. They combine mobile
internet, autonomous vehicles, shared automotive systems, specificpurpose vehicle design and advanced powertrains. The results show
that this new mobility system has the potential to provide better
overall performance at lower cost at varilus conditions. It provides
significant benefits for sustainability through improved rpd safety,
reduced congestions, energy savings, lower emission levels,
efficient space and land use and equal rights for travel and acces. It
suggests several models which define the connection between the
geographical regions and the cost and performance of the
coordinated shared autonomous mobility systems.

The autonomous vehicles can impact also flying experiences.
(Schwab K., 2017). It is foreseen that 54 million autonomous
vehicles will be on the road by 2035 and it is projected that
nearly every vehicle will be autonomous by 2050 (IHS Automotive,
2014). The ease and convenience of using a self-driving car for six
or seven hours while working remotely or sleeping could mean
fewer short-haul flights. The convenience of self-driving cars could
force airports to rethink their entire experience design – baggage,
check-in, security lines. To compete with self-driving cars, the
airlines will have to shift the services they’re offering. Most
importantly, they may need to offer door-to-door service, picking
up customers from their homes or convenient pick-up locations and
delivering them directly to the airport. That’s something that
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already happens in luxury travel. Plane manufacturers are thinking
about autonomous vehicles as well. In collaboration with Italdesign,
Airbus recently released a concept vehicle that’s part self-driving
car, part self-driving drone.
Self-driving cars will likely fundamentally alter the nature of
the airport itself. They could eliminate the need for parking
structures, since people’s cars can drop them off and simply drive
back home. When the parking structure is not longer needed,
airports will have a large chunk of real estate that could be turned
into hotel conferencing rooms.
The rise of the self-driving cars will have serious impact on the
society. It can be identified ten developments in three eras, in
connection with the self-driving cars. (Bertoncello M, Wee D., 2015
McKinsey&Company). These vehicles are serious innovation for the
automotive industry, but their potential influence as time, adoption and
penetration are not clear. The self-driving vehicles could really play
crucial role for the economies, businesses, industries, mobility and
society. To clarify these issues, the authors interview 30 experts globally
and then the information is combined with data by Automotive &
Assembly and High-Tech Practices, to be proposed relevant point of
view for the impact of the new type of vehicles.

-

-

-

-

-

First era is focused on the conditions before the autonomous vehicles
being on the market for use by the consumers, or at the phase of
development and new mobility models begin to emerge. The second era
argues on the autonomous vehicles at the phase of early adoption, and
the last era projects the changes which could follow when the
autonomous vehicles become primary means of transportation.

-

The travel costs fall, due to the higher utilization of the
assets, i.e. shared driving and economy of scale;
The infrastructure is financed by fees for the actual real
consumption and use, as the connected vehicles
technology allows precisely the personal costs for usage
of the roads;
The parking spaces disappear, as the rise of the the
autonomous vehicles and shared rides eliminate them.
The land and the space inside the cities could be used in
favour of citizens and green strategies for sutainable
development.;
The authorities stop dealing with the traffic matters,
because the autonomous vehicles are programmed not to
break the rules and the traffic laws;
The speed of deliveries increases, and the costs are
reduced, due to the rise of fully autonomous networks for
truck travels and/or platooning, which operate longer and
with less human interaction
The seamless multimodal transport is becoming
mainstream, as the improved system interactions allow
the consumers to travel from A to B via multiple
connected ways of transportation at fixed price, charged
by unified payment system.
New business models and alliances rise between
automotive industry and tech industry creating new
supply and value chanins in order to provide new
mobility, transforming the vehicles into service, and
bringing additional value models for the customers, i.e.
provision of personal and customizable services inside,
thus transforming it into new type of media
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Abstract: As applied to science and technique a creative problem is defined as stemming from the resolution of a contradiction. The
concept of state space for the problem is introduced and the abstract model for the problem as an element of the state space is proposed.
Then the solving consists in extension of the space dimension. The contradiction is resolved by separation of the required contradictory
properties into different coordinates. We present examples from different science and technique fields (mathematics, physics, biology,
medicine and communications). It is noted that the proposed concept can serve as the basis for developing of practical methodology for
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definition 1: Creation (creative process) is a productive
intellectual activity producing a non-trivial (non-obvious) result.

1. Introduction
1.1 In the paper we consider the creative process as a thought
process only. Thereby we restrict ourselves by science and
technique, and will not elaborate on creative processes related to art.
Along the paper the term “creation” will thus be used in the sense of
scientific and technique creation.

Accordingly to this approach, the creative process is represented
as some “black box” with a new nontrivial result at the output.
Without any attempts to belittle the importance of such definitions,
we note, nevertheless, that they cannot satisfy investigators and
practical workers with analytical way of thinking. They are more
interested in definitions, characterizing the occurrence “inside the
box”. The break-through in this direction was performed in [5,6] as
applied to technical inventions. There was shown that the invention
process is resolving of a contradiction in a technical object.
Following to [5,6] and expanding the field of application we give
the

1.2 Two types of thinking – two types of sciences
“There are two kinds of people in the world, those
who believe there are two kinds of people in the
world and those who don't.”
Robert Benchley

definition 2: Creation (creative process) is productive
intellectual activity, allowing to reach a new result by resolution of
a contradiction.

There are two well-established, types of thinking: rational
(logical, analytical) and figurative (synthetic), relating to two
cerebral hemispheres of the brain. In accordance with that, the
knowledge can also be divided into the two (although with
indistinct bounds) groups – logical and figurative (non-logical). The
typical example for the first type is mathematics and the examples
for the second type are art criticism and descriptive sciences.
Naturally the real man’s thought (as well as knowledge fields)
possesses the both type features; however it tends to a greater or
lesser extent to one of these poles. As for the sciences, it is because
of that thought typization, they are also separated into the groups.
So named descriptive sciences are being such because the subjects
of their interests are often complicated and have so immense
number of interior connections that only those possessing
possibility to entire coverage (scope) could investigate them. That is
the reason why the analytical type investigators could not approach
to them for a long time.

It follows from here the
definition 3: Creative problem is the problem of
contradiction resolution.

some

Claims 2 and 3 state indeed that contradiction and its resolution
are necessary and sufficient tests for creativity. Thus, these claims
allow to clearly distinguish between creative and non-creative
thought independently of any subjective or objective novelty of the
result. However, it yields necessity to explain what a contradiction
is. We provide the following, suitable for our aim:
definition 4: Contradiction is the necessity for an object to
possess two properties, each one excluding the other.

3. Model of creative problem and solution of creative
task (creative process)

2. Creative problem
"We know that the problem has no solution, but we
wish to learn how to solve it ."

3.1 The space of states
The concept of state, as it seems, relates to primaries,
irreducible concepts which are impossible to characterize by means
of more elementary concepts. They are usually introduced
descriptively with appeal to professional and worldly experience.
The state of an object is usually determined with the number of
generalized coordinates q1 , … , qN , which can be numbers, functions
and other objects. The set of the possible states is named states
space. For example, the state of chess game is determined by the
position of the pieces on the board, and the set of the possible
positions is the state space. The concept of state space is widely
used in numerous fields such as automatic control, pattern
recognition and other.

A.and B. Strugatsky,
"Monday begins on Saturday"
In order to discuss creativity problem, firstly we would like to
determine what creation is.
As it was shown in [1] any psychological investigation includes
irremovable act of introspection, so, strictly speaking, each
researcher can produce his own personal conception.
Correspondingly, the definition of creation given by psychologists
is, as a rule, descriptive nature, due to their figurative thinking.
Such typical, “averaged over set” determination [2,3,4 and
references therein.] is approximately as follows:
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was to use the phase of harmonic signal as the modulated
parameters. It promised the essential improvement for performance
without increasing of the transmission power and frequency band.
However it required the reference signal with constant phase but it
was not a success to extract of it from the information bearing
modulation (DPSK). The new parameter was introduced into the
signal - difference between phases of two consecutive signals and it
was used as modulated parameter. Thus the dimension of
parameters space was expanded from three-dimension (amplitude,
frequency and phase) for four-dimension (amplitude, frequency
phase and difference of phases) [8].

3.2 The method of separation to solve of creative problem
Assume that a creative problem (as defined in the previous
definition) applied to a given object A exists. Suppose that a Ndimensional states space QN = {qn }Nn=1 is associated to A. The
object A possesses the feature B and the requirement is imposed to
endow A with the property C, which is incompatible with B, holds
for A. Consequently the following contradiction exists: there is the
necessity for A to possess both B and C but it is impossible. As
applied to the states space QN , it means that the generalized
coordinate qb holding the property B exists in QN . As for C, the
contradiction exists because this property cannot have an associated
coordinate in QN . Should any coordinate of the state hold C, the
problem would be non-creative and could be solved with known
methods, possibly requiring some corresponding qualification. The
natural resolution of the contradiction lies in that the space QN
should be expanded to QN+1 by introducing an additional
coordinate qN+1 , which would be able to hold C. Thus QN+1 will be
new states space for the new object, possessing the both properties
B and C. We summarize the following principle for solving of
creative problem:

4.3.2 Reception of signals under near-zone fields interferences
The receiving antennas for radio signals very often have to be
displayed close to transmitting antennas of several local radio
stations (including piratical) and far from the source of information
bearing signals. The contradiction consists in that it is necessary to
receipt signals (useful) and do not receipt signals (harmful).The
contradiction was resolved by the usage of the well-known effect –
distinction between electrical and magnetic components of
electromagnetic field. For the far-zone field these components are in
phase and for the near-zone field the phase shift between the
components is half period. The receipting antenna is at the far-zone
field for the transmitting antenna of information bearing signals
(transmitter) and it is placed at the near-zone field for the antennas
of harmful signals transmitters. The common used receipting
antennas respond to electrical component of electromagnetic field.
Thus, the space of states has only generalized coordinate. We
introduce the second coordinate – magnetic component. The
component is receipted by the additional magnetic antenna. Owing
to the difference between phases for near- and far-zone fields, the
interfering and information signals can be separated and successful
reception of the information signal is performed [9].

Contradiction is resolved by introduction a new generalized
coordinate into the state space and the separation of the
contradictory properties into the different coordinates.

4. Examples
We provide below examples illustrating the applications of the
presented principle. The examples belong to the several fields of
science and technique.

4.1 Mathematics:
Complex numbers

4.4 Biology:
4.4.1 Sexual division

The well-known elementary example, is the solution of the
quadratic equation x 2 − α = 0. The equation is solved by means of
real numbers for the case α ≥ 0 . The state space for the solutions
is one-dimensional, it is real numbers axis (−∞ < x < ∞). The
contradiction arises when α < 0 . On the one hand, the solution
must exist, on the other hand it is not able to exist in the current
state space. As it well known, the contradiction is resolved by
introducing a second coordinate (the axis of imaginary numbers).
Thus, one-dimensional space is expanded and turned in the regular
two-dimensional complex plane.

During the evolution process of highly organized animals, the
Nature had had to solve the following contradictory problem: to
follow environment changes, organisms must be provided with the
property of variability in order to adopt itself to the changes. On the
other hand, it needs stability for preservation of useful changes. The
contradiction was resolved by two-sexual nature of organisms. The
nature assays variants of the changes on males by the random
search method. The useful properties are fixed in females.

4.4.2 Dolphin sleeping

4.2 Physics:

Like any other living creature, sleeping is necessary for
Dolphins in order to rest and accumulate energy; on the other hand
the Dolphin is not able to sleep because it has to be conscious in
order to look out for possible predators (like sharks). Thus the
following contradiction occurs: it has to sleep and it does not have
to sleep. The contradiction is resolved as follows: dolphins have a
unique ability called Unihemispheric slow-wave sleep which allows
them to shut down only one hemisphere of its brain at a time giving
it a possibility to rest. During this time the opposite eye is closed
and the other hemisphere of the brain monitors the environment and
controls breathing functions. In this case the contradiction is
resolved by introducing an additional coordinate (the object
performing the sleeping and consciousness functions).

Helium superconductivity
Liquid helium flows through narrow capillaries (tubes) and slots
without viscosity at ultra-low temperature. Thus the contradictory
lies in both the presence and absence of viscosity. The contradiction
was explained by construction of two component model; when the
temperature is below T = 2.17° K , the second component arises, so
that helium has two components at the same time (two generalized
coordinates) – normal (He-I) and super-fluid (He-II), existing
independently one from the other) [7].

4.3 Communication techniques:
4.3.1 Difference phase shift keying (DPSK)
Development of communication systems has caused a
permanent demand to increase capacity and performance under the
bounding frequency and power recourses. One of intermediate
stages on the development way of modern communication systems
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but another one, imposed by thinking inertia. The starting problem
contained no contradiction. The contradictions aroused only in the
models for the problem, formed by imagination (must be in the
square and impossible to be in the square). This new problem turned
out to be creative, and solved by expansion of the states space from
the square to the whole plane. In essence we dealt with no
contradiction, but rather with a kind of pseudo contradiction. As a
rule, pseudo contradictions superimpose on real contradictions,
hampering the solving.

4.5 Medicine:
4.5.1 Intracavity irradiation treatment of tumor disease
Malignant tumors of uterine body are one of the most severe
diseases for woman. Intracavity irradiation is widely used for
treatment of the disease. The medical procedure of the treatment
consists in introducing of hollow bar into the uterine cavity through
its cervical channel. Then a capsule with radioactive preparation is
delivered pneumatically from the storage into the bar. After the
procedure ending the capsule is returned to the storage. The main
disadvantage of the method is its painfulness, caused by the bar size
(1-1.5 cm diameter). The advantage is the possibility for intracavity
radioactive irradiation. Thus the contradiction lies in the necessity
for irradiation (for treatment) and impossibility of the irradiation
(because painfulness). The contradiction was resolved by division
in time: initially the size must be small (for painless introducing
into the cavity), and afterwards the size must be large (for delivery
treatment). It was realized with use of elastic (rubber, for example)
balloon. Firstly the balloon is in a deflated state. It is introduced into
the cavity through the cervical cannel and then blown by radioactive
gas, filling up the cavity. The extratction is performed in the inverse
order [10].

Now we propose to continue the solving of the same
problem, but instead of broken line it is required to draw only a
straight line (one!). One of the authors carried out the experiment
many times. The problem was insoluble before and was
immediately solved after the familiarization with the content of the
sections 2 and 3. The solution is presented in Figures 1 and 2.
If you solved also this problem, you are suggested to solve the
same problem (only one straight line!) in the case of points
disposed on a classroom board.

Fig. 1 - Test for creative thinking – nine points on a sheet
using four straight segments

4.5.2 Clinical research – placebo substances
The process of a new drug development includes several
phases: Discovery and development, Preclinical research and
Clinical Research – all those followed by a process of federal
approval. After the preliminary development of the drug there is a
need to test its efficiency such as its effect. This kind of testing is
usually performed on a group of people who have the disease or
condition that the medicine is developed for. One of the methods
that are used to examine the effect of the drug is comparing several
medical indicators between two groups: treatment (people who
receive the drug) and control (people who do not receive the drug)
groups. The participants of the experiment are assigned to one of
these groups without being aware of the identity of the group they
were assigned to - in order to neutralize any subjective
psychological influence of the participants on the results of the
experiment. This condition creates a contradiction – the participants
that are selected for the control group have to receive medicine (in
order to preserve the conditions of the experiment) but on the other
hand they cannot receive the medicine (since the effect of the
medicine is examined by comparing their medical indicators to the
indicator of those in the treatment group). This contradiction is
resolved by adding an additional coordinate – the degree of
influence of the medicine. In this kind of experiments the people in
the control group usually receive a Placebo medicine, which looks
exactly like the drug given to the other group except that it excludes
the active material of the drug itself and contains another substance
that does not effects the medical condition of the participant.

Fig. 2 – Advanced test for creative thinking – nine points on a
sheet using a single line

5. The influence of inertia of thinking on creative
process

* Later we found this problem is given in [11]

6. Discussion

Consider the following elementary training problem, which
appears in many psychological books as the test for creative
thinking .

6.1 First of all it is necessary to emphasize the difference
between separation as a general principle for resolution of
contradictions and the concrete applications of that principle that in
the specific techniques for resolving specific contradictions. When
creating inventions, the authors resolved contradictions without
perception that they performed a specific realization of some
general principle, although unknown for them. From this point of
view, the known methods and the approaches to elaborate inventive

Nine points are on a sheet, disposed at the angles, in the middle
of sides and in the center of an imaginary square. It is required to
trace the continuous line, composed of no more than four straight
segments so that the line would pass over all the nine points.
Emphasize that it must be done without lifting the pencil from the
sheet and returning along the line. The solution is given in Figure 1.
Once the solution is presented, it becomes apparent that the
difficulties were caused by the attempts to remain in the bound of
the square. It means that we tried to solve not the stated problem,
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tasks (brainstorming, TRIZ and other) are, in essence, methods for
searching of new coordinates in the corresponding state space.
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when all the information required to support production and sales
has been created and communicated.

1. Introduction
All organizations make products. These products might be
goods - like a car, computer, house or clothes - or they might be
services - like transport, a holiday, health care or insurance. An
organization can only be successful if it makes the products that
customers want. So an organization must find that kind of products
that customers really demand, and then it must make the products to
satisfy this demand.

In the early phases of product development, various risks are
identified and prioritized. As the process progresses, risks are
reduced as the key uncertainties are eliminated and the functions of
the product are validated. When the process is completed, the team
should have substantial confidence in the product, working
correctly and being well received by the market3,4.
Figure 1 identifies the key activities and responsibilities of the
different functions of the organization during each development
phase. Because of their continuous involvement in the process, we
choose to articulate the roles of marketing, design, and
manufacturing. Representatives from other functions, such as
research, finance, field service, and sales, also play key roles at
particular points in the process.

Introducing a new product is expensive and needs careful
planning. The planning for a new product goes through a number of
stages. These start with the generation of ideas, and end when the
product is actually sold to customers. The details of the planning
depend on the organization and the product, but a common
approach has next stages: generation of ideas - initial screening of
ideas – conceptual and detailed design - development and testing market and economic analysis - final product development - launch
of product.

Idea

Most organizations continuously search for new ideas they can
exploit. Some of these ideas come from within the organization - a
research department may develop a new product, or the operations
people may suggest a change to an existing product. Many ideas
come from outside the organization - a competitor's product might
be adapted to fit into a company's range, customers may demand a
product that is not currently available, or new regulations make a
new product essential.

Requirements
engineering

Conceptual Design

Introducing a new product is expensive and needs careful
planning. The planning for a new product goes through a number of
stages. The generic product development process consists of six
phases, as illustrated in figure 1. The process begins with a planning
phase, which is the link to advanced research and technology
development activities. The output of the planning phase is the
project's mission statement, which is the input required to begin the
concept development phase and which serves as a guide to the
development team. The last stage of the product development
process is the product launch, when the product becomes available
for purchase in the marketplace1,2.

Define the main technologies and architecture of the
product: Modules, interfaces, technical principles

Detailed Design

Rendering of
the scooter from
computer-aided
design

One way of looking at the development process is as the initial
creation of a wide set of alternative product concepts and then the
subsequent narrowing of alternatives and increasing specification of
the product until the product can be reliably and repeatable
produced by the production system.

Elaborate the details:
Drawings, software

Product validation/
Testing

Prepare the production
process and facilities:
Machinery, work plans
Working
prototype of the
scooter concept

Sketch of scooter
concept

Specify the targets for the product:
Target customers, functionality, target
i

Rendering of the
scooter from
computer-aided
design

Ensure that the product fulfils the target:
Functionality, Long-term reliability, safety

Preparation of
Production

Start and increase production output:
Test production, learning, engineering
changes

Ramp - up

Fig. 1 The key activities and responsibilities of the different functions of the
organization during each development phase.

A key component of market success is to recognize the
customer, meet and exceed customer requirements. Not
surprisingly, quality function deployment (QFD) had begun in Japan
as a quality system for creating new innovative products to satisfy
customer’s wishes. To efficiently deliver value to customers it is
necessary to listen to the voice of the customer throughout the
product or service development. Quality experts in Japan developed

Another way of looking at the development process is as an
information-processing system. The process begins with inputs such
as the corporate objectives and the capabilities of available
technologies, product platforms, and production systems. Various
activities process the development information, formulating
specifications, concepts, and design details. The process concludes
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the tools and techniques and organized them into a comprehensive
system to assure quality and customer satisfaction in new and even
innovative products and services.

For critical assemblies or parts, flow-down lower level product
requirements (assembly or pail
characteristics) to process planning.
Determine manufacturing process steps to meet these assembly
or part characteristics.
Based in these process steps, determine set-up requirements,
process controls and quality control to assure achievement of
these critical assembly or part characteristics.

A lot of companies are looking for new innovative products, but
only few have alternatives that customers really demand. So we
need some methods to compare products and choose the best.
Break-even method is very useful for the obvious purpose of seeing
how many units must be sold to make a profit, but they also help us
with choices between alternative products. Figure 2 presents steps
in design of products and well-known procedure methods from
definition of the customer needs to the conceptual design.

The following methodology has been suggested for
implementing QFD. The following steps are important in QFD.
However, there is a very specific process that should be followed
when building the House of Quality - a complex graphical tool for
product planning matrix (see Fig. 3). These steps are provided as an
introduction.

In this paper I present both methods, which usage is very
simple, but essential for success in the marketplace.
Steps in design of products

Simple procedure methods

Definition of the customer
needs
Marketing information

Quality Function Deployment

Conceptual design:
Evaluation and feasibility study

Break even point

Key to roof/correlation
Matrix symbol
+ Positive/Supporting
- Negative/Tradeoff

(QFD)
Direction of Improvement

Customer
Requirements

2. Two simple, but important methods in design
of innovative products

Percentage of total

Sales point

Overall weighting

Planned rating

Improvement factor

Fig. 2 Steps and well-known procedure methods in Design of Innovative
Product from Definition to the Conceptual design 1.

Competitor A product

Our Product

(BEP)

Competitor A product

PLANNING MATRIX
Technical
Requirements

2.1 QFD - simple method for market success
QFD links the needs of the customer (and user) with design,
development, engineering, manufacturing, and service functions. It
helps organizations seek out both spoken and unspoken needs,
translate these into actions and designs, and focus various business
functions toward achieving common goal. QFD empowers
organizations to exceed normal expectations and provide a level of
unanticipated excitement that generates valued "QFD uses a series
of interlocking matrices that translates customer needs into product
and process characteristics."

TECHNICAL
PROPERTIES

In QFD method, product development translates customer
expectations on function requirements into specific engineering and
quality characteristics. Quality function deployment has four
phases. Phase 1 gathers the voice of the customer puts it in words
accurately understood by the producing organizations and analyzes
it versus the capability and strategic plans of the organizations.
Phase 2 identifies the area of priority breakthrough that will have a
result in dramatic growth in market share for the producer. Phase 3
represents the breakthrough to new technology. Phase 4 represents
the production of the new product and new technology at the
highest possible quality standards.

Our Product

Total (100%)

Technical
benchmarkng

PERCENTAGE OF TOTAL

Total (100%)

Competitor A product

Key to interrelationship matrix
symbol
 Strong interrelationship
 Medium interrelationship
 Weak interrelationship

Competitor B product
Design Targets

Fig. 3 The expanded house of Quality QFD.

Quality function deployment and the house of quality serve as a
living document and a source of ready reference for related
products, processes, and future improvements. Their purpose is to
serve as a method for strengthening communications and tearing
down internal and external walls. Through customer`s needs and
competitive analysis, QFD helps to identify the critical technical
components that require change. Issues are addressed that may
never have surfaced before. These critical issues are then driven to
identify the critical parts, manufacturing operations, and quality
control measures needed to produce a product that fulfills both
customer needs and producer needs within a shorter development
cycle time. Tools such as designed experiments assist in the
improvement of processes to meet those needs.

QFD uses a series of matrices to document information
collected and developed and represent the team's plan for a product.
The QFD methodology is based on a systems engineering approach
consisting of the following general steps:
Derive top-level product requirements or technical
characteristics from customer needs (product planning matrix).
Develop product concepts to satisfy these requirements.
Evaluate product concepts to select the optimum one (concept
selection matrix).
Partition system concept or architecture into subsystems or
assemblies and flow-down higher
level requirements or technical characteristics to these
subsystems or assemblies.
Derive lower level product requirements (assembly or part
characteristics) and specification
from subsystem/assembly requirements (assembly/part
deployment matrix).

2.2 BEP - simple method for market success
Before introducing a new product, an organization must know if
demand will be high enough to make a profit. The income generated
must cover the cost of producing each unit, but it must also recover
the money which was spent on development before the product was
launched. This includes the costs of research, tooling, prototypes,
market surveys, trial runs, and so on.
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We can define the profit from selling a product as:

3. Practical case study of BEP and QFD
3.1 Case study of BEP

Profit = Income - Total costs
In this equation the total costs come from a number of sources
and can be classified as:

To obtain the optimum performance from a structure of this
kind and customer request, swing motorcycle arm generally has to
be manufactured with steel or aluminium material solution5.

 Fixed costs, which are constant regardless of the number of units
made and
 Variable costs, which depend on the number of units made.

Results of design and development team are three different
swing arms, one creates from steel (A) and two creates from
aluminium alloys (B and C).
In the concept development phase, the needs of the target
market are identified, alternative product concepts are generated
and evaluated, and one or more concepts are selected for further
development and testing. A concept is a description of the form,
function, and features of a product and is usually accompanied by a
set of specifications, an analysis of competitive products, and an
economic justification of the project.

Research and development costs, for example, are fixed
regardless of the number of units made. Other fixed costs come
from marketing, administration, lighting, heating, rent, debt
repayments and a range of overheads. On the other hand, the cost of
raw materials, direct labour, maintenance and some other costs are
directly affected by output - a doubling of output will double these
costs. You have probably met this when running a car.

Our three products pass the technical evaluation and it moves
on to a commercial evaluation, which sees if it will make a profit.
The technical evaluation and commercial analysis together form the
feasibility study. Our organization is limited with resources and one
product must be chosen above the others. Market sensing and
evaluation is accomplished by demonstrations to potential
customers, market tests, or market survey. Our company made the
feasibility study for all three potential products, as shown in table 1.

There is a fixed cost of repaying the purchase loan, road tax,
insurance and a variable cost for each mile travelled for petrol, oil,
tires, depreciation.
Then:
Total costs = fixed cost + variable cost
Total costs = fixed cost + number of units made × cost per unit

Table 1. Technical and commercial analysis for all three products A, B and
C

Total costs = C F + n × CU

Product

where:
n

= number of units sold

CF

= fixed cost

CU

A

B

C

Expected demand each year

12.000

16.500

18.500

Unit cost of production CU

9,5 €

19 €

22 €

Unit selling price P

12 €

23,5 €

25 €

Fixed cost before production CF

120.000 €

260.000 €

280.000 €

Expected product life

3 years

5 years

6 years

= variable cost per unit

The income is much simpler and comes from:
Income = number of units sold × price charged per unit
Income = n × P
where:
P

= price charged per unit

The Break-even points are calculated from:

We now have an income and total costs that both rise linearly
with the number of units made, as shown in Figure 4. The breakeven point occurs when the income equals the total costs, and is the
point where these lines cross each other.

n=

CF
( P − CU )

For each product we have Break even point:

The break-even point is the number of units that must be sold
before an organization covers all costs and begins to make a profit.

A: n = 120.000 / (12 – 9.5)

= 48.000

B: n = 260.000 / (23.5 – 19) = 57.778
Cost and income
Fixed
cost

C: n = 280.000 / (25 – 22)

Income

= 93.334

If the company wants the lowest break-even point it would
choose product A. But the company must be interest in the time
taken to break point. For each product this gives:
Cost

{
break-even
point

A:

48.000 / 12.000

= 4 years

B:

57.778 / 16.500

= 3.5 years

C:

93.334 / 16.500

= 5 years

In this case product B is the first to start making the profit.
Another objective might be to maximize long-term profit. For each
product the lifetime profit is:

Number of
units made, n

A: (3×12.000×12) – (3×12.000×9,5) – 120.000 = – 30.000 €
B: (5×16.500×23,5) – (5×16.500×19) – 260.000 = + 111.250 €

Fig. 4 Defining the Break even point method

C: (6×18.500×25) – (6×18.500×22) – 280.000 = + 53.000 €
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Product A makes a net loss over its expected life, while product
B gives the best total profit. Overall, the best decision on the
objectives of our case-study company is production of product B.
Aluminium swing arm – product B passes the feasibility study and
it moves to final design and testing. This is where the product
changes from a prototype or concept model, to the form that will be
sold to customer.

4. Conclusions
The economic success of manufacturing firms depends on their
ability to identify the needs of customers and to quickly create
products that meet these needs and can be produced at low cost.
Achieving these goals is not solely a marketing problem, nor is it
solely a design problem or a manufacturing problem; it is a product
development problem involving all of these functions6.

3.2 Case study of QFD

Product development process is the sequence of different steps
or activities which enterprise employs to conceive, design, and
commercialize a product. Before the start of the mass production of
a new product it is necessary to use several calculation and
technical methods. Companies can use in their strategy a few
simple methods and skills for success in the market. QFD and BEP
are methods that can be a significant extent affect the performance
of the product in the market.

We can not imagine economy without continuous development,
innovation and creativity. We show the design, solution and product
development - the mechanism of building fittings with Quality
Function Deployment method. QFD is a method of quality
assurance based on pre-defined customer requirements, which
reinforces the characteristics of the product, some of which depend
on fulfillment of all the requirements, defines the critical points in
the product and its manufacturing.
The introduction of QFD methods in the new products
development phase is one of the most difficult steps. At this stage,
we have to choose a large number of important information such as
customer requirements, weight of importance and direction of
improvements, that define the future steps of the project for the end
- product.

Quality function deployment and the house of quality serve as a
living document and a source of ready reference for related
products, processes, and future improvements. Their purpose is to
serve as a method for strengthening communications and tearing
down internal and external walls. Through customer needs and
competitive analysis, QFD helps to identify the critical technical components that require change.

Building a house of quality QFD looks simple. Good construction
of this house depends on good cooperation between the project team
with a group of potential buyers of a new innovative product.
Complexity of the house depends on the number of customer
requirements and quality characteristics of R&D team.

The main advantage of break-even analysis is that it points out
the relationship between cost, production volume and returns. It can
be extended to show how changes in fixed cost-variable cost
relationships, in commodity prices, or in revenues, will affect profit
levels and break-even points.

Figure 5 shows the QFD house of quality for mechanism of
building fittings.

Calculation of break-even point is important for every business
because it tells business owners and managers how much sales are
needed to cover all fixed as well as variable expenses of the
business or the sales volume after which the business will start
generating profit.
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INDUSTRIAL MATHEMATICS – PHASE TRANSITIONS, SCATERING,
STRUCTURES
Stefan Bushev
Institute of Metal Science, Equipment and Technologies with Center for Hydro and Aerodynamics
“Acad. Angel Balevski” – BAS, Sofia, Bulgaria
stbushev@abv.bg
Abstract: Presents the basics of methodology to use the full knowledge of micro-producer (personality, micro-foundry) based on:
methodology of mathematics, foundations of mathematics and mathematical physics. Example - phase transition of the first order of Stefan’s
problems, scattering connection with new structures.
Key words: phase transition of firs order, Stefan’s problems and scattering connection with new structures.
industries is: 1. improving the working properties of known
materials; 2. creating new materials by structures design.
Mathematical description of the phase transitions [1÷8, 38
and 40] presented by: the theory of thermal conductivity with the
tasks of Stefan and Stefan - Schwartz; the fundamental equation of
the formation of new phases of Kashchiev.
On the Fig.1 we introduced castings technologies with
different velocity of solidification and science support of microfoundry

1. Introduction – Mathematics in Industrial Sub branch
Machine building – Casting and Heat treatment
The processes of structures formation are: phase
transitions of I-st order (casting) and II-nd order (heat treatment);
elastic and plastic deformation. The type of these structures is
polycrystalline grains with size of macro-scale to 1µm or microscale below 1µm under a lattice parameter in Å. The structure of all
materials is a winner of its properties and the based interest of

Fig. 1 Industrial mathematics micro-foundry. Solidification process in temperature zone and character temperatures (TS, TLS and TL, where
solid S and liquid L): 1 air craft engine with complex geometry; 2 rapid solidification metallic glass; 3 scattering of latent heat of phase
transition in solidification point (zone) – structure design, crystallization, velocity, computational physics, mathematical physics,
fundamental and applied mathematics.
Electronic structure is origin of all properties of the metals and its
alloys. For description the structures and properties of the metals
and alloys are approach mathematics and mathematical physics.
It will not be wrong to say that we need a nearly full knowledge
i.e. tasks Stefan and Stefan-Schwarz must include mathematics
and mathematical physics. This is done through mathematical
tasks bridges between mathematical fields and quantum
mechanics.
An example of such approach is the use of the results of
the theory of scattering. In paper [2] is developed classical
Stefan’s problem.
In Institute of Mathematics of Bulgarian academy of
science are obtained great results about mathematical theory of
scattering from Veselin Petkov [10] and Vladimir Georgiev [11].
The first base problem of scattering theory is proving
existence of scattering operator. The second direction of
development is inverse problem.

It is well known, that thermodynamics driving force of
the nucleation at phase transitions of 1-st order (crystallization:
liquid (L) ↔ solid (S)) is ∆µ = µL – µS = QLln(Tm/T), where µL(S)
are thermodynamics potentials of base (matter) and new phases;
Tm and T are temperatures of transition and supercooling of the
base (L) phase; QL – latent heat of melting. The supercooling is
ln(Tm/T) = ∆Tr + ∆Tk + ∆TS, where ∆Tr – supercooling effect
radius of curvature, ∆Tk – supercooling for the transfer of atoms
in the interface of liquid-solid phase; ∆TS – supercooled liquid
phase, where scattering heat of the phase transition. Received
development task of Stephen with scatter theory [2] and
assessments of supercooled melt (∆TS = 0, 1, 2, ..., max K) in
charge of literature [9]. Here mast many investigations –
measurements and theoretically; but our opinion, that ∆TS is a
bridge to Quantum mechanics.
Aim of this papere is to show methodological need to
use the full modern knowledge required by the industry examples
of casting and heat treatment.
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mathematical statements are true values, but they are not
corresponding to a specific area of intangible or non-empirical
objects; Mathematical Platonism: a form of realism, showing that
mathematical structures are abstract, have no spatial and temporal
or causal properties, and are eternal and immutable; Platonism of
Gödel posits a special kind of mathematical intuition, allowing to
perceive mathematical objects directly; Full-blooded Platonism
is a modern response to the fact different sets (groups) of
mathematical structures can be proven to exist according to the
axioms and inference rules employed (for example, the right of
excluded middle and the axiom of choice); Empiricism is a form
of realism that denies that mathematics can be known a priori at
all; Mathematical monism Max Tegmark’s hypothesis
mathematical universe if there are any mathematical objects, they
exist physically. There all mathematical objects, they exist
physically; Logicism is thesis boils down to mathematics, logic,
and hence nothing but a part of logic; Formalism argues that
mathematical statements may be thought of as statements about
the consequences of certain rules of strings; Conventionalism
convectional, conditional; Psychologism is the position that
mathematical concepts and/or truths are based on materials
derived from or explained by psychological facts (or laws); In
mathematics, intuitionism is a program of methodological reform
whose motto is that "there are no non-experienced mathematical
truths" (L.E.J. Brouwer); Constructivism includes regulative
principle that only mathematical structures that cannot be
explicitly constructed in a way to be admitted to mathematical
discourse; Finitism is an extreme constructivism, according to
which a mathematical object does not exist, unless it can be made
of natural numbers in a finite number of steps; Ultrafinitism is
even more extreme version of finitism, who rejected not only
infinities, but limited quantities that can actually be constructed
with available resources. Structuralism is position, considering
that mathematical theories describe structures and that
mathematical objects are exhaustively defined by their places in
such structures, therefore, has no the intrinsic properties;
Embodied mind theories (perfectly realized mind theories) claim
that mathematical thinking is a natural product of the cognitive
apparatus of the man who is in our physical universe.
Mathematics and mathematical knowledge are used by
the methodology of mathematics in a concrete science. This is
achieved by applying the philosophy of mathematics in the
philosophy of science for specific use of the methodology of
mathematics.
Mathematical monism we believe is a heavy time for
mathematicians. They require a huge amount of experimental
data and described by mathematics. We think that should be used
and develop multi-scales approach.

2. Mathematics – Philosophy and Foundations of
Mathematics
Philosophy is a science with a systematic approach and
rational argument, but it does not rely on the scientific method
and not strictly defined and accepted subject [17]. Scientific
method (generalized) [18]: from Greek origin is "research,
teaching, way of knowledge"; today is a system of principles (in
development and change) to reach the objective knowledge of
reality.
2.1 Philosophy – mine areas and objects research
The origin of the term is of Greek philosophy:
φιλοσοφια, from φιλεῖν - love and σοφία – wisdom; and
definition: philosophy is the study of general and fundamental
questions concerning man and the world [17], with mine areas
and objects research.
Fundamentals of philosophy: Metaphysic – Nature and
Origin of the existing and the world; Ontology – Being;
Epistemology – Knowledge of nature and the possibility of
cognitive process; Ethics – Morality – how to act human, correct
behavior and “good life”; Political philosophy – Governance
and respect for human and communities to the state; Aesthetics –
beautiful, sublime, art, pleasure; Logic (mathematical and
philosophical) – Forms and laws of thinking; valid forms of
argumentation; Philosophy of Language – Beginning,
development, use and attitudes towards thinking; Scientific
methodology (academic disciplines) – Grounds and subject:
science;
history;
mathematics;
physics;
psychology;
anthropology; etc.
Philosophical achievements and results strongly
influence [17]: the development of a given society; educational
institutions and practices. The results of philosophy are a way of
mediation in their application in academic and scientific
disciplines [17]: as the importance of logic in mathematics,
linguistics, psychology and computer science; generalized the
key role of the philosophy of science through scientific
methodology. The philosophy has many branches and one of
them is the philosophy of science [17] with branches: philosophy
of mathematics; philosophy of physics; philosophy of biology,
etc. Philosophy of science is divided and developed very
intensive branches in the 19th and 20th centuries, which
continues to this day. It is well known that mathematics is
separated from philosophy in 1600year after Christ.
2.2 Philosophy of Mathematics holds a special place in the
philosophy of science
The philosophy of mathematics – subject: studying
philosophical assumptions, foundations and implications of
mathematics; aim: to present the nature and methodology of
mathematics to understand the place of mathematics in people's
lives [19, 20, 21, 22].
Reasons for the emergence of mathematics are the need
for description of reality first appeared historically known
mathematical knowledge is ∼ 2500year before Christ (to new era)
[26, 27, 28]. In antiquity it was gradually realized the abstract
nature of mathematical objects. Mathematics differs from the
humanities and natural sciences [19, 20, 21, 22] for example: 1.
The objects of study in the natural sciences are located in space
and in time, which is not at all clear that applies to objects in
mathematics; 2. Methods of study of mathematics very different
from the methods of the natural sciences. The use of mathematics
in the humanities and natural sciences is due to: there are
mathematical properties and regularities of reality, and any object
has some mathematical properties. Therefore any theory in
natural sciences is mathematized because it contained
mathematical knowledge. For example, physics is heavily
mathematized.
Explanatory notes on some results on the philosophy of
mathematics we present according to works [19, 20, 21, 22]:
Mathematical realism: there are mathematical structures,
regardless of the human mind; Mathematical anti-realism:

2.3 Foundations of Mathematics [23, 24 and 25]
Hallmark of mathematics is its logical rigor: it deals
with precisely defined concepts and proven safe allegations.
Mathematical definitions are comprehensive: they contain the
necessary and sufficient conditions under which an object can be
assigned to the volume of identifiable concept. This attribute
mathematical concept is suitable for preparation of mathematical
statements whose meaning is quite clear. About the veracity of
these claims can be checked so that the resulting conclusions to
be absolutely sure. Mathematical assertions, once established, are
outside any possible claim. This distinguishes mathematics from
both the natural and the humanities, whose allegations can be
substantiated most beyond any reasonable doubt, but beyond any
doubt at all. This explains the fundamental role of proof in
mathematics. Like any science and mathematics is developed,
which includes among other things, the existence of unresolved
issues. But mathematics is very clear distinction between
hypotheses (i.e., statements which may sound plausible, but still
not completely certain) and theorems (i.e. statements that are
proven and rigorous about their authenticity longer doubt).
In addition to establishing the veracity of claims proof
has another function: with its help investigate links between

53

claims - an indispensable tool in mathematics since its object
includes not only mathematical truths, but their connections. In
addition to establishing the veracity of claims the proof has
another function: with its help investigate links between claims –
an indispensable tool in mathematics since its object includes not
only mathematical truths, but their connections. However,
mathematics is not a science of evidence such science is logic
[35].
Causality or causal connection (more causalitet,
causality and modality) is called the relationship between one
event (cause) and another event called effect, where the second
event is understood as a consequence of the first [29, 30, 31, 32,
33 and 37]. In ordinary use the concept of causality can refer to
the connection of several factors (reasons) and a phenomenon.
Anything that affects an effect is a factor that effect. Everything
that influences on the given effect is a factor of this effect. Direct
factor called factor that achieves on effect directly i.e. without the
involvement of other factors ("intermediate variables"). The
relationship between cause (causes) and effect is called casual or
causal connection. Philosophical reflections on the issues of
causality still more than a millennium. In the western
philosophical tradition discussion goes back at least since
Aristotle and the topic remains on the agenda of modern
philosophers.
Explanation [33] causation 1. the relation of cause and
effect. 2. The result is the same, however differently the causality
is interpreted. causality 1. the action of causing or producing. 2.
the relation of cause to effect; 3. anything that produces an effect;
cause.
The most accurate science "mathematics" is
experiencing methodological difficulties to define itself. The
definition of Aristotle that mathematics is the science of the
quantity in force until the 18th century. Mathematics has no
modern definition, but it is easily recognizable because its shares
exist between deep inner connections. It is not uncommon one
mathematical reasoning contain knowledge of several
mathematical disciplines. It is also important that the
mathematics take care of itself. Anyone not solved a
mathematical problem (task) is not actually "cancel" and is

ρ LQm

π
2

highly illuminated and attack (many time!) to obtain the result.
Incompleteness of definitions cannot be filled by a list of
mathematical disciplines, as this list is constantly changing,
constantly arise in the mathematics new areas.
Definition: Mathematics contains mathematical
knowledge, foundations of mathematics, methodology of
mathematics and philosophy of mathematics in a complex
interconnectivity and continuous development.
3. Mathematical Physics – Applied Mathematics
Principle of causality is a fundamental principle in
physics, which states that any event that takes place in a physical
system may influence this system in the future, but not to
influence her behavior in the past. This means, that if the two
events are separate, it neither can be no reason, no consequence
to the other.
3.1 Phase transition of first order – thermodynamics, theory
of heat conductivity
Mathematical fundamental theories are: Stefan and
Stefan-Schwartz problems
-equations conductivity of liquid L and solid S phases

∂TL
∂ 2T ∂T
∂ 2TS
= aL 2L , S = aS
∂t
∂x
∂t
∂x 2

(1,1; 2)

-initial condition of liquid phase (L)
(1, 3)
t=0: TL(x, t) = T/ = constL,
-boundary conditions
(1, 4)
x = ∞ and t ≥ 0 TL(x, t) = T/ = constL,
(1, 5)
x = 0 and t ≥ 0 TS(0, t) = T// = constS,
-boundary conditions at the moving interfacial surface (or
solidification (front))
xfr и t ≥ 0 TL(xfr, t) = TS(xfr, t) =Tm,
(1, 6)
-heat balance of xfr

X fr : − λL

∂TL
∂x
∂T
. (1, 7)
= − ρ S Qcr
− λS S
∂x | x fr − 0
∂t
∂x | x fr + 0

The solution is equations for K, TL, TS and Xfr:
−

K = bS (Tm − TCt )

,

2

K
4 aS

e
 K
erf 
2 a
S
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− bL T / − Tm

−
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e

K2
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 K
1 − erf 
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1 − erf 

erf 
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 2 a t  , X = K t , (1, 8, 9, 10)
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,
S

//
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fr
TL = T − T − Tm
 K  TS = T + (Tm − T )  K 

1 − erf 

erf 
2 a 
2 a 
L 
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(

)

-mould

Stefan-Schwartz problem:

∂TM
∂ TM
= aM
,
∂t
∂x 2
2

∂TL
∂T
= aL 2L ,
∂t
∂x
2

∂TS
∂ TS
= aS
∂t
∂x 2

0

2

x = -∞, and t ≥ 0 TM ( x, t ) = T/// = constM,
(2, 8)
-boundary conditions at moving (solidification (front)) xfr and
heat balance is

,
(2, 1; 2; 3)
-initials conditions liquid and mould
t=0: TL(x, t) = T/ = constL, TM(x, t) = T///,
(2, 4)
-boundary conditions melt, a solid phase and contact (index Ct)
(solid phase/mould)
(2, 5)
x = ∞ and t ≥ 0 TL(x, t) = T/ = constL,
(2, 6)
xfr and t ≥ 0 TL(xfr, t) = TS(xfr, t) = Tm,
x = 0 and t ≥ 0

TSCt ( x, t ) = TMCt ( x, t ) =TCt(0,

X fr : − λL

∂TL
∂x
∂T
. (2, 9)
= − ρ S Qm
− λS S
∂x | x fr − 0
∂t
∂x | x fr + 0

The solution is the equations for TCt, K, TL, TS, TM and Xfr:

TCt =

t) = T//,

(2, 7)
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Tm
 K
b
1 + M erf 
2 a
bS
S
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(2, 10)
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K = bS (Tm − TCt )
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1 − erf 
2 a t 
L  ,

(2, 12)
TL = Tm − T / − Tm
 K 

1 − erf 
2 a 
L 

 x 

erf 
2 a t 
S ,

(2, 13)
TS = TCt + (Tm − TCt )
 K 

erf 
2 a 
S 

 x 
,
(2, 14)
TM = TCt − (TCt − T /// )erf 
2 a t 
M



(

X fr = K t

same, but

(2, 15)

In tasks (1) and (2) use the following symbols, aS aM aL and
a=λ/cρ are thermo conductivity numbers and λ, c, ρ are thermal
conductivity, heat capacity and density of liquid (L), solid (S),
mould (M) materials;

b = λcρ

)

e

K2
4 aL

 K
1 − erf 
2 a
L


TSCt , TMCt






,

(2, 11)

at x=0; t is time; Qm – latent heat of

melting; x is coordinate.
The tasks of Stefan’s type are verified experimentally
and used in the creation of mathematical models for technology
phase transformations. At high cooling rates and small size of the
studied open system these tasks provide huge opportunity for
creating mathematical models. This methodological approach is:
estimates of temperature fields and thermal balance.
This methodology based on the task of Stefan we can
applied of process and the phase transition of the second order
(heat treatment). It should consider the specific difference
between the two phase transitions. The description of the
temperature field in the phase transition of the first kind is more
complicated in comparison with the temperature field of phase
transition of the second order.
For example we have chosen the application of task
Stephen-Schwartz for thermodynamics open system from
aluminum melt and steel mould – phase transition of first order.
The thickness of cast and mould each is with a size of 100
microns. To calculate the temperature field of the rapid
solidification process of molten pure aluminum in quenching
steel mould is on the Fig. 2 [38] – comparative analysis between
the analytical solution and numerical solution with the Finite
element method of Stephen-Schwartz problem

)

.

(

− bL T / − Tm

−

and bL, bS bM are capability

accumulation material (L), (S) and (M); K is coefficient of
solidification; TL|S|M is temperature of cast phases (L), (S) and
(M); TCt is contact temperature between cast and mould, and the

Fig. 2 Stefan-Schwartz problem solutions of rapid solidification at high-speed quenching in open thermodynamics system of cast (C) with
liquid (L) and solid (S) phases and steel mould (M) [38]. Analytical solution eq.(2): time-temperature curve 1; xfr is calculated place at the
front:

X frAnalitical = 32,55 µm line 3 (

temperature curve 2;

); ideal contact

X frNumerical = 32,653 µm line 4 (

T1IC =229,15 o C. Numerical solution of Finite elements method: time-

); real contact

T2M = 97,7 o C and T2C = 444,1 o C at coefficient of heat transfer α

= 6x106 w/m2 K.
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For the process of heat transfer from Figure 2 we compare the
ideal and the real contact via the contact temperatures
Ct
Re al

T

X

= (T

Analitical
fr

M
2

+T ) 2
S
2

3.2 Phase transition of first order – driving force of
crystallization, scattering
Stefan’s tasks do not give anything for crystallization
processes, but the first step is the heat transfer at the interface
surface [9]. Growth of mono crystals: Such a temperature
gradient in the liquid and solid phases in interfacial boundary that
ensures its sustainable equilibrium (i.e. interfacial boundary does
not move); such subsequent modification of this gradient, which
would provide relocation of interfacial surface with controllable
speed. The heat balance (Stefan’s boundary condition) we can
write eq.(1, 7 or 2, 9) in the form:
–
λLGL
=
ρSQmR
at
GL
→
0,
λSGS
(3, 1)

с

and values of xfr from the analytical

and the numerical

Contact temperatures:

T1

IC

X frNumerical

solutions.

T1IC =229,15 o C and TReCtal =270,9 o C are

different with 18,22 %.
Heat balance:

X frAnalitical = 32,55 µm and X frNumerical = 32,653

µm have differences 0,316 %.
Pure metals and part of the alloys solidified with one
interface surface and other alloys solidified in temperature
interval between two moving interface surfaces. Foundry
engineering methodology: 1) Experimental measurement and
numerical description of non-stationary temperature field with
moving liquid/solid (L/S) interfacial surface(s) and constant
temperature; 2) Microscopic measurements of the obtaining
structure and a description of the crystallization (structure
formation) processes.

GL = ∇TL = ∂TL ∂x
are temperature gradients in the respective phases; R = ∂x ∂t

where

GS = ∇TS = ∂TS ∂x

and

is growth rate. Condition for high quality mono crystal is

RMAX = λS GS ρ S Qm .

(3, 2)
Simple example is of mono crystal growth by the method of
floating zone [9] for home routines to temperature move element
is left with constant and heat balance (per unit of time) can be
saved in the following way


 Summary amending
Summary amending  Summary amending
 heat at the expense  +  the heat at the expense  +  the heat on account of  = 0 .

 
 

 of moving the boundary losses to the environment 
of conductivity

(3, 3)

The solidification (macro level of phase transition first order) has two typical cases on Fig. 3: 1. Equilibrium – without supercooled
of metal melt; 2. Non-equilibrium – Low or High supercooled of metal melt. In both cases of solidification is released the latent heat of
transition (melting) Qm.

Fig. 3 Time-temperature curves pure metals solidification (macro level of phase transition first order) at according to supercooled: 1.
Equilibrium – without supercooled of metal melt; 2. Non-equilibrium – Low or High supercooled of metal melt.

The numerical solution of 3D task of Stefan and Stefan-Schwarz
is for equilibrium phase transition of the first order independently
of the cooling rate. All numerical experiments on Figures 1 and 2
not accounted for supercooling of melt but in practice the phase
transition first order is non-equilibrium. For reporting in
particular local processes of structure formation is necessary to
take into account local conditions: 1. the local cooling rates; 2.
and local supercooling of the melt.
The structure of cast pure metal or alloy is
polycrystalline grains mainly in the form of cells with simple
geometry or dendrites – complex geometry. The character
geometrical parameters are the middle radius of grains, and
primary and secondary distances. The local conditions influence
on character geometry are [9]: the product of the gradient of the
temperature eq.(3, 1) and the speed of the growth eq.(3, 2) (rate
of cooling GR), or the duration of the local time of solidification
tf, and temperature interval of non-equilibrium solidification ∆TS
and dimensionless supercooling with (supercooling ∆T)

tf =

cS ∆T
∆TS
, ∆U =
GR
Qm

.

(3, 4)

It should be noted in equations (3, 4) we only have
thermodynamic variables and time. The supercooling is very
important, but it many difficult is defined. Factors that affect
supercooling are many and relate to the mechanism of structure
formation of each material (metal, alloy, etc.). The supercooling
of eq.34 as local conditions is similar to similar to supercooling
ln(Tm/T) (see the introduction).
Latent heat of phase transition is scattering in volume
with supercooled melt [9] i.e. connectivity between the release of
latent heat of melting and its scattering in supecooled melt is
applied the theory of diffusion of works [10, 11]. In [2] is a
developed Stefan task considering the supercooled area, which
disperses and releases latent heat Qm. On Fig. 4 is shown only
temperature field [4] of supercooled zone of pure Al
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Fig. 4 Temperature curve of supercooled zone [4]: Tm = 660,1 o C, TS = 659,68 o C T = 655,873 o C, Qm = 401819 J/kg.
The maximum value of reported supercooling does not
contradict the data from the literature. These data can be used for
the thermodynamic driving force of crystallization ln(Tm/T). But we
recall that there is a lot of work. For the modeling of the
crystallization process (the structures formation) were used other
theories, such as the classical theory Kossel–Stranski–Folmer–
Kaishev (atomistic approach) and the fundamental equation of new
phases formation of Kashchiev generalized for variable
thermodynamic driving force [7 and 8]. Finally result of Fig. 4
suggests close nano-research areas i.e. using quantum mechanics or
multiscale approach in one iteration (one step in time of Stefan’s
problem) use calculations of quantum mechanics.

Sciences was held seminar [39]. The importance of this workshop is
wider than the specific reports. This is to answer the question "how
methodologically to help in the economy by math (single person or
micro-business?)".
6. Conclusions
The assessment of overcooling is a quantitative
relationship and driving force of crystallization processes and
structures.
Mathematics needed to describe the process of phase
transition and the formation of structures corresponds to the basics
(pure) mathematics.
Modern technologies require mathematical physics.

4. Industry mathematics – Industry 4
The fundamental mathematics, mathematical physics and
fundamental experimental physics lead to a revolution in physics
[34]. Based on the results of fundamental research are create new
technologies.
Industry 4 is a comprehensive revolutionary change of
society by the advent of technology [16]: artificial intelligence,
robotics, internet things, autonomous vehicle without a driver, 3D
printing, nanotechnology, biotechnology, materials science, energy
storage and quantum computing. These new technologies are the
foundation for creating "smart factories". New technologies are
related to the requirements of ecology; circulation of materials on
the market - production - use - scrap for production; renewable
energy and renewable energetics. Knowledge becomes a
commodity and opens a permanent market for it.
Industry 4 requires a complete mathematization of
everything [12, 13 and 14].
The change is exponential rate, close to many branches
and released millions of jobs,
which are often called subversive effect. For these reasons, society
appears conditions for chaos, a huge challenge for man.
Appears acute need for training and retraining of large
groups of people, and of course we have education for all life.
5. Mathematical Education – Complete orientation (talented
and others)
Mathematics has become the language of science and
technology based on research results. Part of the Industry 4 and
math education and retraining that obliges the development of
education in mathematics in the direction of maximum (almost full)
orientation of the student (child or adult). In this direction, working
in many educational systems scientists’ mathematicians develops
new educational programs. An example is the educational system,
created by the famous Bulgarian mathematician Blagovest Sendov
called "Sendov’s system" [36].
Program for lifelong learning is developed in Europe.
Universität Wien, Dipartamento di Matematica, Università di Pisa,
VIA University College – Læreruddannelsen i Århus and Institute
of Mathematics and Informatics at the Bulgarian Academy of
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innovative product lifecycle.
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To increase the levels of performance efficiency and
competitiveness the manufacturing organization should coordinate
all integrated processes ranging from design work (scientific
research, experimental, structural and technical preparation) to
finished product manufacture and sale. To that end, the logistics
department of the manufacturing organization should constantly
research the changes occurring in the finished product market
utilizing the set of tools available in the marketing department
forming part of its structure (chart 1).
Based on the data received a database necessary for the
innovation policy development is created. Subsequently, the

1

database is researched following which a relevant strategic plan for
updating the launched product nomenclature (launched product
upgrading, new product introduction) is formulated. Within the
framework of the developed strategic plan implementation, relevant
production-technological and organizational-innovation processes
of restructuring are implemented in the manufacturing organization
as result whereof new products that are highly demanded in the
market are designed as well as advanced technological processes
and up-to-date operational and manufacturing process management
methods are learnt [2].

3

2

4

5

Chart 1. Correlation of the processes implemented in the logistics system (1- logistics market, 2-logistics supply, 3-manufacture, 4-sale, 5finished product market)
nonrecurring funds makes up 60-70% of the costs envisaged for the
implementation of the technical preparation activities of a new
product introduction.
An effective solution to the issue in question will enable the
manufacturing organization to project the amount of nonrecurring
funds needed for the implementation of the innovation processes in
early stages of new product design. This, in its turn, will provide the
manufacturing organization with an opportunity to better determine
the productivity level of the innovation processes being carried out,
assess the chances of their implementation, make an informed
decision on their implementation direction and optimize the product
lifecycle structure timewise.
The utilization of economic-mathematical models (EMM)
can greatly contribute to the successful resolution of this issue. The
application of those models in early stages of design work makes it
possible to define with great precision the labor intensity of a new
product launch in various manufacturing stages (structural and
technological labor intensity) as well as the material output ratio
and the manufacturing costs thereof.
Defining the structural and technological labor intensity of a
new product in the early design stage provides a scope for
determining the quantity of all technological equipment and
machinery needed in various stages of the manufacture thereof
when carrying out technological processes.
This approach is successfully employed in multinomenclature mechanical engineering. The application of
economic-mathematical models allow determining with great
precision the structural (as per the basic stages of manufacturing)
technological labor intensity of a new product manufacture in the
early design stage which serves as a basis for defining the quantity
of the technological equipment and machinery as well as the

When introducing a new product there might be a need for a
new kind of logistic resources. To that effect, the logistics
department of the organization using the capacities of the marketing
department forming part of its structure, in parallel to the work
being implemented, researches the logistic resources supply market
and selects new suppliers that can provide the needed type, volume
and quality of material resources according to schedules mutually
agreed upon and for economically efficient prices.
The on-time implementation of the said processes provides
the manufacturing organization an opportunity to rapidly respond to
the changes occurring in the market and meet the new demand
accordingly. The said processes take place incessantly since
demand-related changes are of dynamic nature.
To optimize the efficiency level of innovation processes
with regard to a new product design and introduction as well as new
engineering processes it is necessary to curtail the volume of design
work in the scientific research and technical preparation stage. It
will allow improving the lifecycle structure of innovation processes
timewise, since in that event, there will be a chance to extend the
duration of the production and post-production stages and expand
the new product manufacture and sale volumes during the lifecycle
thereof at the expense of shortening the timespan allotted for the
activities to be carried out in the preproduction stage. In such
instances, the amount of the anticipated profits grows in the
manufacturing organization as the innovation project developed is
implemented in a more productive manner [1]:
To assess the effectiveness of the innovation process
alternatives being developed, in early stages of design work when a
comparative analysis and selection of innovation ideas are being
carried out it is necessary to determine the types and quantity of
new technological equipment needed for a new product
introduction, for the acquisition whereof the needed amount of the

59

amount of the nonrecurring funds needed for the acquisition thereof
[1,3].
In the preparatory stage of production, the technological labor
intensity of the manufacturing process can be defined with great
precision by the formula as follows:

 mij
T1 = ∑∑ t1ij =∑∑ Aij  m
k
j =1 i =1
j =1 i =1
 ij
k
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to the preform production volume (pc/yr),
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c

(3)
denotes the number of the groups specifying the preforms

complexity level, a is a positive integer ( a > 1 ).
In the production processing stage the technological labor
intensity can be defined with great precision by the following
formula:

component preform

process,

refers to the exponent [1,3].

K 2 = a c −1

coefficient that takes into account the impact of the preform
m
ij

Aij

indicates the constant term, x1 and x2 represent the exponents.
The coefficient taking into account the impact of the
preform complexity level is defined by the following formula:

indicates the coefficient which takes into account the impact of the
production volume (launch scale) on

X ij

process,

The coefficient taking into account the impact of the
production volume is defined by the following formula;
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a

where the first constituent element of the formula ( e 2 ) is the constant term (e=2,71828...), x 2 , y 2 , z 2 represent the exponents, the
second constituent element is the total mass of the component preforms being developed in the organization, the third constituent element is
the coefficient of the technological equipment for production processing, the fourth consituent element takes into account the impact of the
years of product launch in a given organization (excluding the design stage), the fifth constituent element is the coefficient of the
advancement level of processing technologies [1,3].
The economic-technological models introduced for
determining the structural technological labor intensity enable to, in
the early stages of a new product design, define the quantity of the
technological equipment necessary for the product manufacture in
the basic phases thereof as well as the size of the production surface
area for product assembly. Based on the data obtained it is possible
to determine the amount of nonrecurring funds (capital investments)
needed for a new product introduction in the given design stage.

The coefficient of the technological labor intensity of production
processing on the ϕ equipment is defined by the following
formula:

T2ϕ = T2 β ϕ

where

(5)

βϕ is the specific weight of the technological labor intensity

with regard to the ϕ equipment within the general technological
labor intensity of the finished product components processing stage.
The technological labor intensity in the product assembly
stage can be defined with great precision by the following formula:

T3 = e a3 m3x3 N 3y3 e tz3 K MA
where

e

a3

(6)

is the constant term (e= 2, 71828...),

represent the exponents,

m3

In the preparatory stage of production, the volume of capital
investments necessary for incorporating technological processes
with regard to a new product introduction can be defined by the
following formula:

 N j tij P1ij 
K = ∑ U j ∑ b 0 
j=1 
 i =1 K1ij F1ij 
k

x3 , y 3 , z 3

E
1

is the mass of a single component

forming part of the finished product structure (kg),

N 3 is

the

where

number of the components forming part of the finished product

Uj

(7)

represents the costs relating to the acquisition and

exploitation of new technological equipment necessary for the

structure (pc). K MA refers to the coefficient denoting the level of
mechanization and automation of assembly processes [1,3].
According to Fisher's criterion, the economic-mathematical
models are correctly selected and it allows determining with great
precision the coefficient of the structural technological labor
intensity. The coefficient of multiple correlation is smaller than 0,95
and the coefficient of determination is smaller than 0,90.

j technological processes, tij is
technological labor intensity of the i component preform
manufacture through the j technological process, P1ij refers to the
volume of the i component preform launch in case of the j
b
technological process, K1ij denotes the time standards of the i
implementation
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of

the

component preform manufacture in case of the
process,

0
1ij

F

j

technological

of processing,

exploitation in the j technological process in case of the i
component preform manufacture [1,3].
In the production processing stage the volume of capital
investments necessary for incorporating advanced technological
processes with regard to a new product introduction can be
determiend by the following fօrmula:
F

U 2ϕ P2ϕ T2ϕ

ϕ =1

K b2ϕ F20ϕ
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where U 2ϕ refers to the costs relating to the acquisition and
exploitation of new equipment necessary for the implementation of
the

ϕ

technological operations of processing,

P2ϕ

denotes the

launch volume of the components processed during the ϕ

technological operations,

T2ϕ

represents the technological labor

intensity during the ϕ technological operations of processing,

K b2ϕ

the annual labor time reserve of the equipment

exploitation during the implementation of the ϕ technological
operations of processing[1,3].
In the early design stage determining the amount of the
nonrecurring costs (capital investments) necessary for a new
product introduction will enable to assess the efficiency level of the
innovation processes implementation alternatives, find out the level
of the organization's capacity to carry them out on its own and make
an economically efficient selection.

the annual labor time reserve of the equipment

K E2 = ∑

F20ϕ

denotes the time standards of the ϕ technological operations
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a transmitter with multiple antennas or, alternatively, a set of
amplifying relays introduces noise in the system that results in low
outage probabilities of secrecy rate. In [3], a cooperative jamming
scheme is proposed in which an otherwise disadvantaged user can
help improve the secrecy rate by jamming a nearby eavesdropper.
[4] presents a set of cooperation strategies for a relay node to
improve the achievable secrecy rate. Interference-assisted secret
communication in which an interferer improves the secrecy rate by
injecting independent interference is considered in [5].

1. Introduction
The issues of privacy and security in wireless communication
networks have taken on an increasingly important role as these
networks continue to flourish worldwide. Traditionally, security is
viewed as an independent feature addressed above the physical
layer and all widely used cryptographic protocols are designed and
implemented assuming the physical layer has already been
established and is error free.

In [6], the secrecy level of two nodes communicating in the
presence of eavesdroppers placed anywhere in a confined region is
investigated. Friendly jammers, with different levels of channel
state information, help the legitimate parties by causing interference
to possible eavesdroppers. Results shows that jamming near the
legitimate receiver leads to a small secrecy improvement and
requires channel state information that may not always be available
and multiple jammers are needed to achieve relevant secrecy gains
throughout the entire confined region.

In contrast with this framework, there exist both theoretical and
practical contributions that support the potential of physical layer
security ideas to significantly strengthen the security of digital
communication systems. The basic principle of informationtheoretic security — widely accepted as the strictest notion of
security — calls for the combination of cryptographic schemes with
channel coding techniques that exploit the randomness of the
communication channels to guarantee that the sent messages cannot
be decoded by a third party maliciously eavesdropping on the
wireless medium (see Fig. 1).

Secrecy of a cryptographic system is based on the secrecy of the
secret key, and not on the secrecy of the cryptographic algorithm.
Secret keys between communicating parties are exchanged in two
ways: through physically secure channels e.g. a diplomatic suitcase
or through public-key cryptographic protocols. The exchanged
secret key is called master key, and is typically used to encrypt and
exchange session keys, which are then used to encrypt the data flow
between the two parties. In [7] and [8] is examined the possibility to
use information-theoretic secrecy to exchange a master-key
between the two communicating parties in a wireless network with
multiple eavesdroppers via user cooperation. Secrecy capacity
determines how quickly the master key will be exchanged between
the two parties. Since the two communicating parties usually
change the master key very rarely, it is sufficient to transmit it at
even very small rates. Once the master key is exchanged, the
legitimate parties can start communicating at maximum data rate
since their communication channel is cryptographically protected
achieving computational secrecy [9].

A suitable metric to assess the secrecy level of a system is the
secrecy capacity [1], i.e. the maximum transmission rate at which
the source can communicate with the receiver without the
eavesdropper being able to acquire any information.
Secrecy capacity can be increased in two ways: (a) by
improving the signal-to-noise ratio (SNR) of the legitimate receiver
(e.g. by shortening the distance to the transmitter) or (b) by
reducing the SNR of the eavesdropper (e.g. by adding controlled
interference). Interference then emerges as a valuable resource for
wireless security. Friendly jammers, with different levels of channel
state information, help the legitimate parties by causing interference
to possible eavesdroppers.
Results shows that cooperation can significantly improve
information - theoretic secrecy in wireless networks but the
randomly chosen relay nodes can have a negative impact on the
secrecy capacity. Finding the optimum positions for cooperating
jammers which minimize the size of the vulnerability region in
order to increase secrecy region is a challenging task. Therefore, our
interest is solving this task in a 2D wireless network with two
legitimate communication partners, uniformly distributed
eavesdroppers and friendly jammers.

In order to tackle the unknown eavesdropper locations in [8] the
pre-master key message is split into a large number B of data
blocks. The two communicating nodes ensure that the entire premaster key message is received correctly at the receiving node,
which is required for the computation of the master key. Each data
block is sent for a different network configuration of jammers. As
the number of transmitted blocks grows, the eavesdropper is less
able to intercept in a network configurations with large number of
nodes. The secrecy level is observed in two-dimensional wireless
network with two communication nodes: a transmitter at position
(0, 0) and a receiver at position (1, 0), N friendly nodes (jammers),
and a passive eavesdropper which does not transmit any signal, and
tries to intercept the information that is transmitted between the
pairs of legitimate nodes, hence reducing the secrecy capability of

The paper is organized as follows. Section 2 presents related
work and our goal. Section 3 describes our system model and
problem formulation. In Section 4 we present the main result and
investigate it in particular scenarios. Section 5 concludes the paper.

2. Related work
Several interference generation schemes have been proposed to
improve the secrecy rate of different types of wireless channels. A
scheme for generation of artificial noise is proposed in [2] whereby
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the network. Its location is unknown to the two communicating
nodes.

Therefore, our interest is solving this task in a 2D wireless
network with two legitimate communication partners, uniformly
distributed eavesdroppers and friendly jammers. Our work differs
from previous in that we provide a closed form for positioning the
jammers in a 2D region with uniformly distributed eavesdroppers.
In particular we characterize the secrecy regions by expected
positions of the jammers in a [ 0,1] × [ 0,1] region with uniformly

The following notation is used:

X

the transmitted signal from the transmitter,

Y

the received signal at the receiver,

Ze

the received signal at the eavesdropper,

Jk

the received interfering signal from jammer k,

distributed eavesdroppers.

3. System model and problem formulation
We consider 2D wireless network with two communication
nodes: a transmitter at position (0, 0) and a receiver at position
(r1,r2), 0 ≤ r1, r2 ≤ 1, in presence of uniformly distributed passive
eavesdroppers  = { E1, E2, E3, … }. Our goal is to find closed
form for positioning the jammers J(a, b) in a confined region
[0,1] × [0,1] in order to characterize the secrecy regions in the

V ,Ve the additive noise at receiver and eavesdropper, which are
independent zero mean Gaussian random variables with

variance σ 2 ,

[N ]

the set of all positive integers smaller than or equal to N,

K ( x )=
K ( x)

system.

1
log 2 (1 + x ) ,
2

Cs

secrecy capacity between the transmitter and the receiver,

d j.i

the distance between nodes i and j,

β

the path-loss coefficient [10], β = 3 is used.

In the rest of the paper, we assume that the transmitter and all
jammers have equal transmitting power Pt = Pj = P, j ∈ [N]. Since
the function K(x) is monotonically increasing, plugging equations
(2) in (1), it follows that the secrecy capacity Cs is positive if
dt−, rβ

σ2 +

The additive white Gaussian model is considered. Then, the
received signal at the receiver r is
Y=
dt−, rβ 2 X +

∑[ ] d

−β 2
k ,r J k

−β 2
k ,e J k

−β
j,r

σ2 +

∑[ ]b Pd
j

−β
j ,e

,

(3)

j∈ N

Since we want to characterize the secrecy regions in the system
by the position of the jammers in a confined [ 0,1] × [ 0,1] region we

+V ,

assume that there is a single jammer. So, plugging N = 1, j = 1 in
(3),

and the received signal at the eavesdropper e equals

∑[ ] d

j

dt−,eβ

j∈ N

k∈ N

Ze =
dt−,eβ 2 X +

∑[ ]b Pd

>

dt−, rβ

+ Ve ,

σ +
2

k∈ N

The instantaneous secrecy capacity [11] of the channel between
the transmitter and the legitimate receiver is
=
Cs max ( Ct , r − Ct ,e ,0 ) ,

>

dt−,eβ

σ + Pd −j ,βe
2

,

(4)

In order to achieve information theoretic secrecy for the master
key in the presence of eavesdroppers, it is sufficient that the signal
quality at the eavesdropper is sufficiently degraded by the artificial
noise generated by the jamming nodes for at least one
configuration. In that case at least one data block out of B data
blocks is not intercepted, and consequently the master key cannot
be computed at the eavesdropper.

(1)

where the point to point capacity with jamming between transmitter
t and receiver r or eavesdropper e, respectively is given by [8]:



 , (2)




Since the position of the eavesdroppers is unknown, we assume
that they are uniformly distributed over the region [ 0,1] × [ 0,1] and

such that bj = 1 if jammer j is switched on, and bj = 0 if jammer j is
switched off. Thus, each network configuration is defined by the
array [b1, b2, ..., bN] and Pt is the transmitter’s power.

The mean distance of any fixed point A(xa, ya) and some
random nodes  = { E1, E2, E3, … } uniformly distributed over
region [ 0,1] × [ 0,1] is:

Ct , r







−β
Pt dt , r
Pt dt−,eβ



, Ct ,e K 
K=
 2

2
b j Pj d −j ,βr 
b j Pj d −j ,βe
σ +
σ +



j∈[ N ]
j∈[ N ]




Pd −j ,βr

∑

∑

for the distances from the transmitter to the eavesdropper dt,r and
from the jammer to the eavesdropper dj,e we consider their mean
distances.

If the capacity of the communication channel between the
transmitter and the eavesdropper Ct,e is larger than the capacity of
the channel between the two communicating nodes Ct,r then Cs = 0,

1 1

m(T ,=
E)

otherwise, Cs > 0. Geometrical area Rs ⊂ R
where an
eavesdropper can be positioned and still Cs > 0 is called secrecy
2

∫∫

( x − xa )2 + ( y − ya )2 dxdy .

(5)

0 0

If we plugging xa = 0, ya = 0 in (5), the mean distance from the
transmitter to the set of uniformly distributed eavesdroppers over
the region [ 0,1] × [ 0,1] is:

region and geometrical area Rv ⊂ R 2 where an eavesdropper can be
positioned resulting in Cs = 0 is called vulnerability region [12].
Analysis shows that breaking the pre-master key message into
data blocks, and using a different network configuration with
cooperative jamming for each data block can significantly reduce
the vulnerability region. But positions of cooperating jammers are
quite important for the resulting secrecy region. Finding the
optimum positions for cooperating jammers which minimize the
size of the vulnerability region is still open question.

1 1

dt ,e = m(T , E) =

∫∫
0 0
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x 2 + y 2 dxdy = 0.7652 .

(6)

We will consider two different scenarios, first when the receiver
is at position (0, 0.5) and second at position (0.5, 0.5).

4. Main result
Theorem 1. The mean distance between a jammer J(a, b) and a
set of uniformly distributed eavesdroppers over the region
[0,1] × [0,1] is

d=
j ,e

(1 − a )3 Ω

1

12

(1 − b )

3

+
+

12

First scenario, 2D wireless network with two communication
nodes: a transmitter at position (0, 0) and a receiver at position
(0, 0.5), in presence of uniformly distributed passive eavesdroppers
 = { E1, E2, E3, … }, (Fig. 2). We use that P
= 10 , where σ 2

σ2

( (1 − b,1 − a ) ; ( b,1 − a ) ) +

is the noise power, and β = 3 .

Ω ( ( a,1 − b ) ; (1 − a,1 − b ) ) +

(7)

a3
b3
Ω ( (1 − b, a ) ; ( b, a ) ) + Ω ( ( a, b ) ; (1 − a, b ) ) ,
12
12

where
Ω1 ( ( x, y ) ; ( z , w )=
) ln ( Φ ( x, y ) Θ ( z, w) ) + Ψ ( x, y ) Ψ ( z, w) ,
Ω ( ( x, y ) ; ( z , w )=
) ln ( Φ ( x, y ) Φ ( z, w) ) + Ψ ( x, y ) Ψ ( z, w) ,
Θ ( x, y ) =

b +1+ x − y + x + y

2

b +1− x + y − x + y

2

2

2

x− y+ x + y

Fig. 2
Since the receiver is at position (0, 0.5),

,

dt,r = 0.5 and d j , r =

2

x
x
Φ ( x=
, y)
, Ψ ( x=
, y)
1+   .
2
2
y
 y
x+ y− x + y
2

2

a 2 + ( b − 0.5 )

2

(10)

Plugging (6), (7) and (10) in (4) we obtain the secrecy regions
presented in Fig.3. Positioning the jammer in the region [ 0,1] × [ 0,1]

Proof. Plugging xa = a, ya = b in (5), where a, b ∈ [ 0,1] , the mean

between the blue line (dot line) and the light blue line; between the
green line and the orange line; between the red line and the closed
curve in the middle, we will obtain positive secrecy capacity in the
system.

distance from the jammer to the set of uniformly distributed
eavesdroppers over the region [ 0,1] × [ 0,1] is:
1 1

d=
E)
j , e m( J ,=

∫∫

( x − a )2 + ( y − b )2 dxdy .

(8)

0 0

This integral will require the following substitutions,
u =
x−a
v =
y −b
dxdy =
dudv
x =0 ⇒ u =− a,
x =1 ⇒ u =1 − a
y =0 ⇒ v =− b,
y =1 ⇒ v =1 − b

Plugging these substitutions in (8),
1− a 1− b

=
d j ,e m=
( J , E)

∫∫

u 2 + v 2 dudv .

(9)

− a −b

Fig. 3. Boundaries of secrecy in a confined region [ 0,1] × [ 0,1]
with transmitter at (0, 0), receiver at (0, 0.5) and uniformly
distributed eavesdroppers.
Second scenario, 2D wireless network with two
communication nodes: a transmitter at position (0, 0) and a receiver
at position (0.5; 0.5), in presence of uniformly distributed passive
eavesdroppers  = { E1, E2, E3, … }, (Fig. 4). We use that
P
= 10 , where σ 2 is the noise power, and β = 3 .

σ2

Fig. 1
This integral is considered in four regions (Fig. 1), A, B, C and D.
In all these it requires the following trig substitutions,
=
u p=
cosθ v sin=
θ dudv pdpdθ

and results in equation (7).

+

For particular position of the receiver (r1, r2) in the region
the secrecy regions where the jammer will degrade the

[0,1] × [0,1]

signal quality at the eavesdropper by generating artificial noise can
be obtained by plugging equation (7) in the inequality (4).

Fig. 4
Since the receiver is at position (0.5, 0.5),
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dt,r = 0.866 and d j , r =

( a − 0.5)2 + ( b − 0.5)2

.
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Plugging (6), (7) and (11) in (4) we obtain the secrecy regions
presented in Fig.5. Positioning the jammer in the region [ 0,1] × [ 0,1]
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Fig. 5. Boundaries of secrecy in a confined region [ 0,1] × [ 0,1]
with transmitter at (0, 0), receiver at (0.5, 0.5) and uniformly
distributed eavesdroppers.
Notice, that in both scenarios the jamming near the legitimate
receiver results with small secrecy regions, so once again we
confirm that as the jammer is closer to the legitimate receiver the
jamming leads to a small secrecy improvement.

5. Conclusion
Positions of cooperating jammers are quite important for the
resulting secrecy region. Finding the optimum positions for
cooperating jammers which decrease the vulnerability region still is
an open problem. In this paper we provide a closed form for
positioning a single jammer in two dimensional wireless networks
such the secrecy region is completely determined. With our model
we confirm that the jamming near the legitimate receiver results
with small secrecy regions. Our next challenge is to characterize the
secrecy region in two and higher dimensional wireless network by
obtaining a closed form for determining the positions of multiple
cooperating jammers.
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Abstract: The present work reports on a new silicotungstic acid catalyst supported on graphene (HSiW/G). The deposition was
performed by sonochemical method proven as an effective technique for the synthesis of the supported catalysts. The catalyst (HSiW/G) was
characterized using a variety of physico-chemical methods as TEM, HR SEM, DLS, FTIR and Raman spectroscopy. Homogeneous
distribution of HSiW on the surface of graphene was demonstrated. Hydrolysis of biomass for the production of glucose was studied. The
hydrolysis of glycogen was performed with a HSiW/G catalyst by hydrothermal treatment. The yield of glucose (65 wt%) obtained was about
8 times higher than that obtained with the same amount of bare HSiW. Stability of the HSiW/graphene even after 3 repeated uses was
confirmed. The mechanism of enhancement of the catalytic activity was discussed in terms of a special interaction between the graphene
support and HSiW and also the appearance of hydrophobic cavities on the surface of graphene.
Keywords: SONOCHEMISTRY, NANOPARTICLES, GRAPHENE, GLYCOGEN, HYDROLYSIS

inductively coupled plasma (ICP) analysis, and dynamic light
scattering (DLS).

1. Introduction
Biomass is a sustainable source of organic carbon, which is
considered as part of the solution for producing biofuels and
chemicals.1,2 Biomass is obtainable world-wide in the form of
organic materials such as grass, wood, agricultural crops and
glycogen. Many studies have been done on the hydrolysis of
biomass to glucose with mineral acids,3-5 but the large scale use of
acids causes several problems such as reactor corrosion, further
degradation of monomers, recovery of catalysts, and requires
special treatment of the acid residue producing much waste.6
Solid acid catalysts have various advantages over liquid acid
catalysts, such as: simple product separation, possible recycling,
and less damage to the reactor. Lately, HPAs have been widely used
as homogeneous catalysts for biomass conversion. Shimizu et al.
reported H3PW12O40, H4SiW12O40 for selective hydrolysis of
cellobiose and cellulose to glucose in an aqueous phase.7 The
heteropoly acids could be separated from the homogeneous solution
and recycled by extraction with diethyl ether,6 but this process takes
a long time, and the extraction is not complete. Some traces of the
catalyst remain in the product.
Graphene has received much attention from researchers in the
past few years due to its exceptional electronic, mechanical, and
optical properties, high surface area, and biocompatibility.
Graphene supported catalysts have also demonstrated high activity
in biomass conversion.3, 8 Kitano et al. reported on the enhancement
of the hydrolysis of β-1,4-glucan on graphene-based amorphous
carbon bearing SO3H, COOH, and OH groups. Their results
suggested that the synergistic combination of high densities of the
functional groups bonded to amorphous carbon causes the efficient
hydrolysis of β-1,4-glucan including cellulose.9
Glycogen, a water soluble polysaccharide of glucose, is a better
feedstock for glucose production than lignocellulosic biomass as it
needs no additional pre-treatment. The synthesis of glycogen from
CO2 by photosynthesis and its subsequent hydrolysis to glucose
with high selectivity make glycogen an abundant and renewable
feedstock for the production of glucose.10 Even though animal
remains are the only source of glycogen as of now, currently
immense research is underway to produce glycogen from
cyanobacteria whereas CO2 is used as feedstock for glycogen
synthesis.10 Owing to such possibilities, strategies need to be
developed for the effective conversion of glycogen to glucose,
which was the objective of this study.
In this article we report on a new silicotungstic acid catalyst
supported on graphene (HSiW/G). The catalyst preparation was
performed by a sonochemical method.11,12 The catalytic activity of
HSiW/G was studied for the hydrolysis of glycogen. This supported
catalyst could be easily separated from the reaction mixture. The
properties of the catalysts were studied by the following methods:
X-ray diffraction (XRD), transmission
and, high resolution
scanning electron microscopy (TEM and HR-SEM), N2 isothermal
adsorption–desorption (BET), FT-IR and Raman spectroscopy,

2. Experimental Procedure
Catalysts Preparation
Tungstosilicic acid hydrate (H4SiW12O40·nH2O, HSiW, 99%),
and glycogen from bovine liver were purchased from SigmaAldrich Co. The graphene nanoplatelets (6–8 nm thick ×15 microns
wide) were purchased from STREM chemicals, Newburyport, MA,
USA. An ultrasound-assisted method was used to prepare the
supported HSiW/G catalysts. Typically, the procedure was
followed: HSiW was first dissolved in ethanol then graphene was
added. The sonochemical irradiation was performed in a glass
beaker reactor with 1 cm2 Ti horn immersed the (Sonicator 20 kHz,
Sonics & Materials, VCX-750) for 1 h. The product was then
separated by centrifugation and dried in a vacuum overnight.
In addition to the sonochemical route, the conventional
impregnation method was also used for the preparation of the
HSiW/G catalyst. The mixture of the reagents was kept for 4 h of
stirring. Then the solvent was evaporated using a water bath
followed by drying of the catalyst under vacuum overnight. The
catalysts prepared in the two aforementioned routes were compared
in the glycogen hydrolysis reaction.
Glycogen hydrolysis reaction
For the glycogen hydrolysis process a stainless steel
homemade autoclave of 50 mL volume was used. Typically, 1 g
glycogen and 1 g catalyst were dispersed in 20 mL water and placed
in the autoclave for hydrothermal treatment. Reaction parameters
such as time, temperature of heating, weight ratio of the catalyst and
glycogen were varied to optimize the hydrolysis process. After the
reaction, the catalyst was separated from the solution by
centrifugation and dried under vacuum overnight. The catalyst was
used for a second run without regeneration under identical
hydrothermal reaction conditions. The reusability was tested for 3
times.
The progress of the glycogen hydrolysis reaction was
monitored using 13C NMR spectroscopic analysis on a Bruker
Avance DPX 300 instrument. D2O was used as the solvent. The
water soluble products of catalyzed hydrolysis reactions were
analyzed by HPLC (Merck-Hitachi LaChrom System L-7000
equipped with L-7455 Diode Array Detector and Schambeck SFD
RI 2000 Refractive Index Detector, Bad Honnef, Germany).
Analyses were carried out using a 300 × 7.8 mm Rezex-ROA ion
exclusion chromatography column (Torrance, CA, USA) equipped
with a matching guard column. The mobile phase was 0.005 N
H2SO4 under isocratic elution for 45 min at a flow rate of 0.5 mL
min−1 at ambient temperature, with an injection volume of 10 μL.
EZ Chrom Elite v. 3.1.7 software was used for data acquisition and
processing, with the RI signal acquired using an external analog
input.
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3. Results and discussion

The FT-IR spectra of the bare graphene, HSiW and HSiW/G
catalyst are shown in Fig. 4. The FT-IR spectrum of HSiW
demonstrated four characteristic peaks at 1020, 982, 921, and 798
cm−1 assigned to the stretching modes of Si–O, W=O, W–Oe–W,
and W–Oc–W, respectively.13 In the spectrum of HSiW/G the peaks
in the region of 1020–780 cm−1 are very weak and slightly shifted to
lower wavelengths. This shift indicates a strong interaction between
graphene and the catalyst, causing the weakening of the various
bonds. A similar effect was observed by Chen et al13 upon
stabilization of HSiW by organic molecules. The FT-IR results
clearly demonstrated the fact that HSiW was effectively deposited
on graphene and its strong interaction with the support.

3.1. Catalysts characterization
The morphology of the catalyst HSiW/G was studied by using HRSEM. Sheets with layered structures were observed in the case of
commercial graphene (Fig. 1a). The HSiW/G catalyst showed
randomly oriented spherical particles of HSiW, in the range of 100–
250 nm, on the graphene sheets (Fig. 1b). It could be seen that the
original smooth surface of graphene was partly changed after
deposition of HSiW, but the layered structure of graphene was not
destroyed. The amount of HSiW on graphene was found to be 2.5
wt% by ICP analysis.

Fig. 1. HR-SEM images of (a) commercial graphene and (b) graphene
coated with HSiW using the sonochemical method.

The influence of sonication on the morphology and size of
HSiW was studied by TEM and DLS analysis. The TEM image
indicated that after 1 h of sonication of HSiW in ethanol without
graphene, spherical HSiW nanoparticles were formed with sizes in
the range of 100–400 nm (Fig. 2b). After the same period (1 h) of
regular stirring of HSiW in ethanol the spherical particles of a
slightly larger size in the range of 200–500 nm were found (Fig.
2a). Besides the large particles, very small particles were also
observed in both treatments.

Fig. 4. FT-IR spectra of graphene, HSiW/G and HSiW.

The Raman spectra of the bare graphene, HSiW and HSiW/G
catalyst are shown in Fig. 5.

Fig. 2. TEM images of the HSiW after (a) 1 h stirring and (b) 1 h sonication.
images of (a) commercial graphene and (b) graphene coated with HSiW
using the sonochemical method.

In addition to TEM, DLS analysis was also employed to
measure the particle size of HSiW upon different treatments (Fig.
3). The results were in agreement with the TEM images. It was
found that with an increase in the sonication time from 15 to 60 min
the average particle size decreased from 380 to 340 nm. Such a
reduction of particle size results in an improved catalytic
performance of HSiW/G in the hydrolysis process.

Fig. 3. DLS plot depicting the size distribution of HSiW particles after 15
and 1 h sonication and 1 h stirring.

Fig. 5. Raman spectrum of graphene in full range (a), and Raman spectra
of graphene, HSiW and HSiW/G (b). Dashed blue lines are eyeguides.
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The most prominent features in the Raman spectra of graphene are
the G-band appearing at 1587 cm−1 and the D-band appearing at
1353 cm−1 (Fig. 5a). The Raman spectroscopy technique was used
extensively for observing the Keggin structure of heteropoly acids
and also for proving its presence on the graphene.14-16 The Raman
spectrum of commercial HSiW (Fig. 5b) showed the most intense
bands at 1000, 974, 551 and 224 cm−1 assigned to stretching of
W=O, bending of W–Oc–W, O–Si–O, and WO3 vibrations,
respectively. These signals are typical of Keggin structure.14 The
Raman spectrum of HSiW/G is similar to that of the bare heteropoly
acid (Fig. 5b). The spectrum showed peaks at 998, 866 and 218 cm−1
for the W=O stretching, W–Oc–W bending mode, and WO3
bending, indicating the preservation
of the Keggin structure of the HSiW on the surface of graphene.
However, a shift in two bending modes from 879 to 866 cm−1 and
from 224 to 218 cm−1, respectively might be due to the strong
interaction of HSiW with the graphene support, which correlates
with the FT-IR result.
The Raman and HR-SEM studies indicated that the graphene
layers are not damaged during sonochemical synthesis of the
HSiW/G catalyst. Based on the Raman results it could also be
argued that the units of the HSiW were not destroyed during the
deposition and they are well dispersed on the surface of graphene.
The HSiW is homogeneously distributed on the surface of graphene
and strongly anchored to the support. Even after the catalytic
hydrolysis of glycogen, the bands corresponding to HSiW were
observed in the FT-IR spectra (Fig. 4). The sonochemical
deposition of HSiW on the graphene substrate is presented in
Scheme 1.

As suspected, no glycogen conversion was observed when
only graphene was used as the catalyst (Fig. 6a). With HSiW,
complete conversion of glycogen to glucose was obtained (Fig. 6c).
With the HSiW/G catalyst, in addition to glucose, some traces of
unreacted glycogen were also noticed (Fig. 6b), indicating that the
hydrolysis is not complete. This fact can be explained because of
the low content of the HSiW in the catalyst. According to the ICP
analysis, the content of HSiW in the HSiW/G catalyst was found to
be 2.5 wt%. In other words, the amount of HSiW in the 0.1 g
HSiW/G catalyst used for the hydrolysis reaction is 0.0025 g. It is
interesting to note that even at such a low loading of the solid acid,
the synthesized catalyst is effective for the hydrolysis of glycogen.
In addition, under the reaction conditions used, the hydrolysis of
glycogen
was
selective.
No
by-products
such
as
hydroxymethylfurfural (HMF), levulinic acid and formic acid were
formed.
For optimizing the glycogen hydrolysis process with HSiW/G
and detailed study, the reaction was performed in a larger reaction
batch of 20 mL at different reaction times, temperatures and
wt/wt% ratio of catalyst and glycogen. The products obtained under
various reaction conditions were analyzed by HPLC analysis, and
the results are presented in Fig. 7.

Fig. 7. Glucose yield (wt%) from glycogen hydrolysis as a function of
reaction time and temperature (reaction conditions: 1 g glycogen; 1 g
HSiW/G catalyst; 20 mL water).

Ther maximum yield of glucose (65%) was obtained at 150 °C with
prolonging the reaction time to 4 h.
The weight ratio of the catalyst (HSiW/G) to glycogen was
varied in the range 1–0.25. The yields of glucose generated from
hydrolysis of glycogen with various amounts of catalyst are
depicted in Fig. 8.

Scheme 1. Synthesis of the HSiW/G catalyst by the sonochemical method.

Our explanation of the ultrasound assisted coating is based on
the phenomena of cavitation, formation, growth and implosive
collapse of the acoustic bubbles in the liquids. The nanoparticles
(NPs) of HSiW created in the liquid under ultrasound waves are
thrown to the solid by microjets and shock waves which are the
after effects of the cavitation collapse.17,18 The speed and power of
the microjets are extremely high (>500 m s−1), causing the strong
anchoring of the NPs to the surface of the substrate.
3.1. Glycogen
conditions

hydrolysis

under

hydrothermal

reaction

The glycogen hydrolysis was carried out under hydrothermal
conditions in an autoclave. 13C NMR spectra of the products
obtained with three types of catalysts (bare HSiW, bare graphene
and HSiW/G) are shown in Fig. 6.
Fig. 8. Glucose yield from glycogen hydrolysis at different weight ratiosof
HSiW/G to glycogen (glycogen – 1 g; HSiW/G – 1, 0.5 and 0.25 g;time – 4 h;
temperature – 150 °C). *Bare HSiW – 0.025 g (this corresponds to the amount of
HSiW present in the HSiW/G catalyst at a ratio of HSiW/G to glycogen 1 : 1).

It was observed that at a hydrolysis temperature of 150 °C for 4 h,
the yield of glucose for all of the examined ratios of HSiW/G to
glycogen (1 : 1; 0.5 : 1 and 0.25 : 1) was almost the same (65 wt%).
When same amount of bare HSiW as that present in the supported
catalyst (HSiW/G) was used as a cata lyst, the glucose yield was
dramatically low (8.2%). Thus, the bare HSiW is about 8 times less
active than HSiW deposited on graphene. The increase of the
catalytic activity of the supported HSiW compared to the bare
HSiW could be due to the effective and uniform distribution of the
heteropoly acid on the surface of graphene. Moreover, the HSiW/G

Fig. 6. 13C NMR spectra of hydrolyzate obtained with (a) bare graphene,
(b) HSiW/G and (c) HSiW (reaction conditions: 0.1 g glycogen; 0.1 g
catalyst;2 mL water; 100 °C; 1 h).
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catalyst has a larger specific surface area (52 m2/g) compared to
bare HSiW (1.8 m2/g). The large surface area enables an effective
contact between the uniformly distributed acid sites on the graphene
surface and the glycogen that promotes the rapid and efficient
catalytic reaction.
The observed enhanced activity of HSiW/G could be due to the
strong binding of the heteropoly anions to the aromatic π-cloud on
the graphene surface (similar to π–π interactions) leading to higher
accessibility of the protons for the cleavage of the glycosidic bond
in glycogen. Kim et al. reported similar strong electrostatic
interactions between polyoxometalate and rGO.19 In contrast, in the
case of bare HSiW, the protons of the polyanion rotate freely in the
reaction medium and are in constant motion. As a result, the
probable interaction between the protons and the reactant
(glycogen) is low, resulting in lower yields of glucose.
We have further evaluated the stability of HSiW/G in the
hydrolysis of glycogen. After the first run under optimal
hydrothermal conditions (1 g HSiW/G, 1 g glycogen, 20 mL water,
150 °C, 4 h) the HSiW/G was separated from the aqueous product
mixture by centrifugation. The collected catalyst was dried under
vacuum overnight and subsequently reused for the second and third
runs under identical reaction conditions. The results as measured by
HPLC analysis are presented in Fig. 9.
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Fig. 9. Recyclability of the HSiW/G catalyst in the hydrolysis of glycogen
(reaction conditions: 1 g of glycogen; 1 g of the solid acid catalyst;
20 mL of H2O; 150 °C; 4 h). The catalyst was recovered by 9000 rpm
centrifugation for reuse.

The glucose yield after three reaction cycles was still high (63.3
wt%) indicating that HSiW can be reused without loss in catalytic
activity. Even after three repeated runs, the amount of HSiW on
graphene was found to be 2.2 wt%. This indicates that the catalyst is
not just a physical mixture but a supported system wherein the
active component (HSiW) is strongly adhered to the support
(graphene). The good catalyst stability could be due to the use of
the sonochemical deposition method which leads to the strong
adherence of HSiW to the support.20,21

4. Conclusions
Polyoxometalate (HSiW) was deposited on the surface of graphene
by the sonochemical method. Physico-chemical characterization of
the HSiW/G catalyst was done using HR-SEM, TEM and XRD,
which demonstrated a homogeneous distribution of HSiW on the
surface of graphene supports. The catalytic performance of the
synthesized catalyst was evaluated for the hydrolysis of the
glycosidic bond of biomass to glucose. The following conclusions
have been drawn: the catalytic activity of HSiW/G is significantly
higher than that of the bare HSiW. The hydrolysis process with
HSiW/G is selective, fast and green with a high yield of glucose (66
wt%). The sonochemical method provided strong anchoring of
HSiW to graphene and high stability of the catalyst. The reuse of
the HSiW/G catalyst in 3 cycles was demonstrated. The glucose
yield after three reaction cycles was not altered significantly,
showing that HSiW/G is a reusable, economically viable and green
catalyst.
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Abstract: The use of space information technologies (GIS) will optimize production through sustainable use of natural (land) resources,
environmental protection and control of agricultural operations. Space information technologies are the basis for resource saving and
ecological organic agriculture. The necessity of environmental monitoring to improve agricultural production using space information
technologies of agricultural lands is defined. The values of GIS implementation are calculated. The main advantages provided by them are
determined.
KEYWORDS: SPACE INFORMATION TECHNOLOGIES, LAND RESOURCES, ELECTRONIC AGROTECHNOLOGICAL MAPS,
AEROSPACE PHOTOS, SPACE LAND MONITORING.

1. Introduction

2. Retrospective application of remote sensing
technology to agricultural land

The transition of world agriculture on an intensive path of
development requires that farmers increase the effectiveness while
decreasing the cost of production. At present, the only way to
control the profitability of agricultural production is the introduction
of new technologies that allow maximizing the use of available
resources. Among these technologies should be allocated space
information technology to improve the efficiency of land use.
The main purpose of land use is ensuring the effective and
rational use of lands of the society through regulation of land
relations and the application of methods of organization and use of
land resources. This commits the government to sustainable
development of land use on the modern level with the use of
achievements of world science and the latest technology in land
management.
Particular urgency of these issues in terms of market
transformation, when legislatively fixed different forms of land
ownership. For many decades land use in the Ukraine was
economically unnatural, sometimes destructive. For exterior
lighting this problem, the knowledge of the laws and features of
development of land use appropriate to note that absolute state
ownership of land resulted in the delimitation of the environmental
priorities in land use. It has become obvious that the methods of
land management those have developed in the conditions of
domination of state ownership of land and are still used to this day,
do not meet modern requirements of market economy, do not meet
the needs of economic entities on earth.
The efficiency of agricultural enterprises depends on
awareness of the condition of crops and the ability to control the
effects of operations and activities [1, p. 181]. The use of
information technologies will enable the optimization of production
through rational use of natural resources, protection of environment
and control of agricultural operations. Space and information
technologies are the basis of resource-saving and ecological organic
agriculture.
Modern information technologies in agricultural production is
not only the monitoring of natural and resource potential with a
view to its rational use, but also timely adjustment of farming
systems using technologies of precision farming. Based on
information about the heterogeneity of physical and chemical
indicators of soil nutrient content within a field, status, development
and yield of crops. The use of such technology allows providing
efficiency of the agricultural sector through increasing the economic
impact from business activities and through the optimization of
anthropogenic load on the natural environment.

Information technology sensing of agricultural land started to
be applied in the 30-ies of XX century in the United States, when
planes were photographing fields to determine the exact acreage of
crops and the monitoring of the quality of the soil cover [2, p. 55].
In the 60-ies of the last century began a new stage of development
of these technologies, which created the preconditions for the
progressive development of space technologies, which is still going
on [3]. Since 1978 year, in the United States launched a program
space removal – a Foreign Agricultural Service (FAS), whose task
is monitoring and forecasting the gross yield of agricultural crops
[5, p. 6].
In Europe in 1988, the EU Council of Ministers adopted a 10year program using data of remote sensing for improving the
statistical accounting in agriculture. Now this program acts as the
project Monitoring Agriculture by Remote Sensing (MARS). It
allows you to determine the area and condition of crops, to predict
the yield of different crops within individual countries,
administrative territories and farms [6].
In recent time, space and information technologies are
increasingly used in the practice of management of the post-Soviet
countries. In Kazakhstan the project "the national system of space
monitoring of agriculture", which is based on European technology
of state monitoring of agricultural production. In Russia, the
popularity of satellite monitoring system to obtain timely
information on crop areas, control over the timely conduct of
agricultural activities, forecasting of losses and productivity.

3. Information technology sensing of agricultural
land in Ukraine
In Ukraine, the research of remote monitoring of agrarian
resources started since 1980. In the system of the Ministry of
agriculture of the former USSR were established all-Union
scientific-research center "agricultural resources" and the
corresponding branch of the Institute in Ukraine [8].
Institute of Agroecology and environmental management
NAAS and SE "Dniprokosmos" State space Agency of Ukraine
(SSAU) developed the Concept of scientific-technical program
"Monitoring agricultural resources and forecasting their status using
remote sensing data" (Agrokomos) and created a lot of scientificmethodical and normative documents for the creation and
dissemination of space information technology in the production
practice, the domestic agricultural industry. With the support of the
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Ministry of agrarian policy and food of Ukraine, State space
Agency of Ukraine, institutions of NAS of Ukraine and company
RapidEye AG implemented the pilot project "Monitoring
agricultural resources using data from the RapidEye satellite
system" (AGRO-UA) [8].
NSC "Institute for soil science and Agrochemistry im. A. N.
Sokolovskiy", Kharkiv national agrarian University and National
University of life and environmental Sciences of Ukraine started
monitoring various characteristics of soil, erosion, degradation and
methodology of soil survey using remote sensing and practical
application of materials in economic activities.
Ukrainian scientific-research Institute of forecasting and
testing techniques and technology. L. Pogorely is implementing a
project on introduction of the European system of forecasting of
productivity of MARS/CGMS developed by the joint research
centre of the European Commission.
However, despite the significant volume of scientific studies,
their findings remain fragmented, uncoordinated and not brought to
the technological system used in industrial activities. According to
the materials of the meeting of the Interdepartmental scientific
Council of NAS of Ukraine and NAAS on the use of technology
ERS APK (01.03.2011), Ukraine still has not developed a unified
state system of remote (space) monitoring of agro-resources and
information support of management in the agricultural sector [8].
At present, the use of information technologies for monitoring
agricultural land in Ukraine is insufficient, although the legal basis
of land monitoring provided for by article 191 of the Land code of
Ukraine. Monitoring of land vested in the Central Executive body’s
national, regional and local level, carrying out state policy in the
sphere of land relations and environmental protection [4].
In Ukraine adopted a Concept of implement the state policy in
the field of space activities for the period up to 2032, in which
developed the nation-wide target scientific and technical space
program for 2013-2017, the goal of which is to improve the
efficiency of use of space potential for solving urgent tasks of
socio-economic, environmental, cultural, informational and
scientific and educational development of society, ensuring national
security and defense, protection of geopolitical interests of the state
[7]. However, in this program little attention is paid to technologies
of sensing of land for agricultural purposes.

Astrium-Geo (France), Vega (Russia), and national company
MapExpert [11]. Most companies use in their practice accumulated
by spacecrafts archive data of different exposure qualities, such as:
SPOT 2, SPOT 4, Landsat 4, Landsat5, Landsat 7, IRSP6 LISS-3,
ALOS, TerraASTER, IKONOS, QuickBird ObrView-3 , EROS and
others. The resolution quality of photos and map scale determine
the level of suitability of space photos of these devices (Table 1).
Moreover, such informational data to an archive database
over a period of more than 20 years and can be used for analysis of
land condition in the past, ensuring the land use of agricultural
crops.
Table 1
Quality of space photos used for mapping of agricultural
technologies [12]
Spacecraft
IKONOS
Landsat 7
IRS – 1C
IRS – 1C
SPOT 1-4
SPOT 4
SPOT 5
EROS A
EROS B
QuickBird
ObrView-3

Resolution, meters
4
30
23,5
5,8
20
10
5
2,4
0,7
1,0
4,0

Map scale
1:20000
1:150000
1:117000
1:29000
1:100000
1:50000
1:25000
1:12000
1:3500
1:5000
1:20000

Topographic maps are a picture of relief with the ability to
determine the level of soil erosion and obtain information about a
possible deposit of ground water level and so on. However, the
maps present static condition of the land, without showing the real,
dynamic migration processes and soil erosion caused by natural
processes and anthropogenic activities. In General, the use of
satellite images and topographic maps combine to give a complete
picture of the field condition and level of development of crops.
Usage of modern electronic agrotechnological maps of
fields are also equally effective method of monitoring of
agricultural land in which space-time fixed costs of resources for
field works are fixed. These maps provide the efficiency of
agrotechnological process at the appropriate time, taking into
account soil and climatic conditions of certain fields. Under certain
technical conditions electronic agrotechnological map allows to:
- provide an opportunity to record and control all
agricultural operations based on accurate baseline data for their
implementation;
- assist in carrying out of a detailed analysis of the
conditions that affect the development and growth of plants on
specifically chosen field;
- optimize the production process in order to maximize
profits and simultaneous rational use of resources involved in a
particular transaction.

4. Space technology to monitor the status of
agricultural lands
The use of space technologies for monitoring agricultural land
has a number of advantages, in particular, they provide:
- high accuracy and actuality of data;
- a wide range of the study area;
- a high frequency of new information;
- the possibility of collecting, storage, generalization and
standardization of information [9, p.18].
The main sources of information used to monitor the status of
agricultural land are aerospace imagery, topographic maps and
agrotechnological e-cards.
Satellite images provide information about the change in the
optical properties of the surface soils and are characterized by high
data visualization. With their help it is possible to draw some
conclusions about the nutrient content of the soil, to determine the
sensitivity of crops to moisture of soil, the quality of crops within a
single field that can be used as inputs to predict their yields.
Regarding space surveys, the main parameters determining
the quality of the results of sensing are: the resolution and
frequency of removal, spectral resolution and bandwidth scanning
[9]. In addition to the space images for monitoring of land use
topographic maps, charts, land maps and data agrochemical
certification of fields, schema, sequence rotation, a cartogram of
agricultural industrial groups of soils, which allow to achieve high
accuracy and reliability of the results [10, p.5].
Today the most famous space providers of information
technologies are the follows foreign companies: Cropio (USA /
Germany), eLeaf (Netherlands), Precision Agriculture (Australia),

5. Economic aspects of agricultural land
One of the main ways to improve the efficiency of land use
should be the study of the potential of the land with the help of
electronic maps of fields. For this purpose it is necessary to create a
system AgroGIS for exploring spatial data of electronic maps of
fields. Functional diagram AgroGIS for evaluating the economic
efficiency of land use is shown in Fig.1.
However, services of creating an electronic map of the field
cannot be called cheaper because now they can be used only by the
large agrarian enterprises. The value and duration of the works on
creating of the electronic maps is represented in Table 2.
Usually, a high value of introduction of precision farming
(37.8 - 43.8 thousand dollars USA), especially the electronic maps
of fields, is very costly innovative project. However, those agrarian
enterprises, which, nevertheless, dare to use space information
technology in their work, will be able to carry out intensive and
sustainable agricultural production development in the future.
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pesticides and reduce the anthropogenic influence on the ecological
situation.

AgroGIS

Table 3
Savings in production costs using space information
technologies [11]

Geospatial analysis of land use:
the land Fund

natural zoning

development land

Cost items
limitations of the
land Fund

technical
documentation

geochemical state
land

geochemical state
land

protection of land

security resources

Fuel, spent on the detour
of field territory
Wages to employees
Fertilizers
Control measurements and
analyzes
Insurance
Control of mortgaged crop
for the loan
Costs from too late
identifying of weaknesses
Costs of low yields

Modeling land-use

agrolife

economic activity

conservation areas

Total

management activities

The definition of conflict ecological zones

Optimization of land use
Formation of restrictions of land use

Fig. 1 Functional diagram the use of geographic information
systems to assess the effectiveness of land use
Taking into account international experience (study of the
American Institute of Precision Agriculture) and domestic realities
the minimum amount of savings from the introduction of space
information technologies has been calculated. According to Table 3
it is over 18 dollars USA per one hectare.
Table 2
The value of creating an electronic map of the field and duration of
the works (for the area of 20 thousand hectares) [13]

High resolution space photo
Low resolution space photo
Hardware-software complex
"HeoOblikovets"
Detour of field boundaries
Vectorization of field boundaries
Creation of electronic map

Value,
dollars USA
3,200-6,200
1,000-3,200

Duration,
days
over 30
over 30

10,000

60

10,000
2,400
11,200

20
20
60

on 1,000
hectares/year
dollars USA

on 100,000
hectares/year
dollars USA

0.15

150

15,000

0.8
1.4

840
1,400

84,000
140,000

1.28

1,280

128,000

0.17

170

17,000

0.2

200

20,000

8.7

8,700

870,000

5.5

5,500

550,000

18.2

18,240

1,824,000

Cost estimation for implementation of space information
technologies on the basis of precision agriculture is proof of the
need for reorientation of agricultural enterprises on the latest
technology of agriculture that will achieve the rationalization of the
process of agricultural production and enhance competitiveness of
crop production. It is therefore advisable to distinguish several
stages of implementation of systems of land monitoring using space
technologies, namely:
1. Collection and acquisition of geospatial databases –
digitization of the boundaries and contours of the field, build maps,
create satellite images.
2. The build routings for rotoorangi, sowing, application of
fertilizers and plant protection means.
3. Direct work in the field with the use of auto GPS
navigation system.
4. Mapping productivity with the use of satellite images and
sensor yield and moisture, which are installed on tractors or
combine harvesters.
5. Agronomic, economic and environmental assessment of
effectiveness of introduction of new farming technologies.
Agronomic and environmental effect is to make the right decisions
regarding the amount of fertilizers and means of plant protection
that will boost crop yields and reduce negative impacts on soil. The
economic effect is to reduce the cost of cultivation of agricultural
plants.

Evaluation of the ecological state of land use

Name

on 1
hectare/year
dollars
USA

6. Conclusions
Implementation of latest achievements in information
technologies of land cultivation and crop production is quite
problematic for domestic enterprises and pose a threat to the
technological security of agricultural sector. The main problems
are:
- the lack of clear government policy concerning the space
activities in the agricultural sector;
- problems in the creation of effective developments in
technologies of remote monitoring of agrarian resources;
- necessity of modernization of machine and tractor fleet;
- significant value of space land monitoring;
- long payback period (5-10 years) of creating of electronic
agrotechnical maps of fields;
- low readiness of domestic farmers to change of technical
and technological support of agriculture and crop production.
In our view, the removal of these problems is possible only
through the development of space activities through
interdepartmental coordination of research of the National Academy
of Agricultural Sciences, the Ministry of Agrarian Policy and Food

Reduction of fuel costs for inspection (detour) and
processing fields and for fertilizer, reduction of staff costs will
optimize resource costs, reducing the production costs, and thus
increase the profitability of the production process.
Given the cost of creating of electronic maps of the field in
20 thousand hectares (37,800 dollars USA) and the possible amount
of savings for the same area of agricultural land (36,480 dollars
USA), the costs of enterprises for the implementation of space
technologies in production can be considered as justified.
These information technologies allow to intensify agricultural
production, increase productivity, increase efficiency of use of
production assets and circulating assets, to achieve the highest level
of productivity due to the dosed application of fertilizers and
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of Ukraine and the National Space Agency. This work will
contribute to solving the problems of rational use of agricultural
land, revealing weaknesses in agricultural landscapes, defining the
status of crops and agricultural ecosystems.
The advantage of such cooperation in that the government
by attracting domestic scientific staff promote the development of
not only the space industry, and actively develop agriculture, with
much lower costs and greater synergistic effect. In addition, such
projects may be subject to foreign direct investments that are
interested in maintaining ecosystems.
Thus, the use of modern space technologies is an objective
requirement for successful agricultural practices, because
information technologies:
- provide detailed monitoring of land resources and state of
crops;
- help to form reasonable management decisions to the
prevention of negative consequences of economic activity;
- can improve the efficiency of the use of land and quality
of growing of agricultural plant;
- ensure the increase of productivity and reduce of
production costs through rational use of fertilizers, pesticides, fuels
and lubricants and so on.
In general, space information technologies ensure compliance
with requirements of technological, environmental and economic
security of the agricultural sector and the environment.
Among the priority scientific researches in the sphere of land
use are: development of legal documents on creation of automated
cadastral registration system; preparation of scientific and
methodical bases of land-cadastral surveys using GPS; remote
sensing of the earth.
The use of space technologies, the transition to automated
land cadastre will provide the opportunity of building an effective
national land administration system; promote the formation in
Ukraine of an effective system of regional geographic information
systems. Using them for the management of land resources will
allow solving the problems of development of regions.
GIS technology can monitor the environment, intensify
agricultural production, increase its productivity, improve efficiency
of assets, and achieve higher levels of crop capacity due to dosage
applying fertilizers and pesticides, which reduce the human impact
on the environment. Considering the minimum amount of savings
from the introduction of space information technologies, it can be
concluded about the feasibility of their implementation in modern
conditions in Ukraine.
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Abstract:

Diagnostic system is very important part of a system for fault prediction and it is very helpful tool to improve efficiency of industry
production. If we want to attain an optimalisation of production, have shortest lead times, low costs of production we need accurate
information from maximal number of criteria collected from production machines, to setup best process parameters focused on reaching
acceptable life time of machine parts.
For this reason, we need improve the power of diagnostic systems with implementation of new methods with new possibilities.
Keywords: MULTICRITERIAL DIAGNOSTIC, ELECTRIC CONSUMPTION, VIBRATION DIAGNOSTIC, DATA MINING

production. Prediction of the problems determined by the analysis
of information obtained in production by obtaining measurable data
is very beneficial method of eliminating the problems of
manufacturing. Production processes are complex in nature with a
large number of interacting actors. Results of mono-criteria
diagnostics are useful only in analyzing an isolated property of the
production process, or in the case of mono-criteria diagnostics of
more complex property (e.g. vibrations) the result have broader
scope, but are susceptible to errors due to misinterpretation of the
analyzed results or the emergence of errors in cases where the
process is affected by new actor that did not appeared previously
and then "hiddenly" influence the result.
Our aim is to as much as possible get an accurate and
comprehensive view of the manufacturing process and obtain
measurement results that allow us by their analysis to produce
results with high diagnostic value with accurate description of the
state of the manufacturing process. Data obtained through multicriteria diagnosis have a very large content value. Depending on the
way in which we look at the data, in way of their further processing
and, depending on the interpretation of the results obtained by the
analysis of the collected data we can not only predict failures and
need of scheduled maintenance, and predict other phenomenons
related to the production and manufacturing process. With correct
data analysis and correct interpretation of data we can create very
precise results for optimization of energy requirements and
environmental impacts of manufacturing processes, also we can
optimize usage of human resources, and material flow, and other
important factors. Because of wide application opportunities of the
proposed multi-criteria diagnostics, and analysis of the results
obtained by it we can apply the research results in a manufacturing
companies.
Aim of our research is to ensure the development of
analytical tools that process the data obtained through multi-criteria
diagnostics to obtain the required answers to specific questions
defined by mechanical engineering companies in the topic of
increasing efficiency and optimizing production processes. The
resulting data set has a very large scope and the maximization of the
content value is however dependent on a thorough knowledge of its
structure and in particular in accordance with the dependencies
observed in gathered data. Production process is a continuous
sequence of tasks and the various actions in the production process
are not an isolated factors affecting the final product, but are an
integral set of mutually interacting factors that have both a direct
impact on final product manufacturing, and also often lead to
mutual interaction between each parameter by means of a visible
but also hidden dependencies that need to be understood before of
the processing and interpretation of data obtained thru multi-criteria
diagnostics.

1. Introduction
Today’s trend in factories is to obtain a maximal automation, which
corresponds to the ideas of the Idea Industry 4.0 concept. Machines
are connected to a collaborative community and people cooperate
with machines robots cooperate according to collaborative
principles and production is set up to a point with zero faults and
zero wasted time. For efficient and precise production management,
we need to implement tools and methods to eliminate unpredictable
failures and errors that reduce the production performance and
cause financial losses. One way is to implement a powerful multicriteria diagnostic systems that enables us to monitor real-time
production facilities while allowing us to analyze collected data
online for the diagnostics of manufacturing processes. Multi-criteria
diagnostics is very beneficial, based on analysis of the results
obtained from manufacturers, exact information about weaknesses
in the processes of production and proposed solutions to existing or
predictable problems can be made. Usage of modern technologies is
needed to gather large amounts of data from multicriterial
diagnostic processes. Accurate use of the data, often stored in large
databases is used to understand production processes, to achieve
optimization of production processes or maintenance, to reduce the
cost of maintenance and at the same time to maximize the
effectivity of production processes. This is particularly visible in the
Industry 4.0 concept. This concept assumes the use of various
modern information technologies, such as the Cyber-Physical
Systems (CBS) or Internet of Things (IoT) – processing the Big
Data. The main idea here is the preparation of a computerized
manufacturing environment, which will simply allow us to increase
flexibility and efficiency of production through integration of
various activities and effective communication between a client and
a producer - Customer to Business (C2B), as well as between a
producer and a supplier Business to Business (B2B).
In respect of the above, methods of acquisition, gathering,
processing and, most of all, exploration and analysis of data become
particularly important. It seems that predictions of experts have
become true – at the beginning of this millennium they stated that
data analysis would be a revolutionary achievement of the
following or coming decade.
The reason for the creation of specialized nodes is to
ensure the maximum possible level of production quality and
optimization of logistic processes. However, this causes a new
challenge in the production process, the formation of hierarchical
dependence of the manufacturing processes where consecutive
stages of production within the company are dependent on the
production of the previous stages in the life cycle of production. For
this reason, the occurrence of random and sudden interruptions of
production or unplanned production decline is undesirable
phenomenon with potentially serious consequences for the entire
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same time, sensors must be selected based on the suitability of their
application for the particular conditions of the monitored device and
the environment in which they will be installed. A prerequisite for
choice of sensors is connectivity in digital format or must be able to
connect via analog-to-digital converter to a digital format.

2. Design of multicriterial diagnostic system
In order to achieve maximum accuracy of diagnostic of the
production machines, we have designed a conceptual design of the
hardware of the diagnostic system. The proposed hardware is based
on the paradigm of autonomy of the diagnostic system in
production: "The functionality of the proposed diagnostic system
must be independent from the control system of the diagnosed
device."

3. Processing of collected data
With multi-criteria diagnostics of the production process we are
collecting in a relatively short time an extensive set of data. We
need very powerful analytical methods and tools to obtain
applicable results in real time. Therefore, we will focus our research
on the implementation of advanced analytical methods for
processing the large data set on powerful computing devices.

The necessary conditions for achieving the proposed system is:
• it must work with its own and independent control system
• it must autonomously collect the data and process them to the
required representation without the need for any interaction
with the control system of the diagnostic system
• it must have a separate data transfer channel to the parent
system (server)
• it must have separate power supply

The process of obtaining the necessary performance of the
diagnostic system is by processing of the data obtained by means of
progressive tools designed for the processing of large volumes of
data. We consider Big Data Tools or Modified Business Intelligence
Tools. Modification of Business Intelligence tools is required
primarily because of their primary focus on historical data
processing. When BI is applied to the Multi Criteria Diagnostics
System, the implementation change is required to process current
data.

To meet the defined conditions, we designed the following
architecture of the diagnostic system:

In our research, we focus on analyzing the data obtained in
order to create a system of predictive care for the device - i.e., to
predict the occurrence of a potential malfunction with the purpose
of timely elimination of the malfunction and thus to prevent the
device from failing.
From these approaches, we are focusing on Data mining and
Knowledge data discovery. Through these methods, we perform
analysis of the data obtained in order to identify correlations
between the measured data and evaluate the actual condition of the
monitored device by processing the acquired data through modified
methods of conventional diagnostic methods.

Because of the need to process and transmit large amounts of
data in a short period of time, the internal communication bus
between the process nodes and the central processor unit must have
high bandwidth. Due to the possible requirement of placing the
entire diagnostic system to proximity of the diagnosed device
interference may occur on the communication bus between
processing nodes and central unit, because of that hardened
communication bus must be used, and likewise the communication
protocol must use checksums and have autocorrecting capabilities.

From the point of view of the user, application of specific Data
Mining methods for extraction of knowledge hidden in data is the
least laborconsuming stage, in comparison with the often
cumbersome and technically complicated preceding stages, related
to understanding of a problem, proper data preparation, filtering and
converting data with regard to a given task. In the knowledge
extraction process the data exploration results can be obtained
automatically. However, the preceding and the final stages (the
latter focused on the analysis of obtained results) require the user to
be familiar with problems of mathematics, statistics, as well as to
have specialized knowledge regarding the diagnostic branch.

Process nodes must be connected to individual sensors via lines
that can transmit measured data without restricting the production
and without loss of transfer speed. The types of lines depend
exclusively on a communication pair, that consists of a suitable
sensor for measurement and a process node with sufficient power.
Process nodes can be differentiated by several logical criteria
mainly the following:
• position of sensors on the production device
• process node performance (defined by volume and type of
data collected by sensors)
• the number of sensors connected
• type of connected sensors

Knowledge data discovery is used to discover new knowledge
in stored datas. Data analysis is started by identification of the
research problem, while further exploration is conducted on a data
sample obtained from a larger data set. Then, relations between data
are mostly looked for using data visualization tools and the data set
is prepared for modeling. The last stage is the evaluation of
obtained results and attempt at their translation into real conditions
of company functioning.

The main reason for creating process nodes is to take advantage of
the decentralization of the diagnostic system. Decentralization
enables us to create topologically large applications, greatly
simplifies the cabling structure, reduces aggregate transmission
speeds and, in the event of a failure of certain node it allows to
continuously monitor all parameters of non-affected nodes.
At the same time, we also enable us to decentralize the necessary
computational power to process the acquired data from the sensors
through their pre-processing functions on process nodes and then
send them in the optimized range and shape to the central
processing unit.

Success implementation of data mining is connected with full
and correct phases of implementation. The most frequently
distinguished tasks are:
• Description.
• Classification.
• Regression.
• Clustering.
• Looking for associations.
Description consists in concise summarizing of analyzed data.
During realization of this task, graphs are frequently used alongside
one-dimensional or multidimensional tables or rules for data
description.
Classification belongs to the so-called supervised (“learning
with teacher”) group and is aimed at creating a dependency model

The subsystem of sensors designed for the diagnostic system is
dependent on specific implementations. The main factor
determining their choice is their suitability for the chosen purpose,
especially in terms of ranges and speed of data collection. At the
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between independent variables describing given objects or
phenomenon and a dependent variable in an attribute form. It is
done on the basis of the so-called teaching set, containing a set of
objects with known values of independentand dependent variables.
The purpose is to apply this model for assigning new cases to a
selected class of the dependent variable. The most frequently used
methods in this area are classification trees, neural networks,
support vector machines, the naive Bayesian classifier or Bayesian
networks.
Regression also belongs to the supervised group and plays a
similar role to classification, but in the dependency model created
on the basis of the teaching set, the dependent variable is in a
numerical form. Examples of methods used to realize the regression
task are neural networks, simple and multiple regression, and
regression trees.
Clustering does not use a teacher (there is no dependent variable
here) and consists in creating clusters (groups) of objects in a way
to ensure the highest possible similarity between objects in one
cluster, as regards values of the considered independent variables,
with simultaneously maintained maximal possible differences
between particular clusters. In this area, two groups of methods are
applied: hierarchical ones, building the so-called dendrograms,
and non-hierarchical ones, creating entirely separate clusters.
Looking for associations consists in finding dependencies in an
analyzed data set. These dependencies do not have a functional
character; rather, they are based on coexistence of values of
particular variables.

Next graph show Vibration comparison

Vibration comparison

The next step was to apply data mining to the obtained data.
After applying individual methods of data mining, we found a
correlation between the individual parameters of the production
process. For clarity, we chose to visualize pairs correlations with
graphs.

Temperature
Performance

4. Model application example
Our system of multi-criteria diagnostics was applied on the
diagnosis of the turning process.
We have tracked:
•
Vibration
•
Temperature
•
Power Consumption parameters

Dependence Temperatures and Performance

We have fully utilized the described philosophy of the
decentralized hardware of the diagnostic system. We have saved
and pre-processed data stored in a database created through
Microsoft SQL Server.
We performed several repetitive measurements on the device
while working without a fault, and then we introduced a model of
error that is common in the production process.
The effect of the error in the production process is evident from
the following graphs:

Vibration
Temperature

Dependence Vibration and Temperatures

4. Conclusion
By applying multi-criteria diagnostics to the well-known
processes of lathe manufacturing operations, we expected to find
hidden relationships between the machine state and the measured
parameters, and we also expected to find new connections between
the production parameters.

Performance comparison

Our assumptions have been fulfilled. The correlations between
the monitored characteristics of the production processes have been
shown as expected, thus confirming the accuracy of the proposed
hardware and methods of processing the obtained data.
In further research, we will continue to look at increasing the
implementation capabilities of multi-criteria diagnostics systems
and expanding the precise knowledge base and understanding of the
processes under examination.
Temperature comparison
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Abstract: In the presented work investigated the changes of power characteristics of deep drilling package of printed
circuit board’s hard metal micro drills depending on the drilling depth, cutting data and geometry of the drill. In
particular studied the nature of changes in axial efforts and torque depending on the drilling depth drill with different
inclinations of the spiral grooves using specially designed highly sensitive devices, enabling direct measurement
method. Based on the analysis of the results of the study, changes in the geometry of existing standard drills. Proposed
new construction of micro drills vary-angle spiral grooves in such a way that the angle is the maximum value at the top
of the drill and uniformly decreases towards the end of the working parts. The drills are manufactured with different
inclinations of the spiral grooves. Based on the experiments of them chosen more for its near standing power rates to
the standard drill bit and its comparative test with a standard drill bit, bringing them up to the breakage, thanks to
which the proven advantages of drills new design. Taking into account the results of the experiments proposed drill
elongated structures to improve performance by increasing the processing drilling depth and accordingly the number
of plates in the package of printed circuit boards.
Key words: Drill, Gradient of spiral groove, Variable angle, Device.

1. INTRODUCTION
It is impossible to imagine modern equipment without
electronic knots, starting from household and ending with
space equipment. Printed circuit board’s production, basic
parts of electronic equipment associated with drilling
process vast quantities of small diameter holes (about 1mm
or less). Carry out drilling of micro carbide drill geometry,
which has multiple experiments an experiences relevant
production. In particular: the optimum cutting angle and
spiral angle grooves respectively is 300, and the rear angle
180. They are refaced through each hole and 1000 are
designed for 3-4 regrinding costs.
Production of printed circuit boards is mass
production, where performance is carried out with the aim
of increasing the drilling package, composed of several
plates, it has a place of deep-hole drilling, where the drill
depth exceeds the diameter of 8-10 times.
Downtimes of expensive technological equipment,
especially in mass production are associated with
significant economic losses. In the production of printed
circuit boards easy connected not only with the replacement
of the tool with the aim of reshaping, but unexpected,
caused by fragile destruction even before the first
reshaping. Probability of brittle fracture grows significantly
during deep drilling package of printed circuit boards.
When this zone is located in the near destruction of the end
of the spiral grooves.
Providing the best mass production processes for
manufacture of printed circuit boards, at least a slight
increase in resistance, including fragile resistance micro
drills and consequently increasing productivity processes,
can provide significant economic benefits.

Mechanics”, Georgian Technical University in close
cooperation with specialists of the Institute of
Manufacturing Technology and Quality Management (IFQ)
Magdeburg University Otto-von-Guericke (Germany).
Studies were initiated the study of the nature of the
change of power indicators-torque and axial reinforcement
depending on the depth of cutting and drilling printed
circuit board package from fiberglass.
To measure the axial effort was the appliance is made
on the basis of known methods and existing analogs,
measuring element, which is the system of strain gauges
mounted on the elastic casing (see fig. 1).
As for measurement of a torque, in our case the
existing indirect method at which measurement is carried
out by means of measurement of power of process of
cutting is unsuitable as we deal with very low
indicators. That is why it is necessary to use this method,
which will make it possible to measure directly the torque
with high precision. To this end, we have designed and
manufactured a special device (see fig. 2), in which table
for drilling is equipped with rotating lever mechanism. As
the measuring element, elastic element applies here too
with the system of load cells, only the higher strain measure
(0.2 g).

2. THE MAIN PART
Research work with a view to enhancing the resistance
of tungsten carbide micro drills and deep hole drilling
process performance package of printed circuit boards were
held in the laboratory precision micro instrumental
Department “Industrial Technologies Engineering

Fig. 1. Instrument for measuring axial efforts.
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Fig. 2. The device for measurement of torque.

Experiments were conducted with drills from solid
alloy VK60M diameter φ 0,9mm long spiral groove
l=10mm. Rake angle and spiral angle grooves respectively
ω=300, rear angle was 180.
Drilling was carried out a package of printed circuit
boards of fiberglass thickness 1.6mm composed of 5 plates
with a total thickness of 8mm (see fig. 3).
Drilling of blanks is carried out on different modes of
cutting depth up to 7 mm and 1 mm the depth of the
recorded testimony every depth controlled readings.
Experimental results are shown in fig. 4 and 5.
From this results, clearly shows that the load power
with increasing depth progressively increasing. If the axial
thrust is growing, approximately 1.5 times the amount of
torque is increased 3-4 times. 1
2

Fig. 5. The chart of axial efforts for standard drill

Question, what caused this increase in power? Cutting
conditions at the cutting edge of drills with increasing depth
does not change. The only reason for this could be the
increased contact area abrasive chips with the surface of the
hole and emerged from it frictional forces.
You need to note that the sharp fall in axial efforts on
areas of depth 2-3 and 5-6 (see fig. 5.) on these sites due to
the lack of the work piece (fig. 3.) the copper layer.
The main factor increase the likelihood of brittle
fracture of the cutting tool of these two power indicators
may not increase the axial effort and more progressive
increase in torque because the strength properties of carbide
materials on the compression significantly exceed
indicators of torsion.
Accelerating the process of chips from the cutting zone
would contribute to the reduction of the force of friction
and, consequently, improve the reliability of the drilling
process. The problem of removal of chips when drilling
deep hole in different cases decide in different ways. For
example, when drilling drills dimensions solid this exercise
method of leaching using a coolant, which is supplied, into
the hole through, done in the body of the drill. In other
cases, when the drill bit sizes do not give possibility of
coolant above method to remove shavings used drilling
method intermittent, where after a certain depth drilling is
carried out periodically by the disqualification of drills
from holes fast running.
The application of these techniques in our case
nepriemlim. In the first case we have with micro drills. The
use of coolant in the manufacture of printed circuit boards
is not allowed. Design and method of intermittent drilling,
because it led to the strong performance. When processing
deep eyelet micro drills accelerating factor could be an
increase in chip removal step spiral grooves, i.e. reducing
the angle, but it would have led to a deterioration of the
cutting conditions, so-as will decrease the cutting angle
drills.
In the design of the drills carried out in a way that at
the top of the save the desired cutting angle, and toward the
end of the spiral grooves reduce its angle, IE a spiral
groove cut into a vary-angle [1, 3, 4, 5, 6] and gradually
increase its step, it would accelerate the process of chip and
facilitate conditions for drilling.

0
1
2
3
8

3

4
5
6
7

Fig. 3. Package diagram printed circuit boards of 5 plates.
1-copper foil, 2-fiber, 3-double layer of copper foil.

Fig. 4. The chart for standard drills

ω = 300.
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Fig. 6 shows the scheme of drills with vary-angle spiral
grooves where the angle of the grooves at the top of the
drill ω0, and at the end of the working part of ω1. The width
of the grooves in the normal section Bn on all length does
not change, but the change in the front section and at the
top is BTo =

BT 1 =

of a flute. It can be carried out in two ways: at a motionless
axis of a grinding spindle to turn a preparation spindle axis
round a point of intersection of these axes at a corner
size

ω = ω0 − ω1

(see figs. 7), or motionless to leave an

axis of a spindle of preparation and to turn an axis of a
grinding spindle (see figs. 8) [4, 5].

Bn
, and at the end of the working parts
cos ω0

Bn .
cos ω1

Changing and useful mechanical drill section. Useful
2
section at the top: S o = πd − 2 S n , and at the end of the
4
cos ω0
working parts: S1 =

2S n
πd 2
−
, where S n - square
4
cos ω1

grooves in the normal section, d - is the diameter of the
drill.
If you take into account that ω0 > ω1, it turns out that
toward the end of the working part of the useful crosssection drills intensifies. Then there are drills compared to
standard must withstand stress.

Fig. 7. Schemes of change of orientation of axes of a
spindle of preparation of a drill and grinding spindle.
Method of turn of an axis of a spindle of preparation.

BT1
n
ω1
n
Bn
n
ω0
Bn
n
BT0
Fig. 6. Drill scheme with vari-angle spiral grooves.

Production of such drills associated with certain
difficulties. At production of standard drills with a constant
tilt angle of a spiral flute the special adaptation carries out
the mutually agreement two movement – rotations of
preparation of a drill and its movement in the axial
direction at a size of a step of a spiral flute. Thus, this
interrelation is defined by linear function. In case of a
variable step, this interrelation is defined by difficult
tangential function. Because of it was necessary to
modernize the equipment and its mechanism of axial giving
of an element with the Archimedean spiral to replace
elements with a tangential spiral, made by our special
calculations [2, 3].
Besides, because of a variable tilt angle of a spiral
flute, at you - polishing of these flutes should change
orientation of a grinding wheel relatively to an axis of
preparation of a drill respectively to change of a tilt angle

Fig. 8. Schemes of change of orientation of axes of a
spindle of preparation of a drill and grinding spindle.
Method of turn of a grinding spindle.

Proceeding from constructive reasons the preference
was given by us to the first option (figs. 7) and in the
course of modernization of the equipment it was equipped
with the additional mechanism of turn providing when
cutting spiral flutes, turn of an axis of preparation of a drill
relatively to an axis of a grinding spindle at a corner

size ω = ω 0 − ω1 thus depending on are long the cutting
part of a drill turn is carried out by the linear
law: ω х =  х ⋅ К ω , where
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ω х - the current size of an angle

of rotation of an axis of preparation,

х-

We have designed constructed prototypes of drills with
vary-angle ω = 30 − 17 0 , ω = 35 − 20 0 , ω = 40 − 22 0 and

the current

coordinate of length of the cutting part of a drill,

К ω - the

ω = 43 − 230.

size of change of a tilt angle of a spiral flute per unit length
the cutting part of a drill.
Schematic diagram of the upgraded device with a lever
turning mechanism shown in Fig. 9. It should be noted that
with the purpose to achieve higher precision in return lever
mechanism can be used rack and pinion pair.
Device for polishing spiral grooves in the side of the
work piece 1 is mounted on the drill axis of rotation 2,
mounted on a grinding machine table - 3D642. In this case,
the axis of rotation adaptation must take place at the point
"O" crossing the axis of the drill blanks and the vertical
axis of symmetry of the grinding wheel 3. The other end of
the device is based on a circular guide 4. Rotate lever
mechanism is carried out, the reference axis 5 which is
fixedly mounted on the basis of 6 devices . When the axial
movement of the upper slide 7 and, accordingly, drill
blanks rigidly associated finger 8 turns right shoulder of the
lever 9. The left lever arm is connected to finger 10 fixedly
mounted on the machine table. Thus, the rotation of the
lever causes the whole structure adjustment. Thus, the
linkage elements are designed so that the axial feeding
blanks on a drill length value helical cutting tool is rotated
by the movement of the spiral groove inclination angle

All of these included circuit boards same experiments
the standard. Experimental results for drills
ω = 30 − 17 0 and ω = 35 − 20 0 are shown on fig. 10 – 13.
Analysis of these graphs shows the following: for drills

as

ω = 30 − 17 0 performance of axial efforts almost
indistinguishable from a standard drill bit ω = 30 0 , so, it
was expected, because these same drill front angle and
cutting conditions respectively at the cutting edge. With
regard to indicators of torque, they drill ω = 30 − 17 0
depending on the cutting was understated by 12-16%.

∆ω = ω0 − ω1.

For this calculated distance between the left finger and
fixedly pivot device formula: R = l ⋅

L л 360
⋅
L п 2π∆ω

Where: l - the length of the spiral cutting drill, mm;

Lл - left lever arm length;

Fig.10. The chart of change of a torque for drills ω = 30 − 17 0.

Lп - the right lever arm length;
∆ω - amount of change in the angle of the spiral
grooves of the drill

Fig. 11. The chart of changes of axial efforts for drills

ω = 30 − 17 0.

Fig. 9. Schematic diagram of the rotation axis of the drill
mechanism workpiece relative to the plane of the
grinding wheel at Grinding of helical grooves with a
variable tilt angle.
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Fig. 12. The chart of torque for drills

ω = 35 − 20 0.

Fig. 14. The chart of change of a torque for a drill

ω = 40 − 22 0.
For drills ω = 35 − 20 0 performance of axial efforts
relatively understated, as rake angle increased by 5% and
this facilitated the process of cutting, but indicators of
torque with increasing depth drilling grows more
intensively and exceed indicators of both previous designs.
It is clear that the understatement of torque to drills
ω = 30 − 17 0 compared with standard drills ω = 30 0 , due
to the gradual increase in step spiral grooves and
accordingly reduced contact area formed by chips with
processed apertures. Increasing the angle of inclination and
therefore a decrease in pitch of spiral drills ω = 35 − 20 0
again causes the reverse-torque figures intensively
promoted.

Fig. 15. The chart of change of axial effort for drills

ω = 40 − 22 0.

Fig. 13. The chart of changes of axial efforts for drills

ω = 35 − 20 0.
When drilling by drills

of

ω = 40 − 22 0

and

these power indicators are rather
ω = 43 − 23
underestimated (see figs. 13-16) that is explained by
improvement of conditions of cutting because of
considerable (5-80) increases in a forward corner at the
cutting edge. However, reduction of a corner of a point at
further operation causes increase in intensity of wear, and
they without repoint reach only 600-800 openings.
0

Fig. 16. The chart of change of a torque for drills

ω = 43 − 230.
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3. CONCLUSIONS
Solid Carbide micro drills with vary-angle spiral
grooves in deep drilling package provides improved chip
control process intensity of hole, promoting this
underestimates the force of friction and consequently the
torque on the axis of the drill.
Implementation of the spiral grooves with a gradual
lowering of the ω-angle from the top of the drill toward the
end of the working part provides useful cross-section
reinforcement drills, increasing the reliability of the brittle.
On the basis of the foregoing, it becomes possible to
manufacture drills with elongated working part at 2-2, 5mm
and in the package circuit boards add another plate, which
will make it possible to improve the performance of drilling
process on 20%.
Fig. 17. The chart of change of axial effort for drills
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Abstract: The paper deals with the design of replaceable jaws on pneumatics gripper on the CNC milling machine EMCO Concept
MILL 105, which is part of the iCIM 3000 like as manufacturing and assembly system. The current shape and size of the replaceable jaws is
not suitable for the new component base. When designing replaceable jaws to allow firm and safe clamping of rotating and non-rotating
parts, it was based on limiting factors such as parameters of the pneumatics gripper, dimensions, shape and material of the clamped parts
and the like.
Keywords: MILLING, NEW COMPONENT BASE, CHANGEABLE JAWS, PNEUMATICS GRIPPER, DIMENSION, ROTATING
components with dimensions 60x140x14.8mm (Fig.2). New rotary
parts and plates are also made of aluminium.

1. Introduction
In the complete design of the preparation takes into account
several requirements such as technological operation, shape and
dimensions of the component, material of the components, splinters.
There are also clamps with replaceable parts such as pneumatic
gripper, where only replaceable jaws are designed.
The EMCO Concept MILL 105 CNC milling machine, which is
part of the iCIM 3000 production and assembly system, is a
pneumatic gripper from GRESSEL Ecopos with replaceable jaws.
The paper deals with the individual steps of designing the
replaceable jaws for a new component base.

2. Current state in the milling machine
At present, the EMCO Concept MILL 105 CNC milling
machine machining of rotating parts with diameter ø 30mm and ø
40mm.

Fig.2 New component base
a, b) Rotating products c) No-rotating product

4. Design of replaceable jaws in the pneumatics
gripper
For the new component base, replaceable jaws are designed to
allow firm and secure clamping of rotating and non-rotating
components. At the same time, the jaws of the pneumatic gripper
cannot clamp the new parts because their dimensions and shapes are
different. The clamping of the rotating parts will be up to 8mm in
height, which ensures a firm and reliable clamping at a total height
of 35mm. The insufficient maximum clamping length of the
pneumatic gripper affects the shape of the replaceable jaws.

Fig. 1 Current state of replaceable jaws in pneumatics gripper

These rotating parts are clamped in clamping jaws, which also
serve to clamp a plate-shaped component with dimension
80x150x14.8mm (Fig.1). All machined parts are made of
aluminium. Replaceable jaws are clamped on a pneumatic spindle
with a maximum clamping length of 70mm and a jaw width of
72mm. This size is also adjustable for jaws.

When designing replaceable jaws, the dimensions are suggested:
• of the clamping parts of the replaceable jaws to the gripper,
• of the clamping parts of the replaceable jaws for the base plates,
• of the prisms of the replaceable jaws.

4.1 Dimensions design of fixture parts of replaceable
jaws to the gripper

3. New component base
The milling machine is designed to produce rotating
components with a diameter of 32-35mm and a non-rotating

The clamping parts of the replaceable jaws consist of the design
of two groups of dimensions. These are the diameters of the jaws
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Fig.4 Mutual dimension of replaceable jaws which are fixture in pneumatics
gripper: a) closed jaws, b) opened jaws

for clamping the jaws with screws and the spacing between holes
for clamping the jaws through the screws (Fig. 3). These
dimensions are influenced by the pneumatic sprocket.

4.2 Design dimensions of fixture part of replaceable
jaws for base plates
Clamping of plates 60x140x14.8 mm is high up to 5mm. The
dimensions l1 and l2 are given by the length of the plate from which
the distance between the closed jaws is deducted. The sum of the
lengths of the clamping parts of the left and right jaws for clamping
plates is 133 mm. On the basis of the design, the length of the
clamping portion of the left jaw was l1 = 66.5mm and the length of
the right jaw clamping length 12 = 66.5mm (Fig. 5).
The width of the left and right jaw clamps was determined to be
77mm (Fig. 6) based on the base plate width of 60mm.

Fig.5 Lengths of fixture parts of replaceable jaws

Fig.3 Fixture part of jaws to the pneumatics gripper
a) left jaw, b) right jaw
Fig.6 Fixturing of base plate in the replaceable jaws

The most important parameter that affects the dimensions L1
and L2 is the maximum clamping length of the pneumatic gripper,
which is 70 mm and the clamping stroke of the pneumatic gripper,
the value of which can be selected in the range of 1 to 5 mm.

4.3 Dimensions design of prisms of replaceable jaws
Prismatic jaws are designed to clamp the rotary workpieces.
The angle α is 60 °, 90 ° to 120 °. Most often prisms are used with a
90 ° angle. In this case, the prism angle α = 90 ° was also selected.

The clamping stroke determines the distance that the jaws move
when they are snapped and tipped. In this case, the distance of 7mm
jaws (Fig. 4a) and 11mm jaws (Fig. 4b) was determined. Thus, the
clamping stroke is 4mm. Dimensions L1 and L2 can be determined
on the basis of the opening and clamping stroke of the pneumatic
gripper. The total width of the left and right jaw represents 59mm.
Based on the design, the width of the left jaw was L1 = 25mm and
the width of the right jaw L2 = 34mm.

The prism design (Fig. 7) was based on the diameter of the
clamped work piece D and the distance h, which represents the
length of the prism, in this case determines the dimension of the
clamping part for clamping the plate, i.e. h = l1. The distance h is an
important value for determining the H value, which represents the
distance of the edge of the clamping portion of the base plate from
the component axis. The H value is defined by:
𝐻𝐻 = ℎ + 0,707 × 𝐷𝐷 − 0,5 × 𝐶𝐶 [mm]

(1)

where:
h – flexible part dimension for fixturing of base plate [mm]
D – workpiece diameter [mm]
C – width of prism [mm]
If the value C is not known, it can be based on the LZČ value,
which represents the distance between the clamped jaws and its
value is 7mm. In this case, the relation for H is determined as:
𝐻𝐻 = ℎ +

𝐿𝐿𝑍𝑍Č
2

[mm]

(2)

where:
Lzč – dimension between closed jaws [mm]
Based on the previous relationship (1) it is possible to derive the
relationship for determining the prism width C in the form:
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𝐶𝐶 = 2 × (ℎ − 𝐻𝐻 + 0,707 × 𝐷𝐷) [mm]

workpiece in the jaws. On (Fig. 9) is shown the range of possible
diameters graspable in prismatic jaws.

(3)

It is important to determine the minimum and maximum
diameters to maintain sufficient clamping and workpieces stability
in the jaws. In the case of the jaw itself, the range of the possible
clamping diameter is greater than that of the pneumatics gripper
when the minimum and maximum possible clamping diameter of
the jaws is limited by the maximum possible opening of the
pneumatic gripper. The initial parameters for determining Dmin and
Dmax are the prism width C and the prism angle α. The minimum
diameter of the workpiece that can be clamped in the prism C is
based on:

Dimensions SA and SB (Fig. 7) are defined by relationships:
𝑆𝑆𝑆𝑆 =
𝑆𝑆𝑆𝑆 =

𝐷𝐷
2

[mm]

𝑆𝑆𝑆𝑆

𝑠𝑠𝑠𝑠𝑠𝑠

𝛼𝛼
2

(4)

[mm]

(5)

where:
α – angle of prism [°]
According to previous relations, the basic prism dimensions for
the rotary components with diameter ø32mm (Tab. 1) have been
calculated. The designed replaceable prisms are shown on (Fig. 8).

𝛼𝛼

sin =

where:

Tab. 1: Base dimensions of prism

Diameter
of fixtured α
workpieces [°]
D [mm]
ø 32
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2

𝑂𝑂𝑂𝑂
𝑆𝑆𝑆𝑆

[mm]

(6)

OA – distance (see at Fig. 9)
h
[mm]
66,5

H
[mm]
70

C
[mm]
38,3

SB
[mm]
16

SA
[mm]

then:
𝑂𝑂𝑂𝑂 = 𝑆𝑆𝑆𝑆 × sin

22,6

𝛼𝛼

[mm]

2

(7)

Of the previous relationship shows the relationship for the
minimum workpiece diameter Dmin:
𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 2 × 𝑂𝑂𝑂𝑂 [mm]

(8)

When calculating the minimum workpiece diameter, the original
SA value, which was determined for the Ø32mm diameter, should
be used. From this value, the distance between the axis of the
component from the edge of the jaw (in our case 3.5 mm) is read,
resulting in an SA value for the minimum workpiece diameter.
The maximum workpiece diameter that can be clamped in the
prism C is determined by:
𝛼𝛼

sin =

where:

2

𝑂𝑂𝑂𝑂
𝐶𝐶

[mm]

(9)

OB – distance (see at Fig. 9)

Fig. 7 Base dimensions of prism (Chvála, B.)

then:
𝑂𝑂𝑂𝑂 = C × sin

𝛼𝛼

2

[mm]

(10)

From the previous relation is determinated the relation for
maximum diameter of workpiece Dmax:
𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 2 × 𝑂𝑂𝑂𝑂 [mm]

(11)

Interchangeable jaws designed for gripping workpieces ø32mm
are able to handle the minimum possible diameter ø27mm and the
maximum possible diameter ø54mm.
The exchangeable jaws clamped on the pneumatic gripper are
limited by the distances that arise when the jaws are tipped and
clamped when determining the minimum and maximum possible
clamping diameter. These distances are important to take into
account when calculating the limits. In this case, the distance
between the jaws is 7 mm and the cutting state is 11 mm. The new
rotary components are designed to be reliably clamped at the
minimum jaw distance, i.e. Dmin. The determination of Dmax is based
on the formula (2), where the distance of the broken jaws 11 mm is
obtained after the value Lzč, thus the value H is changed to 72 mm.
This value is given in the following relation (12). The value h,
which represents the prism length, in this case determines the
dimension of the clamping part for clamping the base plate, i.e. h =
l1. From formula (3), the relationship is determined for the
maximum workpiece diameter Dmax:

Fig.8 Replaceable jaws for workpieces ø 32mm

Fig.9 Range of possible diameters that can be fixture in the prism (Chvála,
B.)

For each prism, the range of possible clamping diameters can
be determined. Dmin and Dmax are designated, representing the
minimum and maximum possible clamping diameters. Workpieces
with a larger or smaller diameter cannot be fixtured. Workpieces
with a diameter smaller than Dmin cannot be clamped between the
jaws as they touch their faces. In the case of a workpiece with a
diameter greater than Dmax, there is an unstable clamping of the

C

𝐷𝐷𝑚𝑚𝑚𝑚𝑚𝑚 = 2

− h+H

0,707

[mm]

(12)

The minimum possible clamping diameter is ø32mm. The
maximum possible clamping diameter is ø34.8mm. (Fig. 10)
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The size of the clamping Fu force can be determined by:
𝐹𝐹𝐹𝐹 ≥

𝐾𝐾 × 𝐹𝐹𝐹𝐹
f

[N]

(13)

The coefficient of friction f between the workpiece and the
clamping surfaces of the preparation. Its value depends on the
surface of the preparation and the machining of the workpiece.
The clamping forces required to clamp the rotating components
and plates have been calculated. All values were below max. The
clamping force which the pneumatic claw is able to clamp.

Fig. 10 Boundary diameters for jaws that are clamped on the pneumatic
toothbrush

4.4 Selection of suitable material for removable jaws

6. Conclusion

Steel with a minimum tensile strength about 450MPa, is one of the
most commonly used materials for the jaws' jaws. The chosen
material was therefore the E360 (11 700) structural steel, suitable
for machine parts that have higher resistance to wear and tear (Tab.
2).

The aim was to design replaceable jaws on the GRESSEL
Ecopos pneumatic gripper clamped on the EMCO Concept MILL
105 CNC milling table. Before the design, it was necessary to
evaluate the current state of the jaws. Replaceable jaws ensure
clamping of diameters ø 30mm and ø 40mm and 80x150x14.8mm
(wxdxh) plates made of aluminium. The new jaws have been
designed to ensure firm clamping and setting up of newly-formed
rotating components with ø 32mm diameter and a 60x140x14.8mm
(mxdxv) baseplate.
The design of jaws was based on limiting factors, such as the
parameters of a pneumatic gripper as a maximum and minimum
cutting, maximum clamping force, maximum clamping stroke,
clamping screw spacing and others. Another important design factor
was also the size, shape and material of the parts. For the versatile
use of the pneumatic gripper, the shape of the designed jaws has
been adapted to the gripper parameter. When designing replaceable
jaws, their dimensions were proposed, which were divided into
three groups. These groups consist of the dimensions of the
clamping parts of the replaceable jaws, the clamping part of the
replaceable jaws for the base plates and the dimensions of the jaws
of the replaceable jaws.
Designed jaws have calculated the minimum and maximum
diameter of parts that can be safely clamped into the jaws. Also, the
minimum and maximum diameter of the parts that can be clamped
into the jaws on the pneumatic gripper was calculated. With the
jaws clamped on the pneumatic gripper, the minimum and
maximum possible clamping diameter was limited by the maximum
opening of the pneumatic gripper. The chosen material was E360
structural steel (11 700). For design components and base plates, it
was necessary to determine the size of the clamping force. The
required size of the clamping force must be less than the maximal
clamping force of the gripper. After calculating the clamping forces,
it was found that all the components and base plates could be
securely clamped on the pneumatic gripper.

Tab. 2 Properties of steel E360 (11 700)

Marking according to STN standard

11 700

New marking EN

E360

Carbon content %

0,65

Lower yield point Rm [MPa]

461 - 834

Tensile strength Re [MPa]

324 - 637

Hardness HB

max. 290

5.

Determining the size of the clamping force

The size of the clamping force is an important parameter for
machining. The clamping force must be greater than the cutting
force so that the workpiece is not displaced or vibrated. The
pneumatic sprocket used has a maximum clamping force of 3000N,
which means that the cutting force must be smaller.
Determining of the size of the cutting force consists of the
following steps:
• Select a suitable cutting tool
It depends on the dimensions, shape and quality of the surface
of the milled surface, also from the machined material. The selected
cutting tool gives the parameters necessary to determine the cutting
force, that is, the diameter of the cutting tool, the number of teeth,
and the geometry of the cutting tool. Determines the number of
teeth in engagement.
• Determination of cutting conditions
For a given milling surface and the selected tool, the depth of
cut, the number of shots, is determined. From catalogs or standards,
it is cutting speed, rotational speed, feed to the tooth. Specify the
type and method of cooling.
• Calculation of the cross section of the fragments taken
For milling, it is important to determine the width and
maximum thickness of the chippings to be sampled, from which the
cross section of the chips is calculated.
• Determination of cutting resistance
The cutting resistance is calculated for the machined material,
i.e. aluminium and the maximum thickness of the chips removed.
• Calculate the cutting force size
The cutting force is calculated as the product of the cross
section of the chips and the cutting resistance. If there is more teeth
than one, the cutting force is determined for each tooth individually.
Subsequently, the individual cutting forces are added together to
calculate the resulting cutting force.
• Determination of the safety factor
Security factor K ensures sufficient clamping of the workpiece
at any operating force. When selecting a low security factor, there
may be little clamping reliability. Determination of large K can
result in unnecessarily large clamping force Fu. The size of the safe
clamping coefficient K is determined by adding the individual
coefficients. (Chvála, B.)
• Determining the size of the clamping force
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Abstract: Flexible Manufacturing Systems provide a fast reaction possibility to the changes in production conditions. As
production conditions change, other changes in the final product like changes of the product variants, or other unpredictable events may
be also expected. Nowadays most of the products are designed by using the CAx software. The product design 3D model contains not
only the geometrical data of product, but may contain a part of the process plan and technological data as well.
This fact is a reason to quick reaction time possibilities in the manufacturing system settings.
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1.

Introduction

At our faculty we build the new laboratory of flexible
manufacturing system as a part of the project „OPVaV2008/2.2/01-SORO – 26220220055”. The main target of this
project is building the laboratory equipped by flexible
manufacturing system and directly interconnect it to our CAD
laboratory. The direct connection between these two laboratories
enable realization the jointed design and manufacturing system.
The main advance of this system is a possibility of manufacturing
fast reaction to design changes without a manufacturing
documentation on paper form. This is a model of a new „digital“
manufacturing. [1]
Currently is automation very important tools to ensure higher
production quality and flexibility. This is the way to improve the
manufacturer competitiveness in the globalized market.
A today trend in manufacturing is characterized by
production broadening, innovation cycle shortening, and the
products have new shape, material and functions. The production
strategy focused to time need change from traditional functional
production structure to production by flexible manufacturing cells
and lines. Production by automated manufacturing system (AMS)
is a most important manufacturing philosophy in last years[2]
Improvement of the manufacturing responsibility we can
achieve by several ways. One of them is shortening the time
needed to preparation of the manufacturing. Important part of
manufacturing preparation time are consumed by preparing the
drawings and process plans. Integration of design model with
process and scheduling information in real-time is necessary in
order to increase product quality, reduce the cost, and shorten the
product manufacturing cycle.[3]
Traditionally, drawings are used for communication in
industry because they are the clearest way to tell someone what to
make and how to make it. They are considered as a graphic
universal language. The fundamental purpose of an engineering
drawing is to carry, control and maintain a product’s definition in
a precise and clear way with no risk of misinterpretation or
assumption. Technical drawings provide a means to communicate
complexity in a comprehensible and effective manner thanks to
visual abstraction . A set or working drawings convey all the facts
fully and explicitly. [4]
In base of drawings and knowledge about a manufacturing
technologies, manufacturing devices, tools and fixtures, we can
do the process plan for the given part manufacturing. The
manufacturing process plan creation is so complex task. This
complex operation can be realized easier and faster by use of
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some ideas from field of group technology. The base idea is in
preparation of imagined part (most complex part MCP) which
contain the all surface what is possible to manufacture by given
combination of machine, tools and fixtures. For this MCP we can
prepare the process plan template. In this template will by placed
the operations, manufacturing conditions and other variables
needed to manufacturing each surfaces.
All real part will contain only subset of the MCP surfaces.
And all real process plan will be only subset of the MPC process
plan.
In this article we subscribe this process for the turning
machine from our flexible manufacturing system. (Fig. 1)

2.

Turning machine EMCO TURN 105

Turning machine EMCO TURN 105 is a part of flexible
manufacturing system (FMS) which is at our laboratory.
Flexible manufacturing systems with robotic operation for
environment of drawing less production (therein after only FMS)
will be represented by the model CIM (Computer Integrated
Manufacturing) in the conditions of our institute. It is a systemic
approach to planning, management and production itself. The
target is to gain experience in these fields at the level of a
manufacturing system as a unit.
The whole FMS (all manufacturing and handling devices)
must therefore contain a communication structure based on
modern industrial standard that is compatible also with other
industrial facilities to enable trouble free data transfer. One of
marginal conditions for definition of FMS characteristics is the
ability to cooperate with CAD system CATIA available in our
institute. In addition, this system will also have to cooperate with
other CAD software systems. This cooperation is extremely
important in a term of final project objective: „drawing less
production“.[1]
The turning machine is operated by industrial robot. As a
fixture is used the hydro pneumatic vice with clamping diameter
28-31 mm. This lathe are equipped by 8 position revolver head for
tool changing. Maximal turning length is 240 mm, but the real is
smaller, only (121 mm) because the revolver head must be able
change the axial tools (drills) too. Maximal turning diameter is
140 mm.
We must take a mind for this physical limitations of machine
in time of preparing the process plan for real manufactured part.
Other limitation are the tools what are equipped in the revolver
head.

3.

Possibilities to surface creation by cutting

All parts consists of the final number of defined surfaces. In
order to produce a specific part, we must take into account the
appropriate combination of machine tool - motion and cutting
tool. In some cases of surfaces, it is necessary to adjust another
surface (such as thread cutting). Therefore, it is essential to pay
increased attention to production order of surface in the
production process
The surfaces creation at the part by turning processes are
possible three ways [5]:
•
Point + movement – usually longitudinal turning the
rotational surfaces, transverse turning the heading surfaces
Fig. 1: The flexible manufacturing system

The revolver head are equipped by tools only in position 1-5.
In position 1, 2 are two different kind of turning tools, in position
3 are equipped by centering drill, position 4 is the helical drill,
and position 5 are occupied by countersink drill. (Fig. 2)

•

edge + movement – usually grove turning

•

surface + movement – drilling operations in general

In the Table 1 we can see the general cases of surface
creation by turning operation by given combination of machine
and tools
The first tool able to create the surfaces only as a point (tool tip) +
movement. This tool are used for longitudinal turning, or for face
turning.
The second tool can create the surface usually as a
point+movement. This case is usable for longitudinal turning, but
this tool can use a grove turning too. This case is the edge+move
and final surface are footprint of edge shape, in this case is the V
grove. This means, that the tool geometrical characteristics are
partially copied into geometrical characteristics of machined part.
The third, fourth and fiveth tool are drilling tools, so they create
the new surface by method surface+movement. This means that
the geometrical characteristics of tool are almost fully copied into
geometrical characteristics of created surface.

Fig. 2: Revolver toolholder head at turning machine

Table 1. Surface creation by several tools at turning machine

Tool

Surfaces
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By combination of all manufacturable surfaces from table we
create the MCP. (Fig. 3)This part contain all of the possible
surfaces what we can realize by given machine and given tools.
This part is only imaginal, all real part will contain only a subset
of surfaces from this imaginal part.

4.

Group technology and MCP process plan

Group Technology (GT) is a methodology which utilizes the
similarity among parts or machine features. As such, the relevant
features of the parts have to be considered in order to get the best
grouping. In addition, GT methods require that the information is
known in advance and remains constant. Contemporary
manufacturing, on the other hand, advocates flexibility with less
commitment to the features used for clustering. [6]
By using the methods of GT we can prepare the process plan
template for manufacturing the all real part on base of the MCP.
This template will contain the manufacturing data for all surfaces
in the MCP. These data in the template contain specification of the
surface, specification of the tool and turning operation.
In case of manufacturing the real part (subset of MCP) we
select from this template the appropriate subset of surfaces (subset
telling about the surfaces, what are content in our real part) as a
raw process plan, and fill the real part specific data.

Fig. 3: Model of the most complex part (MCP)
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The raw process plan contain the sequence of operations for
creating the real part by a given machine and given tools. But in
this raw process plan are not determined the real part specific
data. These data such as the cutting conditions or part dimensions
will be filled in the next three steps.
In first step we fill the part specific geometrical data such as
a dimensions and positions of the each surface (type of surfaces
are given in the raw process plan).
In second step we give the technological specific data. They
are data about part material, cutting material and other technology
specific data. These technological data must be chosen carefully.
For example see the [7].
In third step are calculated the specific cutting parameters on
base of filled data. All of the filled and calculated parameters are
filled into the part specific process plan.

5.

Conclusion

Currently, due to shortened product life cycle, market
liberalization, a great competitive pressures and constantly
dynamically changing demands of customers, enterprises are
forced to gradually rebuilding the nature of its production to mass
production and small series with a wide range of products. This
phenomenon relates with many problems especially with
inventory planning, organization of production, rationalization of
work. This approach corresponding with the idea of lean
manufacturing too. [8], [9]
This paper give a very short overview about a possibilities of
using the base of theory the surface creation by cutting and the
idea of group technology in the modern flexible manufacturing
systems.
The paper creates a basis for a broader research project that
encompasses the migration to more intelligent manufacturing
systems and smarter production preparation in these systems.
Further research ideas are related but not limited to the
improvement of what was described herein and the use of
simulation to explore the different scenarios.
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Abstract: The natural frequencies and mode shapes of an Euler-Bernoulli beam with a rectangular cross- section, which has a surface
crack, is investigated. The crack is modeled as a change (sudden or gradual) in the cross-section of the beam, and the perturbation
approach is used assuming that the crack is much smaller than the beam cross section. Computations of natural frequencies and mode
shapes were carried out for four different crack shapes with rectangular, triangular and parabolic profiles when viewed through the side of
the beam. The results are listed in non-dimensional form for various values of the parameters characterizing the crack.
Keywords: EULER BERNOULLI, BEAM, CRACK

1. Introduction

2. Perturbation Method and Governing Equations

Identification and characterization of cracks in engineering
structures is an important problem both theoretically and
technically. One type of problem deals with determination of
vibration characteristics of the structure with a crack. Another
problem might be the characterization of the crack from measured
vibration characteristics of the structure; this is usually called an
inverse problem. The practical solution of the inverse problem
normally involves solving the forward problem for a wide range of
crack types.
Therefore, the ability to solve the vibration
characteristics of a cracked structure is very important.
Most studies dealing with cracked structures in the literature
models the crack as a change in the elastic characteristics of the
structure, and utilize some type of numerical method. The present
study aims to model the detailed geometry of the crack therefore
shedding light on the solution of the inverse problem. Furthermore
the perturbation theory approach will be used making the solution
analytical.
One of the earlier studies, Adams et al. [1], demonstrated a
vibration method for non-destructive testing of structures. Shen and
Pier [2] studied the convergence of Galerkin approach for beams
with symmetric cracks. Papaeconomou and Dimarogonas [3]
describe a transfer matrix model for a cracked prismatic bar.
Chondros and Dimarogonas [4] used a variational formulation to
analyze lumped and continuous cracks. Khiem and Toan [5] used a
modification of the Rayleigh quotient method for detection of an
unknown number of multiple cracks on beams. Saez et al. [6]
performed damage detection by solving the inverse problem.
Chaudhari and Maiti [7] used a rotational spring to represent the
crack and worked on solving the inverse problem based on the
measurement of natural frequencies. He and Lin [8] uses an
acoustic system for contact-type cracks. Nejad et al. [9] worked on
analytical estimation of natural frequencies and mode shapes of a
beam having two cracks. Mazanoglu et al. [10] modified the
energy-based method presented by Yang et al. [11], to solve the
vibration of non-uniform Euler–Bernoulli beams with multiple
cracks by defining the crack as a spring. Open edge cracks were
investigated by Aydin [12] again modeling the crack as a spring.
Caddemi and Morassi [13] proposed a justification of the rotational
elastic spring model of an open crack in a beam. Finite element
method is very popular for investigation of free vibration analysis of
cracked beams [14-17]. Cracks in reinforced concrete structures is
another popular research topic [18,19] using Euler-Bernoulli Beam
theory. Timoshenko Beam model was also used [20, 21].
The studies mentioned above do not consider the shape of the
crack, but model it as a spring or a change in the local elastic
properties. In this study the crack is expressed as a change in the
beam cross-section as explained in Section 2. This allows the
determination of vibration characteristics depending on the shape of
the crack.

Considering an Euler-Bernoulli beam of length L and crosssectional area A(x), the governing equation for the vibrations is

∂2
∂2 y
∂2 y
m(x) 2
− 2 (EI(x) 2 ) =
∂x
∂x
∂t

(1)

where the cross-sectional area of the beam, A(x), varies with
coordinate x along the beam. y(x,t) is the displacement, E is the
elastic modulus of the beam material, I(x) is the second areamoment of cross section, m(x) is the mass per unit length. The
cross section is assumed to be a rectangle with width b(x), and
height h(x) changing along the beam; thus

A(x) = b(x)h(x)
I(x) =

1
b(x)h(x)3
12

m(x) = ρ b(x)h(x)

(2a)
(2b)
(2c)

is the density of the beam material. Both ends of the
where
beam are assumed to be simply-supported,

∂2 y
=
y =
0
∂x 2

at

x = 0, L

(3)

The non-damaged beam has uniform cross section with constant
and
respectively. The crack is modeled
width and height
as a change in the beam cross-sectional dimensions in the form

= b 0 + ε f (x)
b(x)

(4a)

h(x)
= h 0 + ε g(x)

(4b)

where
is a small non-dimensional perturbation parameter
and the functions f(x) and g(x) determine the shape of the crack;
these are completely general at this point. Substituting (4) into (2)
and (1), the vibration equation becomes, ignoring higher order
terms,

∂2  E
∂2 y 
3
2
3
+
+
(b
h
(3b
h
g(x)
h
f
(x)))
ε


0 0
0 0
0
∂x 2  12
∂x 2  (5)
∂2 y
=ρ (b 0 h 0 + ε (b 0 g(x) + h 0 f (x)) 2
∂t
−
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The governing equation is non-dimensionalized with the
following definitions, starred symbols showing non-dimensional
variables,

x* =

x
L

(14a)

′′ (1) 0
u=
u1′′=
(0) u=
u1=
1 (0)
1 (1)

(14b)

(6a)
The solution of the zero order problem is

t

t* =

ρ

(6b)

12L4
Eh 0 4

2 2
=
π x, λ0 n=
π , n 1, 2,3,...
u 0 sin n=

(15)

Thus, the first order problem becomes

u1′′′′ − n 4π 4 u1 =
2n 2π 2 λ1 sin nπ x

y
y =
h0
*

−ϕ (sin nπ x, n 2π 2 )

(6c)

(16)

The solution of (16) can be written by variation of constants as

G * (x * ) =

g(x)
h0

(6d)

F* (x * ) =

f (x)
b0

(6e)

u1 C1 (x)e nπ x + C2 (x)e − nπ x
=
+C3 (x) cos nπ x + C4 (x) sin nπ x

 2  (3G(x)  
∂ 

2 
 ∂x 2  + (x)) ∂ y  
∂4y ∂2y


+
=
−ε 
∂x 2  

∂x 4 ∂t 2

2 
 + (G(x) + F(x)) ∂ y 

∂t 2 

C1′ (x) =

∂ y
= 0
∂x 2

at

e − nπ x (2n 2π 2 λ1 sin nπ x + ϕ (sin nπ x, n 2π 2 )) (18a)
4n 3π 3

e
C2′ (x) =
C3′ (x) =

(7)

nπ x

(2n 2π 2 λ1 sin nπ x + ϕ (sin nπ x, n 2π 2 ))
(18b)
4n 3π 3

sin nπ x(2n 2π 2 λ1 sin nπ x + ϕ (sin nπ x, n 2π 2 )) (18c)
2n 3π 3

C3′ (x) = −

and the boundary conditions
2

(17)

Where

The non-dimensional vibration equation becomes, omitting stars
after this point,

=
y

u1′′′′ − λ0 2 u1 − 2λ0 λ1u 0 + ϕ (u 0 , λ0 ) =
0

cos nπ x(2n 2π 2 λ1 sin nπ x + ϕ (sin nπ x, n 2π 2 )) (18d)
2n 3π 3

Integrating (18) and substituting in (17) gives the general
solution in the form

x = 0,1

(8)

u1 =K1e nπ x + K 2 e − nπ x + K 3 cos nπ x + K 4 sin nπ x
nπξ
x  C (ξ )e

+ C2 (ξ )e − nπξ
+∫  1
Ψ (ξ )dξ

0 + C (ξ ) cos nπξ + C (ξ )sin nπξ
4
 3


Assuming a separated solution of the form

y(x, t) = u(x)p(x)

(9)

leads to

(19)

where we defined


p + λ 2p =
0

(10a)

u ′′′′ − λ u + εϕ (u, λ ) =
0

(10b)

=
Ψ (x) n 2π 2 λ1 sin nπ x − ϕ (sin nπ x, n 2π 2 )

2

(20)

for brevity. K’s are arbitrary constants found by applying the
boundary conditions (14b); the result is the system of equations

Prime and dot denote differentiation with respect to x and t,
respectively, and we defined

K1 + K 2 + K 3 =
0

ϕ (u, λ ) =((3G(x) + F(x))u′′)′′ − λ u(G(x) + F(x)) (11)

(21a)

2

K1 + K 2 − K 3 +

Solution of Eq. (10b) is assumed to be in the form of a
perturbation series for both the mode shape and the eigenvalue

u(x) =u 0 (x) + ε u1 (x) + ...

(12a)

λ =λ0 + ελ1 + ...

(12b)

′′ (0) u=
′′ (1) 0
u=
u 0=
u 0=
0 (0)
0 (1)

1 

n
0
(−1) − nπ ψ (0) =

(21b)

e nπ 1 nπξ
e ψ (ξ )dξ
4n 3π 3 ∫0
(21c)
e − nπ 1 nπξ
(−1) n 1
0
− 3 3 ∫ e ψ (ξ )dξ + 3 3 ∫ sin nπξψ (ξ )dξ =
4n π 0
2n π 0

K1e nπ + K 2 e − nπ + K 3 (−1) n +

Substituting, the zero and first order problems become
2
u ′′′′
0
0 − λ0 u 0 =

1
2n 4π 4

(13a)

e nπ 1 nπξ
e − ψ (ξ )dξ
4n 3π 3 ∫0
(21d)
e − nπ 1 nπξ
(−1) n 1
0
− 3 3 ∫ e ψ (ξ )dξ − 3 3 ∫ sin nπξψ (ξ )dξ =
4n π 0
2n π 0

K1e nπ + K 2 e − nπ − K 3 (−1) n +

(13b)

and

93

Note that

does not show in these equations; this is due to

the fact that the term associated with
(19), is

in the general solution, Eq.

, and that is the solution of the zero order

, is therefore discarded and seen
problem. This part,
as part of the zero order solution. The unknowns in Eqs.(21) are
,
,
and
(inside ).
In evaluating the terms in Eqs.(21) we come across expressions
, etc. If we assume that the crack is
like
away from the ends (
zero.

Fig.9 Triangular (isoscales)
crack first mode

Fig.10 Triangular (isoscales)
crack second mode

Fig.11 Triangular (isoscales)
crack third mode

Fig.12 Triangular (isoscales)
crack fourth mode

), all these terms become

3. Conclusion
The results are listed in non-dimensional form for various
values of the parameters characterizing the crack.
Table1: Crack Shape and λ

Fig.1 Rectangular crack
first mode

Fig.3 Rectangular crack
third mode

Fig.13 Parabolic crack first mode

Fig.14 Parabolic crack
second mode

Fig.15Parabolic crack third
mode

Fig.16 Parabolic crack
fourth mode

Fig.17 odd eigenvalues

Fig.18 even eigenvalues

Fig.2 Rectangular crack
second mode

Fig.4 Rectangular crack
fourth mode

Fig.19 Triangular (right) crack

Fig.5 Triangular (right)
crack first mode

Fig.6 Triangular (right)
crack second mode
Fig.21 Rectangular crack

Fig.7 Triangular (right)
crack third mode

Fig.20Triangular (isoscales)crack

Fig.8 Triangular (right)
crack fourth mode
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Fig.22 Parabolic crack

[14] Kisa M, Brandon J, Topcu M. Free vibration analysis of
cracked beams by a combination of finite elements and component
mode synthesis methods.Comput Struct1998;67:215-223.

Nomenclature
A (x)
b (x), h (x)
b0, h0
I (x)
m (x)
E
ρ
L
ε
f (x), g (x)
y (x, t)
u (x)
p (t)
λ
[ ]*

area of cross section
width and height of beam cross section
width and height of non-cracked beam
cross section
second area moment
mass per unit length
modulus of elasticity
density
length of the beam
perturbation parameter
crack shape functions
vertical displacement
mode shape
separated time function
eigenvalue
non-dimensional [ ]

[15] Zheng DY, Kessissoglou NJ. Free vibration analysis of a
cracked beam by finite element method.J Sound Vib 2004;273:457475.
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DEVELOPMENT OF SCHEMATIC DESIGN MODEL OF GANTRY CRANE FOR
DYNAMIC ANALYSIS AND REGULATION OF TRAVEL MOTION
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Abstract: This paper deals with Dynamic analysis of Gantry Crane using Method of Schematic Design which implements schemes with
block diagrams to analyze machines and their parts during work process. This procedure is new to analysis of Gantry crane dynamics and
consists of crane model development of interconnected elements that represents crane parts, 3-D visualization and motion of crane. Dynamic
analysis will be carried through simulations and solution of Euler differential equations of second order gained from schematic design.
Simulations will be planned and applied for regulation of travel motion with hanging load. Diagrams with results of main dynamic and
kinematic parameters will be presented for main parts of crane as the solution results of the analyzed system. Results gained will be used to
get conclusions about dynamic behavior, optimal motion regulation and safety during work. Analysis will be done using modeling and
simulations with computer application MapleSim.
Keywords: GANTRY CRANE, SCHEMATIC DESIGN, DYNAMIC ANALYSIS, TRAVEL MOTION, REGULATION, MODELING,
SIMULATIONS
- Rigid body frames (bars): Basement Link Bars- Lb1, Lb2, rb1,
rb2; Crane Legs – ll1, ll2, lu1, lu2, lmu1, lr1, lr2, ru1, ru2, rmu1;
Front Girder – Grl1, Grr1; Rear Girder – Grl2, Grr2; Cart bars –
bm1, Bm2, bm3, bm4; Traverse- Tr1, Tr2; Hanging cables – ro1.
- Concentrated masses – Basement Masses – mwl1, mwl2, mlb,
mwr1, mwr2, mrb; Crane Legs – mll1, mll2, mlr1, mlr2; Front
Girder – ml1, mr1, m1, m3; Rear Girder – ml2, mr2, m2, m4;
Cart- c1, c2; Pulley – P1, P2; Traverse – mtr; Load-Q;

1. Introduction
Gantry crane is modeled based on manufacturer Kren vinç KR 12H (Fig.1)[1]. Crane is mounted in rails in basement. Max
carrying load Q = 10000 kg. Total Length of girders L = 16+6=22
m (Fig.2). Height of girders H = 7.8 m. Weight of each of 2 girders
3000 kg. Weight of one leg 2400 kg. Distance between legs: 16 m.
Height of legs 8 m (Fig.2). Velocity of crane vcr = 0.25 m/s.
Diameter of crane wheels Dv = 200 mm. Crane is moving on 4
wheels per each leg. Before simulations, weight Q (workload) is in
the position of relative rest at the height H = 3 m from basement.
Simulations will be done for crane traveling - translational motion
for time t = 15 s, which converts to travel length l = 3.75 m.

Fig.3. Block Diagram of gantry crane with travel motion

Fig.1. Gantry crane with parts [1]

- Fixed Frames – Basement of crane – Rw1, Rw2, Rw3, Rw4;
- Revolute joints- R1, R2, R3, R4; Spherical joint- Hook - S1;
- Pistons: Lifting Boom piston- P1; Telescopic Boom piston - P2;
- Lifting cables - are created with link beams lro1, lro2, Spring and
dumping elements - Sd1 & Sd2, and translational joints T5, T6.
Together with Load Q, Hanging cables – ro1, Traverse – Tr1, Tr2,
and Hook – S1 are modelled in the form of double pendulum.
- Velocity generators – vl, vr; Ramp functions- Rfn.
In Fig.4. is presented discrete-continuous model of crane used
for model view and simulation. This model is 3-D visualization
created by software recurring from Block diagram on Fig.2. On this
model simulations will be performed in time frame of 0< t < 10 s.
During this simulation time, crane will lift up Boom and Load Q.

Fig.2. Gantry crane main dimensions [1]

2. Schematic design of Gantry crane

3. Differential equations of Gantry-crane motion

In Fig.3 is presented schematic design and block diagram of
Gantry crane created with software that enables topological
representation and interconnects related components [5]. Schematic
diagram is created in order to create model, generate differential
equations, apply simulations and make analysis [4],[5].
Crane parts are designed with these schematic elements, starting
from left (index l) to right (index r) (Fig.3):

To formulate dynamics of this system, standard Euler-Lagrange
methods are applied, by considering the crane as a multi-body
system composed by links and joints. For a controlled system with
several degrees of freedom (DOF), the Euler-Lagrange equations
are given as [2], [4], [6]:
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d  ∂E k

dt  ∂q i

 ∂E p
 +
= Qi
 ∂q i

(i=1 ,2...n)

around its axis (z); SD2 _s_rel(t) – Relative length of lifting cables
SD2.

(3.1)

3.1. Differential equations

Where: qi - are generalized coordinates for the system with n
degrees of freedom, Ek is Kinetic Energy, Ep is Potential energy, Qi
is the n-vector of external non-conservative forces acting at joints.

19 Differential equations that represent lifting motion of crane
are very long, and we will be presented in short form:

−

1
𝑑𝑑 𝑑𝑑
1
𝑑𝑑 𝑑𝑑
( R2_θ(t)))+
( R3_θ(t)))= 0
10000 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
10000 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

...(3.1.1)

d

-T5_F(t)-300000·T5_s(t)-4000·( T5_s(t)) = 0

...(3.1.2)

dt

-T3_F(t)- sin(R2_θ(t))· T6_F(t)+cos(R2_θ(t))· T6_F1(t)
+5800·

𝑑𝑑

𝑑𝑑

( vr_s(t)) = 0

...(3.1.3)

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

cos(R1_θ(t))· T5_s(t))· sin(R2_θ(t))- T5_s(t))· cos(R2_θ(t))·
sin(R1_θ(t))+3· cos(R1_θ(t))· sin(R2_θ(t))- 3· cos(R2_θ(t))·
sin(R1_θ(t))+ cos(R2_θ(t))·vr_s(t) = 0
...(3.1.4)
1
𝑑𝑑 𝑑𝑑
( R2_θ(t)))+ T6_F(t))· cos(R1_θ(t))· T5_s(t))·
10000 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

sin(R2_θ(t))- T6_F1(t))· cos(R1_θ(t)) T5_s(t))· cos(R2_θ(t))+3·
T6_F1(t))· cos(R1_θ(t))· sin(R2_θ(t))-...- T6_F1(t))· sin(R2_θ(t))·
vr_s(t) =0
...(3.1.5)
45000· sin(ξ(t)·cos(𝜉𝜉(t))·(

𝑑𝑑

𝑑𝑑𝑑𝑑

η(t))· (

cos(ζ(t))·sin(𝜉𝜉(t))·cos(η(t))·(

- T1_F(t))+30000· (
Kinetic energy for mechanical systems is in the form:

Ek (q, 𝑞𝑞̇ ) = 2 𝑞𝑞 𝑇𝑇̇ ∙ 𝑀𝑀(𝑞𝑞) ∙ 𝑞𝑞̇

∂q

𝑑𝑑

𝑑𝑑𝑑𝑑

𝑑𝑑

𝑑𝑑𝑑𝑑

R1_θ(t)))· cos(R1_θ(t))𝑑𝑑

𝑑𝑑

...(3.1.6)

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝜉𝜉(t))2· sin(ζ(t))· cos(𝜉𝜉(t))+30000· sin(η(t))·
𝑑𝑑

𝑑𝑑𝑑𝑑

𝑑𝑑

𝑑𝑑

sin(η(t))+...+ 15000· sin(𝜉𝜉(t))· cos(η (t))· cos(ζ(t) ·( ( η(t)))

(3.2)

𝑑𝑑

+15000· sin(η(t))· cos(ζ(t) · sin(𝜉𝜉(t)) ( ζ(t))2=0
𝑑𝑑𝑑𝑑
….

M(q) - is a symmetric and positive matrix of inertias. [6]
Modern software’s calculates physical modeled systems
through mathematical methods, numeric methods and Finite
Elements Method. These calculations are based on Euler-Lagrange
Equation (3.1), and forces applied for control of force/moments
acting on crane. The crane dynamic equations can be written in the
following second order differential equation:

M (q ) ⋅ q + C (q,⋅q )q +

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝜉𝜉(t))+30000·

( η(t))2· sin(ξ(t)· cos(ζ(t))+ 15000· cos(ζ(t))· ( 𝜉𝜉(t))2· sin(ξ(t)·

Ep(q) – is potential energy that is a function of systems position.

∂E p

(

𝑑𝑑

...+22500· sin(𝜉𝜉(t))·cos(η(t))· cos(𝜉𝜉(t))·( ( ζ(t)))= 0

Fig.4. Discrete-continuous model of gantry-crane

1

𝑑𝑑

𝑑𝑑

𝑑𝑑𝑑𝑑

𝑑𝑑

( (v𝑙𝑙_v(t))= v𝑙𝑙_a(t)
𝑑𝑑𝑑𝑑
𝑑𝑑

𝑑𝑑𝑑𝑑

SD2_s_rel(t) = −
1

...(3.1.13)
1

4000

·T6_(F(t)-75· SD2_s_rel(t) ...(3.1.14)

v𝑙𝑙_a(t)=100·( tanh(t-3)+
v𝑙𝑙_v(t)= (

= Q(q,⋅q ) − B T u (2.3)

𝑑𝑑

𝑑𝑑𝑑𝑑

8

(v𝑙𝑙_s(t))
1

1

8

v𝑟𝑟_a(t)=100·( ·tanh(t-3)+

where M is the nx n generalized mass matrix, C ( q,⋅q ) is nxn
matrix of Corriolis Forces, δEp/ δq is the vector of gravity, Q is nvector of generalized applied forces, and BT is the nxm matrix of
influence of control inputs u on the generalized force vector fu = BTu created by speed generator [6].
After completion and testing of model, Software Maplesim has
powerful module for symbolic generation of differential equations
[3]. There are 19 DOF for crane model (Fig.3), which gives 19
differential equations. Variables in differential equations given in
time dependency are:

v𝑟𝑟_v(t)= (

𝑑𝑑

𝑑𝑑𝑑𝑑

8

...(3.1.7)

...(3.1.12)

( (vr_v(t))= v𝑟𝑟_a(t)
𝑑𝑑𝑑𝑑
𝑑𝑑

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

(v𝑟𝑟_s(t))

- v𝑙𝑙_v(t))·π
1

8

- v𝑟𝑟_v(t))·π

...(3.1.15)
...(3.1.16)
...(3.1.17)
...(3.1.18)

SD2_s_rel(t) = cos(R1_θ(t))· T5_s(t))· cos(R2_θ(t))+ T5_s(t))·
sin(R2_θ(t))· sin(R1_θ(t))+3· cos(R1_θ(t))· cos(R2_θ(t))- 3+3·
sin(R1_θ(t))· sin(R2_θ(t))- sin(R2_θ(t))·vl_s(t)
...(3.1.19)

4. Experimental measurements
Measurements in crane are done in place of work, where crane
is mounted, in one local company (Fig.1). They will be used for
validation of results. Main measured parameter was force in
hanging ropes – Fh (Fy). It was measured with dynamometer type
Dini Argeo attached to the Hook [8], during motion of crane (Fig.5).
There were 5 measurements achieved, and results are shown in
Table.1:

ζ(t) – Position of load Q around x axis; η (t) – Position of load Q
around y axis; ξ(t) – Position of load Q around z axis; T1_F(t) –
force in translational joint T1; T3_F(t) – force in translational joint
T3; T5_F(t) – force in translational joint T5; T5_s(t) – motion in
translational joint T5; T6_F(t) – force in translational joint T6;
T6_F1(t) – force 1 in translational joint T6; vl_a(t) – acceleration
caused by left speed generator vl; vl_v(t) – velocity caused by left
speed gjenerator vl; vl_s(t) – travel caused by left speed generator
vl; vr_a(t) – acceleration caused by left speed generator rl; vr_v(t) –
velocity caused by left speed generator vr; vr_s(t) – travel caused
by left speed generator vr; R1_θ(t) – Rotation of Revolute joint R1
around its axis (z), (Euler Angles); R2_θ(t) – Rotation of Revolute
joint R2 around its axis (z); R3_θ(t) – Rotation of Revolute joint R3

Time (s)
1
5
8
11
15

Force in hanging cables - Fh (N)
112000
103000
96000
97500
99000

Table 1. Results of Fh (Fy) with dynamometer in hanging cables
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Fig.7 represents vertical force Fy in hanging cables ro1. Force
F(y) is Componential Force towards y axis. It has medium values of
F(y) ≈ |-98000| N, which validates results with measurements in
Tab.1. In this case values of other Forces F(x) or F(z) are very small
and will not be shown in graphs. In Fig.8 and Fig.9 are shown
kinematic parameters for load Q. In Fig.8, velocity components v(y)
and v(z) shows that load Q has irregular motion and irregular
oscillations. v(y) is very intense at the start of motion, due to
swinging of load toward y axes, but after time t≈11 s it has low
oscillations. v(z) is velocity towards motion of crane – z axes, and
has oscillations with medium periods.
Fig.5. Measurements with Dynamometer during motion of crane

5. Graphical results for main parts of crane
Based on model created, differential equations gained, and
simulations, results are achieved for main dynamic parameters [4],
[7]: Velocity (v) (m/s), Acceleration (a) (m/s2), Angular velocity (w)
(1/s), Angular acceleration (aa) (1/s2), Force (F) (N), Force
Moment-Torque (T) (Nm). Results are achieved after simulations
applied on designed system, Fig.3 & Fig.4. Simulations are planned
to reflect real travel of crane in order to achieve reliable results and
comparable with measurements. Simulation has three phases (Fig.6)
[4],[7]:
First phase – Initial travel. Velocity of crane vt = 0…0.03
m/s. Time of travel 0 s <t < 2 s. Second phase – Velocity increase of
travel, vt = 0.03…0.25 m/s. Time of travel 2 s <t < 6 s. Third phase
– constant velocity of travel vt = 0.25 m/s . Starts after second
phase, lasts between time 6 s <t< 15 s, which is end of simulation.
Simulation of crane travel is achieved with adjustment of travel
velocity with ramp function Rfn (Fig.6, Fig.3). In practice, this
velocity is not entirely constant, but close to the curve in Fig.6.
Regulation of travel motion is achieved through numerous tests to
implement planned simulation and achieve velocity vt ≈ 0.25 m/s, in
order to get best results with less oscillations [4], [7]. This is the
main process of regulation and control in this paper. Other
parameters important for regulation are for hoisting mechanism elements SD1, T5, and SD2, T6, in order to minimize effect of
vibrations which appears in lifting cables and girders during motion
[7]. Spring constant for SD1 and SD2 is determined with values k =
3·105 N/m and Damping constant is d = 4000 Nm/s [4].
Next will be presented graphical results for main parts of crane,
where horizontal axis is time (t = 0…15 s) and vertical axes are
corresponding values of dynamic and kinematic parameters. Only
most significant graphs will be shown.

Fig.8. Load Q – Velocity v(y) and v(z)

Fig.9. Load Q – angular velocity w(x) and angular accel. α(x)
Fig.9 represents angular velocity w(x) and angular acceleration
α(x) of load Q. Graph shows dynamic form of these parameters, in a
form of sinusoids, with medium periods, and oscillations with
medium frequencies and amplitudes.

5.2. Results for lifting cables

Fig.10. Lifting cables – Force F(y) and Acceleration a(z)
Fig.6. Ramp function Rfn
of speed v(z)

Fig.7. Force Fh (Fy) in hanging
cables (ro1)

5.1. Results for hanging cables ro1 and Load Q
Hanging cables (or ropes) - ro1 and load Q are connected and
are components being carried by crane. Load Q makes swinging
motion and oscillations during travel motion. This behavior
influences directly and indirectly other parts of crane. Results of
main parameters are shown in Fig.7, 8, 9. It is important to identify
dynamic behavior of carried load in order to understand dynamic
occurrences that affect other parts of crane.

Fig.11. Lifting cable - Velocity v(z) and angular velocity w(z)
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on Load Q and cables are passed in other parts of crane with similar
form of curve, periods, and frequencies.

In schematic model (Fig.3) there are two lifting cables with
objects R1, R2, lro1, lro2, T5, T6, R3, R4. They are the link between
Cart (c1 and c2) and traverse Tr. In Fig.10. are shown graphs of:
vertical force in one cable - F(y), Acceleration a(z). Graph of Force
F(y) has dynamic occurrence with amplitudes up to λFy ≈1.4·104 N,
and frequencies ν ≈ 1.2 Hz, which drops significantly after t=10 s.
This is the intention of regulation of force in cables. Velocity v(z)
and Angular velocity graphs w(z) (Fig.11) are similar as for load Q.

5.3. Results for Crane’s Base and wheels
Wheels are mounted in base of crane, and are used for motion
of crane (Fig.1). In diagram (Fig.3) Base and wheels are represented
with elements T1, T2, T3, T4 and masses mwl1, mwl2, mlb, mwr1,
mwr2, mrb. In Fig. 12 is shown graph of vertical Force F(y) in front
left wheels–T1. Values for other wheels are similar. Based on
Fig.12, maximal value of force is Fymax =63000 N, and medium
value is Fy =53000 N. We can conclude that Base and wheels
undergo heavy and irregular oscillations, with high amplitudes at
the start, up to λFy ≈1·104 N, and drops after t=10 seconds to almost
λFy≈0. This is the intention of regulation of travel motion.
In Fig. 13 is graph of Force F(z) in Front Left wheels T1
towards z axes. There should be no F(z) in wheels while there is
free motion towards z, but due to swinging of load Q and hoist, the
F(z) will appear with small intensity, but dynamic in form of
sinusoid, with amplitude λFy =1500 N. In Fig. 14 is graph of Torque
around x axes-T(x). It has max value: Txmax ≈ 5.8·104 Nm at the start
of process. Oscillations are heavy, with amplitudes that are high up
to λTx ≈8000 N, with high frequencies, and drops after until t≈7 s
with less but irregular frequencies. In Fig. 15 is graph of
acceleration a(z) on left wheels. Max value is a(z)max ≈ 0.13 m/s2
reached at time t≈ 3 s, and then drops at zero after t=6 s.
Acceleration is result of the velocity regulation.

Fig.12. Force component F(y)

Fig.16. Torque T(x) and T(z) in Crane’s Front Girder

Fig.17. Vertical force component F(y) Fig.18. Girder Velocity v(z)

6. Conclusions
The main problem in gantry cranes during travel are oscillations
as dynamic occurrences. It is important to identify and regulate
them. To do this we created crane model with schematic design and
3-D visualization. Important part of analysis is finding proper
simulations plan that reflects real crane’s travel motion, so that
results are reliable. Results are gained for main dynamic parameters
and compared with experimental measurements. From results can
be concluded that oscillations in all parts of crane are heavy and
mostly with irregular occurrence. They occur in different planes.
Oscillations have high intensity at the start of travel process, and
small values at end of process [7]. Minimizing oscillations was
achieved through planning of travel velocity, parameters of hoisting
mechanism, and numerous simulations, in order to find optimal
travel [4], [5]. This is done with the aim to optimize the velocity of
crane that is main parameter for regulation and optimization. This
work is also important for safety at work with gantry cranes. It can
be used also for further optimization analysis, and in the future can
be used for other work processes like load lifting and cart travel.

Fig.13. Left wheels–Force F(y)
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Fig.15. Acceleration a(z)

5.4. Results for Crane’s Girders
Girders are considered most important part of Crane (Fig.1). On
girders is mounted Cart that travels in rails, which has also mounted
hoisting mechanism and load Q. Dynamics and oscillations from the
load Q and hoisting mechanism are passed on girders. In Fig.16 to
Fig.18 are shown graphical results for Front Girder. Results of Rear
Girder (Fig.4) are similar with ones of Front girder. Conclusions
based on graphs Fig.16, 17 are similar to ones for Crane’s base and
wheels. Another important conclusion is that oscillations occurring
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Abstract: Predictive maintenance of machines, also known as Condition Based Maintenance, is based on monitoring operating
parameters, and comparison with corresponding values of parameters obtained for the new equipment.
All machines with moving parts give rise to sound and vibration and each machine has a specific vibration signature related to the
construction and the state of the machine. If the state of the machine changes the vibration signature will also change and a change in the
vibration signature can be used to detect incipient defects before they become critical. The condition monitoring technique is based on
detecting the presence of a fault, diagnosing the root cause of the fault, assessing its level of severity and making arrangements for its
correction. A broad of condition monitoring and fault diagnosis techniques has been carried out for improving the accuracy and ability of
condition monitoring and prognosis systems for bearing and gear components.
This paper introduces the method for diagnostic of the rear drive axle for the passenger cars without its demounting. The objective
method of diagnosing the rear drive axle is done by vibrometer. Application of diagnostic method greatly would be contributed in quickly
localization of the rear drive axle fault where diagnostic process of the servicer will done faster.
Keywords: Condition monitoring; vibration; fault diagnosis; bearing, gear;
researched and automated system has to be developed for industrial
machinery component health diagnostic activities. (Taylor, 1995)
discussed the dynamic performance of the rotating components is
highly influential in the performance of any rotating machinery.
(Endo and Randall, 2007) gave the importance of gear and bearings
in the industrial rotating and transport machinery applications. Fault
detection is the process of observing the measured system data and
system status information and comparing them with a normal range
of observed attributes to determine whether some measurements fall
outside the range representing the healthy condition of the system.
Unfortunately, no one technique is able to detect all machine faults.
However, it has been suggested that vibration measurement, which
is the most widely used condition monitoring technique in industry,
can accurately identify 90% of all machinery failures by the change
in vibration signals which they produce and the level of signal can
give an accurate prediction of future failure (Randall, 2011). The
task is to diagnose the fault at an early stage so corrective action can
be taken as early as possible to extend the life of the machine
(Latino, 1999).

1. Introduction
The rear axle assembly is used on rear-wheel drive vehicles. This
assembly is the final leg of the drive train. It is often called the final
drive or rear end. The rear axle assembly includes the differential
assembly, the rear drive axles, and the rear axle housing. A typical
rear axle assembly is shown in Figure 1.
In a rear axle assembly, engine power enters the drive pinion
gear from the drive shaft assembly and differential pinion
yoke/flange. The drive pinion gear, which is in mesh with the ring
gear, causes the ring gear to turn. Power from the ring gear flows
through the differential case, spider gears, and side gears to the
drive axles. The drive axles transfer power from the differential
assembly to the rear wheels.
The bearings and rear axle housing are components of the rear
axle assembly. They are designed to support and align the
differential assembly and the drive axles.
All moving parts of rear axle give rise to sound and vibration
and each parts has a specific vibration signature related to the
construction and the state of the rear axle assembly.
If the state of the machine changes the vibration signature will
also change and a change in the vibration signature can be used to
detect incipient defects before they become critical. This is the
basics of vibration based condition monitoring methods. The
condition monitoring technique is based on detecting the presence
of a fault, diagnosing the root cause of the fault. A broad review of
the state-of-art of condition monitoring and fault diagnosis
techniques has been carried out for improving the accuracy and
ability of condition monitoring and prognosis systems for bearing
and gear components.
Early fault diagnosis of gears and bearings may prevent
unnecessary failures of most of the parts and thereby increase
operational reliability and availability of rear axle assembly. Fault
diagnosis techniques are important for monitor the conditions in
bearing and gear. Currently available fault diagnosis techniques
have a variety of limitations. An effective and method has to be
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Tandon and Nakara, (1992) compared the most commonly used
vibration analysis methods for mechanical fault diagnosis such as
time domain analysis, frequency domain analysis; time frequency
analysis for defect detection in bearings.
In this work is presented condition monitoring of: ring and
pinion gear, two side bearing and pinion bearing of the rear axle
based on vibration analysis, through two parameters: frequency and
amplitude of the vibrations.
In vibration analysis, measuring the vibration amplitude is made
in broadband measurement. Broadband or overall measurement of
the vibration amplitude is a measure of the total energy of all
components of the machine vibrations. Generally accepted
frequency range for broadband measurements is 10…10000Hz. An
overall vibration measurement is a single value that is relatively
easy and cheap to collect, process, analyzes and trend. Scales
factors used to characterize the amplitude of vibration are: Peak
value (Pk), Peak to Peak value (PtP) or Root Mean Square value
(RMS).

Figure 3. The vehicle speed which corresponding speed of drive pinion gear
for rear axle assembly at 3000 rpm

During the test part of the handbrake is activated to simulate the
rear axle load. The braking force is the same for both the left and
right rear axle assemblies in order to simulate the straight
movement of the vehicle.

Figure 1. Exploded view of a rear axle assembly

2. Methodology for diagnostic of bearings and
gears of the rear axle assembly for the passenger car
Mercedes 190D
The preparation of the passenger car Mercedes 190 D to measure
vibrations velocity, vibrations displacement and vibrations
acceleration of the rear drive axle is presented in Figure 2. The
vehicle is raised from the ground with crane and placed into two
supports on both sides in order that during rotations of the wheels
do not come into contact with the surface of the earth.

Used tools to measure vibration have improved significantly in
the past 25 years. The sensor of choice for most vibration data
collection on industrial machinery is an accelerometer. As the name
implies, the output is proportional to acceleration; however, it is
normally integrated to display in units of velocity and displacement.
Measurements of vibrations in the rear axle assembly of the
passenger car Mercedes 190 D are made with vibrometer
MANUAL PCE-VT 3000. Technical specification of vibrometer
MANUAL PCE-VT 3000 is presented in Table 1.
Table 1. Technical specification of vibrometer MANUAL PCE-VT
3000
Technical Specifications
Rang og aceleration
Range of Velocity
Range of Displacement

Measuring Range
0.1......392 m/s2 (Peak); (39.95
g force)
0.01..... 80 cm/s (RMS)
0.001....10 mm (Peak – Peak)

3. Results of vibration measurements for rear drive
axle of the passenger car Mercedes 190
Measurements of the vibration are done in five specific points,
which are presented in Figure 4. The measuring sensor with needle
shape is used for measurements in points 3 and 4, while the
measuring sensor with electromagnet is used in other measurement
points.

Figure 2. Preparing the passenger car Mercedes 190 D for vibrations
measurement at the rear axle assembly

In the absence of the tachometer for measuring engine speeds,
the measurements were made in the fourth gear of gearbox
transmission (direct transmission ratio). In this case the vehicle
speed is 100 [km/h], which corresponds to engine speed,
respectively the speed of input drive pinion gear of rear axle
assembly at 3000 rpm (Figure 3).
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Figure 4. Measurement points in the rear axle assembly: 1 - Differential
carrier, 2 – Bearing of the pinion gear, 3 –Right side bearing differential
case, 4 - Left side bearing differential case, 5 - Back part of the rear drive
axle

Vibration velocity, [cm/s]

In Figures 5, 6 and 7, are shown the measured values for the
vibration velocity, vibration displacement, and vibration
acceleration at the five specific points for rear axle assembly of
passenger car Mercedes 190 D, when the input speed of the drive
pinion gear is 3000 rpm (50 Hz).
0,0075
0,006
0,0045
0,003
0,0015
Figure 8. The values of vibration measuring for: the vibration acceleration,
vibration velocity and vibration displacement are shown in display of
vibrometer, MANUAL PCE-VT 3000

0

1

2

3

4

5

Measuring points

4. Vibration analysis

Vibration displacement, [mm]

Figure 5. Graphic presentation of the vibration velocities at the five specific
measuring points

After measuring the vibration is necessary to evaluate the vibration
severity. At the first method is compared the measured values with
the vibration severity charts. Depending on the recorded values of
the vibrations speed (RMS values) and the size of equipment, the
ISO 10816-1995 standard evaluates the vibrations severity as in the
Table 2. The ISO 10816-1995 standard is the most common
example of absolute criteria and is a good guide for engineers who
do not have any historical data on a machine.

0,015
0,012
0,009
0,006

Table 2: Vibrations Severity Chart – ISO 10816-1995
0,003

Type of machine
Vibration
velocity
vmax [mm/s]

-1,73E-18
1

2

3

4

5

Measuring points

Class IV

0.00 ÷ 0.28

Figure 6. Graphic presentation of the vibration displacements at the five
specific measuring points

Vibration acceleration, [m/s2]

Class I
Class II
Class III
Pe < 15
15 [kW]
Pe >75
[kW] <Pe<75 [kW]
kW

0.28 ÷ 0.45

0,350

A
A

0.45 ÷ 0.71

A
A

0.71 ÷ 1.12

0,280

1.12 ÷ 1.80
0,210

B
B

1.80 ÷ 2.80
2.80 ÷ 4.50

0,140

C
C

4.50 ÷ 7.10
0,070

B
B
C

7.10 ÷ 11.20

C
0,000

11.20÷18.00
1

2

3

4

D

5

18.00÷28.00

Measuring points

D
D

28.00÷45.00

Figure 7. Graphic presentation of the vibration acceleration at the five
specific measuring points

D

45.00

Figure 8 shows the measured values for displacement, speed
and vibration acceleration on the display of the measuring device
MANUAL PCE-VT 3000.

Note:
Area A - Good condition of machine,
Area B – Operation of machine is satisfactory,
Area C - Operation of machine is unsatisfactory, and
Area D – Operation of machine is unacceptable (to repair).
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At the second method is compared the measured values with the
blake chart. Depending on the recorded values of the vibrations
displacement, speed and acceleration, and the frequency, the blake
chart evaluates the vibrations severity as in the Figure 9 (Eshleman,
1999).

After measuring, the rear drive axle is disassembled and its
components are observed carefully, where components are in good
condition (haven’t shown any damage).

4. Conclusion
The presented paper introduces diagnosing method for the gear
mesh pinion gear and ring gear, two side bearing and pinion bearing
of rear axle condition monitoring based on vibration analysis.
During the condition monitoring technique are made vibration
measurements of the vibration velocity, vibration displacement and
vibration acceleration by vibrometer device MANUAL PCE-VT
3000, when the vehicle speed is simulated to be 100 [km/h], which
corresponds with speed drive pinion gear 3000 [rpm].
Obtained results for the vibration velocity, vibration
displacement, and vibration acceleration measuring for five points
in the rear drive axle are:
-

In Area A - good condition (according to ISO),
Greater values of vibration velocity are appeared in the side
bearing differential case (points 3 and 4 of measurement),
Vibration velocity and acceleration have similar behavior
compared with vibration displacement.

The obtained results are suitable because after disassembling,
the condition of the component of the rear drive axle are good
(don’t shown any damage) after measuring.

5. References

Figure 9. Blake chart: displacement, velocity and acceleration as function
of frequency

In Figure 9 is drawn the vertical line at a frequency of 50 Hz
that corresponds to the input speed of the drive pinion gear at 3000
rpm (blue line), then draw horizontal lines corresponding to the
maximum displacement value (green line), speed (blue line) and
acceleration (red line).
After comparing the results with the norms, it is noted that the
values obtained correspond to the good condition of the bearings
and the pinion and ring gear.
In Figure 10 is shown condition of component of the rear drive
axle after measuring of vibration (after disassembling).

Figure 10. Condition of components of rear axle after disassembling
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Abstract: this paper deals with the comparison of analysis of two legged humanoid robots during walking. This research area is
characterized by the fact that there are a lots of publications, most of which are based on the classic Zero-Moment-Point (ZMP) method.
First, a brief overview is provided on humanoid robots, and also models for the dynamic behavior are discussed. As base for these models
these two methods Denavit Hartenberg and the Newton-Euler are used. Main aim of this work is to investigate the stability of humanoid
robot developed. There is currently the low base of robot - consisting of feet, legs, hips and upper part of robots body. First, the existing low
base of humanoid robot was simulated using Matlab / SimMechanics, where the derived by Newton-Euler model was used.

Keywords: KINEMATIC, DYNAMIC, HUMANOID, ROBOT, SIMULINK.

1. Introduction
Simmechanics is a 3D simulation environment that allows to
create links, joints and constrains. In this context, it is used to create
a 3D model of the humanoid robot for a kinematic simulation. A
link is defined by its coordinates, mass and inertia moment matrix.
A 3D model can be imported to Simmechanics defining the
mechanical properties of the link through the imported file from
CAD. Links are connected together through joints. Several joints
can be chosen from the library of Simmechanics depending on the
degrees of freedom required.
A 3D model of the humanoid robot is required to run a
kinematic simulation. Data for joint actuators is imported to
simulate the walking. Scopes are used to obtain angle-time plots on
each joint, to obtain the ground contact forces and its influence on
the trajectory. A rigid multi body system consists of a set of rigid
objects, called links, joined together by joints such as introduced in
humanoid robots and has been studied in biped locomotion articles
(Ibarra, J et al., 2009).
Biped locomotion has been a topic of great attention in a
various researches performed on legged robots and is probably the
most suitable method for robots to execute assigned maneuvers in a
real environment with various obstacle conditions and geometry.
Widespread studies have been conducted on biped walking,
and now biped robots are capable of walking with a certain amount
of stability. Trajectory control, motion planning and locomotion
modeling is completely related to the kinematics analysis as it is
fundamental in the study of linkage systems” (McGee, G and
Spong, W., 2001)
Forward and inverse kinematics are commonly implemented to
determine main parameters affecting humanoid robot behavior and
specify the reliable method to control motion and preserve stability
(Azevedo, C et al., 2004).
The most frequently practiced parameters to be defined are
joint parameters, including required drive torques, angles, and
related twists (Murray, R et al., 1994).
The humanoid robot locomotion requires sensible solutions of
the inverse kinematics and localization problems with optimized
computations. Since the end effecter configurations and it is exact
SimMechanics has a number of blocks of physical components,
such as body, joint, constraint, coordinate System, actuator, sensor
and so on (Li Zheng-wen., 2011). SimMechanics provides a variety
of simulation and analysis modes for mechanical systems: Forward
Dynamic Analysis-Solve the response to given excitation of the
mechanical system; Reverse Dynamic Analysis-Solve the required
force and torque according to the results of given movement of the
mechanical system; Kinematic analysis-Solve the system’s
displacement, velocity and acceleration under constraint conditions,
and check the consistency; Linear Analysis-Obtain the linear model
of the system in the designation of small perturbation or initial state
to analyze the system’s response performance; Equilibrium point
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locations are related to the above mentioned joint parameters with
nonlinear characteristics, inverse kinematics problem are usually
complicated. For linkages, such joint parameters are a natural
default since the correspond directly to the actuation of the joints
and are well suited for forward kinematics computations
(Christensen, J. et al., 2007)

2. Structure of humanoid robot
A
very
general
schema
of
the
phases
simulation/SimMechanics approach is presented below.

of

Fig.1 General schema for simulation approach

analysis-Determine the steady-state equilibrium point for system
analysis and linear (Ying April, 2012).
This paper deals with modeling of the biped robot’s by usage of
SimMechanics, and according to simulation experiments to analysis
the mechanical structure and sports performance of each part (needs
to be reformulated). In order to use the SimMechanics advantages,
first we must define the coordinate system of the biped robot.
SimMechanics sets its fixed coordinates in the geometric center
of the robot's main body and regards it as the reference coordinate
system. Some institutions use indirect coordinate method, that is,
according to the coordinates of reference point to describe the
location of other joints indirectly. The leg and foot’s structure of the

rod, servo motor connecting rod, big calf connecting rod, foot rod.
Fig.2 Model Scheme solution for Archie with simMechanic in 3D

The angular trajectory error caused by the real robot in case of
the movement of the hip joint with different traversing velocities is
shown in Fig. 5 and Fig.6. The hip positions (XY direction) are
shown in Fig. 3 and Fig.4.
0.25

0.2
Hip position ox [cm]

robot is composed of six components: leg bottom, thigh shot, calf
of the ends of the lower leg and one of the ends of foot rod are
welded together. The following part mainly takes the modeling of
leg as an example to describe the modeling process.
First, take the hip joint which is linked with the main body as the
primary coverage, and define the direction of rotation of the hip
joint. The one end of hip joint is connected with the main body of
the robot with a rotating joint, the other one is connected with the
leg bottom. In this paper, we set X-axis as the axis of rotation of hip
joint to make the leg swing front and rear. The structure of the leg
link must take the defined hip joint as a reference. Set X-axis as the
axis of rotation of the leg to make it swing up and down.
The model in 3D was build using the already designed model for
double foot. For that matter it was necessary to allow motion and
calculate the forces in the third dimension. Further, the Archie had
to be composed by combining 2 legs, add the physics of the main
body, and implement the hip abduction joints between the main
body and the legs. The block subsystem (see Fig.2 gray color)
contains the whole model of the Archie. On a first level the
connection between the main body and the environment an the
connection between main body an the legs was modeled (see Fig.2).
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3. LOWER DADY IN SIMMECHANICS
Foot-Component: In this subsystem it is designed a model for
humanoid robot (left_right-legs, left_right-shins, left_right-foots).
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Fig.7 The Subsystem for feet with ground
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The angle movement of the leg left join with PID controller is
shown in Fig. 8.
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Where C = [cx , cy , cz ]T

The ZMP equations for x − y plane are as follows.
n

n

∑ mi (zi − g i ) ⋅ xi − ∑ mi ( xi − g i ) ⋅ zi

20

x zmp =

i =1

i =1

n

∑ mi (zi − g i )

10

(1)

i =1
n

n

∑ mi (zi − g i ) ⋅ yi − ∑ mi ( yi − g i ) ⋅ zi

0

y zmp =

i =1

i =1

n

∑ mi (zi − g i )

-10

(2)

i =1

0

0.5

1
Time [s]

1.5

Where, PZMP = [xzmp , yzmp , zzmp ]T shows the ZMP vector of
any kinematic chain, the gravity vector is g = [g x , g y , g z ]T and
g z = −g ∙ [xi , yi , zi ]T and mi is the position vector and the mass of
each link, respectively.
Now, let the ZMP of coordinates of this pendulum to be
P = [px , py , pz ]T , the mass of the pendulum (CoM) to be mi .
Using the ZMP equation (1) and (2) the dynamics equations of the
inverted pendulum can derived as follows.

2

Fig.8: Angle for left leg and right leg with PID controller

Traditional PID and PIV controllers are generally good enough
for most motion control applications. The ubiquitous proportionalintegral-derivative controller is especially cheap and easy to
implement. Tuning PID and PIV controllers is a relatively
straightforward operation that can be accomplished with a few
empirical tests.

Px =

PID controller designed in this work, is a generic control loop
feedback mechanism which attempt to correct the error between a
measured process variable and a desired set point by calculating and
then outputting a corrective action that can adjust the process
accordingly, based upon tree parameters (Fig. 9).

Py =

m ⋅ (cz + g ) ⋅ c x − m ⋅ cx ⋅ c z
m ⋅ (cz + g )

m ⋅ (cz + g ) ⋅ c y − m ⋅ cy ⋅ c z
m ⋅ (cz + g )

(3)

(4)

However equations (3) and (4) are non-linear. To attain equations
assume the z-coordinates of the inverted pendulum is assumed to be
constant, let cz = zc .

The equations (3) and (4) can be linearized
Fig.9 Cascade control

cx 

ω n2 

cy
Py = c y − 2 
ω n 
g
Where ω2n =
z
Px = c x −

4. Linear Inverted Pendulum Model
The Linear Inverted Pendulum Model was first introduced by
Kajita and Tani in 1991 (S. T. Kajita 1991). The main idea of this
approach is to extract a dominant feature of biped dynamics, which
is high-order and non-linear, and to use this dominant factor to
explain the governing dynamics of the system. In this model the
robots mass is assumed to be lumped at the center of mass of the
robot and the legs of the robot are assumed to be mass (Okan, K.,
2006). Further, for simplicity, the height of the pendulum is
assumed to be constant in this model. This lets the dynamics of the
model to be linear. Such an inverted pendulum with a mass rod can
be seen in Fig. 10.

Fig. 10 Inverted pendulum
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(5)

c

Henceforth, (5) is going to be referred as ZMP equations. Note
that given the Center of Mass (CoM) coordinates of the pendulum
C = [cx , cy , cz ]T at any time it is straightforward to calculate the
ZMP coordinates of the pendulum by (3) and (4) (Okan, K., 2006).
The walking trajectory generation is the inverse problem: Given a
ZMP trajectory a corresponding CoM trajectory should be found.
Thus, this trajectory of CoM could be used as a reference for the
CoM of the actual biped walking robot (Okan, K., 2006). Further
the legs should be in such coordination that this CoM is tracked
accurately.
Since the goal is to achieve a dynamically stable gait the ZMP
trajectory should always lie inside the supporting polygon
(Vukobratovic. M. 2007), (Okan, K., 2006). And this actually
determines the location of the footprints of the biped robot. Finally
by knowing the footprints and the CoM trajectory by inverse
kinematics relations a possible gait could be achieved (Suleiman.
W. 2011).
A good example in order to have a better insight and intuition
on Linear Pendulum Model (LPM) model is the Table-Cart model
which is used by Kajita in (S. K. Kajita September 2003). Such a
Table-Cart model can be seen in Fig. 50.
Actually the governing dynamics of the LIPM is exactly analogous
to the Table-Cart model since the height of the pendulum is
assumed to be constant.

Px,y-ref

3B
2B

A
B
T0

0

2T0

3T0

...
t[s]

-A
Fig.12 px-ref and py-ref, x-axis and y-axis ZMP reference trajectory (Okan,
K., 2006).
Fig. 114 The Table-Cart model

py-ref

As depicted in the Fig. 11, assume the cart to be at the position
showed by dashed lines. If the cart is not moving then, since the
foot of the table is not long enough to equalize the torque generated
by the cart, the table would fall eventually. However, if the cart has
a proper acceleration, the table can remain upright for a while. At
the moment, ZMP lies inside the table foot. Since the moment
around the ZMP must be zero the following condition holds.
τ ZMP = mg ⋅ ( x − p x ) − m ⋅ x ⋅ z c

0

2B

B

3B

...

px-ref

(5.7.7)
-A

5. Solution of Humanoid Linear Pendulum Model for
Fixed ZMP
In this section the exact solution of the Linear Pendulum Model
(LPM) equations with given fixed ZMP trajectories, (Choi June
2004), is given. Accord to the ZMP equations (5)
1
1
Px = c x −
cx , Py = c y −
cy

ω n2

A

Fig.13 px-ref, py-ref an x-y plane ZMP reference trajectory / Step Positions
(Okan, K., 2006).

Laplace transform of equations (10) and (11) and substituting in
(3) and (4) with zero initial conditions the following equation can
be derived.
1
1 1
s
= −
Where:
1 2 s s (s 2 − ω 2 )
n
1− 2 s

ω n2

Rearranging these equations,
cx = c x ⋅ ω n2 − Px ⋅ ω n2 (6)

ωn

cy = c y ⋅ ω n2 − Py ⋅ ω n2

(7)

Equations (5) and (6) can be rearranged to derive the following
transfer functions.

Laplace transform of (6) and (7)

C x (s) =

C y (s) =

1−

1−

1
1

ω n2
1
1

ω n2

[



1
1
 p x ( s ) − 2 C x (0) s − 2 C x (0)
ωn
ωn

s 2 

(8)



1
1
 p y ( s ) − 2 C y (0) s − 2 C y (0)
ωn
ωn

s 2 

(9)


1
s
 1 − 2e −T0 S + 2e −2T0 S +  (12)
C x ( s ) = Ae −T0 S  − 2
2
 s (s − ω ) 
n 


Finally, the exact reference trajectories of the CoM can be
obtained by the inverse Laplace transformation of equations (12 and
13).
C x ( s ) = B (1 − cosh ω n (t − T0 ) )l (t − T0 ) + 
B (1 − cosh ω n (t − 2T0 ) )l (t − 2T0 ) + 

In equation (6) and (7) the following fixed ZMP trajectories are
going to be used for the exact solution calculation. In Fig.12, the xaxis (for saggital plane) reference for ZMP trajectory. In Fig.12, the
y-axis (for frontal plane) reference for ZMP trajectory, and in Fig.
13, the resulting ZMP trajectory in the x-y plane is shown (Okan,
K., 2006).

= B ∑ (1 − cosh ω n (t − kT0 ) )l (t − kT0 )
k =1

C x ( s ) = A(1 − cosh ω n (t − T0 ) )l (t − T0 ) − 
2 A(1 − cosh ω n (t − 2T0 ) )l (t − 2T0 ) + 

∞

p x − ref = B ∑ l (t − kT0 )

= 2 A ∑ (1 − cosh ω n (t − kT0 ) )l (t − kT0 )

(10)

k =1

∞

∑ (−1)
k=

(14)

∞

k=

p y = A1(t ) + 2 A

(13)

∞

K

1l (t − kT0 )
(11)
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Although equation (13 and 14) are the exact solutions for the
ordinary differential equation (5) and (6), in practices they are
difficult to be used robustly for a real biped walking robot “Archie”,
they are unstable and very sensitive to the variation of ωn .
Therefore, an approximated solution composed of bounded sin (.)
function is suggested to serve as a robust Center of Mass (CoM)
trajectory in the following section (Okan, K., 2006).
The approximate solution for Linear Pendulum Model (LPM)
equations, first an odd function with period T0 is introduced from
the x-directional reference ZMP pref
x of equation (5) as follows.

B  T0  B  T0 
 t −  =  t −  and p x (t + T0 ) = p x (t )
2  T0 
2 
T0 
Assuming that the x-directional reference trajectory of Center of
Mass (CoM) can be expressed by a Fourier serie,
p x (t ) = p xref (t ) −

Cx with ZMP and DSP [m]

2


 nπ  
t  + 
an ⋅ cos
∞
B  T0 

 T0  
ref
(15)
C x (t ) =
t −  + ∑ 

2  n =1
T0 
 nπ  
b ⋅ sin 
t 
 n

 T0  

Applying equation (13) to the ZMP differential equation (14) yields
to
 
n 2π 2   nπ  
 a n 1 +
t  + 
cos
2 2 

B  T0  ∞   T0 ω n   T0  
ref
(16)
p x (t ) =

t −  + ∑ 
2 2 
T0 
2  n =1 



π
π
n
n
t  
bn 1 + 2 2  sin 
  T0 ω n   T0  
̇
is shown in
From equation (11) the form of the odd function px (t)
Fig.14.
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Fig.14 Odd function 𝑝𝑝̇𝑥𝑥 (𝑡𝑡) (Okan, K., 2006).

The coefficients an = 0 and bn follows from
bn =

B ⋅ T02 ⋅ ω n2 ⋅ (1 + cos nπ )

(

)

(17)
nπ ⋅ T02ω n2 + n 2π 2
The x-directional reference trajectory of Center of Mass (CoM)
can be found by substituting in equation (12) equation (13).

 B ⋅ T02 ⋅ ω n2 ⋅ (1 + cos nπ ) 


2 2
2 2

B  T0  ∞  nπ ⋅ T0 ω n + n π
ref
(18)


C x (t ) =
t−
+ ∑

T0 
2  n =1
 nπ 

⋅ sin  T t 

 0 


In Fig. 15 it can be observed that the new Cx , Cy are smoother
than both of the previous versions. This, in fact, is an outcome of
the novel approach of embedding both the varying ZMP reference
and the double support phases in to Fourier approximation to LPM
equations (Okan, K., 2006).. Also it can be observed that the Gibbs
Phenomenon effect is almost disappeared and a smoother ZMP
reference approximation is achieved.
In Fig. 15 (left) it can be observed that the CoM is passing
through acceleration and deceleration phases in such a way that the
given ZMP reference is achieved. Similarly in Fig. 15 (right) the
CoM is forming a sine-like curve to satisfy the ZMP reference.

(

)
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The main goal was the derivation of a walking model for
dynamic behavior of a Humanoid robot. For the two different
locomotion phases a new approach was created. Both phases are
now included in our model on the (very well known) Newton-Euler
equations. Using Newton-Euler equations enable the computation of
dynamic equations numerically without going through analytical
derivation procedure which is unpractical for a complex system
with 30 DOF’s and to calculate reaction forces and moments
between bodies which might be beneficial for the preliminary stage
of mechanical design. Based on previous conclusion, mechanical
model of humanoid robot for Matlab/Simulink use is done using
SimMechanics Toolbox. Complete scheme is represented in Fig.
(7). It is important to clarify that using SimMechanics was possible
to import parts’ design, add of dynamical characteristics e.g.
masses, moment of inertia etc., add of different types of sensors e.g.
position, velocity and force sensors. Using SimMechanics is
realized individual control of joint actuators-motors. Increase of
boundaries of stability (ZMP), in this paper is achieved by changing
the center of mass of hip (change of fixed position of batteries). For
the future work, there are many problems involving the
implementation of the simulator and motion planning for a biped
robot. The method can use to build simulator in combination with
other methods for improving the stability, fields for possible future
projects can be: Intelligent control – all control techniques that use
various Artificial Intelligence approaches like neural networks,
fuzzy logic, machine learning, evolutionary computation and
genetic algorithms can be put into the class of intelligent control.
New control techniques are created continuously as new models of
intelligent behavior and computational methods developed to
support them. Complete Control scheme using conventional and
non-conventional (Fuzzy Logics and Artificial Neural Networks)
controllers, will be necessary and inevitable.
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SIMULATION OF VERTICAL QUARTER CAR MODEL
WITH ONE AND TWO DOFs
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Abstract: this paper deals with the simulation of vertical displacement vehicle car body with one and two DOFs by using and
comparing results of two softwares Working Model and MatLab. The aim of this paper was to show that is very easy is to solve the
differential equations that describe both models of vehicle system with one and two DOFs. The results simulations performed with
both software’s are almost the same for calculating displacement and velocity of sprung and unsprung mass and for different road
excitations. The results of simulations have been analysed in terms of stability and road holding since sprung mass or vehicle body
oscillations have direct impact on the passenger comfort.

Key words: WORKING MODEL, SPRUNG MASS, UNSPRUNG MASS, DOF.

1. Introduction
The dynamics of vehicle suspensions is usually highly
nonlinear.

2. Quarter car model with one DOF
The model of the quarter-car is adopted by considering as the
sprung mass the mass of vehicle car body, shown in Fig 1. Car
body mass mk is connected to a spring with a stiffness coefficient cv
and damping coefficient of shock absorber kv. Mass of tire is ma ,
which is considered as a solid body, while its deflection is zr,
displacement of sprung mass or vehicle body is zk.

Fig. 2 Quarter car model simulation with one DOF in Working Model

The road excitation is taken in sinusoidal form with the
maximum amplitude ±0.1m. In Fig. 2 are shown the diagrams
for displacement, velocity and acceleration of vehicle body and
the road excitation from 0 to 14s.

3. Quarter car model with two DOFs
The model of the quarter-car with two DOFs is adopted by
considering as the sprung mass the mass of vehicle car body,
shown in Fig 3. Car body mass mk is connected to a spring with
a stiffness coefficient cv and damping coefficient of shock
absorber kv. Mass of tire is ma, is considered as elastic body
with a stiffness coefficient cp. For the simulation in Working
Model have been used values shown in Table 2, which belong
to the VOLVO S400.

Fig. 1 Quarter car model with one DOF

For the simulation in Working Model have been used values
shown in table 1, which belong to the VOLVO S400.

Table 2: Simulation parameters for a quarter car model with two
DOFs
Tire mass
ma = 33 kg
Body mass
mk = 250 kg
Spring stiffness
cv = 9000 N/m
Damping coefficient
kv = 1861 Ns/m
Tire stiffness
cp = 177500 N/m

Table 1: Simulation parameters for a quarter car model with one DOF
Tire mass
ma = 33 kg
Body mass
mk = 250 kg
Spring stiffness
cv = 9000 N/m
Damping coefficient
kv = 1861 Ns/m

The adopted model with one DOF in Working Model is shown
in Fig.2. It should be emphasized that during the design of the
model in the Working Model, this task is carried out with
constructive data of the model. The method of gaining results by
this software is based on solving the differential equations, describe
the model oscillations, which are not necessary to describe. After
performing the simulation, the results can be exported and stored as
a Media File - Film.

While its deflection is zr, displacement of sprung mass or
vehicle body is zk.
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mk
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Fig. 3 Quarter car model with two DOFs

Results of simulation for the adopted model with two DOFs in
Working Model are shown in Fig.4.

Fig. 5. Listing of subprogramme for solving differential equations of to
DOFs.

The simulation results in MatLab are shown in figures 6, 7, 8
and 9.

Fig. 4 Quarter car model simulation with one DOF in Working Model

The road excitation is taken in sinusoidal form with the
maximum amplitude ±0.1m. In Fig. 4 are shown the diagrams for
displacement, velocity and acceleration of vehicle body and the
road excitation from 0 to 14s.

4. Solving differential equations of the vertical body
oscillations with two DOFs in Matlab/Simulink

Fig. 6. Simulation results for sprung (--) and unsprung mass (--)
displacement with sinusoidal road excitation.
.

In the following figures are shown the results of simulation of the
vehicle car body with two DOFs

Fig. 4 Main Simulink model for solving differential equations
Fig. 7. Simulation results for sprung (--) and unsprung mass (--)
velocity with sinusoidal road excitation.
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Fig. 8. Simulation results for sprung (--) and unsprung mass (--)
displacement with white noise road excitation.

Fig. 9. Simulation results for sprung (--) and unsprung mass (--) velocity
with white noise road excitation.

4. Conclusions
From the simulation results obtained with Working Model 3D,
both quarter car models with one DOF and two DOFs we have
observed the following:
-Oscillations of the unsprung mass are very small, so their impact
on driving comfort is very small, which might justify the fact that
this DOF is not considered, but it should not be forgotten the fact
that maintaining a constant wheel contact to the road surface is
very important factor for the safety and stability of the vehicle
under all driving conditions.
- Oscillations of the sprung mass represent the main oscillations of
the vehicle and have direct impact to the comfort of the vehicle, but
for the design of the sprung mass, should be a solution that would
ensure optimum comfort but also optimal road holding.
- From the characteristic example of the used data of the
constructive parameters of the VOLVO S400, we have proved that
these extreme types of road excitations are very successful. After
the interruption of the road excitation for about 1 second, the
stabilization of the vibration of the sprunged mass is achieved,
while for the unprunged mass is reached for 0.5 seconds.
For the forced vertical oscillations of the model quarter car with
two DOFs, the solution of the second order of differential equations
performed in Matlab / Simulink, are almost the same with solutions
that have been obtained with working model.
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HYDRAULIC AND THERMOTECHNICAL MEASUREMENTS TO DETERMINE
THE EFFICIENCY OF AN INNOVATIVE SOLAR THERMAL COLLECTOR
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Abstract: There are many variants of solar collectors on the market with their advantages and disadvantages. The innovative solution of
solar thermal collector has been done to increase efficiency and improve design. The new constructive solution presents good combination of
an attractive design and appropriate constructive materials with special geometric shapes. Hydraulic and thermotechnical tests of this
collector showed high hydraulic and structural stability. The main disadvantage is selective electrochemical coat and further development of
the solar collector will be in order to improve observed disadvantages.
Keywords: SOLAR THERMAL PANEL, EFFICIENCY, HEAT CONVERSION, ABSORPTION SURFACE

1. Introduction
The popularity of solar heating systems is increasing for several
reasons. These systems are reliable, adaptable and pollution-free,
because the renewable solar energy is used. The solar thermal
panels have been used in solar installations for preparing hot water,
for supplementary heating of the different facilities, as a support to
classic heating system, for heating of water in swimming pools, etc.
The reason why solar energy has not been exploited sufficiently
so far can certainly be found in its relatively low density compared
to conventional sources, and in the fact that for its “capturing” and
conversion relatively big solar surface should be installed which
requires significant investment. This is why this investment is a
privilege of richer individuals and countries, which however, after a
relatively short repayment period, provides free of charge and clean
energy throughout its useful life. The ways of “capturing” solar
energy are diverse. This paper focuses on an innovated technical
solution of a solar collector designed for heat conversion, that is to
say, primarily for hot water preparation. Photovoltage collectors
that perform conversion of solar into electric energy also have a
significant role as far as application is concerned.

Fig. 1 Absorber surface of solar panel with a schematic connection of
absorber lamellae (cross-section).

3. Hydraulic and thermotechnical tests of solar
thermal panel
In order to determine the hydraulic and thermal characteristics
of this new solution the solar panel was required to perform
appropriate tests. Hydraulic and thermotechnical tests of solar
thermal panel were made on Mechanical Engineering Faculty,
University of Nis according to standard SRPS M.F5.110, SRPS
M.F5.001 and SRPS M.F5.050, with regard to EN 12975 and
EN 12976.

2. Technical and geometric characteristics of the
absorber

Table 1: Technical data of solar panel “Solarmont”

There are many variants of Solar Thermal Panels in the market
mainly constructed with copper pipes and flat absorbers with
different quality of absorption surface. Taking into account
advantages and disadvantages of existing solutions, in order to
increase efficiency and improve the design, the innovative solution
of solar thermal panel has been produced.
This new solar thermal panel presents integration of attractive
design and appropriate constructive materials with special
geometric shapes. Panel is made of special aluminum lamellas in
series connection, placed in aluminum thermal-insulated box. The
aluminum was chosen for making the absorber because it is
significantly lighter than copper. Weight of system is certainly
something that should be taken into account, primarily because of
the load on the roof structure, which can be significant, especially if
a considerable number of panels are placed on the roof. Aluminum
also has good technical characteristics in the sense of heat
conducting and the possibility of applying appropriate long-term
surface protection. The shape and the profile of lamella make the
original absorber, and its design has a number of advantages
compared to the usual technical solutions. A significant effort has
been made to find the geometric profile of ribbed lamella. The
surface protection was made by way of special procedure of
electrochemical protection, thus obtaining a high quality selective
surface of absorber.
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Product

Unit

Dimension

mm

Receiver of solar energy
“Solarmont”
910x1980x72

Cover

pamplex glass one sided

Frame and sealing

extruded Al- profile, EPDM
rubber

Working medium

water-glycol

Absorber

Al- profile with electrochemical
layer

Absorber surface,
net

m2

1,75

Weight of empty
receiver

kg

40,0

Water quantity

L

5,0

Nominal flow

kg/h

124

Maximum working
pressure

bar

6

Maximum working
temperature

°C

100

On the Figure 2 is showed scheme of the measuring line with
next elements: 1, 2 Solarimeter, 3 Thermometer at the entrance, 4
Flowmeter, 5 Transparent tube, 6 Filter, 7 Temperature controller, 8
Valve, 9 Pump, 10 Expansion vessel, 11 Safety valve, 12 Venting
valve, 13 Thermometer at the exit, 14 Insulation, 15 Gate valve, 16
Anemometer, 17 Ambient temperature.

Table 3: Results of solar panel thermotechnical tests”

13
16
12
1

η

No.

(Tm-Ta)/G

1

0,00

0,731

2

0,01

0,651

3

0,02

0,581

4

0,03

0,492

5

0,04

0,493

6

0,05

0,351

7

0,06

0,282

8

0,07

0,211

9

0,08

0,128

18

PS
E

A

PSE
3

qm
5

15
4
7

8

17

11

6

10
9

Fig. 2 Scheme of the measuring line.

Fig. 4 Diagram of the current heat utilization.
Fig. 3 Part of the measuring line for hydraulic and thermotechnical tests of solar
thermal panel.

Conducted hydraulic and thermotechnical measurements
showed the following:
− Hydraulic and thermotechnical tests that have been
performed on this panel showed high hydraulic and
structural stability;
− The main disadvantage of the panel is selected
electrochemical coating;
− Further development of the solar panel will be done in the
future in order to improve some noticed disadvantages.

4. Results of thermal performance
In order to determine the efficiency of the solar panel it is
necessary to calculate the following:
Table 2: Parameters to determine the efficiency
Mass flow, kg/s

qm = 0.03

Temperature difference

∆T = Ti − Te

Average temperature

Tm = Ti +
∆Tsr =

Reduced temperature
difference

T* = U o

Heat transfer coefficient
Useful heat
Current heat utilization

∆T
2
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W
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The efficiency of the receiver is determined according to
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η s a1 (Tm − Ts ) / G * − a2 (Tm − Ts ) / G *
2

5. Conclusion

(1)
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IMPROVING THE EFFICIENCY OF THE FLAT PLATE SOLAR COLLECTOR
SYSTEM WITH A NEW DESIGN
Assoc. Prof. Gungor A.1 M.Sc. Yaka I.F.1, M.Sc. Gungor C.2,
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Abstract: Solar collectors are one of the most promising renewable technologies for energizing future systems. Solar collectors are used
for a variety of heating systems such as domestic hot water systems and industrial application. Increasing the collector efficiency is an
important factor in terms of unit cost. In this study is to increase efficiencies of flat plate solar collectors. For this purpose, various
apparatus was place into collector tubes which increase the heat transfer between plate and fluid, thus it developed a new collector. In
addition, a new collector hot water tank was designed. The changes in warehouse and collector were compared with the classical systems
and the change in the usage water was calculated.

Keywords: SOLAR SYSTEM, SOLAR COLLECTOR, ENERGY EFFICIENCY

Three different experimental setups have been established for
this. For the normal collector, it is used with a natural circulating,
closed system, a pressurized flat collector system storage. The plane
collector is 2 pieces and each piece is 93 cm x 193 cm in size. Hot
water storage of the system is 300 l capacity. There are 11 copper
pipes with a diameter of 1.6 cm in each collector.

1. Introduction
Technological advances and the increasing human population
have increased in the last century energy needs. As a result of this
increased use of fossil fuels is the main energy source. However,
these sources are limited. Therefore, mankind has turned its
attention to renewable energy sources. Renewable energy sources
include solar energy is the most widely used source.

Two planar solar collectors, one 93 cm x 193 cm and one 186
cm x 193 cm, were designed in the scope of the study. Both
collectors have 300 l of hot water storage. Pipes were prepared
horizontally in plane collectors designed in the scope of the study.
Copper pipes with a pipe diameter of 5 mm were placed at intervals
of 3 cm and 52 horizontal pipes were used. The horizontal lengths
of the pipes are 80 cm for the short collector system, 170 cm for the
long collector system and 3 cm diameter half pipes are connected.

Solar energy has an important place among the renewable
energy sources. Solar hot water supply in residential heating and
cooling applications in the process industry in the provision of heat,
agriculture irrigation, drying and cooking, electricity is an energy
source that can be used in producing. In Turkey, a country with
solar energy potential is very high. The annual average sunshine
time is 2640 hours, the average annual solar radiation value
1311kwh / m2 value [1].

For both long and short collector systems in horizontal tubes, 52
pieces and 3 mm thick aluminum bars were bent. Bent aluminum
rods are shown in Figure 1.

Recently, detailed thermal applications related to energy storage
and solar energy in the literature review studies [2]. Advances again
saved the day in the heat system in the year have been revealed a
study review [3]. The widespread use of solar energy in Turkey is to
meet the housing needs of hot water. Solar collectors angle of for
residential which should be established has been demonstrated
studies [4, 5, 6].
The systems used in order to meet the hot water needs from
solar energy works in two ways, on and off. The water circulating in
the water collectors with open systems are the same as the system.
Closed systems are the system with water is different of heating
water. Water heated in the collector heat with the heat exchanger, it
transferred the use of water.

Fig. 1 Aluminum Bars

Flat plate collectors system schematic representation of the
actual system and the external appearance are shown below in the
Figure 2 and 3.

The apparatus also relates to the use of copper tubing in the
system, various studies have been made. Kumar [7], a rate of 18 to
70% of the bent strip for use in planar collector in the study was
observed by increasing the heat transfer. The thermal performance
was observed with increasing Reynolds number increases. Pipes, an
increase in the pressure loss due to resistance by 87-132% create a
flow of bent strip that is inserted into the rotary motion to the
stream was observed. However, experimental work flow in the
collector is arranged to circulate as in the coil from a single pipe
collector. Kumar [7] this has been tried in the 5000-23000 range of
the Reynolds number.

2. System Description and Methods
In the study, the effects on the system performance of using the
apparatus inside the pipe in the natural circulation, closed system
solar collectors were investigated experimentally.

Fig. 2 Collector dimensions
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3. Results
Three solar collectors were used in the study. These collectors
are designed and manufactured under study. Table 1 shows monthly
changes in collectors temperatures. When the table 1 is examined it
is seen that there is a difference of 3-4°C between the shorted
collector and the long collector. The difference between the normal
collector and the short type collector is 5-7°C. There is a
temperature difference of 9-10°C between the normal collector and
the long collector. The developed long collector has been increased
by 21%. It was found that the long collector developed within the
scope of the study was the most efficient.

Fig. 3 Collector overview

In order to compare the three systems in an objective way, these
systems were run under the same operating conditions and the
results were compared and examined in detail. Temperature
measurements were made within the scope of the study. A
temperature data logger is placed at the inlet and outlet of the
collector to determine the temperature change in the collectors. By
means of these data loggers, how much the fluid circulating in the
collector has been measured. Measurements start at 8:00 in the
morning and finish at 8:30 in the evening. The measurement range
is set to 30 minutes.

Table 1. Collector output temperatures averaged by monthly

Phase change material was used in the tank which was
developed to extend the duration of hot water usage. In order to
investigate the effect of the phase change material system
developed for hot water storage, the system performance was
examined by operating the hot water storage system in both a lean
state and a phase change material system. The phase change system
consists of a phase change material filled into copper pipes of
different diameters. Paraffin wax, which is widely used in the
literature and easy to fabricate, has been used as phase change
material.

Months

April

May

June

July

Apparatus
Collector

44,5

40,6

50,1

50,9

Apparatus
Collector (long)

47,8

44,6

53

53,7

Normal Collector

38,3

35

43,8

45,4

One type of hot water storage was used in the study. The
developed hot water storage has been used in apparatus long and
short collectors. Table 2 shows monthly changes in hot water tank
temperatures.
When the table 2 is examined it is seen that there is a difference
of 5-6°C between the developed and normal hot water tank. The
developed hot water storage has been increased by 15%. Especially
in the summer months, the efficiency increase is higher.

The general view of the collector hot water tank and heat
exchanger is given in detail in figure 4, 5 and 6.

Table 2. Average temperature change according to hot water
tank monthly
Months

April

May

June

July

Normal Tank

32,83

35,34

35,5

35,5

Developed Tank

33,79

40,46

40,99

41,69

4. Conclusion
In this study, it was aimed to increase the efficiency of the solar
collectors used to utilize solar energy from renewable energy
sources. From here, the effect of the insertion of the planar solar
collectors into the pipe is investigated. Depending on collector size,
a temperature increase of 8-9°C compared to normal systems has
been achieved. This temperature increase is not enough to increase
the efficiency. However, because solar energy is the most important
source of renewable energy resources, this efficiency increase will
be a guide for future work.

Fig. 4 Tank overview
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Fig. 5 Heat exchanger overview
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Abstract: The steam distillation is the most frequently method for production essential oil from fresh medicinal and aromatic plants. This
paper compares an existing with an innovative solution of the substance flow system which is used for production essential oils from the
biomass of lavender, juniper, immortelle, chamomile, etc. In order to improve the effectiveness of the distillation process as well as the
quality of extracted essential oils, most often used substance flow system was reconstructed. The existing solution of distillation equipment
was improved with two innovations. The first one refers to the supply of steam from upper side into the distillation unit, and the second is the
technical solution of the condenser. The new distillation equipment was produced in domestic company, and analysis of produced essential
oil from immortelle was compared with oil produced with classic distillation method. The analysis showed the improvement of the quality of
the essential oil produced with new distillation unit.
Keywords: STEAM DISTILLERY, SUBSTANCE FLOW, ESSENTIAL OIL, RECONSTRUCTION, PROCESS EFFICIENCY

1. Introduction
Medicinal and aromatic plants have been used for centuries in
phytotherapy or like spices, but their current use is far wider. The
relatively large number of sunny days, favourable climate,
unpolluted air and soil in Bosnia and Herzegovina are particularly
suitable for the cultivation and growth these plants of high quality.
This fact requires the development of appropriate processing
procedures and equipment. The most widespread level of
processing is drying, but far more useful and profitable products
were obtained by the distillation of aromatic plants. For our region,
on which it is usually processed fresh plants like abies, lavender,
chamomile, immortelle, mint, basil, oregano,... the most appropriate
method is the steam distillation. Producers and processors of
medicinal and aromatic plants is necessary to be educated in terms
of distillation technology. Also, the good quality of equipment for
obtain a better quality and larger quantities of essential oils are
provided them.

Technical-technological
solution
of
these
phases
implementation directly influences to the quality and quantity of
produced essential oils, consumption energy for steam production,
as well as a great consumption of cooling water, which is very
important from the standpoint of process efficiency. Reconstruction
of existing systems for distillation was carried out taking into
account these factors and in order to improve the output parameters.
Changes were made to the inlet of water vapor in the biomass, as
well as the construction of condenser.
In a typical distiller for the steam distillation, the plant material
is heated from the bottom by injection of heat, release of steam
through the nozzles in the zone below the plant material (Figure 1).
Wherein the water vapor is flowed in the direction from the bottom
upwards. It is obvious that here is a problem due to the opposite
direction of the water vapor and the condensate which is partially
from the plant mass.

Many years of experience in the distillation of essential oils, in
terms of technical and technological improvement of equipment for
distillation, resulting in a new solution for the flow of useful
substances from the plants. Certain critical points, identified as
potential causes of reduction of the quantity and quality of the final
product were removed by using new solution.

2. Reconstruction of the substance flow system
During distillation produced steam passes through the plant
material, softens it and extracts useful components of essential oils.
The resulting vapor mixture is condensed and cooled, and as a result
is obtained a aromatic liquid mixture with essential oil on the
surface. Working for many years in the design and production of
equipment for steam distillation and comparing parameters of the
distillation process on different technical solutions, it was
concluded that the basic mistakes that are repeated, following:
−
low quality of produced essential oils, with unnatural
colors or bad composition,
−
traces of rust or other impurities in oil,
−
low efficiency of the process.
Disrupted oil quality could be primarily due to retention of
residual products from the distillation in the narrow parts and
pockets in system for distillation and condensation occurring due to
poor geometry of circulation system.
Key critical phases in the process are:
−
−

the introduction of produced vapor in the fresh plants and
condensation of aromatic mixtures.
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Fig. 1 Injection of steam from the
bottom - typical distiller

Fig. 2 Supply of steam on top of
the distiller - new solution of
distiller

The vapor, in the new solution of the distiller, was introduced
from the upper side, and the flow of steam through the biomass has
a direction from top to bottom (Figures 2 and 3), opposite to the
current technical solution. This provides a more uniform dispersal
of the vapor phase in the plant material and approximately the same
temperature. In this way is achieved a more spontaneous thermal
treatment process of the plant material, less retention of the
condensate in the plant mass and supplying "fresher" dry-saturated
water vapor, which speeds up the process of distillation. It avoids
also the possibility of poor quality oil production due to prolonged
or inadequate heating the plant material in the distiller. This
solution also avoids closuring nozzles for steam supply with the
plant material, which increases the energy consumption and
eliminate the delays in the process.

relatively small diameter in relation to the length. Its advantage is
that it is not possible to retain condensate in the pipes that simply
flows down the vertical pipe cooled by the cooling water. These
tubes do not have bottlenecks, coils or horizontal sections, with
possibility to retain condensate. In this way is achieved a more
efficient process, the complete condensation in the minimum period
of time and with minimal contact of steam and liquid phase with the
wall of condenser. Condensing and cooling of condensate in this
condenser requires significantly less water, which in the financial
balance of essential oil production is an important item.
The application of these technical solutions has been reduced
the duration of the distillation for 10-15%, and the resultant is a
larger quantity of essential oil 2-3%, depending on the type of plant
mass. The resulting oil is crystal pure color and exceptional quality
from the standpoint of scents and organoleptical properties. By
monitoring the consumption of energy has been observed a decrease
of 5%, while the quantity of cold water necessary for the
condensation of the vapor phase is reduced by as much as 20%,
resulting in significant economic savings, as well as advantageous
from the preservation of natural resources, environmental protection
and sustainable development.

Fig. 3 The upper part of the distiller

After distillation, another very important phase is condensation
of mixture of essential oil with water vapor, which occurs in the
condenser. It is necessary to ensure the efficient and optimal
operation of the condenser that condensation process completed by
the end completely and without excessive retention of vapor phase
and the condensate. Too long retention of the mixture in the
condenser results in the accumulation of essential oils on the
condenser walls, which affects to the purity and the amount of
produced oil. Some of the technical solutions of the condenser can
retain the condensate formed in the prolonged contact between the
material of condenser and active substance, which results in poor
quality. On the other hand, too fast process with incomplete
condensation causes quantitative loss of essential oils. All
impurities resulting from the process directly affect to the quality
and visual acceptability of essential oil.
The previous technical solutions of condenser were mainly
composed of disc-shaped surfaces (Figure 4), or in the form of a
spiral pipe (Figure 4). Both solutions have their disadvantages,
mainly due to the existence of a small diameters or flat surfaces that
retains the essential oil, changing its natural properties and loosing
quality.

Fig. 6 Complete equipment for essential oil distillation with new solution of the
substance flow system (produced by “Solar mont” Ltd, Gradiska, B&H)

3. Analysis produced essential oil
Essential oils are a mixture of different chemical compounds.
Most they include compounds of carbon, hydrogen and oxygen, to a
lesser extent compounds containing nitrogen and sulfur.
Characteristic properties of essential oils, as well as their quality
and price, to a large extent depend on their chemical composition.
Table 1 shows the results of analysis the chemical composition
of immortelle (Helichrysum italicum) essential oil, produced in
standard distiller and in a new technical solution of distiller.
Analysis, carried out on a gas chromatograph (Institute of Medicinal
Plants "Josif Pančić" Belgrade), shows that the key components,
responsible for the quality of the essential oil, are more represent in
the sample produced in a new technical solution of the distiller.
Based on the organoleptic and physico-chemical properties, this
essential oil can be classified into high quality oils, with pleasant
smell and authentic natural geographic features. The results are
encouraging us for further development of equipment and
processes, seriously organize domestic production and marketing of
essential oils on the world market.

Fig. 4 Previous technical solutions
of condenser

Table 1: The chemical composition of the immortelle essential oil
Standard
New solution of
Composition
distiller, %
distiller, %
α-pinene
25,14285
25,26783
camphene
0,54325
0,62729
β-pinene
0,43095
0,45586
β-myrcene
0,08179
0,07541
α-phellandrene
0,04627
0,04211
α-terpinene
0,14408
0,15283
p-cymene
0,21121
0,19813
limonene
2,75325
3,11092

Fig. 5 New solution of condenser

The new solution of the condenser (Figure 5) is designed as a
vertical tube heat exchanger with a flat tubes which have a
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1,8-cineole
α-terpinolene
linalool
terpinene-4-ol
α-terpineole
nerol
neryl acetate
α-copaene
neryl propionate
γ-curcumene
γ-cadinene
δ-cadinene

0,52215
0,19311
0,54509
0,21098
0,33410
0,43875
5,22900
2,84192
0,70436
14,46259
0,80794
1,10583

0,50174
0,21085
0,64262
0,23693
0,44070
0,59131
5,78116
2,89870
0,79003
15,51261
0,80726
1,07623

4. Conclusion
Production of medicinal and aromatic plants and essential oils
from them on the territory of Bosnia and Herzegovina reaches a
commercial level. Research in the field of training equipment for
the production of essential oils are therefore justified.
Reconstruction of the standard distiller has resulted in shorter
duration of distillation and higher amount of essential oil. Due to a
shorter treatment time and more balanced allocation of the vapor
phase in the distiller, oil has crystal pure color and exceptional
quality from the standpoint of scents and organoleptical properties.
The consumption of energy are decreased, but also the amount of
water necessary for the condensation vapor phase, due to the
optimization of technical and technological characteristics of the
condenser. Reconstruction has made a positive impact, in terms of
essential oil quality, energy savings, but also in terms of preserving
natural resources and protecting the environment.
By analyzing the chemical composition of the immortelle
(Helichrysum italicum) essential oil, produced in standard distiller
and in a new technical solution of distiller and condenser can be
concluded that the key componentsw responsible for the quality of
essential oil more represent in the sample produced in a new
technical solution of the distiller.
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Summary: In this paper behavior of inorganic compound (2-amino-5-ethyl-1,3,4-thiadiazole) as inhibitor of copper corrosion in acidic
medium (HCl solution) was examined. In addition to examination the effects of different concentrations of the inhibitor on the corrosion
processes, research also included investigation of influence of immersion time of copper electrode in 2-amino-5-ethyl-1,3,4-thiadiazole
(AETDA) solution on protective film formation on electrode surface (copper electrode). During this study next experimental methods are
used: open circuit potential measurements (OCP), linear voltammetry measurements (LV) and cyclic voltammetry measurements (CV). Shift
of open circuit potential toward negative values indicate that on copper surface comes to formation of corrosion product sand adsorption of
molecule inhibitor. Copper oxidation is consequence of existing defect in structure layer and layer dissolution on electrode surface. Results
show that inhibition efficiency depend on inorganic inhibitor concentration and immersion time of copper electrode in inhibitor solution
(azole derivatives solution). Inhibition mechanism of AETDA is explained by forming compact protective film on copper surface. Adsorption
of 2-amino-5-ethyl-1,3,4-thiadiazole on copper surface in 0.05M HCl solution obeys the Langmuir adsorption isotherm. The value of
adsorption energy amount: ΔG = -39,52 kJ/mol.
Key words: copper, HCl, oxidation, corrosion inhibition, inorganic inhibitor, acidic medium, AETDA
Introduction
Copper has been one of more important materials in industry owing
to its high electrical and thermal conductivities, mechanical
workability, and its relatively noble properties [1, 2]. Thus,
corrosion of copper and its inhibition in a wide variety of media,
particularly when they contain chloride ions, have attracted
attention of a number of investigators [1, 3]. Azole derivatives like
benzotriazole,
mercaptobenzothiazole,
benzimidazole,
and

imidazole are well-known corrosion inhibitors for copper [1, 4].
The present paper reports on the behavior of 2-amino-5-ethyl-1,3,4thiadiazole (AETDA) as an inhibitor for copper corrosion in HCl
solutions. Based on structure (Figure1), can be expected that in acid
medium, this compound show high inhibition efficiency for copper
corrosion. In addition, it is nontoxic and inexpensive compound [1].

Figure1. Molecular structure of 2-Amino-5-ethyl-1,3,4-thiadiazole (AETDA)[1]
 Linear
potentiodynamic
measurements;
Cyclic
Experimental
Electrode preparation
potentiodynamic measurements;
Copper electrode was used as working electrode.
 Electrode was immersed for a certain time (5, 15, 30 and 60
Reagents
min) in 1·10-2M AETDA;
HCl solution (0.05 M) was used during experiment. 2 The electrode was immersed for a certain time 5, 15, 30 and
Amino-5-ethyl-1,3,4-thiadiazole (AETDA) was used as inhibitor in
60 min, in 1·10-2 M AETDA solution.
.
-6
.
-2
the wide range of concentrations 1.0 10 M - 1.0 10 M. Also,
Results and discussion
immersion time of copper electrode in inhibitor solution (1.0 . 10-2
Open circuit potential
M) was studied.
Change of open circuit potential values was followed in
Electrochemical measurements
0.05 M HCl with and without addition of various concentration of
The electrochemical characteristics of copper in HCl
inhibitor during 10 min and results are showed in table 1
solution, in the presence of inhibitor was investigated in the
following way:
.
Table 1. Open circuit potential of copper in 0.05 M HCl with and without addition of various concentration of AETDA
Cinh [M]
Epok [VZKE]
/
-0.181
1.0 . 10-6
-0.119
1.0 . 10-5
-0.086
1.0 . 10-4
-0.096
1.0 . 10-3
-0.087
1.0 . 10-2
-0.115
Change of OCP indicate direction of the corrosion processes in the examined solutions[1, 5]. Based on the OCP values shown in the table it
can be assumed that comes to adsorption of inhibitor molecule on copper surface [6].
Polarization measurements
Cyclic voltammetry
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Cyclic voltammogram of copper obtained in a hydrochloric acid solutions without and with the addition of 2-amino-5-ethyl-1,3,4thiadiazole is shown in Figure 2.

Figure 2. Cyclic voltammogram of copper recorded in 0.05M HCl in the presence of various concentrations of 2-amino-5-ethyl-1,3,4thiadiazole. Scan rate 10mV/s
CV curves shown in figure 2 indicate that on 0,2 V vs. SCE comes to rapid increase of current density pointing on more intensive copper
oxidation. In acid chloride nature aerated solution, process of copper dissolution can be shown by following reactions [1, 9]:
1
2 Cu + O2 + 2 H+ → 2 Cu+ + H2O ............................(1)
2
1

2C u+ + O2 + 2 H+ → 2 Cu2+ + H2O.............................(2)
2
2+
Increase of concentration Cu ions causes further copper dissolution by following reaction:
Cu2+ + Cu ↔ 2 Cu+ ....................................(3)
Also, in HCl solutions come to reaction between copper and Cl- ions by following reactions [8]:
Cu + Cl- = CuClads + e- ……………………(4)
CuClads + Cl- = CuCl-2ads …………………...(5)
CuCl-2ads = Cu2+ + 2Cl- + e- …………………..(6)

Figure 3. Cyclic voltammogram of copper in a 0.05M HCl solution after immersion in 1·10-2 M AETDA solution for various periods of time
(5, 15, 30 and 60 min). Scan rate 10mV/s
From figure 3 was noticed that on potential 0.1 V exist anode current peak which indicate that after electrode immersion in inhibitor solution
and during potentiodynamic measurements in 0.05 M HCl come to dissolution of copper. Inhibition mechanism of azole compounds can be
explains by following reactions [10]:
Cu + inh = Cu(inh)ads = Cun+ + ne- + inh ………………………(7)
inhaqu + nH2Oads = inhads + nH2Oaqu ………………………...(8)
Linear voltammetry
Besides the cyclic potentiodynamic measurements, for a complete understanding of corrosion processes and mechanisms of action
of AETDA linear potentiodynamic measurements were performed.

Figure 4. Potentiodynamic polarization curves for copper in 0.05 M HCl with and without addition of various concentrations of AETDA.
Scan rate 1 mV/s.
According to polarization curves present in figure 4 it can be seen that corrosion potential moves toward positive values with increase
inhibitor concentrations. Besides that current density decreases with increasing AETDA concentration indicating that AETDA actsas anode
inhibitor in examined conditions. The values of inhibition efficiency (IE%) were calculated from polarization data according to the equation
[1, 2]:
IE% = [(jkor –jkor (inh)) /jkor] . 100………………………..(10)
where jCorr and jCorr (inh) - are the corrosion currents in absence and presence of AETDA, respectively
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Solution

Immersion time
[min]
/

ECorr [V vs.
SCE]
-0.183

jCorr [μA/cm2]

bc

θ

ba

0.05 M HCl
48 200
-0.318
0.164
/
1.0 . 10-6 M
/
-0.118
11 200
-0.088
0.073
0.7676
AETDA
.
-5
1.0 10 M
/
-0.088
10 600
-0.106
0.085
0.7801
AETDA
.
-4
1.0 10 M
/
-0.104
10 500
-0.070
0.061
0.7822
AETDA
.
-3
1.0 10 M
/
-0.085
7 900
-0.083
0.061
0.8361
AETDA
.
-2
1.0 10 M
/
0.119
7 500
-0.188
0.142
0.8444
AETDA
Table 3. Electrochemical parameters of copper in 0.05 M HCl in absence and presence of inhibitor

IE [%]
/
76.76
78.01
78.22
83.61
84.44

It is clear from table 3 that increase of concentrations of AETDA increasing inhibition efficiency. Also increase of AETDA concentration
leads to decrease of corrosion current density. Nevertheless, according to results presents in table 3 it can be said that with longer immersion
time, values of IE increase and jcorr decrease.
Adsorption isotherm
Primary information about interaction between inhibitor and metal surface can be obtained from adsorption isotherm. Lengmuir
adsorption isotherm obtains from equation [4]:
𝜃𝜃
− 𝛥𝛥𝛥𝛥
= 𝐴𝐴𝐴𝐴 𝑒𝑒𝑒𝑒𝑒𝑒 �
� = KC…………………………………….(11)
1− 𝜃𝜃

𝑅𝑅𝑅𝑅

-ΔG = �ln 𝐾𝐾 − ln

1

55,55

� 𝑅𝑅𝑅𝑅…………………………(14)

0.012
0.010

C/θ

0.008
0.006
0.004
0.002
0.000
0.000

0.002

0.004

0.006

0.008

0.010

Cinh, mol/dm3

Figure 6. Langmuir adsorption isotherm of AETDA in 0.05mol/dm3 HCl
The value of adsorption energy amount:

ΔG = -39,52 kJ/mol
The negative value of the free energies of adsorption indicates strong adsorption of AETDA molecules on copper surface [4].
Conclusions
Shift of open circuit potential toward negative values
indicate that on copper surface comes to formation of corrosion
product sand adsorption of molecule inhibitor. Cyclic and linear
potentiodynamic measurements indicate that in presence of
inhibitor come to copper dissolution lower intensity compared to
copper dissolution in bare HCl solution. In the presence of AETDA
comes to formation protective layer on copper surface which
prevents further intensive dissolution of metal. Adsorption of 2amino-5-ethyl-1,3,4-thiadiazole on copper surface in hydrochloric
acid solution obeys the Langmuir adsorption isotherm.
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Abstract: Greening the building envelope is innovative technology in architecture that can regain losses of a natural environment in
dense urban areas. Implementation of green living systems, greening horizontal surfaces with intensive and extensive green roofs or using
vegetation in vertical greening systems for façades is a strategy that provides ecological, economic and social benefits and it is a sustainable
solution for improving the environmental balance of cities limiting the major negative effects of urbanization providing better comfort at
both building and urban level. The potential to provide external and internal sound insulation due to their high mass and absorption through
the surface, reducing and control of noise pollution in urban areas, was investigated trough various studies. There are several situations in
which noise reduction due to green living systems’ sound absorption should be considered important, such as buildings near to roads, rail or
air traffic noise sources. The configurations of the systems, substrate thickness, and vegetation layer, are important factors affecting the
sound absorption and sound propagation properties of these systems.
This review paper presents findings from different research conditions and approaches, to explore the importance of green living systems
considering the impact on noise mitigation and acoustic aesthetics of the environment.
Keywords: GREEN LIVING SYSTEMS, GREEN ROOF, GREEN WALL, ACOUSTIC INSULATION, NOISE POLLUTION

new designs. Retrofitting existing buildings by altering the
buildings' surficial properties can reduce buildings' energy and
address air and noise pollution.

1. Introduction
Rapid urbanization increases the energy problem of cities and
decreases the proportion of spaces dedicated to green infrastructures
due to new building developments amplifying the pollution
problems. Greening the building envelope is innovative technology
in architecture that can regain losses of a natural environment in
dense urban areas. Implementation of green living systems is a
strategy that provides ecological, economic and social benefits and
it is a sustainable solution for improving the environmental balance
of cities limiting the major negative effects of urbanization.

2.1. The green living walls
Green wall technologies may refer to all forms of vegetated
wall surfaces. Two major categories can be identified: Green
Facades and Living Walls.
The Green facades are a type of green wall system in which
climbing plants or cascading groundcovers are trained to cover
specially designed supporting structures (Fig 1. left). Rooted at the
base of these structures, in the ground or in intermediate planters.

In addition to the creation of a pleasant environment, the
aesthetic visual and acoustic impressions, green living systems
offer several substantial benefits in comparison to the conventional
building envelope. Main environmental benefits that green living
systems (GLS) can achieve are energy consumption reduction, a
decrease of the urban heat island effect, reduction of carbon
footprints, air pollution mitigation, reduction in storm-water runoff
and improvement of a storm-water quality, reduction in interior
noise levels, noise absorption [1]. Depending on the types of plants
and soils, a GLS can provide a natural habitat for animals, insects,
and plants and can increase the biodiversity of an urban area [2].
Noise is understood as a sound that is loud, unpleasant,
unexpected, or undesired. The primary reasons to decrease noise is
to avoid direct damage, but also to increase comfort whilst
sleeping, working and socializing. Noise can also cause economic
problems through decreased efficiency amongst employees as well
as lowered property values due to less demand. GLS have the
potential to provide external and internal sound insulation due to
their high mass and absorption through the surface, reduce and
control of noise pollution in urban areas. In terms of acoustic
benefit, vegetation, in general, affects the sound field in urban
environments through mechanisms. When a sound wave impinges
on the vegetation and is then reflected back sound absorption and
diffusion occur; and when a sound wave is transmitted through the
vegetation sound level reduction occurs.

Fig. 1 The Green Façade Singapore Changi Airport Terminal 3, Singapore,
Singapore (left),The Living Wall Europa Congress Palace Convention Center,
Vitoria-Gasteiz, Spain (right)

2. The Green Living Systems
Living architecture is the integration of the living, organic
systems characterized by green walls and green roofs, with the
inorganic and lifeless structures that have come to dominate modern
architecture. By combining nature and built areas in their designs,
architects and urban planners can respond to serious human health
and welfare issues and restore the environmental quality of dense
urban areas. Green living systems are not only the solution for the
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The Living wall systems are composed of prevegetated panels,
vertical modules or planted blankets that are fixed vertically to a
structural wall or frame (Fig. 1. right). These panels can be made of
plastic, expanded polystyrene, synthetic fabric, clay, metal, and
concrete, and support a great diversity and density of plant species.
2.2. The green living roofs
Green roof construction mimics in a few centimeters what
normal soil does in a couple meters. The green roof accomplishes
the natural balance through several layers depending on its
complexity.
The model of the green roof consists of three main components:
structural support, a soil layer, and foliage layer. The structural
support includes all the layers between the inner plaster and the
drainage layer or filter layer. In most cases, the structural layer is
considered as a single layer with constant properties. The drainage
layer provides water for upper layers in relatively small space and
with light weight. The soil layer, or the growing medium, is
complex with the solid phase (organic and mineral material), the
liquid phase (water) and the gaseous phase (water vapor and air).

The growing medium, filter, drainage layer and protection layer act
to support plants and protect lower levels. The foliage layer
(canopy) is composed of the leafs and the air within the leafs, and
its characteristics depend on the plant selection.

3.1. Evaluation of green living walls on noise pollution
reduction and control
In the study [4], where only the direct transmission of sound
through the modular green wall was considered, two different
standardized laboratory tests were conducted. The main results were
a weighted sound reduction index Rw (which is a value that is
expressed as a single number (UNE-EN ISO 717-1)) of 15 dB and a
weighted sound absorption coefficient α (defined as the proportion
of sound energy that is absorbed by the material from an incident
sound) of 0.40. The sound absorption coefficient remained more
constant between 0.35 and 0.51, reflecting a good performance of
the green wall not only at low frequencies but at high frequencies
as well. The capacity of the green wall to reduce airborne noise,
which is expressed by the R coefficient, was lower than the other
constructive solutions (Fig. 3.)

There are two main classifications of green roofs: Extensive
Green Roofs (EGR) and Intensive Green Roofs (IGR)
Extensive Green Roofs are lightweight in structure with a
thinner substrate and feature succulent plants like sedums that can
survive in harsh conditions (Fig. 2. left).

Fig. 2 EGR, Bridgepoint Active Healthcare, Toronto, ON (left), IGR,
Aventura Optima Plaza, Aventura, FL (right)

Intensive Green Roofs may require irrigation during dry periods
having a thicker soil layer than extensive ones. Because of their
thicker soil, these roofs require greater structural support (Fig. 2.
right). IGR allow a greater variety and size of plants such as shrubs
and small trees but have higher initial costs and maintenance.

3. Evaluation of green living systems on noise
pollution reduction and control
The acoustical performance of green living systems involves
two different aspects: the outdoor noise absorption and the
insulation of indoor environments from outside noise. In street
canyons and urban environments, sound propagation through the
urban fabric from noisy areas into quiet zones is influenced by a
variety of geometrical parameters such as street width and building
height, as well as the acoustic characteristics of the materials used
in the building envelope. This means that there is important
potential for reducing acoustic waves diffracting over building
since the envelope is most often made of rigid materials, thus can be
improved using the vegetation.

Fig. 3 Sound reduction coefficient (R) comparison between the green wall
(GW) and common constructive solutions: A. Thermal double glazing (6-126), timber frame, B. Brick, 100 mm thick, no finish. C. Lightweight aggregate
blockwork 215 mm thick with plaster finish both sides. D. Two leaves of 12.5
mm + 19 mm plasterboard on metal studs, separated by 250 mm cavity with
100 mm mineral wool [4].

From the previous studies concerning the sound interception
provided by vegetation it is known that it can reduce sound levels in
three ways:
•

Sound can be reflected and diffracted (scattered) by
plant elements. Trunks, branches, twig and leaves
have the different influence.

•

Sound can be absorbed by plant elements. Mechanical
vibrations of plant elements caused by sound waves
lead to energy dissipation by converting sound energy
to heat. There is also a contribution to attenuation by
thermo-viscous boundary layer effects at vegetation
surfaces.

•

Sound levels can be reduced by the destructive
interference of sound waves. The presence of soil can
lead to destructive interference between the direct
contribution from the source to the receiver and a
ground-reflected contribution. The presence of
vegetation leads to an acoustically very soft soil. This
effect is often referred to as the acoustical ground
effect or ground dip.

Regarding the urban noise attenuation by vegetation, in their
research [3] Dunnet and Kingsbury stated that the hard surfaces of
urban areas tend to reflect sound rather than absorb it and that green
roofs can absorb sound, with both the substrate and plants
contributing. The substrate tends to block lower sound frequencies,
whereas plants block higher frequencies.
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Researchers concluded that green walls have significant
potential as a sound insulation tool for buildings but that some
design adjustments should be performed.
An acoustical measurement campaign around a site, located in
Cergy, in the Val d'Oise department, near Paris, France, hosting a
green wall was carried out to highlight its potential effectiveness in
reducing noise pollution in its environment [5]. Measurements
showed a decrease in overall sound pressure levels (dBA) generated
by road traffic as a result of setting up the green wall on the site.
Acoustic gains remained moderate and ranged from 0.6 to 2.5 dBA
depending on the measurements day. In the middle frequencies, 400
- 2500 Hz, acoustic gains were moderate (between 0 and 6 dB
depending on the configuration and the one-third octave band
concerned) with maximum efficiency for configurations where the
source was distant from the receiver. These can be attributed to
acoustic absorption due to the planting substrate. At high
frequencies, 3150 to 20000Hz, except for close source/receiver
configurations, acoustic gains were substantial (between 0 and 10
dB depending on the configuration and the one-third octave band
concerned), where a scattering phenomenon caused by the foliage
of the development also comes into play.
The interesting paper described the construction of a vertical
indoor greenery system (VIGS) on the north side of a wall and
assessed the noise mitigation that resulted from the use of a
vegetation-covered wall face [6]. Sound level measurements were
recorded in dBAs. The source content provided a continuous level
sound from 55 to 115 dBA with different voices from adults and
children. The average decrease in dBAs was between 2% with the
frequency weightings equivalent to the sound frequencies that the
human ear perceives, and 3% for the with the frequency weightings

equivalent to the sound frequencies perceived by the human ear,
excluding extreme frequencies. This may indicate up to a three-fold
reduction in energy caused by the green wall. In the case of noise
that lasted longer than 1s, which can be considered the most
troublesome for human sensitivity, there was a sonic mitigation of
6% to 8% for the selected frequency using those two weightings,
respectively.

experimental parameters were considered, including the structure,
area and position of the green roof system, and the type of
vegetation. The experimental results on the effect of the structures
of the green roof trays suggest that the trays can disperse sound
energy from diffracted sound waves effectively and further
theoretical approach could be made to design this to an optimal
condition. With different areas of the green roof system, a noise
reduction of over 10 dB was observed. The effect on noise
reduction was gradually increased with increasing number of rows
of the trays. The experimental results with the pruned leaves show
that dense leaves have positive effects on noise mitigation mainly at
high frequencies above 4000Hz. In terms of the acoustic effects of
the position of the green roof system, the measurement results
suggest they sensitively affect the pattern of noise reduction at
different frequency ranges.

3.2. Evaluation of green living walls on noise pollution
reduction and control
Transmission loss (TL) is a measure of how much sound energy
is reduced in transmission through a single or multi-layered
partition. The green roof as a series of finite layers impedes sound
energy as it transmits from the exterior environment through each
layer of the system to the interior of the building. Architectural
acoustics is most often concerned with the sound transmission in the
frequency range of 125−4000 Hz.

In Flanders, Belgium, measurements were performed just before
and after placement of the green roof, with an identical sourcereceiver configuration in both situations [11]. The results showed
what can be expected from current green roof practice for sound
diffracting over it, for various building configurations. The first
situation involved a building extension with a green roof where the
sound was forced to be diffracted over it (shearing sound
propagation over the green roof) before reaching a façade or
window (single diffraction). The second situation aimed at
achieving a silent zone at a non-directly exposed façade while the
source was in an adjacent street canyon. In the latter, the green roof
was modeled on the main part of the building (double diffraction).
Measurements showed that green roofs may lead to consistent and
significant sound reduction at locations where only diffracted sound
waves arrive. Among the single diffraction cases, acoustic green
roof improvements exceeding 10 dB were found, over a wide
frequency range. This improvement was measured for a propagation
path interacting with the green roof of only 4.5 m. The presence of
shearing waves over the green roof (near parallel sound propagation
to the roof), and sufficient substrate thickness seemed to be
important to have such large positive effects. For the double
diffraction cases, positive effects were measured over the full
frequency range from 50Hz to 10kHz, at the two fully shielded
receiver heights considered in the experiments. Effects seemed to be
less-frequency dependent than for the single diffraction cases, and a
case with positive effects up to 10 dB was found. It was concluded
that small substrate thickness and/or the presence of vegetation was
positive for higher frequencies, while for low-frequency noise
reduction a larger substrate thickness was needed.

The empirical findings on the sound transmission loss of green
roofs suggest that the use of green roof technologies may be
optimized to increase transmission loss and ameliorate the
coincidence effect. The field testing [7] conducted on two 33 m2
extensive green roofs indicated an increase of 5 to 13 dB in TL over
the low and mid frequency range, 50 Hz to 2000 Hz, and 2 dB to 8
dB increase in TL in the higher frequency range above the
reference. It was highlighted that green roofs would provide a
higher TL than the additional ceiling element and improve TL
throughout the full architectural frequency range, specifically
desirable in residential occupancies developed below aircraft flight
paths.
The sound transmission loss of a reference roof (conventional
type) and two green roofs, identical with the only difference in the
depth size of the substrate (75 mm for GR1 and 150 mm for GR2),
was measured [8]. The analysis revealed that the increase of TL
through GR1 at different frequencies was less consistent while the
respective increase of TL through GR2 was more reliable. The
findings also demonstrate that deep green roof increased the
transmission loss from 5 dB to 13 dB at low and mid frequency
bands 50–2000Hz, and of less than 6 dB at higher frequencies.
The Finite-Difference Time-Domain Method was used to study
sound propagation over a green roof in an urban situation [9].
Sound propagation between adjacent city canyons was considered,
and the focus was on the reduction of the sound pressure level in the
non-exposed canyon due to the presence of a green roof. Numerical
calculations were conducted for both intensive and extensive green
roofs, showing that an important reduction of the sound pressure
level in the shielded canyon could be achieved, compared to a rigid
roof. In the case of an extensive green roof, there was a strong
dependence on the substrate layer thickness; a maximum reduction
of 10 dB at the octave band of 1000Hz was found. A good overall
efficiency was observed near the maximum layer thickness as found
in practice for this type of green roof. For intensive green roofs, the
influence of the substrate layer thickness was limited. Both
extensive and intensive green roofs significantly reduced the sound
levels in the non-exposed canyon. At low frequencies, effects were
minimal since the substrate impedance was large. For a typical
intensive green roof, more than 6 dB was gained at the octave band
of 1000Hz, relative to a fully rigid roof, when the green fraction of
the roof was 0.8. In this research, a linear relationship between the
green roof effect and the fraction of the roof covered with green,
and the slopes increase with the octave band centre frequency was
confirmed.
Laboratory study [10], with a series of measurements of Sound
Pressure Level (SPL) in the semi-anechoic chamber were carried
out to demonstrate the effect of green roof systems on noise
abatement at street levels, considering diffracted sound waves
propagating through a low profiled structure. For green roof
systems, trays which are composed of the Zinco substrate with a
depth of 100mm and low growing vegetation were applied. To
verify the acoustic effects of the green roof system, four

Experimental data on acoustical performances on the sound
absorption of the green roof systems were evaluated and discussed
in the study [12]. Three green roof systems had been experimentally
tested measuring their sound absorption coefficients at normal
incidence: extensive green roof (Sample A), semi-intensive green
roof (Sample B) and common soil (Sample C). The sound
absorption depends on the angle of incidence of the acoustical
waves on the surface of the material.

Fig. 4 Comparison of curves for sound absorption coefficient at random
incidence [12].
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The value of the normal incidence absorption coefficient α0 is
an important parameter in applications when the sound absorbing
material is very close to the sound source. For green roofs relatively
far from the sound source, such as a building close to an urban road,
the most important parameter results is the random incidence sound
absorption coefficient αd. The diagram showed (Fig. 4.) the high
advantage in the use of green roofs compared to traditional roof
techniques. Results confirmed that, generally, sound absorption of
green roofs was higher than the absorption estimated for concrete
traditional roofing, demonstrating the effectiveness of the solution.
It must be noticed that sound absorption coefficients at random
incidence αd,w and αd,m presented higher values than sound
absorption coefficients at normal incidence α0,w and α0,m (Tab. 1).
Table 1: Weighted and average sound absorption coefficients at normal and
random incidence [12]
Roof types
α0,w
α0,m
αd,w
αd,m
Sample A
0.45
0.75
0.64
0.76
Sample B
0.60
0.80
0.54
0.80
Sample C
0.40
0.60
0.44
0.63
Concrete roof
0.00
0.00
0.02
0.02

4. Conclusion
In street canyons, the amount of sound energy propagating over
rooftops from noisy sides to quite sides is mainly determined by the
height and width of buildings, and also materials used in building
envelope. Green living roofs on the top of buildings can be assumed
as absorbers especially for diffracted sound waves between parallel
streets. Thus, in the aspect of acoustic advantages, green living
systems have been regarded as an important structure to reduce
noise pollution in urbanized areas such as street canyons.
Green living systems can absorb sound, with both the substrate
and vegetation contributing. The substrate tends to block lower
sound frequencies, whereas vegetation blocks higher frequencies.
Growing mediums used in green living systems are highly-porous,
and allow acoustic waves to enter the medium, which is a necessary
property of a sound absorbing material. Due to a large number of
interactions between the waves and the solid phase of the substrate
attenuation occurs. Also, the typical substrates are known for their
high water retention capabilities. The volume of the substrate
particles will increase largely by absorbing water, leading to a
decreased porosity of the substrate layer. Furthermore, the presence
of water reservoirs or the use of rock-wool mats to further enhance
water retention is not optimal from the acoustic viewpoint, knowing
that porous materials and outdoor ground surfaces can be largely
affected by the presence of water usually leading to a decreased
sound absorption. On the other hand, such layers could largely
improve these aspects under dry conditions. When vegetation is
present on building envelope the effectiveness of absorption can be
greatly enhanced since there are multiple reflections. In build-up
areas the absorption and diffusion effects are also useful for
reducing the negative effect of reflections from the ground that
often occur in outdoor sound propagation.
The configurations of the systems, substrate thickness and
vegetation layer, are important factors affecting the sound
absorption and sound propagation properties of these systems. That
should be taken into consideration if the green living systems are
designed as a means of noise pollution reduction and control.
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Abstract: Efficiency of some traditional chemical technologies in different areas could be significantly increased by adding ultrasonic
treatment. For example, ultrasonic treatment was found to improve make-up water systems, decontamination procedures, etc. Improvement
of traditional chemical technologies with implementation of ultrasonic treatment has allowed to significantly reducing water waste,
including harmful species and radioactive products.
The report shows the examples of the recent ultrasonic technology
development and application in Russian nuclear engineering. They are
as follows:
•
•
•
•
•

Preliminary cleaning of surfaces of in-pile parts (e.g. control
sensors) prior to their assemblage and welding
Decontamination of grounds and metal surfaces of
components with a complex structure
Decrease in sliding friction between fuel rods and grids
during VVER reactor fuel assembly manufacturing
Removal of deposits from reactor fuel surfaces in VVER440s
Increasing the density and strength of pressed sintered items
while making fuel pellets and fuel elements, especially
mixed-oxide fuel

Surface cleanness is very important for the fuel assembly
manufacturing, especially prior to welding. An ultrasonic technology
for surface cleaning (from graphite and other lubricants, oxides etc.)
was developed and implemented. The ultrasonic cleaning is applicable
to the parts having both simple shape and different holes. Ultrasonic
technology has allowed to improve the surface quality and
environmental safety.
Ultrasonic treatment appears to be expedient to intensify the chemical
decontamination of solid radioactive waste from grounds of different
fractions to metallic components. Ultrasonic treatment reduces the
decontamination process duration up to 100 times as much. Excellent
decontamination factor was received even for the ground fractions
below 1 mm. It should be noted that alternative decontamination
techniques (e.g. hydraulic separation) are poorly applicable for such
ground fractions. Parameters for ultrasonic treatment were optimized
based on both traditional cleaning fluids (acids, alkali, etc.) and modern
detergents.
Industrial tests showed that the ultrasonic fuel tube treatment has
resulted in fuel assembly rack shape improvement, stress mitigation,
and reduced assembly deformation during the manufacturing process.
Ultrasonic treatment has allowed reducing about up to twice as much
the forces occurring during insertion of tubes into spacer grids and fuel
rods into the assembly racks.
The crud deposition on fuel rod surfaces is a challenge for nuclear
reactors. An effective ultrasonic cleaning technology has been
developed for VVER fuel of the Novovoronezh NPP. Its use resulted in
higher reactor reliability and increased fuel assembly operation time.
Ultrasound application for moulding powder materials for pressing
increases the sintered ceramics density and strength, and improves the
surface quality. The technology was tested with zirconium oxide
powder and was recommended to be used to manufacture fuel pellets
with hard-to-press materials, e.g. MOX fuel. Moreover, ultrasonic
treatment appears to be expedient for manufacturing of fully filled fuel
elements.
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Introduction
Russia has significant experience of ultrasonic technologies
development and application in nuclear power engineering. A
wide range of problems was solved due to development and
implementation of unique ultrasonic equipment within the longterm cooperation between Alexandra Plus Ltd., OJSC NIKIET
(the organization of Reactor Assembly Engineering), OJSC
Concern Rosenergoatom (the organization operating Russian
NPPs) and other enterprises of the sector. The report covers
examples of successful application of various ultrasonic
technologies in domestic nuclear engineering including metal
nuclear waste and soil decontamination.
Widening of UST usage based on piezoelectric effect is very
promising in various industry sectors. The following results of
UST development and application in nuclear engineering is of
great importance:
•
•
•
•
•
•

preliminary cleaning of part surfaces prior to their
assemblage and welding;
decontamination of grounds and metal components of
complex structure;
decreasing sliding friction while manufacturing fuel
assemblies of VVER-1000 reactors;
removal of defective fuel elements from a fuel
assembly with minimum damage during the
operational period;
operational cleanings of VVER-440 fuel assemblies
aiming at removal of deposits from fuel elements
surfaces;
increasing density and strength of pressed sintered
items while manufacturing fuel pellets and fuel
elements, especially of MOX fuel.

Surface cleanness plays the key role in the assembling and
welding. Alexandra Plus has developed and implemented
technical processes of ultrasonic surface cleaning from various
contaminations, including lubricating fluids, graphite lubricants,
oxides, etc. Ultrasonic cleaning can be applied to items of simple
configuration as well as to items having internal hollows. It
should be mentioned that these processes allowed to improve the
quality of treated surfaces as well as to make a significant
contribution to environmental safety at workplaces due to nontoxic operational solutions. Ultrasonic treatment is very practical
for intensifying chemical decontamination process of metal parts
and grounds of different fractional composition.
Alexandra Plus has patents for all its inventions whose authors
are more than 50 leading experts both in the sphere of ultrasonic
technology and fields where this technology is applied. The
firm’s engineers have developed more than 100 ultrasonic heads
which are used in more than 400 types of equipment. The
equipment operates in 9 countries. The characteristic feature of

the firm’s developments is a wide use of resonance effects in ultrasonic
oscillation range which allows to increase significantly the equipment
efficiency and decrease power consumption. Among the firm’s clients
are leading industry enterprises from Russia and neighboring countries.
Alexandra Plus’s most prominent partners are Concern Rosenergoatom
and its branches including Novovoronezh, Beloyarsk and Kalinin NPP
as well as other enterprises of nuclear fuel cycle. Alexandra Plus
conducts active cooperation with Russian leading research centers and
supplies them with test ultrasonic equipment.
Main directions of ultrasonic technologies implementation include:
•
•
•
•
•
•

ultrasonic cleaning;
solid radioactive waste decontamination;
ore dressing;
drinking and waste water disinfection;
metal crystallization;
plant materials extraction.

fuel assemblies are cleaned. Cleaning of VVER-440 fuel
assemblies is complicated by presence of shrouds. Due to
intensive radiation cleaning is to be conducted in the at-reactor
fuel storage pool. The Novovoronezh NPP is supplied with a
resonance shroud head 3 m long and Ø 22 cm designed by
Alexandra Plus. It made possible removal of deposits from fuel
assemblies which provided their further reliable operation in the
reactor. This positive experience is significant for solving
similar problems at other NPPs with VVER. As it is known,
previous mass fuel assembly cleaning of VVER-440 was
conducted using western technologies at the Paks NPP,
Hungary, it was connected with a significant risk taking into
account emergency destruction of 30 fuel assemblies with
negative consequences. In comparison with foreign equipment
this unit reduces power consumption and cleaning duration of
shroud fuel assemblies.

Ultrasonic Cleaning Technologies
Ultrasound usage allowed to increase cleaning quality of various
equipment and separate elements in the spheres of general and nuclear
engineering as well as in many others. Equipment samples are shown
in figure 1.

Fig. 3. Ultrasonic cleaning equipment for NPP fuel assemblies
with VVER
Ultrasonic Technologies Implementation for Manufacturing
Fuel Assemblies
Ultrasonic technologies appeared to be very valuable for
improving nuclear reactors fuel manufacturing. Application of
ultrasonic oscillation on fuel element tubes provided
considerable friction reduction while assembling (figures 4 and
5).
Fig. 1. Ultrasonic cleaning equipment
In figure 2 one can see an equipment sample for ultrasonic cleaning of
wire for reed switches manufacturing. Five wire strings go
simultaneously through the ultrasonic section where the high quality
cleaning process at a speed of 400 m/m is intensified due to focused
ultrasonic exposure and resonance oscillation of the wire itself. A
similar cleaning unit for welding wire of titanium and special alloys
was supplied to NIKIET in 2006.

Fig. 4. Friction reduction due to ultrasonic treatment while
assembling

Fig. 2. Wire ultrasonic cleaning unit for reed switches manufacturing
Fuel Assembly Ultrasonic Cleaning Technology

The results of industrial testing of ultrasonic resonance treatment
of tubes showed better geometric structure of fuel assembly
racks, stress relaxation and lesser fuel assembly deformation
when in operation. The testing process included comparison of
force applied while assembling channel tubes with spacer grids
with ultrasonic treatment and without it. A similar technology
used for assembling fuel elements into a rack allowed to
significantly reduce force appearing while assembling (figure 5).

Nuclear reactor operation may possibly lead to deposit accumulation
on outside surfaces of fuel elements especially in case of imperfect
water chemistry systems. In order to provide reliable fuel operation,

Fig. 5. Ultrasonic equipment for friction reduction for fuel assemblies manufacturing
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Ultrasonic Technologies
Manufacturing

Implementation
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Reactor

Fuel

include the use of big baths, submersible modules and contact
treatment.

Ultrasonic treatment provided better moulding quality for nuclear
reactor fuel manufacturing (figures 6 and 7).

Fig. 10. Cleaning methods of large radioactive parts
Fig. 6. Diagram of
fuel
pellets
moulding

Fig. 7. Ultrasound (US) influence on fuel
pellets strength characteristics while
moulding

Increase in density and strength allows to recommend ultrasonic
treatment for manufacturing fuel elements of difficult-to-extrude
materials, e.g. manufacturing pellets of MOX fuel. Besides, ultrasonic
treatment of fuel element tubes is very useful for manufacturing fuel
elements with full filling.
Ultrasonic Technologies Implementation for Metal Crystallization
Ultrasound efficiency in metal crystallization process is confirmed by
the results comparison of failure patterns fractographic studies (figure
8). Ultrasonic treatment increases zirconium alloy resistance to
intergranular corrosion. The main difficulty of this technology
implementation is ultrasonic oscillation transmission into a melt
through the walls of a copper Junker’s mould during vacuum arc
remelt.

Fig. 11. Pilot unit for ultrasonic
decontamination in the Andreeva
Bay

Fig. 12. Ultrasonic bath
for
irradiated
fuel
assembly
shrouds
decontamination

Ultrasonic technologies tests showed that initial beta
contamination of irradiated fuel assemblies decreased from
500—16 000 particle/(cm²×min) to less than 16
particle/(cm²×min) and the average decontamination factor was
850. This resulted in generation of only solid radioactive waste –
two 200-litre barrels with concrete compound for 25 t shrouds
and 1 filter-container (200 l) without any liquid waste. Due to
decontamination shroud metal becomes acceptable for further
use and remelting. Decontamination expenditures were 12
rub/kg at the scrap price of 40—50 rub/kg (in 2007). Figure 13
displays fragments of irradiated fuel assembly shrouds before
and after decontamination.

Fig. 8. Ultrasonic treatment (right) breaks oxide inclusions
Ultrasonic Technologies for Drinking Water Production and Waste
Water Disinfection
Joint application of ultrasound and ultraviolet rays is efficient in
drinking water production and waste water disinfection (figure 9). This
technology can be especially useful for water treating systems of
nuclear stations. Resonance effect use lifts restrictions on productivity
and equipment power consumption.

Fig. 13. Fragments of irradiated fuel assembly shrouds before
(left) and after decontamination (right)
Figure 14 dipicts a NO-145 decontamination unit produced for
NIKIET, which was used for solid radioactive waste tests at the
Beloyarsk NPP (figures 15 and 16).

Fig. 14. NO-145 decontamination unit used for solid radioactive
waste tests at the Beloyarsk NPP

Fig. 9. Joint treatment of drinking and waste water with ultrasound and
ultraviolet
Ultrasonic Technologies for Decontamination of Metal Parts and
Grounds
Ultrasonic technologies provided efficient decontamination of metal
parts, including spent fuel assembly shrouds (irradiated fuel
assemblies) (figures 10—12). Main cleaning methods of large parts
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Fig. 15. Behaviour of metal samples specific activity during test
decontamination at the Beloyarsk NPP

Ultrasonic treatment implementation allows to greatly shorten
decontamination process. Positive results were obtained during ground
decontamination of less than 1 mm fraction. Other methods (e.g.
hydroseparation) are unable to provide decontamination of such
fractions. The testing process included search for the best treatment
parameters using both conventional cleaners (acids, alkalis, etc) and
modern detergents with a wide range of pH index variation 2 ≤ рН ≤
12.

Fig. 16. Solid radioactive waste fragments before (top) and after
decontamination (bottom) using conventional technologies (left) for
112 h and ultrasonic treatment (right) for 2.8 h
The existing equipment provides a possibility to create a mobile unit
for decontamination or/and chemical cleaning of metal surfaces
including those of complex structure (figure 17).

Fig. 20. MO-92 ultrasonic bath in the Luninets locomotive depot
(Belarus)
In figure 21 one can see the biggest ultrasonic bath (MO-21) in
the world with the volume of 19 m³ operating in the Khabarovsk
locomotive depot for cleaning details of up to 5 m long and 7 t
heavy. Figure 22 depicts a MO-12 ultrasonic unit with joint
ultrasonic and spray cleaning, detergent heating and filtering for
parts with mass of 100 kg.

Fig. 21. MO-21 ultrasonic Fig. 22. MO-12 ultrasonic
bath for locomotive wheeled decontamination unit
carts in the Khabarovsk-2
locomotive depot
In figure 23 one can see an ultrasonic decontamination unit for
fluid radioactive waste storages. The remotely controlled
ultrasonic module is moved by currents created by ultrasonic
heads. As storage walls are cleaned, fluid radioactive waste level
is decreased; at the final stage decontamination of the pool’s
bottom is conducted due to the use of ultrasonic heads on the
unit’s bottom.

Fig. 17. Draft of a possible decontamination unit for metal parts
Figure 18 dipicts a MO-128 decontamination unit (mobile bath with a
detergent circulation system) supplied to the All-Russian Research
Institute for Inorganic Materials.
Fig. 23. Ultrasonic decontamination of fluid radioactive waste
storages
Figure 24 displays ultrasonic ground decontamination. The tests
were jointly conducted with NIKIET in the MosNPO Radon
(Scientific Production Association).
Fig. 18. MO-128 decontamination unit in the All-Russian Research
Institute for Inorganic Materials
Figure 19 displays a MO-152 unit with a 2.2 m³ ultrasonic bath
produced for the Kalinin NPP.

Fig. 24. NO-180
decontamination
Conclusions

Fig. 19. MO-152 decontamination unit at the Kalinin NPP
Figure 20 displays a MO-92 ultrasonic bath for parts with the mass up
to 350 kg.

pilot

ultrasonic

unit

for

ground

The analysis of the Russian experience of ultrasonic
technologies development and implementation in nuclear
engineering indicates high prospects of its application in such
spheres as: fuel assembly cleaning from deposits, equipment and
ground decontamination, fuel elements and assemblies
manufacturing, drinking water production, and waste water
disinfection.
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CLASSICAL PROBLEMS OF THE TURBULENT BOUNDARY LAYER
Prof. Zaryankin A.Y.
Russia, Moscow, Krasnokazarmennaja, 14
Abstract: Traditional concept about the boundary layer structure, technique of the theoretical determination of a velocity profile in this
layer, developed in first half of the 20th century, does not experienced, basically, any changes, although, on their close analysis a number of
questions and even problems arises requiring their solution.
First of all, it is referred to physical causes of the occurrence of turbulence in the boundary layer, conservation of its near-wall region,
conformance of a classical logarithmic velocity profile to experimental data, the appropriateness of introduction of such definition as “a
laminar sublayer in the turbulent boundary layer”. All these outstanding problems are considered in the following materials.

Keywords: turbulence, boundary layer, laminar sublayer, “floating” coordinates, deformation conditions,
angular velocity.
1. Introduction
While the integral calculation methods were used, which
always were controlled by the physical experiments at the
relevant models upon development of new units, the issues
concerning the boundary layer structure and the physical
model of the laminar flow destruction in this layer were to a
great extent of the theoretical interest.
Situation was fundamentally changed due to the rapid
development of the numerical calculation methods of
complex aerodynamic challenges, and there was an illusion of
the possibilities of calculation of flow fields without division
of their fields into zones mentioned by L.Prandtl. The
confidence in accuracy of such calculations was proved to be
so high and the calculation cost was so lower that a physical
simulation of the real objects was replaced quite quickly by a
mathematic simulation and this confidence, basically, has
stopped development of the theoretical fluid and gas
dynamics.
However, wide and common usage of the continuous
calculation methods of the velocities and pressures fields
allowed identification of several tasks, where the calculation
results did not comply with known experimental data and
physical flow patterns.
In general, nonconformity of calculation with experimental
data was found in those tasks where a flow pattern in the
boundary layer had impacted crucially the whole flows field.
This circumstance has created several clarifying theories of
the turbulence that are used to close the incomplete Reynolds
equation system being the basis for all existed calculation
programs. However, in such a way the flow features in the
boundary layer can hardly be accounted.
Accordingly, it would be desirable to consider the boundary
layer structure and impact of the Reynolds number on this
structure, and those concepts about a flow pattern in the
boundary layer which came up almost 100 years ago.
2. Mechanical model of turbulence occurrence
In case of formation of turbulent flows the link between the
occurring additional stresses in the turbulent flow and the averaged
velocity components is a fundamental task of the fluid and gas
dynamics. All classical and many new turbulence theories are
dedicated to determination of this link.
At that, physical mechanism of the turbulence occurrence remains,
basically, discreet.
This situation is most clearly reflected in papers of G.V. Shubauer
and M. Chen [4], and can be summarized by saying that:
1. Mechanism of transition from the laminar to turbulence flow is
not outside, but inside of the flow itself.
2. The turbulence occurrence is spontaneous.
3. The presence of shear flows is a necessary condition of the
turbulence occurrence. [3]
On the basis of given conclusions there are all grounds to consider
that the reason for existence of two shapes of the flow in fluids and
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gases lays in the capacity of examined media to have a small
deformation of their “fluid” elements.
Such property has been reflected in known Helmholtz theorem,
according to which (in contrast with solid bodies) the motion of
fluid, in general, consists of not two, but three motions –
translational, rotational and deformation motion. (The last is absent
in the solid body motion).
In the case of plain flow the translational motion is determined by a
velocity vector
, the rotational motion is characterised by an
angular velocity , and the deformation motion of a plain fluid
element is determined by an angular deformations velocity .
In the limits of the boundary layer , it may be assumed (with a
small inaccuracy) that ω and δ are equal to , , accordingly.
Change in a transverse velocity gradient in any section of the
boundary layer causes a change in angular deformation velocity δ
of a common fluid element. In this case, due to deformation motion
the rotation center of the considered fluid element attempts to
maintain its primary position, and the center of an elementary mass
shifts relatively to the rotation center by a value . Schematically
this process, in respect to a plain “fluid” element, is illustrated in
Fig. 1.
Y

dR

dy

a,b

e

b1
ωz

dx

X

Fig. 1: Scheme of the fluid element deformation
If at the initial moment the “fluid” element has a shape of an
elementary rectangle with sides dx and dy, and its center of rotation
(point a) is congruent with the center of mass (point b), then in the
presence of angular velocity (ω ≠ 0), due to rotation and
deformation, after time dt a rectangular shape of the selected fluid
element will change its configuration (in Fig.1 new configuration is
outlined by dashed lines). As a result of this, the rotation center
(point a) will remain its position and the center of mass (point b)
will shift to position b1 by a distance e, and centrifugal force dR
will occur, which equals to

dR
= dm ⋅ ω2 e

(1)
At small velocities of an angular deformation δz (at small
transverse velocity gradient du/dy) the originating eccentricity e is
eliminated due to viscosity forces, and natural “balance” of the
rotating elementary fluid particles takes place. In this regard, the
laminar conditions represent a condition of the “balanced” flow. In
case of the high angular deformations velocities of the elementary
“fluid” volumes the occurred additional force dR can not be
compensated by the molecular shear forces, and the concerned
“fluid” element will be displaced from its fluid flow line capturing
at that some portion of fluid situated inside a circle, which is
described by the mass center (point b in Fig. 1) at its rotation about
the rotation center (point a in Fig. 1). At plain flow, the fluid
situated inside the circle of radius e forms the initial vortex core,
which is rotating so far by the law of a solid body. (In the real 3dimensional flow this is already the initial volumetric vortex core).
In case of a plain flow, an elementary fluid mass dm, given in Fig.
1, will be equal to

dm = ρ ⋅ dxdy ⋅ l (2)
dR = ρ ⋅ dxdy ⋅ l ⋅ ω2 e , and an additional force τ

Then, force
will occur at the small areas paralleled to plane x-z, which is equal
to

τ=

dR
= ρ ⋅ e ⋅ dyω2z
dx ⋅ l

1 du
ωz =
2 dy
dy
= const =
⋅e l

As

,

and

(3)

assuming that

a linear

Fig. 2: Velocity profiles at different turbulence values
It is apparent that in the near-wall area all experimental velocity
values are grouped near one curve and then, due to increase in
physical thickness of the boundary layer, the experiment points
form three different profiles while the external turbulence increases.
[6]
Experimental data, given in Fig. 3, on distribution of relative shear
forces ( – shear force on the wall) in the transverse section of the
gradientless boundary layer, obtained in the rectangular channel of
the uniform cross-section when the turbulence number E0 changes
from 0.3% to 4.7%, is more evident. [7]

value

, we formally obtained the Prandtl formula
for turbulent forces in a shear flow
2

 du 
τ = ρl   (4)
 dy 
=
l const ⋅ e
In this case, linear dimension
2

is a direct function
of angular deformation velocity δz and, therefore, contrary to the

“mixing length” l in the Prandtl formula in respect to the
boundary layer, it reaches a maximum value near the wall and goes
to zero at the outer edge of the mentioned layer.
3. The physical interpretation of conservation of the near-

wall area of the turbulent boundary layer
The examined mechanism of turbulence generation allows to
explain known experimental data according to which the near-wall
part of the turbulent boundary layer, determining the interaction
nature of moving media with streamlined surfaces, found to be
conservative in relation to many external influences.
Thus, in [5] it is mentioned that “the turbulence of an external flow
has no influence on processes occurring in so called area of
production and dissipation of turbulence, and the transverse and
longitudinal gradients of the pressure and surface curvature have no
influence on them also”. (1956)
Velocity profiles, given in Fig.2, obtained in the gradientless flow at
three values of the turbulence number E0 in the approach flow,
which are equal to E01 = 1.7%; E02 = 4.6%; E03 = 6.8%, clearly
demonstrate the correctness of this statement.

Fig. 3: Distribution of relative shear forces in the transverse
section of the gradientless boundary layer
In this case, a relative shear force value is not changing
when the turbulence number changes at a distance from the wall
equal to 40% of the boundary layer thickness .
If we will be based on the above mentioned mechanism of the
turbulence generation according to which especially the near-wall
area is an area of the intensive turbulence generation where directly
near the wall, as per the experimental data [3], the turbulence
numbers are reaching 8÷10%, then above given experimental data
(Fig. 2 and Fig. 3) allows to assume that until disturbances from the
side of an external flow will exceed 8÷10% the near-wall part of the
turbulence layer shields reliably the streamlined surface from
mentioned external disturbances.
4. The laminar sublayer – favorable theory or physical

reality
Idea about the laminar sublayer, introduced to make a physical
meaning of the logarithmic velocity profile, happened to be a
“fruitful” theory, and in the most literary sources there are no
doubts in this regard.
Papers [2,3,4,9] expressly stated about the impossibility of
existence of velocity pulsations in the laminar sublayer and,
therefore, on the wall. In other words, the laminar sublayer provides
near the wall the layered flow pattern without velocity pulsations
and, thus, pressures.
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However, direct pressure measurements made directly on the walls
of the plane and axiosymmetrical channels of a uniform crosssection always fix the significantly large amplitudes of pressure
pulsations.
Apart of this, probability of existence of the laminar sublayer itself
creates the several questions without response.
First, according to the concerned double-level structural model,
there should be no pulsation components of velocity and pressure in
the laminar sublayer as if they exist, the relation associating a
molecular shear force
( τл

= µ⋅

∂u
∂y

where

τл
µ

with a transverse velocity gradient
- viscosity factor), which is used for

uл

determination of velocity

on the outer edge of the laminar

sublayer, cannot be used.
However, as it follows from [3] and our experimental data, the
significantly large pulsations of pressure and as well as velocity are
fixed in close proximity from the wall and on the wall itself
Thus, a turbulent shear in the near-wall area cannot be ignored and
here

∂u
τ = µ ⋅ + (−ρu 'v ' )
∂y

.

As a result of this, if there are turbulent shear forces in the laminar
sublayer, the binding edge line of the conventional laminar sublayer
with the remaining (turbulent) part of the boundary layer cannot be
accurately determined.
Second, when the laminar sublayer conjugates a turbulent part of
the logarithmic velocity profile, dynamic velocities
layers are taken equal. In other words, v*т
As

 du 
v =щ y  
 dy 
2
*т

2

2

= v*л

v*

in jointed

.

2

(formula 2), and in the laminar

sublayer:

v*л2 = ν

du
dy

then, from equation of mentioned dynamic velocities it follows that

ν =щ 2 y 2

du
dy

Meaning that a physical constant – kinematic viscosity – becomes a
position function of the corresponding section in the boundary
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layer. Finally, when the static pressures are measured directly on the
wall using quick-response transducers, the pressure pulsations,
typical (by frequency amplitudes) especially for the near-wall
turbulence, are always fixed at transition to the turbulent flow.
Expressed reasons disregard the hypothesis about physical existence
of the laminar sublayer rather than support it.
5. Conclusion
It is shown that the demonstrated in the scientific literature, the
brilliant coincidence of the logarithmic velocity profile in a
cylindrical pipe in turbulent flow with the experimental data is the
result of the use of "floating" coordinates, changing their maximum
values when changing the Re numbers, resulting in matching at the
specified coordinates of the experimental point in a fixed coordinate
system generally belong to different (height) cross-sections of the
boundary layer.
First formulated and proved in experiments the position of the
shielding properties of a turbulent boundary layer, which ensures
the conservativeness of the local coefficients of resistance with
respect to the degree of turbulence outside the boundary layer.6.
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1. Introduction
PhotoVoltaic (PV) and wind technologies are getting matured
and nowadays they provide energy flows for utility power grids.
However, it is widely-known that they exhibit strong nonlinear
electrical characteristics variable with weather conditions and level
of solar light illumination. After the boom of photovoltaic and wind
power installations in Europe and in Bulgaria an urgent need of
short-term and long-term energy storage is revealed. Power
injection in the grid produced by small decentralized power
generators occurs as a sharp problem of energy balancing that focus
the attention on the stability of power systems and the search for
new ways to overcome fluctuations. A simple and intuitive method
to mitigate these instabilities is to use energy storage devices in the
power system architecture. In recent years, the researchers’
emphasis is transferred from energy generation to energy storage
importance. Research interests have been focused on innovative
hybrid systems with dynamic power flow management heterogeneous generators with various peak power capacities, new
type batteries, hydrogen fuel cells, stacks of supercapacitors or
hybrid combinations of them.
Traditional electrical energy storage systems as Sealed Leadacid and NiCd batteries are less attractive because of heavy weight
and a relatively low energy density, and the latter suffers from
capacity loss caused by shallow discharge cycles, termed as the
memory effect.
On the other hand, supercapacitor technology namely,
electrochemical double layer capacitors (EDLC), is a developing
and promising technology in the energy storage applications. It is
expected to bridge the gap between electrolytic capacitors and
rechargeable batteries. Efficient energy storage in EDLC capacitors
is a result of highly developed surface area of the electrodes and
charge carrier separation in thin layers of macro-, meso- and microporous carbon material. The merits of supercapacitors arise from
their high power capability based on ultra-low internal resistance,
wide operating temperature range of -40oC to +65oC, and high
cycling capability (>106 cycles).

For industrial applications, supercapacitors have become more
accepted as high power buffers in combination with conventional
lead-acid batteries or advanced chemistry batteries. Unfortunately
battery designed to attain maximum energy density in most cases
require a sacrifice in power capability. It has been recognized that
combining carbon/carbon supercapacitors and batteries would
significantly reduce the stress on the batteries in heavy applications
in which the batteries are subject to high current pulses in both
charge and discharge.
In transportation, the supercapacitors can provide burst power
during vehicle acceleration and recover energy during regenerative
braking. Similar examples can be found in telecommunications
during short transmissions and long stand-by. In the short ranges,
the supercapacitors would greatly reduce the power demands on the
battery and extend its life cycle.

2. Hybrid energy micro-system for urban building
Recent smart energy systems look beyond the already
traditional solar or wind energy applications. More frequently they
use several energy sources in one system which means – new
Hybrids and higher energy efficiency. We present here small hybrid
energy system utilizing solar and wind energy, battery energy
storage and grid-connection technologies. The block diagram at
Figure 1 below illustrates the main system components. The novelty
in this microsystem is the ability to store energy or inject the
localy–generated energy into the building grid in a proper moment
reducing by this way the office electricity bill.

Fig. 1 Block diagram of Solar/ Wind office microsystem.

The aim of the present work is to test hybrid concepts for
energy generation and energy storage in real cases. Two options for
decentralized hybrid microsystems are discussed - a hybrid energy
system for a building in urban environment and a hybrid bike to
move in cities with heavy traffic. The energy management and
storage systems contain two elements - an energy storage - battery
pack and/or a supercapacitor stack and a renewable generator –
solar, wind or human-assisted.

The hybrid prototype is equipped with 720 Wp PV generator,
600W vertical-axes wind generator along with a battery bank of
2.4kWh (100Ah, 24Vdc). The PV rooftop generator consists of 3
standard PV modules (240Wp, c-Si) connected in parallel and
protected using additional high-power rectifying diodes and
intelligent 24Vdc charge controller. At Figure 2 below photos of the
installation are presented.

Hybridization concept:

The wind turbine is Maglev-type [1],[2] Vertical Axis Wind
Turbine (VAWT) which combines magnetic levitation AC motor
with S-type of Savonius rotor and 3 air-foil Darrieus blades to
maximize the electrical output performance. Maglev generators use
magnetic suspension technology based on NdFeB magnets. As can
be seen at Figure 3, it creates frictionless, efficient, far-out-sounding
motors which provide excellent rotational stability, eliminating
vibration, typical wobble, shaking and noise. All these factors are
important for noiseless urban building applications.

The main target of hybridization of different energy
technologies is to improve the system efficiency, to find a way to
reduce the environmental pollution from carbon emission and
reduce operating costs for transportation systems. The main
objective of integrating batteries and supercapacitors is to create a
hybrid energy storage system (HESS) with high energy density and
power density in vehicular or stationary power system architecture.
Efficiency will be improved if peak power demand will be provided
by the supercapacitor, while the average power demand will be
complete by the battery.
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Table 1: Solar/Wind power generation.
CASE STUDY: Three case studies were conducted to determine the effect
of amount of battery power drawn during typical sunny day, windy day and
cloudy day to determine a suitable amount of battery power for real case
studies.

Case
Case 1: (high solar, no wind)
PV and batteries are connected to the
system. The demand limit occurs for 3
hours from 17:00 to 20:00. To keep the
total consumption below demand limit,
the EM algorithm has reduced noncritical loads.
Case 2: (low solar, small wind)
PV and batteries are connected to the
system but the battery is not charging.
The inverter still injects into the grid.
The use of RE system in this case
resulted in lower amount of load
reduction for shorter periods.
Case 3: (no solar, middle wind)
PV, Wind turbine and batteries are
connected to the system but the battery
is not charging. The inverter still injects
into the grid. The use of RE system in
this case resulted in lower amount of
load reduction for very short periods.

Into Grid
(9.00 - 17.00h)

Averages
PV prod.

Averages
Wind prod.

3.6 kW

448
W/h

2 W/h

2.0 kW

226
W/h

24 W/h

1.2 kW

20 W/h 128 W/h

The basic result of power generation in urban area for our
climatic conditions pointed out that the effect of wind power
generation is below 19% while the solar PV generates approx. 81%
of the total amount of produced electricity.
In future developments, the office microsystem will be
enhanced by web-connected energy management systems (EMS) to
control the power injection into the grid only at moments of “peak
price” tariff.

3. Hybrid urban e-BIKE

Fig. 2 General view of hybrid (solar and wind) system.
The solar and wind generator are working in complimentary
regime because typically the solar peak generation is in daylight
while the wind has e maximum generation in nighttime. Hence, the
resultant combined energy generation covers the energy needs of a
small office in urban area.

Many e-bike users experience the limited battery lifetime as a
problem for more wide range applications. Our e-bike is designed to
give students an interesting tool to analyze human, solar and motor
power in a complimentary way. This part of the paper describes the
design and shows the first test results of a hybrid energy storage ebike with a 5kW hub motor, a 50Wp c-Si PV module, a 60V,18Ah
battery and a 500F,16V superCaps stack.
3.1 E-bike concept
The authors are inspired by conceptual all-weather bike
designed by Torkel Dohmer (2008). The developed e-bike platform
consists of a motor, battery stack, solar generator, superCAPs stack
and corresponding DC-DC converters [3], [4]. During normal
operation on the road, DC energy from battery supplies a rimincorporated BLDC motor. The battery is charged in motion by
additional solar PV module. Other innovative feature is regenerative
braking through supercapacitor energy storage [5]. Regenerative
braking recovers much of the kinetic energy of the vehicle. It is an
option for additional charging, because in fact the reverse current
could not be fully used due to charging limits of the battery. Excess
current could be absorbed by superCAPs. User-controlled charging
of superCAPs while cycling improves charging fluctuations and
increases the e-bike efficiency.

Fig. 3 BLDC motor, charge controller and grid-connected
inverter.

3.2 SuperCAPs energy storage
Charging process of superCaps is different from charging
batteries. The superCAPs may not be overcharged! The applied
power supply should limit the maximum operating voltage over the
superCAP module. The other reason is the supercaps are difficult to
charge in SOC =0% by conventional chargers but the PV module
fits well to charge them in nearly zero voltage at Isc point of

In the application the produced energy is store in battery block
and later injected in the building grid intentionally, depending on
the needs of the office equipment and labor force. In Table 1 results
on power generation in three typical days is summarized.
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operation. Typical industry load voltages are 3.3, 5, and 12 V while
the largest supercapacitors have cell voltages of 2.7 V. Reaching
industry voltage levels would require multiple supercapacitors in
series. Supercapacitors in series require a protection circuit for
voltage balancing, so called battery management system (BMS),
during charging to prevent internal breakthrough. This irreversible
degradation is caused by the overvoltage across a capacitor
exceeding the rated voltage of 2.7V on the cell.

regulation loop using a powerful DSP and high-power n-channel
MOSFETs.

3.3 Design and implementation of hybrid e-bike (velo-EV)
The focus of this design is a low-cost hybrid-e-bike to be
created that can be repeated easily. Only system performance is
discussed without details on underneath software and hardware
technologies. This application of solar PV module combined with
supercapacitors is designed to show their versatility and feasibility
as a power source for any portable system.
The velo-EV used in this experimentation is a two wheels
prototype designed and realized in research units of Bulgarian
Academy of Sciences. A drawing and a photo of the implemented
velo-EV are presented at Figure 4.

Fig. 5 Rim-integrated BLDC motor.
Table 2: Electrical specifications of BLDC motor
Max voltage &
power

Windings

Max torque

RPM

72Vdc, 5000W

4T x20, 1800C Cu

190 N.m

700@72V

Max loading

Max speed

Rotor Position
control

Net weight

150 kg

70km/h

2 x Hall sensors
head

11.0 kg

Table 3: Electrical specifications of drive controller
Voltage range

48-72V

Max DC current

120A,
programmable

FET drive
current form
True -sine

Speed limit

Soft
controlled

Soft Access

Gear control

Max Reverse
Brake current

Weight

Cable &
Bluetooth

Electronic switch

200A,
programmable

2.5 kg

Fig. 4 Solar e-Bike concept and prototype.
The starting configuration is a thin iron-tube chassis with a roof,
rim-integrated BLDC motor, AGM lead-acid batteries and a
supercapacitor stack. The battery block is mounted at the bottom of
the platform between the wheels in order to be charged or replaced
easily. The lower location of the battery increases the mechanical
stability during bike motion. Highly efficient PV module (50Wp,
22% eff) consisting of back-contact c-Si solar cells is mounted on
the roof. With this configuration, a very flexible hybrid energy
system has been obtained.
A summary of specifications of the BLDC motor, presented at
Figure 5, and controller can be found below in Table 2 and Table 3.
Brushless DC motor attached into the wheel use a rotating
permanent NdFeB magnets in the rotor, and stationary electrical
magnets on the motor housing. A motor controller converts DC to
AC driving impulse trains. The control strategy is based on current
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Fig. 6 Solar e-Bike block diagram.

The velo-EV, with approx. weight of 42 kg has been equipped
with a BLDC electrical motor with permanent magnets operating at
48-72V and 5 kW of peak power. The battery system is composed
by 5 units of AGM-12v, with 65.2V in total and capacity of 18 Ah

and the total energy is 108 Wh. The main specifications of AGM
lead-acid batteries per unit are weight of 5.97kg, internal resistance
- 20 mOhms. The batteries can operate in any orientation excluding
upside-down with a max discharge current - 10s - 119A, 5 min 89A, 60 min - 20A.
The chosen supercapacitors are six MAXWELL 2.7V, 3000
farads Boostcap3000P® ,connected in series and protected by
battery management system (BMS), as can be seen in Figure7.

LAN which consists of three main subsystems: motor controller
monitoring,
currents
flow
supervision
and
Bluetooth
communication.
During normal operation on the road a data logging unit
receives sensors signals from the BLDC motor inverter, the battery
and the PV module. Real-time data can be displayed to an Android
tablet using Bluetooth or to a Windows laptop using USB link.
3.4 Design considerations
Three foreseeable obstacles became apparent: - mechanical
stability of the frame construction, superCAPs charger and DC-DC
converters circuits safety.
General schematics look nice on paper or on screen but may not
be feasible on a testing field/board.
The motor has enough power to drive the vehicle, the driver and
carry relevant equipment but mechanical vibrations occur in the
front suspension of the bike. Due to weight of the battery block
frame construction and front brake should be reinforced.

a

High voltage spikes occurred in the cables between motor and
drive controller which deteriorate the power supply of electronics.
Hence, the charging circuit had to be redesigned and manually
tested for functionality and performance.
The supercapacitors used in the stack are heavily charged and
they can produce sparks if not isolated properly. This meant
creating a safe and portable enclosure around the supercapacitors
and power circuitry had to be taken into account.
3.5 Charge testing
b
Fig. 7 Photos of SuperCAPs stack (a) and infrared image
of overvoltage BMS activation (b).
Due to the absence of chemicals, supercapacitors can charge
and discharge faster and without degradation [6],[7]. They can
withstand temperature changes, shocks, and vibrations better than
most batteries.

Cmax= 3000F/2.7V Emax = (Ceq x Umax2) / 2 =>Emax = 10.93 kWh Eeff= 3.28 kWh
Cblock = 500F/ 16.2V

=>Emax = 65.61 kWh Eeff= 19.69 kWh

ESR= 0.4 mOhms

Pdischarge = Umax2/ 4ESR => Pdischarge= 164 kW

DoD = 33%

Umin = (1-DoD) Umax

Due to virtual short in empty supercap it is hard to provide
enough voltage to the stack. Initially overcoming this problem
involved attaching an external charged battery to the supercapacitor
stack and draining the battery into the stack. For our proof of
concept we chose to test our supercapacitor stack using PV module.
In principle, the short circuit condition in PV module is not
dangerous for the module because the internal current generator is
limited and the generated power is dissipated. We attempted
connecting uncharged supercap stack directly to the MPPT charge
controller of a solarPV module. We tested successfully the
charge/discharged cycle in a sunny day with high level of sunlight
illumination.
3.6 Drive testing

Uncharged supercapacitors (Umin=0) appear as a virtual short to
voltage-fed power supplies, not allowing to be directly charged by
connecting them to conventional CC/CV power chargers. Having
the stack voltage of 16.2V exceed the standard12V options will
benefit the output power manipulation and DC-DC converter’s
efficiency.

Testing of the vehicle was performed at Research complex II of
the Academy in Sofia. A photo of the first driving is presented at
Figure 8. Unfortunately, at the moment of writing, the completed ebike has not been tested thoroughly yet. Some initial tests have been
performed, and the initial results look promising.

During normal operation - driving mode - the battery stack is
discharged by BLDC motor. The charging cycle is ensured by
SolarGen and superCAP stack or by motor charging during
regenerative braking. There are 3 levels of DC voltages and 3 types
of DC-DC converters for energy flows corresponding to 3 energy
sources - PV module, superCAPs and Battery stack. Separate
DC_DC converters with different output voltages were built to
provide energy flows and a stable autonomous power source for all
electronics on the hybrid e-bike.
In stationary mode the charging process could be performed by
solar PV and by external 72V DC charging station.
The SolarGen, superCAP stack and Battery stack voltages are
monitored in 3 different displays during bike driving. The digital
communication among components is implemented as an open

Fig. 8 First test driving.

139

The maximum speed during our test was over 35.0 km/h,
without pedaling! With one full superCap and battery charge, the
initial test showed the e-bike trip has a range of 54 km. Further
testing will have to be done to explore the limits of the braking
system recharge. In the initial tests reverse brake has been switchedoff by the software.
The driving cycles are acceleration phase, mild drive,
deceleration phase. Speed and distances have been measured by
external Android phone @ GPS applications.
Two additional tests have been performed for the battery
storage (BS) and the hybrid storage-Battery / Supercapacitors
(HESS). The difference in terms of range is about 37 km BS versus
54 km with HESS. Higher values of internal resistances of lead-acid
batteries lead to higher voltage drop during accelerations and
shorter drive distance. These are much smoothed with SuperCAPs.
The implementation of superCAPs in the power system has
provided significant performance improvements. Totally, a 1.2V
voltage drop of the battery pack has been observed after 45 min
round trip test.

Conclusion
The hybridization of small power generators and energy storage
devices has reached a level for daily use and offers new energyefficient solutions in power engineering. Small Solar/Wind
generators can be incorporated in the existing urban infrastructure.
A stable open EV platform to test the use of superCAPs in ebike has been succesfully developed. The hybrid bike, nor the
energy storage systems, exhibited any problems under the test
conditions. The use of superCAPs together with the lead acid
battery of velo-EV has the advantage of improving the behavior of
the lead-acid batteries. SuperCAPs have vast advantages when it
comes to acceleration, fast charging and long life. The effect of PV
roof is observable on SuperCAPs charging. A fast charger for the
superCaps, a data logging and visualization unit were all developed
from scratch, only using low cost power electronics. In the near
future the evaluation of the superCap e-bike concept for daily use
will be started.
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Abstract: In the article the new solution of friction measurements for the sliding friction coefficient innerducts housing fibre optic microcables, catheters, cannulas are presented. The measurements and studies will significantly contribute to broaden the scope of studies in
tribology for elements of various designs and materials undergoing sliding interactions. Moreover, the device enables analyses of diverse
cross sections and dimensions to be carried out, all at one testing station and retooling time of 10 minutes. The invention allows scientific
research to be carried out, novel materials to be designed and new materials for sliding layers to be effectively selected. The application of
the invention reduces costs of analyses of innovative products by 55%-70% in relation to those used at present.
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1. Introduction

3. Measure method of the friction factors

Friction is a very common phenomenon in daily life and
industry, which is governed by the processes occurring in the thin
surfaces layers of bodies in moving contact (Fig. 1). The simple and
fruitful idea used in studies of friction is that there are two main
non-interacting components of friction, namely, adhesion and
deformation. Measurement of the molecular forces acting between
solids is one of the most difficult experimental tasks. Since the
forces are small and distances at which they act are short the
measuring instruments should meet the specific requirements. One
of the main problems arising when measuring the molecular forces
is that the latter increase rapidly with decreasing the distance
between the specimens under testing. Hence, the measurements
should be carried out at a very small speed that cannot be done
using the design of the common balance. The frictional force is
attributed to deformation taking place when the asperities of two
sliding surfaces come into contact with each other. The surface
asperities experience elastic, plastic or viscoelastic deformation
depending on material behavior. At initial application of load to
polymer, the deformation will be mainly plastic if polymer is in
glassy state or mainly viscoelastic (or even viscoplastic) if polymer
is in highly elastic state. Therefore mechanical properties of contact
materials should be taken into account at any scale level but
depending on this level such parameters as Young's modulus and
hardness can differ not only in magnitude but also in their physical
interpretation. This deformation is accompanied by dissipation of
mechanical energy depending on deformation mode, sliding
conditions, rubbing materials, scale level of mechanical properties,
environment, and other factors.

The method and the device for testing elements, particularly the
polymers, with one-sided sliding contact which moves in a plane
motion. Therefore the method for testing elements with their
sliding interactions have been known and described in a several
publication [3]. Their characteristics is that the motion of structural
element made in a sliding system by a tested sample is reciprocating
with an external contact with another structural element, i.e. the
tested counter-sample. The contacting elements, i.e. the sample and
counter-sample, especially made for the tribological tests,
frequently in compliance with the standards, are rigid and littledeformable and have various shapes and relatively small sizes [4].
The essence of testing the elements (fig. 2), particularly the
polymers with sliding interactions, whose tested elements having
various shapes of small sizes, while the sample and counter-sample
are pressed onto each other with various forces of different values
and move in relation to each other in different directions, consists
in that the tested polymer element, i.e. a sample and being the
fragment of a finished product, like a tube or section, with elements
of geometric macrostructure or a sliding layer on the tested area, is
fixed in the handle of the device [5,6]. Next the sample is contacted
with another structural polymer element with an counter-sample,
possibly of a cylinder or non-cylinder external surface, such as a
section, a tube of small diameter, rod, cable, conductor or a line.
The counter-sample is fixed into the driving-measuring unit which
ensures a uniform plane motion and facilitates the measurement of a
resisting force that develops during the contact with the tested
sample. The counter-sample is moved with a uniform plane motion
in vertical direction up with a constant linear speed. The sample and
counter-sample are contacted on one side with each other, with a
constant pressure.

Fig. 1. Example of elements in sliding interaction: a) the duct for
telecommunication cable, b) catheters in to the human body

2. The sliding layers manufacturing
During the technological process of extrusion or co-extrusion
the duct or catheter we can received the high sliding top layers.
Manufacture of this kind of coatings can be obtained from different
polymers materials conducted with use of a modernized process
during the technological line. New constructions of cables or ducts
with modified coatings can significantly change the existing
assumptions of cable installation, significantly increasing lengths
installed. However, there is no methodology for examining frictionless layers for systems that work slidingly over longer distances,
with relatively low pressure forces, such as for cable-duct pairs
[1,2].
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Fig. 2. The scheme and the laboratory test machine to measure
coefficient of friction on specifically length with one-sided sliding

The next innovative machines which is constructed in our
Department of Technical University (fig. 3) make it possible to
measure precisely and reproductively the friction resistance force
between the outer surface of the fiber optic cable and inner surface
of the duct [7,8].
During the tests it’s possible to conduct simulation of the
installation process in laboratory conditions. We can change some
input factors such as: lenth of contact, duct curve angle, speed of
fiber optic cable movement, load during the measure ect.
Measurements of maximum friction resistance force (F) enable to
make it easy to analyse on the base of received diagrams (fig. 4.)
the contact of cooperation bodies cable and dut.

elements allows for their independent movement against each other
and controlled modification of the radius of their belting on the
cylinder.

Fig. 5. An example of test stsndt to measurements sliding friction in
medical devices catheter and guide

4. Conclusion
Interaction of duct and cable (or guide in medical application)
during installation process is a very complicated research problem.
The reason is that, there are many different measurements methods
of tribological properties [9]. The test machines which are
constructed in different research laboratories, have different value
of characteristic factors and technical conditions of measure
depends of geometrical dimensions and specific function.

Fig. 3. The scheme and the laboratory test machine to measure coefficient
of friction:1 – measuring drum, 2 – duct, 3 – roller, 4 – fiber optic cable, 5 –
load; Db – diameter of the measure drum, α - wrapping angle of pipe
around the drum, V – speed of the cable movement

The [resented inventions allows scientific research to be carried
out, novel materials to be designed and new materials for sliding
layers to be effectively selected. The application of the invention
reduces costs of analyses of innovative products by 55%-70% in
relation to those used at present.

The value of sliding coefficient of friction was calculated
according to the Eytelwein's formula, relates the hold-force to the
load-force if a flexible cable is wound around a cylinder with
requirement wrapped angle with an equivalent mathematical
relation:

µ =

ln

Owing to the measurement of particular values, obtaining lower
friction coefficients between working elements will be possible. In
addition, the invention will enable more effective and less invasive
diagnostic procedures to be carried out, energy consumption for
scientific work to be reduced, interactions improved and tooling
time shortened.

F
G

α

where: µ- sliding coefficient of friction, F- maximum friction
resistance force, G - load on the free end of cable, α - the total
wrapped angle of duct around the drum.

The universal character of the invention is manifested in its
ability to be applied in opto-telecommunication (FTTH broadband
internet), medicine (vascular surgery), microbiology and
agriculture, among others.

Friction Resistance Force, F, N
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In addition, the device expands the scope and means of
standardization regarding analyses of sliding friction carried out
independently in various R&D institutions in the EU, USA, Canada,
China and Japan.
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Fig. 4. The sample of diagram of the friction resistance force as the
function of distance L; 1-duct without slip layer on the inner surface, 2duct with thin silicone slip layer on the inner surface. duct outside
diameter 40 mm with triangular macro deviations, optotelecommunication
cable (XOTKtd ) outside layer made of PE-HD

The new modified test method [9] can be applied to products
with very small dimensions cooperating with each other in the slide
system. The invention enables friction measurements to be carried
out and sliding friction coefficients to be determined for elements
such as tubes and inner ducts housing fibre optic micro-cables,
catheters, cannulas or stents.
The essence of the invention is the fact that the section of
interest is introduced into the innerduct, etc. with a constant linear
velocity. The jacket is fixed to grips and wrapped around a cylinder
with the radius R. In measurement mode, the fixtures move away
from each other with a constant velocity V2. Consequently, the
actual radius of belting changes. The fixture of the measured

142
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Abstract: The current report aims to provide insight into the different innovative solutions in waste processing. It outlines that the new
technologies for solving the waste issue should be consistent with the current requirements for saving resources and minimizing the waste
going to landfills. First, the paper discusses that one of the most serious challenges of the modern world is linked to the daily disposal of
hundreds tonnes of waste. They are not only a national, but a global problem, the uncontrolled disposal and accumulation can cause serious
pollution of the environment and lead to worsening health. That is why the issue of their effective management is of utmost importance. The
report gives special attention to the global problem with waste collection and disposal that imposes an urgent need for innovations. Next,
different innovative solutions in waste processing are also analyzed in the paper. A new, better model of waste management needs to be
created and innovative methods (instruments) for disposal and treatment of municipal solid waste are needed. The author identifies that
scientific progress allows for the implementation of new waste management technologies such as radio-frequency identification (RFID), GPS
systems, underground waste treatment facilities, multistage waste recycling system, etc. Finally, on the basis of the analysis,
recommendations for waste management on a global level are outlined. A conclusion is made that when choosing a new and effective waste
management technology, the ecological (safety and ecological risks) and economic (efficiency, capital and operational expenses) factors
should be considered.
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1. Introduction
Global systems of production and consumption continue to
impose considerable consequences on the environment and public
health. Most of the used natural resources return to the environment
in the form of waste, which in most cases is toxic and unsuitable for
recycling. Waste is a global issue and if not properly dealt with,
waste poses a serious threat not only to the biosphere, but also to
public health. It is a growing issue linked directly to the way society
produces and consumes. Meanwhile, global trends such as
population growth, urbanization and the emerging ‘consumer
middle class’ in many developing countries are expected to drive
steady growth in global competition for resources in coming
decades. The problem is further exacerbated by the consequences of
the enhanced technological progress which leads to generation of
more waste products which do not dissolve.
Addressing these challenges will require fundamental changes
in global systems of resource use and economic growth. That is why
one of the pressing issues for developing countries will be a shift
away from a linear (take-make-dispose) model of resource
consumption towards a circular economy where nothing is wasted.
Proper waste management is one of the most important
contributions humanity can make to reducing its impact on the
natural world. Environmental sustainability is the core issue that
will need to be addressed for development to focus on human wellbeing and yet stay within the limitations of planet’s capacity.
Environmentally sound waste management is one of the key
elements for sustainable development. The first priority is to bring
wastes under control but that on its own is not enough – it is also
necessary to move from waste management in a linear economy to
resource management within a circular economy.
New technologies for solving the waste issue should be
consistent with the current requirements for saving resources and
minimizing the waste going to landfills. Eco-innovation also has a
crucial role, enabling producers to reduce their resource use or shift
to less harmful or scarce substitutes (for example in the transition
from fossil fuels to solar or wind power). When choosing a new and
effective waste management technology, the ecological (safety and
ecological risks) and economic (efficiency, capital and operational
expenses) factors should be considered. In many cases, the shortage
of funds for waste management leads to further deepening of the
problem especially in the least developed countries.
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2. Preconditions and means for resolving the
problem
In the past, the municipal waste management is limited
primarily to the collection, disposal, landfill or incineration. Over
time, however, the environmental awareness of the population has
increased, caused by various reasons such as technological
development and interest in activities that pollute and harm health.
Along with this the problem of limited resources comes to the fore
and the conclusion is made that only landfilling and incineration are
not sufficient to cope with the ever-increasing amount of waste
worldwide. All these issues and the emergence of the concept of
sustainable development give impetus to the idea of recycling as a
way to reduce the amount of waste.
“[Despite different assessments global generation of municipal
solid waste (MSW) is estimated at about 2 billion tonnes per
annum. MSW generation rates vary widely within and between
countries. They depend on income levels, socio-cultural patterns
and climatic factors, factors such as population expansion,
urbanization, economic and technological development. MSW
generation per capita is strongly correlated with national income. In
high-income countries, MSW generation rates are now beginning to
stabilize, or even show a slight decline, which may indicate the
beginning of waste growth ‘decoupling’ from economic growth.
However as economies continue to grow rapidly in low- and
middle-income countries, it can be expected waste generation per
capita to rise steadily.]“
The volume of waste is mainly determined by two factors – the
size of the population and the structure of consumption.
“[According to the United Nations’ data, the current world
population of 7.3 billion is expected to reach 8.5 billion by 2030,
9.7 billion in 2050 and 11.2 billion in 2100. Most of the projected
increase in the world’s population can be attributed to a short list of
high-fertility countries, mainly in Africa, or countries with already
large populations. With the highest rate of population growth,
Africa is expected to account for more than half of the world’s
population growth between 2015 and 2050. During 2015-2050, half
of the world’s population growth is expected to be concentrated in
nine countries: India, Nigeria, Pakistan, Democratic Republic of the
Congo, Ethiopia, United Republic of Tanzania, United States of
America (USA), Indonesia and Uganda, listed according to the size
of their contribution to the total growth.]“ However, the
concentration of population growth in the poorest countries imposes

challenges on the success of the global sustainable development.
Population growth will inevitably lead to higher rates of
urbanization (on a global scale it is projected that urban population
will be around 65 % of the total) and the formation of large areas
filled with poor people in the big cities and in their surroundings.
As a result, the number of people in poor blocks will double by
2025 and will reach 1.5 billion people.
According to the other estimates, some 80 % of this growing
population will live in cities, most of which are yet to be built. Of
this projected almost 9 billion people, 3 billion will belong to the
middle class, with sufficient disposable income to purchase the
consumer goods that others enjoy elsewhere in the world, further
draining the planet’s already strained natural resources. Moving to a
circular development model – which works to reduce waste before
it is produced, but which treats waste as a resource when it is – is
essential, and holistic and integrated sustainable waste management
will be crucial.
“[The considerable growth in population and the upsurge in
global GDP will inevitably trigger an increase in the amount of
waste. It is estimated that a 1 % rise in national income leads to an
increase by 0.69 % in solid waste.]“ Nonetheless, there are positive
prospects for the future. It is a well-known fact that the larger the
GDP of a country, the more complicated and efficient its waste
management system is. Against this background, it can be claimed
that GDP growth will certainly force governments of the new
members of the group of developed countries to take measures for
enhancing waste collection and management. The current economic
situation, however, shows that it is cheaper for developed countries
to export their waste to third world countries rather than to spend
large amounts of money on recycling waste on their own. Thus,
there are fears that technology advance without supporting
measures will not resolve this problem. This also raises the question
to what extent new technologies will be accessible for the
developing countries. Therefore, one of the most serious challenges
of the modern world is linked to the daily disposal of hundreds
tonnes of waste. They are not only a national, but a global problem,
the uncontrolled disposal and accumulation can cause serious
pollution of the environment and lead to worsening health. That is
why the issue of their effective management is of utmost
importance.
In addition to population growth, globalized markets and
increasing consumption of materials, rising energy prices and
increasing commitment worldwide to reduce greenhouse gas
emissions and landfill drive the development of new approaches to
waste management. More and more countries restrict or even
prohibit landfilling, heading towards alternative solutions for waste
to combinations of maximum recycling and alternative energy
production. The concept of integrated waste management now
emerges as a mature strategy that can cope with ever-increasing
complexity of processing large volumes of waste.
The global problem with waste collection and disposal imposes
an urgent need for innovations. In recent years it has become clearer
that the existing waste management systems cannot handle that task.
The 2008-2009 world financial and economic crisis has further
worsened the situation – waste processing has always been
expensive and the worsening economic environment drove many
processing enterprises out of business, especially in developing
countries. At the same time, the volume of waste is rapidly
increasing and as a result the huge landfills in many countries
inevitably cause environmental disaster.
Recently, one of the most pressing environmental issues in the
world is related to the recycling and utilization of the so-called
electronic waste. Waste electrical and electronic equipment
(WEEE) is currently considered to be one of the fastest-growing
waste streams. WEEE contains a number of hazardous substances
and at the same time valuable materials. The revised EU WEEE
Directive (2012/19/EU) sets out measures to reduce generation of
WEEE, and enhance collection, reuse, recycling and recovery,
applying producer responsibility as key implementing mechanism.
“[This kind of waste includes all types of high-technology
electronic devices, from mobile phones and music players to
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computers and television sets. The increasing amount of old
electronics raises concerns as these products contain a number of
substances which are harmful for both people and nature. They
contain a large quantity of cadmium which can be found in
semiconductors, resistors, and all sorts of transmitters. There is
mercury in the fuses and commuters, chromium in the hull, and
bromine in the power and connecting cables.]“ “[It is a well-known
fact that batteries are made of nickel, cadmium, lithium, and other
harmful chemical substances. The problem is worsened by the fact
that the quantity of e-waste in the world is growing.]“ “[According
to several studies, the volume of high-tech waste, including only
computers, mobile phones, and TVs, will enhance to 9.8 million
tonnes. In addition, it is projected that the rapid development of
nanotechnologies and the emergence of new types of materials will
increase the quantity of hazardous waste which is not naturally
degradable.]“
The reduction of hazardous substances in newly produced
electrical and electronic equipment taking place currently is an
important step in reducing the environmental and health risks from
disposal, also in the countries of destination. In addition, it is
however, necessary also to incorporate in the overall consideration
the risks from the use of auxiliary products from the handling (e. g.
leaching agents, cyanide), as well as the emissions from handling
and recycling processes (e. g. PCDD/F emissions from thermal
processes, wastewater, secondary wastes such as, for example,
sludge). Separate collection of WEEE and its subsequent recovery
and treatment in an environmentally sound manner will help
achieve not only reduction of environmental impacts, but also better
resource efficiency.
The abovementioned trends in waste management will be
present in the future, as well. The rising quantity of waste cannot be
stopped because of the increase in the global population.
Furthermore, consumerism will continue spreading among the
society along with bigger progress achieved by some developing
countries with huge population. The current economic system
requires constant growth which can be achieved with a constantly
rising consumption. Stagnation in consumption and thus in growth
will lead to the collapse of many economies, to unemployment, and
to famine. This creates a vicious circle which cannot be broken
without innovations which will change dramatically the way
resources are utilized as well as waste management and recycling.
As regards the changes in waste composition, prospects are
once again far from optimistic. The attempts to replace plastics with
easily degradable materials have failed to produce any significant
results. A lot of artificial materials cannot be replaced and in those
which can the costs for producing environmentally-friendly
substitutes are 4 to 5 times higher.

3. Results and discussion
Innovation is always a good thing, improving the recycling
process is constantly welcome and thankfully there are individuals
and organizations who are dedicated to doing just that. As waste
management climbs the political and environmental agenda, bright
sparks in the industry respond with innovation. These are some of
the ideas that have changed our industry over the past few years,
and given us potential answers to global problems.
We are continuing to see new developments, innovations, and
even new problems in sustainability ventures and recycling efforts.
To get a better sense of where we are headed in the near future, for
good or bad, we have to know the forthcoming trends and
expectations. All organisations must deal with their waste
appropriately, but they shouldn’t stop at compliance. Smart
organisations innovate by setting targets that drive them towards
best practice.
Waste management generally comprises operations related to
collecting, transportation, sorting, and treating of waste, but the
active work with the population, government authorities, and
business organizations is also part of it. Numerous issues in the field
of waste management need to be resolved. They include, among
others, creating effective waste management system, providing
financing, and defining the right government instrument

(administrative, economic, etc.) that need to be implemented. Of
course, the national legislation and state regulations regarding waste
management need to be considered. Different standards and
limitations might hinder the introduction of new technologies.
Another important condition for successful waste management is
the relationship between the public and the private sector, between
institutions, organizations, and society. A new, better model of
waste management needs to be created and innovative methods
(instruments) for disposal and treatment of municipal solid waste
(MSW) are needed.
“[Anaerobic digestion came about as the result of a long process
of people searching for the best way to deal with biowaste. Even
before awareness of climate change came to the fore, we had
problems with leachate and gas. So, early technologies found ways
to convert organic waste into compost and fertilizer instead. This
process was completed on open air windrows until odour became a
problem and ‘in-vessel’ composting plants were developed.
Anaerobic digestion is the latest and greatest process of in-vessel
treatment of waste, and is generally considered to be one of the
most innovative and useful technologies developed by our industry
in recent years. Not only does it give us a large-scale solution to our
organic waste but it allows us to turns the resulting gases into
energy. The process, put simply, is the degradation of waste by
microorganisms in an environment starved of oxygen. It can be
used to treat organic solid waste and wastewater of almost any kind.
The process works quickly and the remainder can be used as
fertilizer while the biogas produced is converted into energy. As
people will always produce biowaste, whether it be food or sewage,
anaerobic digestion is seen not only as a waste management process
but also as a source of renewable energy.]“
The manufacture of biogas from organic waste has the
following advantages: biogas with high saturation can be used to
produce both power and heat; the anaerobic treatment of materials
from plants and animals facilitates the manufacture of mineral
fertilizers which are high in nitrogen and phosphorus (unlike the
conventional production of natural fertilizers by compositing waste
where between 30-40 % of the nitrogen is lost); all pathogenic
microbes are removed and the residue fully complies with the
environmental requirements after the anaerobic treatment is
completed; biogas production facilities can easily be installed in any
region and they do not require expensive and complex pipe
infrastructure. These facilities can fully replace the small steam
generators which produce heat and power in rural areas.
Given the oil crisis and the ever-increasing price of fossil fuel,
turning waste into fuel is a fantastic solution. Biofuel is the most
common form, and the term encompasses a range of different fuels
derived from organic matter, including biowaste. Biofuel can be
solid, liquid or gas and be used to power vehicles or used to
enhance other types of fuel. Biogas – a product of anaerobic
digestion – and syngas – which is produced during gasification –
are both types of biofuel.
Landfill gas also has an up-and-coming role in this field. Most
landfill-gas-to-energy projects involve turning otherwise harmful
emissions into electricity to power homes. But it is also being
increasingly used as a vehicle fuel or as a substitute for mains
household gas supply.
Waste to energy (WTE), sometimes known as energy from
waste has seen some of the most interesting developments in the
industry, as it has the advantage of being able to completely remove
waste, rather than reuse or process it. Traditionally, WTE plants
have operated by incinerating waste and converting the resulting
heat into energy – and most plants still use this technology today.
But public opposition to incinerators, which are often seen as
dangerous and noisy has meant new types of WTE – such as
gasification, pyrolysis, thermal depolymerization and plasma arc
gasification – have been developed and are leading the way forward
in this area.
“[Gasification and plasma arc gasification are used to convert
organic materials into a synthetic gas (syngas) made up of carbon
monoxide and hydrogen. The gas is then burnt to produce electricity
and steam. A plasma gasification plant uses plasma torches which
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operate at approximately the same temperature as the surface of the
sun to create an environment in which solid or liquid waste is turned
into syngas. The process breaks down the molecular bonds of the
waste and leaves it in elemental components. This syngas is then
converted to energy, and the waste completely disappears.]“
“[Many countries have made efforts to develop pyrolysis
systems over the past few years in order to maximize the production
of methane and liquid petroleum products from MSW.]“ High-heat
thermal pyrolysis (producing gas from solid wastes) might lead to
liquid and solid slag separation. There are two types of liquid slag
separations: slag-forming retort with air supply and slag-forming
retort with oxygen supply. A typical example of processes which
include air introduction is the Torrah method developed in the USA
in which the MSW stream is fed into the slagging gasifier (a vertical
furnace). The waste stream which flows into the reactor prevents air
leakage. The decomposition of organic waste in a hermetically
closed environment through pyrolysis is taking place in oxygenpoor conditions with a constant flow of heat gases from the primary
combustion and melting zone. The liquid slag which is the end
product of the pyrolysis is removed in a hermetical chamber of the
water cooled vessel where the black sterile granular residue is
formed. After waste is treated using this method its amount is
reduced by 95 %.
The experience of oil companies in the past decades shows that
the residue waste of oil refineries is rising. Currently, the only way
to treat waste oil is to burn it which has a devastating impact on the
ecosystem in that region. In addition, wastes detoxification is
carried out by using the most primitive method, namely transporting
them to industrial zone and even protected areas which are near the
refinery.
Recycling waste oil in a safe and environmentally friendly way
by using the right technologies is one of the most pressing issues of
today. Given the difficulties in the recycling of heavy oil in Western
Europe and the USA, the technology to treat waste oil with sulfuric
acid was rarely used. Instead, it was replaced with modern selective
hydrogenation and cleaning solvents. There are almost none
environmentally friendly industrial technologies for treatment of
acid tars as they are burned in the thermal power plants to generate
heat which has an adverse impact on the environment. The most
rational way to treat heavy oil is the controlled thermal destruction
of saturated hydrocarbons. The high temperature, the high pressure,
and the little time for thermocracking allow for the production of
asphalt and resin from the saturated hydrocarbons. In industry, the
thermal cracking of heavy oils is used to produce tar, coke, and
bituminous materials. The prospects for implementing this
technology are supported by the thin film deposition of heavy oil in
the composition of the original structure. The technologies and
facilities for heavy oil processing might be used in refineries which
already have huge quantities of heavy oil.
Despite all negatives, nuclear power makes up a significant part
of total power output in the world. As a result, the treatment of
hazardous waste from nuclear power plants is a significant problem.
Nuclear waste could be used to fuel the reactors of the rising
number of alternative energy companies in the future. At that
moment, however, it is stored in underground nuclear waste dumps.
Scientists from various organizations strive to improve the
technologies for treatment of that kind of waste and to create new
ways to process them with the aim to make residue less hazardous
and toxic. According to one of the latest works in this field, nuclear
fueled will be converted into very dense solid-glass blocks which
will make it easier and safer to store.
For years scientists have developed and tested various kinds of
nuclear weapons and created nuclear power plants which are in
constant danger of suffering accidents. The case with the Chernobyl
nuclear power plant, among others, showed that nuclear waste
might have an adverse impact on both the environment and
mankind. Therefore, the focus should be put not only on the effects
potential accidents might have, but also on the storage of nuclear
waste. Scientists from the University of Sheffield presented an
innovative approach to convert nuclear waste into solid glass. The
new method comprises mixing of frozen plutonium with furnace

slag with the aim to produce glass. Currently, the nuclear waste is
contaminated under concrete but in the future it might be used in
glass production. It is noteworthy that for now the method of the
scientist from the University of Sheffield is applied with cerium
instead of plutonium because they are very similar. If tests prove
successful, then the mankind will have a simpler and safer way to
treat nuclear waste.
“[Scientific progress allows for the implementation of new
waste management technologies such as:
•
Radio-frequency identification (RFID) which is used to
gather information on the transportation and disposal of waste in
towns and cities. Collected data are used to develop new types of
waste containers for recycled raw materials, recycle bins, among
others. The essence of this technology is the automatic
identification of the objects which is done by using radio signals.
Thus, data is received and analyzed by the so-called RFID tags. In
fact, each RFID system includes a reader device.
•
GPS system used primarily for transportation of waste
which has already been sorted. GSP (Global Positioning System) is
a satellite navigation system which measures the distance and the
time necessary to reach specific point. The system can be used in
almost every spot on the Earth (excluding the polar regions) in all
weather conditions. The GPS system was developed by the United
States Department of Defense.
•
Underground waste treatment facilities. In contrast to
conventional burning appliances, this device is a semi-round
container with a tube that reaches a depth of 3.5 meters. It is
equipped with a special waste compaction mechanism which
reduces the volume of the waste five times. Thus, the container can
hold a total of 50 m3 of waste. More than fifty devices of that type
are already installed in Finland where they are becoming
increasingly popular.
•
Multistage waste recycling system – this type of
technology derives from the traditional sorting and recycling
systems in Western Europe, the USA, and Japan. For other
countries, however, it still remains innovative and quite expensive.
Usually, waste is treated in a facility which is very close to the
waste source (or potential source of waste) which makes this
technology quite useful for consumers as it requires minimal effort
and capital.]”

4. Conclusion
The analysis of new waste management technologies in the
world focuses the attention on the following trends in the process of
modernization in this sphere:
•
environmental safety – nearly all new technologies focus,
albeit to different extents, on minimizing resource use and the harm
on the environment;
•
economy – the innovative technologies in this sphere
largely contribute to the reduction (minimization) of waste
treatment and disposal costs. Costs of using these technologies are
usually much lower than costs incurred in implementing traditional
technologies;
•
saving resources and energy efficiency – minimizing the
quantity of resources used in waste recycling and treatment;
•
automation which is expressed in increased use of new
technologies in the recycling with the help of innovative, high-tech
tools: computer programs, satellite communication, etc;
•
information transparency and publicity. This trend is
typical for the developed countries where the waste management
process is increasingly open, democratic, and covered by the media.
State agencies and local authorities present plans and forecasts in
this sphere, inform the society about events, run active campaigns
promoting waste minimization, encourage the population to have
social responsibility for waste disposal and treatment, express the
public opinion, and conduct effective exchange of information
between the authorities and the civil society.
Using waste management as a way to combat GHG and climate
change is one of the most innovative and common-sense concepts in
waste today. The role that the waste industry can play in helping to
avert climate change must not be underestimated. Given the correct
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legislation to work to the technologies which are already making
great leaps in this area will show how much good they can really
do. Although the costs of implementing these processes is often
seen as prohibitive, the cost to the planet and the resulting financial
cost of dealing with this, make all of these moves more than
worthwhile.
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Abstract: The work contains the main results of the development of a non-invasive method for the early diagnosis of skin pigmented lesions.
The risk factors for the development of melanoma, their influence on the formation, development and degeneration of benign pigmented
lesions in malignant ones are considered. Noninvasive methods for early diagnosis of pigmented skin lesions, their advantages and
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1. Introduction
Melanoma among other lesions occupies a special position,
since it has aggressive properties. To date, skin melanoma remains
the leading cause of death in patients with oncodermatology, with a
steady increase in the incidence of skin melanoma all over the
world[1].
In this regard, the questions of melanoma clinic remain
extremely relevant. In order to automate the system and develop a
complex for express diagnostics of pigmented skin lesions, it is
necessary to consider the features of the origin, development and
degeneration of benign pigmented skin lesions into malignant ones.
For the emergence of any tumor disease, in particular
melanoma, it is necessary to combine the effects of the main causal
factor with the conditions both surrounding the environment and the
internal environment of the human body. Recently, it has been
possible to identify a significant number of factors whose effect
statistically significantly increases the likelihood of melanoma. To
do this, exogenous and endogenous risk factors for melanoma
development were analysed[2].

2. Melanoma risk factors
Scientists managed to separate risk factors for melanoma
development into exogenous and endogenous ones[3].
Melanoma risk factors:
1 Exogenous risk factors are physical, chemical, biological
agents of the environment that have a direct effect on
the skin.
1.1 Physical factors:
1.1.1 Ultraviolet radiation
1.1.2 Ionizing radiation
1.1.3 Electromagnetic radiation
1.1.4 Fluorescent lighting
1.1.5 Traumatism of the skin
1.2 Chemical factors:
1.2.2 Contact with benzene, polyvinyl
chloride, plastics, pesticides and
radioactive materials
1.3 Biological factors:
1.3.1 Food habits
1.3.2 Skin diseases
1.3.3 Viral infections
1.3.4 Medications
2
Endogenous factors are divided into two groups: biological
factors and melanoma precursors.
2.1 Biological factors:
2.1.1 Racial and ethnic predisposition

2.1.2 The level of pigmentation
2.1.3 Hereditary (family) factors
2.1.4 Anthropometric indicators
2.1.5 Immune disorders
2.1.6 Endocrine factors
2.1.7 Reproductive factors in women
2.2 Predictors of melanoma:
2.2.1 Skin pigmentary xeroderma
2.2.2 Melasma
2.2.3 Nevi
Risk factors for developing melanoma cause "damage" to
normal cells and tissues. As a result of such damage, necrosis of
cells or tissues occurs with subsequent proliferation, regeneration
and restoration of normal tissue structures. However, prolonged
proliferation under the influence of these factors can lead to a
violation of cell differentiation, a change in their membrane
antigenic structure, and hyporeactivity to the effects of regulatory
factors in the body. Thus, under the influence of risk factors, normal
cells and tissues are transformed into tumor cells. Also, in the case
of primary damage, changes in the DNA of the cell can immediately
occur, followed by a violation of its protein structure and
differentiation (Fig.1).

Fig. 1 Changes in pigment lesions under various effects
In connection with the frequency of melanoma from benign
pigment neoplasms, as a rule, 70% of melanomas develop from the
previous pigmented growth, and 30% arise on clean skin, it is
necessary to know the clinical manifestations of their malignancy:
• growth of the nevus, its compaction or ulceration;
• change in color (strengthening or weakening);
• occurrence of hyperemia or stagnant halo around its base:
•development of radiant growths of a pigment or nonpigmentary nature around the primary formation;
•the appearance of an exophytic component on the surface of
the nevus;
•formation near the nevus pigmented or unpigmented daughter
nodules - satellites.
Therefore, pigmented skin tumors can be characterized by the
following complex of clinical signs:
1 Color
2 Pigmentation uniformity
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3
4
5
6
7
8

Pigmentation intensity
Size: diameter, area
The border of lesions
Border sharpness
Form
Structure: pigmented network, globules, dots and streaks,
heterogeneity
9 Temperature of lesions
10 Echogenicity
11 The accumulation index of a photosensitizing drug
Identification of several of the listed signs allows clinically
with a greater degree of probability to establish the correct
diagnosis. However, in the presence of one of the listed signs, the
diagnosis may remain insufficiently reliable, since the first signs of
malignancy are often difficult to distinguish from usual
inflammatory changes.
The initial pattern of the disease in typical cases proceeds as
follows: the birthmark at different periods of the life of the carrier
begins to increase after the previous trauma or without visible
causes, change the color, shape, structure, temperature, etc., and
turns into an exophytic tumor, which sometimes arises Eccentric on
one of the sites of pigmented formation.
Analyzing the issues of clinical diagnosis of primary skin
melanomas, it is necessary to dwell on the aspects of differential
diagnosis. There are various methods for early non-invasive
diagnosis of skin melanoma.

Table 1 - Indicators of informative value of diagnostic methods for
early diagnosis of skin melanoma[5,6,7
Type
of Accuracy,% Sensitivity,%
Specificity,%
diagnostics
Visual
66
50-90
50-90
examination
Dermatoscopy
92,4
93,7
87,8
Confocal laser
80
93
76
scanning
microscopy
High85-95
84
90
frequency
ultrasound
skin scan
Fluorescent
72
87,2
94,8
diagnostics
Thermometry
83,5
90,5
80,2
The analysis of the data made it possible to identify the
advantages and disadvantages of each of the methods for
diagnosing skin pigmented lesions.
Table 2 - Comparative characteristics of methods for diagnosing
melanoma[8]
Parameter

Visual
examina
tion

Derm
atosc
opy

Confo
cal
laser
scann
ing
micro
scopy

Highfrequ
ency
ultras
ound
skin
scan

Fluor
escent
diagn
ostics

Ther
mome
try

Auto
mated
diagn
ostic
metho
d

Accuracy
> 80%

-

+

+

+

–

+

+

Sensitivity
> 90%

±

+

–

+

+

–

+

Specificity
> 90%

±

+

+

+

–

+

+

Exposure
dose
Performan
ce
procedures
Noninvasive
Requireme
nts
for
staff
training

–

–

+

–

+

–

–

+

+

+

+

–

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Requireme
nts for the
subsequent
diagnostics

+

–

–

+

–

+

–

3. Methods of early non-invasive diagnostics of
melanoma
Methods of early non-invasive diagnostics are divided into
two types: primary diagnosis and secondary diagnostics, which is of
a more precise nature in case of suspected melanoma (Fig. 2)[4].
Diagnostics

Primary diagnostics

Visual examination

Specifying
diagnostics
Dermatoscopy
Confocal Laser
Scanning
Microscopy
High-frequency
ultrasound skin
scan
Fluorescent
diagnostics
Thermometry

Fig. 2 Methods of early non-invasive diagnostics of melanoma
The analysis of the examined non-invasive methods of early
diagnosis of skin melanoma made it possible to determine the main
indicators of the informative value of the diagnostic methods:
accuracy, sensitivity and specificity presented in Table 1.
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According to the data in Table 2, the following conclusions
can be drawn: the sensitivity and specificity of dermatoscopy for the
diagnosis of pigmented skin lesions are very high, therefore it is a
good diagnostic tool for diagnosis, which avoids extensive
traumatic surgeries in the treatment of pigmented skin lesions with a
low risk of malignancy. However, despite the high sensitivity of the
method of digital dermatoscopy in the early diagnosis of skin
melanoma and benign melanocytic neoplasms, this method has so
far limited application in Russia. In Russia, until now, doctors use a
conventional manual dermatoscope, assessing visually every
birthmark [6].
Fluorescent diagnostics helps to actively search for hidden,
small tumor lesions on the skin surface [9].
The coincidence of thermometric and histological diagnoses
occurs in 94.8% of cases with skin melanoma and in 67.9% in
benign skin tumors. The accuracy of the thermometric method is
limited by the fact that not all skin melanomas have hyperthermia
properties [10].
From all of the above, it follows that the development of an
automated, non-invasive method of early diagnosis based on the

advantages of all known methods of diagnosing skin pigmented
lesions is undoubtedly relevant.
After analysing all the data obtained, the following diagnostic
features were formulated for the development of an automated noninvasive method for early diagnostics[11]:
1 Color
2 Pigmentation uniformity
3 Pigmentation intensity
4 Size: diameter, area
5 The border of lesions
6 Border sharpness
7 Form
As well as formulated the main requirements for the technical
system:
1
The system should with a high degree of accuracy, at least
90% detect pigmented skin lesions on the image;
2 The system should automatically perform segmentation of
pigmented skin lesions;
3 The system should with a high degree of accuracy, at least
90% recognize the boundaries of skin pigmented lesions;
4 The system should automatically calculate parameters of
skin pigmented lesions with an accuracy of at least 80%
(maximum, minimum diameters, area, pigmentation
uniformity, pigmentation intensity, color, border
sharpness, shape);
5
The system should display the detected boundaries and
calculated parameters of skin pigmented neoplasms;
6 The system should monitor the dynamics of changes in
parameters of skin pigmented lesions, storing the data in
the database;
7 The system should save the current result of calculating
parameters of skin pigmented lesions in the form of a
file.pdf;
8 The system should have a high degree of accuracy,
sensitivity and specificity, at least 90%, of an automated
method for early diagnosis of skin pigmented lesions;
9 The system should have a working wavelength range of
420-640 nm;
10 The system must have a resolution of at least 320 dpi;
11 The system should scan the areas of the surface of a
person's body with an area of at least 50x50 mm;
12 The system should have a photodetector array with a
resolution of at least 5 megapixels.

4. Conclusions
1

2

As a result of the analysis of risk factors for the
development of skin melanoma, clinical signs of skin
pigmented lesions were formulated.
The results of a comparative analysis of non-invasive
methods of early diagnosis of skin pigmented lesions
allowed to formulate the advantages and disadvantages of
each method, as well as to determine the informative
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3

4

indicators of diagnostic methods for early detection of
lesions.
Based on a comparative analysis of early diagnostic
methods, diagnostic features were developed to develop
an automated non-invasive method for early detection of
skin pigmented lesions.
As a result of the analysis of all data, technical
requirements were formulated for an automated complex
for express diagnostics of skin pigmented lesions.
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IMPROVEMENT OF OPTICAL CHARACTERISTICS OF COMPONENTS OF OPTOELECTRONIC
DEVICES IN THE HARSH CONDITIONS OF THEIR FUNCTIONING BY USING ELECTRON BEAM
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Summary: The optimal parameters of the ranges of the electron beam are found (heat density, velocity, displacement), within which there is
improvement of the physical and mechanical properties of surface layers of optical elements: there is no formation of negative defects on
their surfaces which become atomically smooth (residual microscopic ridges do not exceed 0.5… 1.5 nm); the microhardness of the surface
increases, hardened layers are formed with compressive stresses. This leads to the reduction of the light scattering coefficient of surface
layers of elements and increase of their coefficient of infrared radiation transmittance and, ultimately, to the improvement of
metrological characteristics and reliability of devices under intensive external thermal action.
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1. Introduction
The areas of application of modern opto-electronic
devices, which constantly
expand, acutely raise the
problem
of enhancing of their effective functioning under harsh conditions.
Optical elements of devices under these conditions are
subjected to intense external influences (elevation of heating
temperature, external pressures, percussive thermal actions under
conditions of supersonic airflow and axial rotation of the optical
elements (hemispherical fairings, flat visibility windows etc.)).
These external influences lead to the formation on the surface
of optical
elements
and their surface
layers
of cracks,
chips, undulating surfaces, which violate the flatness of the
elements, and other negative
defects. Thereat physical
and
mechanical properties of the surface layers of optical elements
deteriorate, and, ultimately, their optical characteristics that affect
the metrological characteristics and reliability of optoelectronic
devices when
they
are functioning under
the
conditions
of external thermal actions [1-4].
Existing methods of improving optical characteristics
of optical-electronic
devices
(laser
range
finders of
sighting complexes, laser medical devices, IR-homing and tracking
devices, space and aerospace grade mirrors etc.) do not always
provide their normative values, especially under harsh operating
conditions.
New possibilities of improvement of optical characteristics
of devices are opened due to the targeted change of the physicomechanical and thermal properties of the surface layer of optical
elements by modifying it. One of the effective methods of surface
treatment
of optical
materials is the
moving electron
beam, which allows to modify the surface layers of optical elements
by changing its physico-mechanical properties, which influence the
optical characteristics of elements, metrological characteristics and
reliability of devices [5 – 13].
Phenomena connected with the influence of technological
parameters of forming and physico-mechanical characteristics
of the surface layer of the optical elements of the devices are not
fully studied and not systematized.
This determinates the relevance of development property
management methods of working surfaces of optical elements of
devices by
using electron-beam finishing methods of
optical
elements that improve the physical and mechanical properties
of surface
layers,
increasing
their optical characteristics,

and resistance
to
external thermal
and mechanical
influences, that allows
to
increase accuracy,
extend measuring ranges and improve the reliability of the
functioning of the devices under intensive external thermal actions.
Therefore, the aim of this work is to improve the optical
characteristics of
the
elements of
optoelectronic
devices by their finish electron beam processing.

2. Characteristics of optical elements and
research methods
For experimental studies modern methods of physicochemical analysis were used [5, 14, 15]: methods of scanning
electron
microscopy (SEM) and transemission
electron
microscopy (TEM) to study surface structure and surface layers
of optical elements, as well as determine the thickness of melted
layers ; methods of atomic force microscopy (AFM) and micro
identification by Vickers
for the measurement of the
residual voids on the surface of optical elements, as well as
its microhardness; shooting techniques in
xrays of diffractometers DRONE 2.0 and DRONE 3.0 for measurem
ents of thermal stresses in the surface layers of optical elements;
methods with using spectrophotometers of close (λ = 0,76…2,5
µm ) and far (λ = 2,5…25 µm) of IR ranges for the measurement of
transmittance factor of IR waves of optical elements; contact
methods (chromel-alumel thermocouples, temperature measurement
range
up
to
1600
K)
and
contactless methods
(photoresistors, temperature measurement range up to 1600 K) to
measure the surface temperature of the optical elements.
For finish electron beam processing of surface layers
of optical elements aiming to improve their physical and
mechanical properties advanced installation was used (fig. 1) in the
part of developed tooling for automated measurement and control of
temperature
of the surface, as
well as sensing the
electron
beam, which is protected by patents (patent of Ukraine
№ 57551, patent of Ukraine № 91523) [5, 6].
The
following empirical
dependencies
on density of
thermal influence in its center from managed parameters of electron
beam installation (relative accuracy of 5…8%) were found out in
the result of the research on sensing the electron beam by the known
method of rotary probe [5]:
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π

⋅

[

I л ⋅ Vу

B ⋅ erf b(I л ,l ) ⋅ k0 (I л ,l )

]

,

current, mA; Vу – external voltage, qt; l – the distance from the
processed surface of the optical element, m. Found out, that for
working ranges of changing of stated parameters of installation (Iл =
50…300 mА, Vу = 6...8 qt, l = 0,04...0,08 m) the following
variation ranges of energy caracteristics of electron beam are
realized: k0 = (0,5…5)⋅107 m-2; 2b = (0,5…1,5)⋅10-3 m; Fn =
106…109 Wt/m2. Herein beam travel speed changed within V =
0…0,1 m/s.

(1)

k0 (I л ,l ) = 1,237∙10 -6,587∙105l-3,725∙104 I л +1,518∙102 I л l, (2)
7

b(I л ,l )

1,75

k0 (I л ,l )

,

(3)

where Fn – the density of the thermal influence in the center of the
electron beam, Wt/m2; k0, 2b – concentration ratio (severity of the
thermal pulse) and the thickness of the electron beam, m; Iл – beam
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Fig. 1. Appearance (a) and schema (b) installations for the finishing electron-beam processing of optical elements, which improves
the physical-mechanical properties of their surface layers: 1 – vacuum gauge magnetic locking VMB-8 (ВМБ-8) ; 2 – gauge ionizedthermocouple VIT-3(ВИТ-3); 3 – vacuum chamber; 4-electric mechanism of transfer mechanism of optical elements; 5 – PC control; 6 –
modules of temperature measurement in the treatment area and sensing electronic flow; 7 – thermal management system of optical
elements based on device RIF-101 (РИФ-101); 8 – central unit of automatic control system; 9 – power supply and control system
of electronic gun of Pierce; 10 – electric motor control.
cylindrical
and
spherical elements elements, dual curvature
For pilot studies they used samples of optical elements
elements from optical glass (К8, К108, К208, BK10 (БК10), TF110
of optoelectronic devices [14-18]: plane-parallel plates, rectangular,
(ТФ110)) and optical ceramics (KO1, KO2, KO3, KO5, KO12)
(fig. 2).

a)

b)

c)

e)

f)

d)

g)

Fig. 2. General view of the optical elements of devices: flat-parallel plates (a), rectangular elements (b), disks (c), plates of double
curvature (d) (substrates, light scattering screens in micro optics, integrated and fiber optics; elements of aerospace mirrors) and
spherical elements (e) – (g) (lenses, hemispherical fairings).
Electron-microscopic studies of
surfaces of optical
glass
elements
showed
that
after
machining
the
most
3. Results and discussions
characteristic is the presence of microflaws – cracks up to
0.1 ... 0.7 µm deep, scratches with length up to 2 ... 5 µm, bubbles
Optimal variation ranges of the parameters of the electron
in size 10-3...10-2 µm.
beam are defined: heat density Fn = 7∙106...8∙108 Wt/m2 and velocity
After the electron beam processing the bubble sizes
V = 5∙10-3... 5∙10-2 m/s, within which there is improvement
(diameters) on the surface of elements reduction in 2 ... 4 times,
of parameters of surface layers of optical elements.
while other wavinesses less than 1 ... 2 microns are not observed,
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that means in electron beam processing the surfaces of elements as
would be "cleaned up", tiny defects are eliminated.
In this case, when you increase the heat density Fп from 5∙106
2
Wt/m to 7∙107 Wt/m2 the area of specified defects decreases
in 1,8...2,7 times.
Study
of
the skanogramms
of grinding
surfaces from elements’ chipping
before and after electron
beam processing, show that in the first case the height
of voids is 30 ...40 nm, while the latter is reduced to 0,5...1,2 nm.
Electron beam parameters influence on the height of residual
voids is defined: increasing of heat density of electron beam Fп
from 107 Wt/m2 to 8,5∙107 Wt/m2 for the speed of its movement V =
8∙10-3...5∙10-2 m/s, leads to a reduction of the height of the residual
voids from 3...5 nm до 1,0...1,5 nm (fig. 3 under V = 5∙10-2 m/s
(1); V = 8∙10-3 m/s (2)).
It has been established that the maximum thickness
reach
values 250 ... 300 μm, that
of melted layer hm can
may exceed the maximum allowable quantities of voids h* =
150...200 μm, which leads to violation of flatness and geometric
shape of the optical element (fig. 4 for optical glass BK10 (БК10)
(1) and (2) TF110 (ТФ110) when heat density values Fп = 5∙108
Wt/m2 и Fп = 3∙108 Wt/m2)).
In this case, the value hm significantly depends on
the Fп and its rate of travel V: increase of Fп from 7∙106 Wt/m2 to
Wt/m2
leads
to
an
increase in the
thickness
8∙108
of melted layer from 25 µm up to 230 µm; increase in running
speed of the electron beam from 10-3 m/s до 10-2 m/s leads already
to reduction of the depth of melting from 200 µm to 30 µm.
Found out that the electron beam generated surface layers of
elements
from optical
glass have chemically changed structure. Thus, the analysis of the
structures of layers of elements from optical glass К8, К108, К208,
BK10 (БК10), TF 110(ТФ110) showed reduced concentrations
of potassium (K) and sodium (Na), which is a consequence of
the instability of oxides K2О and Na2О, by depth action of the
electron beam.
It is also shown that the electron beam processing of
elements from optical glass in the result of melting of their surface
layers causes the orientation adjustment near the surface of the
silicon-oxygen net of the glass, which becomes close to the
structure of quartz glass. Mainly this is due to the removing of ions
of K, Na, as well as other elements - modifiers under the conditions
of the effect of high temperatures on the surface of the elements (up
to 1500…1600 К). Ultimately, this improves heat resistance of
elements from optical glass.
It is determined that the effect of the electron beam on the
elements of optical ceramics (Fп = 106...2∙107 Wt/m2, V = 103
...2∙10-2 m/s) leads to the increase of the microhardness of its
surface depending on the parameters of the electron beam: increase
of Fп from 106 Wt/m2 to 1,5∙107 Wt/m2 leads to the increase of
microhardness of ceramics surface in 1,5...1,7 times, and decrease
V from 1,5∙10-2 m/s до 10-3 m/s leads to the increase of
microhardness of ceramics surface in 1,3... 1,4 times (fig. 5).
It is determined that the thickness of hardened layer (∆),
where there are major structural changes and the microhardness
increases of the processed material for electron beam parameters
changes in the ranges from 70...90 µm to 210...230 µm in thickness
of processed units 4...6∙10-3 m (fig. 6).
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The value ∆ depends on the parameters of the electron beam:
increase of Fп from 106 Wt/m2 to 2∙107 Wt/m2 leads to an
increase in the thickness of hardened layer in 1,8...2,6 times,
while increasing of the ray speed from 1,5∙10-3 m/s до 2∙10-2
m/s reduces the thickness of hardened layer in 1,7...2,5 times.
It is shown that regardless of the nature of ceramics (КО1,
КО2, КО3, КО12, КО5) in the surface layers of the elements that
are handled by the electron beam, for the considered ranges of
density changes of heat (up to 1, 5∙107 Wt/m2) and travel speed (up
to 2∙10-2 ms) notable phase changes are not observed, but the
increase of the size of the crystalline grains of the material takes
place. By relative expansion of lines in radiographs it is found
that almost irrespective
of
the crystallographic directions in
crystal lattices
of ceramics after electronic
processing there
occurs noticeable change of microdeformations and mosaic block
sizes (table 1).
Data from table 1 shows that the effect of the electron beam to
the surface of the optical element of optical ceramics leads to the
increase of mosaic blocks and the reduction of the microdeffects of
lattice: value of mosaic blocks from the original to processed by
electron beam of optical elements increases by 3,9 times for
elements from КО2, by 5,5 times for elements from the КО2, by 3,3
times for elements from KO12, by 4,7 times for items from KO3
and 7,7 times for elements with KO5 and the value
of microdeffects decreases in 3,7 times for elements from КО1,
in 5,4 times for elements from the КО2, in 4,2 times for elements
from KO12, in
5,5times for elements
from KO3 and 5,9 times for elements from KO5.
Thereat it is found that regardless of technological modes of
processing (meanings of Fп and V for the observed ranges
of their change) of elements from optical ceramic in all cases, there
is an increase in the size of mosaic blocks and reduction
of microdeffects of their crystal lattices, i.e. as a result of electronic
processing there
appear
more coarse-grained
surface
layers with strains in crystalline lattices.
Resulting from the carried out researches it was determined
(fig. 7, 8) that, as a result of electron beam processing of optical
elements there is an increase in such an important optical
characteristics that significantly affects the metrological
characteristics of opto-electronic devices as transmittance factor of
infrared radiation kλ (λ ) (λ – wave length) in each range of infrared
transparency of optical elements (table 2).
For the elements of optical glass К8 and BK10 (БК10) the
strongest increase of the coefficient kλ (for 20 ... 30%) is observed
for the range changes λ = 0,76…2 μm and λ = 3…4 μm. For
elements from optical ceramics КО1, КО2 и КО5 (values kλ for
ceramic KO3 and KO12 remain unchanged) the strongest increase
of the coefficient kλ (up to 30 ... 40 %) is observed for λ = 0,76…4
μm.
It is determined that ∆λ =

∆λобр
≈ 1,08…1,15 ( ∆λобр , ∆λ0
∆λ0

– for the elements, that are processed and not processed by electron
beam электронным accordingly),
so is observed small
expansion range of infrared transparency of optical elements.
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Dependence
of microhardness surface
of elements
from optical ceramics КО12 (1), КО2 (2), КО1 (3), КО5 (4) и
КО3 (5) at V = 7∙10-3 m/s (–––––) и V = 1,5∙10-2 m/s (– – –) from
the density of heat effect of electron beam (∆, ○, □, ▲, ■, ♦, ▼, ●,
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Fig.3. Height dependence of residual voids on the surface of
elements of optical glass К8 (–––), TF110 (ТФ110) (– – –) and
BK10 (БК10) (– ∙ – ∙) from the density of heat effect of electron
beam for its different travel speeds:
V = 5∙10-2 m/s (1); V = 8∙10-3
m/s (2) (∆, ○, □ – experimental data).
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Fig. 6. The dependence of thickness toughened layers of elements
from optical ceramics КО12 (1), КО2 (2), КО1 (3), КО3 (4) and
КО5 (5) at Fп = 1,5∙107 Wt/m2 (–––––) and Fп = 2∙106 Wt/m2 (– – –
) from the travelling speed of electron beam (∆, ○, □, ▲, ■, ♦, ▼,
●, ►, ◄ – experimental data).
Table 1
The results of experimental data processing on the extension of lines on radiographs, mosaic block sizes (D) and change in the settings
of a crystal lattice (Fп = 3∙106 Wt/m2, V = 3∙10-3 m/s)
Coarse probe
Setting
Physical expansion of the two lines
Change in the settings
of a crystal lattice
Block
size
β1 ∙10-3,
β 2 ∙10-3,
∆d
Ceramics
D, А
∙10-4
rad
rad
d
КО1
1,472
1,734
1150
3,421
КО2
1,283
1,452
980
1,643
КО12
1,514
1,812
1240
3,810
КО3
1,120
1,320
890
1,225
КО5
1,132
1,289
760
1,117
Processed probe
КО1
0,687
0,231
4430
0,873
КО2
0,321
0,108
5250
0,291
КО12
0,746
0,254
4110
0,992
КО3
0,224
0,986
4210
0,193
КО5
0,589
0,637
5850
0,987

IR transparencies of optical elements ∆λ = λ2 – λ1 at Н = 4∙10-3 m – for optical glass and Н = 10-2 m – for optical ceramics)
Element material
К8, BK10
КО1
КО2
КО5
∆λ, µm
5 – 0,76
7–2
12,5 – 2
8 – 0,76
∆λ = λ2 – λ1, µm
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Table 2

kλ
1

1,4

1,3

1,2
2
1,1
1,0
0,3

1,0
1,7
2,4
3,1
3,8
4,5 λ, мкм
Fig.
7.
The
dependence
of the
relative coefficient of
transmittance of infrared radiation through optical elements of glass
К8 (1) and BK10 (БК10) (2) (density of flat layer of element Н =

k обр
4∙10-3 m; Т0 = 300 К; k λ = λ , де kλобр – coefficient value kλ
kλ 0

after electron beam machining; kλ 0 – its value before electron
beam machining; Fn = 1,5∙107 Wt/m2, V = 7∙10-3 m/s) from the
wave length.

kλ
1,4
1
1,3

1,2

3

2

1,1
1,0
0

2
4
6
8
10
12 λ, мкм
Fig. 8. The dependence of the relative coefficient of transmittance
of infrared radiation by optical elements from ceramics КО5 (1),
КО2 (2) and КО1 (3) (density of flat layer of element Н = 10-2 m;
Т0 = 300 К; Fn = 1, 5∙107 Wt/m2, V = 7∙10-3 m/s) from wave length.

Increase
of transmittance of
infrared
radiation for
elements from optical glass occurs as a result of reduction in the
number and size of negative defects on the surface and in the
surface
layers (scratches,
cracks, bumps, bubbles, depressions etc.) under the influence of the
electron beam, which leads to their penetration. The consequence of
this is a reduced number of residual voids h (nm) on their
-1

surfaces and increase of the depth of melting hm (µm ) up to the
maximum permissible values of h*. Therefore there is a one-toone correspondence
between the
coefficient kλ
and such
important physico-mechanical properties of the surface layers of the
elements as h and hm, which are presented in Fig. 9.
For items from optical ceramics the increase of kλ occurs as a
result of the structural changes of the surface layers (increasing
sizes of mosaic blocks,
layers become more compact,
etc.), resulting in an increase of microhardness of their surfaces Hv
and the formation of hardened layers having thickness ∆.
Therefore, there are also a one-to-one correspondence
between the coefficient k λ and parameters and Нv and ∆,
dependencies between which are presented in Fig. 10.
It
is
determined (table 3) that after finishing electron
beam processing of surfaces of optical elements of the devices out
of beam parameters installed for optimal ranges of their use,
deviations from the geometrical form from configured match those
accepted
in opto-electronic tool
engineering. Thereat
the
surface purity of optical elements in the class P after electron
beam processing increases up to one grade of purity (e.g.
for photographic lenses from class VI to class V; for mirrors –
with IV to III, etc.).
As
a
result of
electron-beam processing
of optical
elements without reflow occurs homogenization
of chemical
composition of the chemical composition of hydrolysis products
(dissolution of K2O и Na2O at depth effects of the electron beam up
to 2...4 μm), which fill the defective surface layer, that remains after
the
standard mechanical
processing, which
leads to
an
improvement of the optical properties of the surface layers of the
elements, namely
to the
reduction
of their
surface light
scattering coefficient (wave length λ = 632,8 nm) (fig. 11).
In the result of the conducted research was outlined the
influence of electron beam parameters to the coefficient kc: at the
increase of the parameter Fn from 7∙106 Wt/m2 to 3,9∙107 Wt/m2 and
reduction of the parameter V from 5∙10-2 m/s to 5∙10-3 m/s the value
kc decreases in 1,3...1,5 times. In addition, reduction of
the travelling speed of the electron beam leads to the increase
of density influence of its thermal action in 1,2...1,3 times.
It is found out that the thermal action of the moving electron
beam to the optical elements leads to their surface melting to a
depth of 50 ... 200 μm, complete elimination of defective layers
and reduction of micro relief of optical surfaces up to 0.5 ... 1 nm.
The usage of masking and photo-and electron lithography enables
create on the surface of optical elements functional microprofiles in the form of grids, lattices, focusing lenses, and so on at a
pitch
of
up
to 100 µm.

Область руйнування

kλ

kλ

1,3

1

1

0,9

1,2
2
0,8

2

1,1

0,7
1

5
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15

20

1,0
1

h, нм

*

h

50

100

150

200

hm, мкм

a)
b)
Fig. 9. The influence of residual voids h (а) and thickness of melted layer hm (б) to value k λ for the elements from optical glass BK10
(БК10) (1) and К8 (2) (λ = 1,06 µm).
elements is
defined
as potentially able
to improve optical
Thus, in the light of modern technology used in opticcharacteristics of
elements
of optoelectronic
electronic tool engineering, electron beam processing of optical
devices (increased transmittance of
infrared
radiation, light
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scattering coefficient decrease of their surfaces, etc.), to increase
their
quality (compliance
of geometric
form with
the
configurated, increase of the purity and smoothness of the surface,
etc.) as well as getting on the surface functional micro-profiles
using electronic beams which can be used as the element base in
microoptics, fiberoptics and integrated optics, optoelectronics,
functional electronics etc.
In
addition, the
undeniable
advantage of
electronbeam technology is its environmental friendliness and ability
kλ

to obtain microelements with
improved physicomechanical
properties and optical characteristics, the use of which in optoelectronic devices helps
to
improve their
metrological
characteristics and reliability under harsh operating conditions, on
the
common board from optical
material in
a
single
technological cycle.

kλ

3
1,2

2

1,2

1

2

3

1,1

1,1

1

1,0

1,0
0

50
100
150 ∆, мкм
a)
b)
Fig. 10. The influence of microhardness of a surface Hv (а) and the thickness of the strengthened layers∆ (б) to value k λ for the elements
from optical ceramics КО5 (1), КО2 (2) and КО1 (3) (λ = 1,06 µm).

Нv0

2

4

Нv, 10 МПа
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Table 3
The tolerance value on quality optical elements which unprocessed and processed electron beam (Fn = 7∙107 Wt/m2, V = 2∙10-3 m/s)
Tolerances to the surfaces of
Optical elements by
Curvature N0,
Cleanliness
Form ∆N0, ∆Nобр
Elements of
Nобр
level Р0, Робр
opto-electronic devices
N0
Lens

red dot sights and astronomical
aerial photography
photographic

Viewers, loops
Prisms

visual
refracting
Colour-filters behind and before the viewer
Mirrors
Nota bene. The following names are taken: N0, ∆N0, Р0, Nобр, ∆Nобр
and
processed by

Nобр

∆N0

∆Nобр

1–3
3
0,2 – 0,3
1–3
3
0,1 – 0,5
3–5
5
0,3 – 0,5
3–5
3
0,5 – 0,1
0,5 – 1
0,5
0,1 – 0,3
2–4
2
0,5 – 1
5 – 10
5
0,8 – 2
1–2
2
0,2 – 0,3
и Робр – the values of the indicators of
electronic beam,

4. Conclusions
1. New experimental data is obtained on the influence of electron
beam parameters on physico-mechanical properties of the surface
layers of optical elements: optimal ranges of density of heat ray, and
the speed of its movements are defined, within which there
is maximum improvement (more than 3 ... 5 times) of basic
properties (reduction of the area of negative defects on the surface,
etc.), decrease of residual voids onn the surface, increase in
its microhardness, formation of hardened layers, etc.) that allows to
increase the stability of the external elements to thermal
and mechanical influences, thus increasing the reliability of
the devices.
2. For the first time it is determined, that by controlling the
physical and mechanical properties of the surface layers of optical
elements using a mobile electron beam it is possible to improve
optical characteristics: increase the transmittance of infrared
radiation and reduce the coefficient of light scattering of surfaces of
elements) that allows to improve metrological characteristics of
optoelectronic devices.
3. It is defined that after finish electron beam processing of the
surfaces of optical elements of devices, variations in their geometric
form from the specified match those accepted forms in optical-
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Р0

Робр

0,2
VІІІ
VІІ
0,5
VІ
V
0,3
VІ
V
0,5
V
ІV
0,1
ІІІ
ІІ
0,5
ІV
ІІІ
0,8
ІІІ
ІІ
0,3
ІV
ІІІ
quality of raw optical elements
respectively.

electronic tool engineering, and the purity of elements’ surface
in class
P increases for lenses
from
VI to class
V; for eyepieces from V to IV class; for prisms and mirrors – class
IV to III, which increases the metrological characteristics and
reliability of devices by their operation.
4. It is obtained that with the help of mobile electron beam by
using masking, photo- and electronic lithography, it is possible to
create on the surface of the optical elements the functional microprofiles in the form of grids, lattices, microlens focusing with the
pitch up to 100 μm, that can be used as element
base in microptics, fiber
optics, integrated
optics
and optoelectronics.
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Fig. 11. Dependence of relative light scattering coefficient of
working surfaces of optical elements from glass К108 (1) и BK10
(2) the density of thermal action of electron beam for
different speeds of its movement (the thickness of a flat layer of the
k
element Н = 4∙10-3 m; Т0 = 300 К; k c = c , where kc – current
kc 0
value; kc0 – value kc under
Fn = 7∙106 Wt/m2): ––– – V =
-2
-3
5∙10 m/s; – – – – V = 5∙10 m/s.
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ВЫСОКОЧУВСТВИТЕЛНАЯ ФОТОГРАФИЧЕСКАЯ КАМЕРА
ДЛЯ ИНФРАКРАСНОГО ДИАПАЗОНА
З. Хайдаров, Х.Т. Йулдашев, Б.З. Хайдаров, К.З. Хайдаровa
Ферганский политехнический институт, Узбекистан
E-mail: zokir_nursuh@mail.ru; hurshid5704@mail.ru
Газоразрядная ячейка, состоящая из сверхтонкого газового зазора между
полупроводниковым фотоэлектродом и контрэлектродом из волоконно-оптической
шайбы с прозрачным покрытием из SnO2, нашла достаточно широкое применение в
области фотоэлектроники при регистрации оптического и инфракрасного излучения, а
также для обнаружения дефектов жидких и твердых кристаллов [1-3].
В последнее время расширяется круг используемых полупроводниковых
материалов газоразрядной ячейки в полупроводниковой фотографической
ионизационной камере (ПФИК) [4, 5]. Полная картина процессов в газоразрядной
ячейке при малых зазорах (порядка 10 ÷ 100 мкм) не может быть удовлетворительно
интерпретирована в рамках простой теории газового разряда [6, 7]. Условия
возникновения разряда в этих зазорах достаточно не изучены и до сих пор нет
удовлетворительного объяснения для механизма происходящих физических процессов
в сверхтонкой газоразрядной ячейке.
Для
проведения
экспериментальных
исследований
сконструировали
специальную ПФИК с охладителями для низкой температуры (температура жидкого
азота и гелия), внешний вид которой показана на рис.1. В камере (рис. 1,б) сосуд
Дьюара расположен в теле ПФИК, внутри которого пропущена трубка для
сверхтекучего гелия. В этих охлаждаемых вариантах камеры исследования

Рис.1,а. Полупроводниковая фотографическая
ионизационная камера с охлаждением
жидкого азота.

Рис.1,б. Полупроводниковая
фотографическая ионизационная
камера со скрытым сосудом Дьюара в
кожухе для температуры жидкого гелия.

проводились с фотоэлектродами из пластин кремния, легированных, соответственно,
платиной и серой [8, 9].
Для исследования влияние автоэлектронной эмиссии разряду газоразрядной
ячейки при комнатной температуре изготовили камеру из полистирола, в этой камере
фотоэлектродом газоразрядной ячейки служил монокристаллический арсенид галлия –
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GaAs. Во всех случаях эксперимента остаточное давление газа (воздуха) в ПФИК
составляло 0,2 атм., напряжение между фотоэлектродом и контрэлектродом
подавались от 1 до 1,5 кВ. Внутренняя поверхность фотоэлектродов была отделена от
контрэлектрода диэлектрической пластиной из слюды, имеющей в центре круглое
сквозное отверстие.
Фотографируемым и наблюдаемым объектом являлась щель ИК монохроматора
призмой NaCl с источником света типа «глобар». Изображение щели проектировалось
линзой из BaF2 на приемную поверхность фотоэлектрода (фотоприемника).
Интенсивность излучения, падающего на фотоприемник, была определена прямыми
измерениями метрологическим термостолбиком типа ЛЭТИ с чувствительностью
0,72В/Вт. Входная сторона фотоприемника снабжена устойчивым омическим,
прозрачным для ИК-излучению, контактом. Регистрирующим элементом изображения
газоразрядной ячейки служит волоконно-оптическая шайба, диаметром 36 мм, длиной
70 мм с проводящим покрытием (контрэлектрод, изготовлен из SnO2) на входе.
Волоконно-оптическая шайба состыкуется с входом электронно-оптического
преобразователя (ЭОП) типа ЭП-16 (производство России), а выход последнего
сопряжен с входом ВКУ типа AMJEON PRO UZB
(производство Кореи).
Сформированное изображение на экране ЭОП предается на монитор компьютера
через ВКУ. Таким образом, обеспечивается компьютерная обработка инфракрасных
изображений. Начальное охлаждение охладителя ПФИК до 80 К обеспечивается
жидким азотом, дальнейшее понижение температуры достигается подачей жидкого
гелия.
На выходе волоконно-оптической шайбы невидимое изображение усиливается с
помощью ЭП-16, а далее ВКУ преобразует ее в цифровой сигнал. Таким образом,
собранная
нами
фотографическая
установка
ИК
изображений
имеет
усовершенствованный вид с применением современных устройств.
Для получения изображений на выходе ПФИК необходимо выполнения
следующих условий [10, 11]:

где

α

j C ≥ α jT

(1)

jC + jT ≥ j ПР

(2)

- минимальная регистрируемая кратность фотоотклика,

jT

- и

jC

-

плотности, соответственно, темнового и фототоков, j ПР - пороговая плотность тока,
фиксируемая
регистрирующим
узлом.
При
монополярной
примесной
фотопроводимости в случае n − типа проводимости условия (1), (2) имеют следующий
вид:

nС ≥ α nТ ,

(3)

nC + nT ≥ j ПР / еµЕmax ,

(4)

где

e – заряд электрона, nT – и nС – концентрация, соответственно, равновесных и
неравновесных носителей, µ − подвижность электронов в зоне проводимости, Emax –
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предельная допустимая напряженность электрического поля в полупроводнике, при
котором начинается монополярная инжекция. С учетом захвата инжектированных
носителей [12] величину Emax можно записать в виде

Emax =

N D N cM 
enT L 
1 +
.
εε o  ( N cM + nT )2 

(5)

Предельная регистрируемая газоразрядной ячейкой мощность излучения J ПР
может быть рассчитана по формуле [13]:

J ПР =
где nc =

γ nc (N D − mT + nT + nc + N cM )
,
q
mT − nT

εε 0 j пр

N D N cM 
e 2 µLpT 1 +
2 
 ( N cM + nT ) 

− nT ;

mT =

(6)

N D nT
; N cM = N c exp(− E D ) / kT ] ;
N cM + nT

ε

– диэлектрическая проницаемость полупроводникового материала; ε0 –
электрическая постоянная; ND – концентрация донорной примеси – серы; ED – энергия
ионизации примеси; NC – плотность состояний в зоне проводимости кремния;

γ

–

коэффициент рекомбинации; q – сечение фотоионизации примеси; L – толщина
фотоприемника. В координатах JПР(T) из формулы (6) следует зависимость пороговой
регистрируемой мощности излучения от температуры.
На рис.2 приведены зависимости JПР(T), рассчитанные по формуле (6) в
случае кремния, легированного серой [9]. В расчете были принятии следующие
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5
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3
2
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Jпр, Вт/см2
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10-6
10-8

20 60 100 140 180
Т, К

Рис.2.
Температурные
(теоретические)
зависимости пороговой регистрируемой
мощности ИК излучения для фотоприемника
n–Si<S>
при
различных
значениях
предельной
регистрируемой
плотности тока jпр: 1 – 10-9 А/см2; 2 – 10-7;
3 – 10-5; 4 – 10-3; 5 – 10-1.
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Рис.3. Температурные (экспериментальные) зависимости пороговой регистрируемой мощности
ИК излучения в
фотографической камере с фотоприемником из n – Si<S> .

значения величин:
см3/с;

ED = 0,18эВ; ND = 1016см-3; q

= 10-16 см2;

nТ = 1010 см-3; γ = 10-8

L = 7·10-2см.

Экспериментально исследованная зависимость порога чувствительности
фотографической камеры от температуры приведена
на рис.3. Полученная
экспериментальная кривая находится в качественном согласии с теоретическим
расчетом. Результат в совокупности с качественными оценками порога является
существенным экспериментальным подтверждением проделанных теоретических
расчетов. Характерными особенностями является наличие пологого
участка
практической независимости предельной регистрируемой мощности излучения ( J ПР )
от температуры. Действительно, уменьшения JПР с уменьшением температуры до
значения Т = 85 К сменяется значительно более медленным уменьшением JПР при
дальнейшем снижении температуры. Это весьма важное обстоятельство обуславливает
надёжность и стабильность функционирования преобразователя (ПФИК) в области
пороговых характеристик. Таким образом, самое низкое пороговое значение
регистрируемой мощности излучения обеспечивается в области температур меньшей Т
= 75 К с фотоприемником из кремния, легированного серой [9].
Для изучения физических процессов в сверхтонкой газоразрядной ячейке
использовали камеру в высоком вакууме (10-5 мм.рт.ст), изготовленную из
полистирола.
На рис. 4 приведены ВАХ газоразрядной ячейки при толщине
газоразрядного зазора d = 10 мкм в темноте (кривая 1) и при освещении (кривая 2)
фотоприемника из GaAs. Очевидно, что природа тока здесь может быть связана с
автоэлектронной эмиссией, либо с утечкой по поверхности диэлектрического зазора в
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Рис. 4. Вольтамперные характеристики
автоэлектрон-ной эмиссии с GaAs: 1 - в темноте,
2 - при освещении.
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Рис. 5. Зависимость автоэлектронного тока
от радиуса отверстия в диэлектрической
прослойке.

сильном электрическом поле
по
периметру
отверстия,
ограничивающего вакуумный
зазор, то есть за счет краевого
эффекта. Для разрешения этой
альтернативы были проведены
измерения тока газоразрядной
ячейки
при
нескольких
значениях диаметра сквозного
отверстия в диэлектрической
слюде. На рис. 5 приведены
результаты
измерений
автоэлектронного тока при
напряжении
газоразрядной
ячейки V=1,5 кВ (кривая 1) и
V=1,2 кВ (кривая 2), из
которых однозначно следует,
что
ток
возрастает,
пропорционально
площади
поперечного сечения и краевая
утечка
не
вносит
существенного
вклада,
темновой ток и фототок
определяется автоэлектронной
эмиссией.
На рис. 6 и 7 приведены
температурные
зависимости
темнового тока и фототока в
газоразрядной
ячейке
с
фотоприемниками,
соответственно, из n-Si<Pt> [8]
и n-Si<S> [9], откуда видно, что
в области низких температур (Т
= 85 ÷ 105 К для n-Si<Pt> и Т =
55 ÷ 75 К для n-Si<S>) имеет
место
скачкообразное
изменения
токов,
причем
зависимость фототока является
нормальной, а темнового тока
– аномальной. Полученные
экспериментальные
результаты,
по-видимому,
можно объяснить следующим
образом;
автоэлектронную
эмиссию при темновом токе
образуют
равновесные
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Рис. 6. Температурные зависимости темнового
(кривая 1) и фототока (кривая 2) в ПФИК с
фотоприемником из p – Si<Pt>.
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Рис.7. Температурные зависимости темнового
(кривая 1) и фототока (кривая 2) в ПФИК с
фотоприемником из n – Si<S>.
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120

носители
тока.
Их
2 ΔD
концентрация при низких
температурах
намного
меньше,
с
повышением
температуры их число и, тем
самым, сила тока растет.
Однако энергия равновесных
2
1
электронов,
вырванных
1
автоэмиссией с поверхности
полупроводника, недостаточна
для
образования
лавин
таунсенда, при температуре
100
К
темновой
ток
скачкообразно падает для
H, см2/ Дж
n-Si<Pt>, а при температуре
1010 109 108 107 106 105
60 К – для n-Si<S>. Основная
часть равновесных электронов,
Рис. 8. Характеристическая кривая (абсолютной
вырванных автоэмиссией с
величины оптической плотности изображения от
поверхности фотоприемника,
экспозиции) фотографического процесса в ПФИК для
ускоряется в электрическом
спектрального диапазона длин волн λ = 2,6 ÷ 4,2 мкм:
1 – без усиления инфракрасного изображения,
поле, при столкновении с
J = 10-4 Вт/см2; 2 – усиленное инфракрасное
молекулами
газа
изображение с помощью ЭП-16, J = 10-6 Вт/см2.
нейтрализуется,
то
есть
Рабочая температура Т = 90 К.
рекомбинируется. Дальнейшее
повышение температуры приводит к увеличению числа равновесных носителей и
нарастанию темнового тока (кривая 1). Фототок (кривая 2) в области температур ~100
К имеет скачок вверх для фотоприемника n-Si<Pt> и ~60 К для фотоприемника nSi<S>, это наблюдается при повышении температуры по пути А. При снижении
температуры по пути В, то есть при охлаждении системы, фототок, в области
температур ~90 К для фотоприемника n-Si<Pt> и ~50 К для фотоприемника n-Si<S>,
скачком падает.
Таким образом, в сверхтонкой газоразрядной ячейке с
вышеуказанными фотоприемниками при неравновесных процессах наблюдается
фотоэлектрический гистерезис связанный с автоэлектронной эмиссией.
Заметим, что скачкообразное уменьшение темнового тока и скачкообразное
увеличение фототока – есть новый положительный эффект, влияющий на
увеличение контрастности (кратности – отношение фототока к темновому току), то
есть на чувствительность ПФИК.
Необходимо отметить, что подобное явление в неохлаждаемом варианте, то есть
при комнатной температуре с фотоприемником из GaAs не наблюдается. Здесь, повидимому, неравновесных носителей при комнатной температуре всегда достаточно
для образования лавин таунсенда. Однако, можно заметить, что в этом случае при
подаче достаточного пробивного газового зазора напряжения, сначала развивается
таунсендовский разряд и затем мгновенно начинается тлеющий разряд. Поэтому
вышеуказанный эффект не наблюдается.
Как следует из приведенных характеристических кривых (рис.8 и 9),
фотографическая
чувствительность определяется
величиной
порядка
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Н=1/(J·t)= (0,4 ÷ 0,5)10 7 см 2 / Дж
без усиления, а с усилением на 2 ΔD
ЭОП, это величина составляет
Н=1/(J·t)= (0,4 ÷ 0,5)1010 см 2 / Дж
с фотоприемником из n-Si<Pt>
для спектрального
диапазона
ИК излучений
λ = 2,4 ÷ 4,2
мкм, а с фотоприемником
из n-Si<S> – Н=1/(J·t) =
5·108см2/Дж с усилением на ЭОП 1
для спектрального диапазона ИК
излучений λ = 4,6 ÷ 6,9 мкм.
Таким образом эффект
фотоэлектрического
гистерезиса,
обнаруженный
нами находит закономерное
подтверждение. Фотоприемники
из n-Si<Pt> и n-Si<S> в ПФИК
109
107
106
105
108
обеспечивают
высокочувствительную
H, см2/Дж
фотографическую регистрации
Рис.9. Характеристическая кривая (абсолютной
объектов
и
физических
величины оптической плотности изображения от
процессов
в
диапазоне,
экспозиции) фотографического процесса в
соответственно, λ = 2,4 ÷ 4,2 мкм
полупроводниковой ионизационной камере для
спектрального диапазона длин волн λ = 4,6 ÷ 6,9 мкм
и λ = 4,6 ÷ 6,9 мкм, благодаря
(усиленное инфракрасное изображение с помощью
эффекту фотоэлектрического
электронно-оптического преобразователя), J = 10-6
гистерезиса.
Проведенные
Вт/см2, рабочая температура Т = 60К.
совместные опиты сотрудников
Всероссийского научно исследовательского института экспериментальной физики
(ВНИИЭФ) и Ливерморской национальной лаборатории им.Лоуренса, США в
газоразрядной ячейке преобразователя изображений ионизационного типа с нашим
фотоприемником из n – Si<S> [9] не давали желаемых результатов (письмо В.М.
Муругова от 15 марта 2006 г.) В этих опытах рабочая температура фотоприемника
составляла Т=100 К. Эта температура как видно из нашего экспериментального
результата (рис.7) находится за пределами области фотоэлектрического гистерезиса,
поэтому не могут бить достигнута высокая чувствительность с желаемой разрешаемой
способностью не менее
8 лин/мм. Таким образом, эффект фотоэлектрического
гистерезиса является необходимым условием для достижения высокой
чувствительности
фотографического
процесса
в
газоразрядной
ячейке
преобразователях изображений ионизационного типа далекой ИК области спектра.
Нами были проведены ряд исследований в ПФИК, результаты которых привели
к созданию нового типа камеры, до этого момента в ПФИК невозможно была
эксплуатация полупроводников на основе тройных соединений для длинноволновых
областей спектра, по причине
относительно малых удельных сопротивлений
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фотоприемников. Предварительные исследования показывают, что использование
монокристаллического Ng 1- x Cd x Te в ПФИК при ином расположении фотоприемников,
чем ранее, охватывает камерой инфракрасную область λ = 0,8 ÷ 30 mkm .
Использование кристаллов полученных нанотехнологий, также расширяет
спектральный диапазон в сторону рентгеновских и гамма излучений.
В заключении отметим, что представленные результаты открывают
перспективы создания приборов ночного видения и пространственно-временного
диагностического комплекса с высокой чувствительностью для исследования ИКизлучений объектов в дальней области длин волн, а также позволяет реализацию
компактных устройств для обнаружения дефектов и неоднородностей в твердых и
жидких веществах на базе систем ПФИК.
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INNOVATION APPROACHES TO OPTIMIZE THE DRILLING PROCESS
ИНОВАТИВНИ ПОДХОДИ ЗА ОПТИМИЗИРАНЕ НА СЕИТБАТА
Митев Г. В.
Mitev, G.V.
Abstract: Sowing is the most important of all technological processes and has a serious impact on yields. Failure to observe the
basic agro-technical requirements, such as optimum sowing time, proper soil preparation, sowing, sowing depth, etc., leads to irreversible
losses. The seed drill, which is a modified version of a factory-made drill for punched wide-row sowing in paired rows. It is part of a
machine system used to implement innovative technology in which traditional surface treatment machines are not needed. This requires that
a cultivator section be included in its device to prepare the soil at the same time as sowing. Turning the seed drill into a combined machine
requires it to check its performance. The inspection was carried out by examining the degree of crushing of the layer, the alignment of the
profile of the treated strip and the deviation from the set depth of sowing. Each of these metrics is considered as an optimization parameter
involved in three single factor experiments with a single controllable factor in them - machine speed (x).

Keywords: Sowing, drilling machine, process, cultivation section

Увод

Sowing is the most important technological process and a
basic prerequisite for efficient agricultural production [5, 8, 9, 10,
14, 21].
Permanent yields can only be obtained by growing high-productive,
benign and resistant to unfavorable external conditions and various
diseases and pests [1, 2, 3, 4].
Sowing and sowing seed drilling activities are inextricably linked.
Pre-cultivated soil cultivation must comply with the requirements of
individual crop types such as:
•
for winter crops to reach optimal sizes of soil
aggregates, incl. No aggregates larger than 30 mm in
the soil, well littered, sufficiently moistened or dry, but
not with "colorful" moisture;
•
for the spring, the last loosening should be done
immediately before sowing and at a depth equal to the
seed depth.
Otherwise, in both cases no qualitative sowing can be
done, [33, 34, 35, 43, 44, 45].
Timely sowing of agricultural crops is of great importance
for the use of soil water both for seed germination and for the rapid
development of the root system and the whole plant. It contributes
to the proper use of the entire complex of vegetation conditions on
which yields depend, [6, 15, 36, 37].
Normally, in early autumn sowing, the plants have enough
heat but suffer from water shortages in the soil, and in early spring
sowing, on the contrary, the seeds fall on damp, but cold soil and
can not rise, [41,42]. Late-sown autumn crops have enough
moisture to swell, but often lack the necessary heat to seed
germination, and late-spring shoots do not germinate or grow
irregularly due to the sharp decrease in soil moisture [37, 38, 39,
40].
Therefore, the best results are the timely sowing, ie
the sowing done in such terms, which provide both water and
heat and are consistent with the whole complex of vegetation
conditions.
Sowing aggregates are complex dynamic systems with a
significant number of degrees of freedom [7, 10, 12]. These
degrees of freedom meet a number of limitations imposed by
the external effects on the seed drill, Z (t), V (t), H (t), Q (t), Y
(t). When working in such an environment, seed drills are
required to cover certain qualitative and quantitative
indicators to be considered as its output streams, Fig. 1.
The technology operator is essential and depends on the
extent to which the random nature of inputs in the model will
be passed on to outgoing flows (ie quantitative and qualitative
indicators). This depends, on the one hand, on the capacity of
the technology operator (W) on the machine and on the other
on on the state of the incoming flows [17, 18, 19].
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Fig.1. Information model of seeding machine: W technological operator; z (t), R (t), v (t), H (t) Q (t) and y (t) A (t) quality indicators; P (t) - quantitative indicators.
Operator W's capabilities are determined by the level of
technical solutions and operating principles set in the design
engineer. The state of the input streams is predestined by the way
they are managed even before they enter the seed drill.
In functional terms, the sowing machine can be divided into
elementary units, which repeat uniquely to obtain the desired
working width (Figure 2), [7, 11, 20, 25, 26]. According to the
functional scheme, the operation of the operator W is the result of
the transfer of consecutive information flows between the individual
units supplemented by internal feedback links. The information
interactions between the elementary elements in the functional
scheme of the seed drill can be represented in the following
dependencies:

Fig.2. Functional scheme of the seeder:
1-frame; 2 - sowing apparatus; 3 - a conduit; 4 - boot; 5 –
soil

(1)
𝑊𝑊1 (𝑡𝑡) = ∅1 [𝑍𝑍(𝑡𝑡), 𝑅𝑅(𝑡𝑡), 𝑉𝑉(𝑡𝑡), 𝑦𝑦(𝑡𝑡)]
where W1 (t) is the technological result of the first unit;
Z(t) – the vector characterizing the field profile;
R(t) – the vector characterizing the soil resistance;
V(t) – the vector that characterizes the motion of the seed
drill;
у(t) – the vector characterizing the machine / tractor unit
(MTA) .
(2)
𝑊𝑊2 (𝑡𝑡) = ∅2 [𝑄𝑄1 (𝑡𝑡), 𝐻𝐻2 (𝑡𝑡), 𝑄𝑄2 (𝑡𝑡)
Where W2 (t) is the technological result of thesecond unit;
H2 (t) – the vector of the adjustment effects on the unit 2;
Q2 (t) – The vector characterizing the external effects of
biological objects (plant residues, etc.);

𝑊𝑊3 (𝑡𝑡) = ∅3 [𝑄𝑄2 (𝑡𝑡), 𝑄𝑄3 (𝑡𝑡), 𝐹𝐹(𝑡𝑡)]
(3)
където W3 (t) is the technological result of the third unit;
Q3 (t) − The vector characterizing external effects of
biological nature;
F(t) – The vector characterizing the interfering action of
the unit 4 on the unit 3.
(4)
𝑊𝑊4 (𝑡𝑡) = ∅4 [𝑄𝑄3 (𝑡𝑡), 𝑅𝑅4 (𝑡𝑡), 𝑍𝑍4 (𝑡𝑡), 𝐻𝐻4 (𝑡𝑡)]
where W4 (t) is the technological result of the fourth unit;
H4 (t)- The vector characterizing the adjustment effects on
the unit 4;
Z4 (t)- The vector characterizing the field profile on the
verge 4.
P4 (t)- The vector characterizing the impact of soil
resistance on unit 4.
(5)
𝑎𝑎𝑖𝑖 (𝑡𝑡) = ∅𝑖𝑖 [𝑄𝑄4 (𝑡𝑡)]
where ai (t) is a one-dimensional vector, characterizing a particular
technological feature of the sowing machine;
Q 4 (t) – The vector that characterizes the external
effects of a biological nature.
A characteristic feature of chains with sequential
connections is that the denial of one element leads to a denial of the
whole system. Also, the significant deviations in the technological
result W(t) of one unit cause progressive changes in the
technological result of the next units. In some cases, deviations
occurring can be compensated by the presence of appropriate
feedback links between the units. In other cases, these deviations
can bring out the entire system of equilibrium and thus interrupt the
normal technological process.
If an association is made and the elementary fluxes
flowing out of each unit are treated as electric current, and external
impacts are seen as resistances on the unit itself, it can be concluded
that the equivalent impact of random external flows will have an
additive character. Excessive impact of external flows on a link in a
chain may cause a severe drop in the machine and operating circuit
diagram and may interrupt indefinitely.
Therefore, the more complex and longer the chain of
units, the stronger the influence of random processes on the sowing
process.
According to the information model of sowing machines,
the improvement of the sowing process should be sought in two
other mutually opposite directions [22,23,24]. The first one is aimed
at complicating the functional scheme of the machine, which aims
at reducing the influence of external influences and building many
internal relations between the elementary units. Typical
representatives in this area are the combined sowing aggregates.
The second, less popular trend is related to the
construction of a short circuit circuit of elementary units. By
removing a link or links to the chain, external influences are also
eliminated. This reduces the impact of their external impacts, thus
weakening the cumulative impact of random processes on the seed
drill's technological parameters.
The pursuit of seed drills with similar "simplified"
schemes requires the application of principally new functional and
technical solutions [22].
Generally, in classical sowing, weed seeds present in the
soil have a number of advantages such as: - falling into the soil in
large quantities and at a favorable moment for them; - successfully
pass the acclimatization stage; - take up enough water; - wait for
optimum soil temperature to be reached and germinate in optimal
conditions. On average, on 1 m2 of arable land there are about
50000 weed seeds, against 8-10 seeds of cultivated plants, fig. 3.
From the point of view of improving process processes in
drought conditions and changing climates, it is important to note
that weeds are the main competitors of crop plants for the use of
water, nutrients and light [3].
The method for accurate sowing of seed crops by fixing
them to biodegradable bands and subsequent laying in the soil is
characterized in that the seeds are pre-placed on the biodegradable
bands according to the technology of production at a predetermined
distance, 21, 22].
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Where necessary, nutrients and / or protective equipment may be
required for the initial and most critical period of their development.
Strips are made in stationary conditions using seed and / or nutrient
fixtures. On the periphery of the strips, data on the length, type and
variety of the cultivated crop can be displayed, as well as the
distance between the seeds inside the line [22, 23, 32].

Fig. 3. Principal scheme of distribution of crop and weed
seeds in the soil
After the seed has been fixed, the strips are placed in a
soil-friendly manner with a length equal to the length of the sowing
areas. The laying of strips with pre-fixed seeds is carried out with a
simple type of working bodies.
Advantages
The advantages of the method of accurately sowing seed and
vegetable crops by applying soil biodegradable tapes to the soil are
that the biodegradable seed strips of the seeds are prepared in
stationary conditions using seedling and / During the non-annual
periods of the year.
As a result of the pre-preparation of the strips and the
precise application of the seeds, the maximum quality of the sowing
is achieved, as well as the saving of the seeds. The technical
solution for tape layout allows sowing of a relatively large length of
rows, the bands being able to be joined according to the length of
the row.
The device is lightweight, easy to fabricate, and is cheaper
than conventional seed drills for precise sowing.
Biodegradable bands can be pre-treated and supplemented
with nutrients as well as become hygroscopic when reaching a
certain
soil
temperature
in
the
seed
area.
In case of small areas and experimental fields it is possible to
completely abandon the need to use the classical seed drills for
trenches and vegetable crops.
In classical sowing for the protection of weed plants in the
row a number of sprinkler structures are used.
Fig. 4. The evaporation of non-productive water from the
soil is high.
When using a biodegradable strip, the water that can
evaporate from the soil is at a depth equal to the depth of laying of
the strip. The biodegradable tape applied to the soil plays the role of
an aperture that stops water from the lower layers of the soil, fig. 5.
The weed seeds that are found in this soil layer begin to suffer from
a water shortage that reaches the point of withering. Their root
system stops their growth and they die, fig. 6.

Fig. 4. Destruction of weeds in the order by using herbicides and
increasing the rate of evaporation

Fig.5. Reducing the evaporation in the row due to limiting the
evaporable soil layer

Fig. 6. Biogasable strain placed in the soil stops the
growth of weeds within 2 weeks from the time of application
The best seed distribution in the sown area is what gives
the emerging plants equal opportunities to use the provided food
and climate resources. A prerequisite for this in the first place is to
provide the possibility of the root system of plants to develop in a
less competitive environment. This is possible if the seeds are
placed in rows with spacing equal to 𝑏𝑏 = 𝑟𝑟√3, fig.7. The distance
between the rows is equal to 2𝑟𝑟, where r is the radius of the
required food zone [9].
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Fig.7. Theoretical distribution of seeds to obtain a level
playing field for growth and development

Fig. 8. Scheme of seed application in the soil in paired rows for
trenches
The above-described method of sowing is applicable to
crops grown on a fused surface. Such are winter cereals and forage
crops.
For trenches, this principle is applicable in the following way, fig.
8.
At an intersection distance of 0.70 m, another row is
placed, located at 0.20-0.22 m from the main one. Thus, the line
spacing remains 0.48-0.50 m. The sowing sections are of a double
construction and have the option of stacking the seeds staggered or
in parallel. This reduces the distance between plants, hence the
competition for light and volume for the development of the root
system.
Conclusion
According to the information model of the sowing machines, the
improvement of the sowing process must be sought in two other
mutually opposite directions. The first one is aimed at complicating
the functional scheme of the machine, which aims at reducing the
influence of external influences and building many internal relations
between the elementary units. Typical representatives in this area
are the combined sowing aggregates.
The second, less popular trend is related to the construction of a
short circuit circuit of elementary units. By removing a link or links
to the chain, external influences are also eliminated. This reduces
the impact of their external impacts, thus weakening the cumulative
impact of random processes on the seed drill's technological
parameters.
The pursuit of seed drills with similar "simplified" schemes requires
the application of fundamentally new functional and technical
solutions.
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МЕТОД ЗА ОРАЗМЕРЯВАНЕ НА ЗАЛЕПЕНИ СЪЕДИНЕНИЯ
METHODOLOGY OF DIMENSIONING OF GLUED JOINTS
МЕТОД ДЛЯ ВЫЧИСЛЕНИЯ ПРИКЛЕИВАННЫЕ СОЕДИНЕНИЯ
Assoc. Prof. Pandev G., PhD, Eng.
Faculty of Mechanical Engineering – University of Chemical Technologies and Metallurgy, Sofia, Bulgaria
gpep@uctm.edu
Abstract: The use of adhesives in the modern machine-building allows in a quick, inexpensive and safe way to solve the problems
of connecting the parts to one another. Different types of adhesives are used, depending on the specific requirements of the connection and
the technology for its production. Despite the proven advantages of the technology for the creation of joints by gluing and their wider use in
the contemporary practice, there is no methodology in the specialized literature for the dimensioning of glued joints.
The purpose of the proposed project is to be investigated the mechanism of bonding by gluing, and on that basis to develop a
methodology for determining the separation force of two glued parts, depending on the type and dimensions of the contact surface, the way
of gluing and the type of the glue used.
The methodology includes the classification of the different types of adhesives, according to the literary sources and their
advantages; analysis of the theoretical principle of creating a bond by gluing; dependencies for calculating the force required to separate
the glued parts, according to the conditions listed therein.
Keywords: METHODOLOGY, DIMENSIONING, GLUED JOINT,
•
Намаляване на вибрациите – еластичността на
адхезива позволява поглъщането на някои вибрации –
например тези с малка амплитуда и висока честота ;

1. Въведение
Залепването е процес на създаване на неразглобяема връзка
между два детайла. Това се извършва посредством няколко
възможни материала : лепило, адхезив или кит [1,3].

•
Акустична и електроизолация, уплътняване и защита
против корозия.

Под термина „лепило“ се разбира продукт, позволяващ
закрепването на детайлите да се осъществи в една обща
равнина или обща линия на залепване. При това тези продукти
са под формата на течност, паста или филм. Най-често те са
приготвени от естествени материали : растителни (каучук, гума
арабика, скорбяла) ; животински (кости, кожа и др.) ; с
минерален произход (цимент, битум, керамика).

Посочените предимства показват ефективността на метода
за свързване на детайлите чрез залепване и тяхното все почесто използване в съвременната практика. Въпреки това в
специализираната литература липсва методика за оразмеряване
на залепени съединения.
Целта на настоящата статия е да се изследва механизмът за
създаване на връзка чрез залепване и на тази основа да се
разработи методика за определяне на силата на разделяне на
два залепени детайла в зависимост от вида и размерите на
контактната повърхнина, начинът на залепване и видът на
използваното лепило.

Понятието „адхезив“ (структуриращ) означава вещество за
залепване, при което напрежението на срязване в мястото на
съединяване е по-високо от 7 МРа при нормални температурни
условия. Обикновено адхезивите са синтетични материали :
термопластични (цианоакрилатни или поливинилхлоридни
съединения),
термоустойчиви
(полиестери,
епоксиди,
силикони), еластомерни (латекс, неопрен и др.).

2. Методика за оразмеряване на залепени
съединения

Терминът „кит“ обикновено се отнася за материали, при
които освен залепване се получава и уплътняване. Те са със
синтетичен произход.

2.1. Теория на свързването чрез залепване

Създаването на връзка между детайлите посредством
залепване има някои основни предимства [4] :

Теоретично здравината и устойчивостта във времето на
връзката между залепени детайли зависи преди всичко от [5]:

•
Сглобяване на детайли от различни материали –
залепването се прилага когато то е единственият начин за
връзка между два материала, които не могат да се сглобят по
класически начин (например метал - стъкло и др.) ;

-

От кохезията на адхезива;

-

От адхезията между
залепващия материал;

•
Сглобяване на много тънки детайли или такива със
значителна разлика в дебелината ;

-

От геометрията на връзката;

-

От технологията на нанасяне и вида на адхезива,
включително и допълнителните операциии по сушене,
втвърдяване на топло и др.

•
Свързване без да се повреждат детайлите – избягват
се механичната обработка (например пробиване), заваряване и
други процеси, съпроводени с отделяне на топлина. Избягва се
довършителна обработка на връзката и тя е с естетически вид ;
•
Здравина на връзката – равномерното разпределение
на адхезива по цялата повърнина на закрепване между
детайлите позволява да се получи връзка с по-голяма здравина,
отколкото при закрепване с отделни елементи (винтове и др.) ;
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материала

на

детайла
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На Фиг. 1 е показан принципът на създаване на залепена
връзка. Качеството на връзката зависи от следните по-важни
условия : продължителност и температура на съхраняване на
адхезива; максимално време на отваряне на опаковката му;
температура при полагането; подготовка на свързваните
повърхнини; състояние и чистота на свързваните повърхнини.

С тази зависимост се определя максималното предавано
усилие от залепената връзка при оптимални условия. В случай,
че има наличие на хлабина във връзката, вибрации, повишена
температура и други неблагоприятни условия се налага
въвеждането на корекционен коефициент.
Оразмеряване при залепване на тънки детайли
Приема се, че върху двата детайла действа сила на опън F.
При дължина на контакта на залепване L (Фиг. 3) се
пренебрегват напреженията на усукване и се допуска, че
връзката е подложена на чисто срязване.

Фиг. 1. Принцип за създаване на залепена връзка

Всички теории се обединяват около съществуването на
силите на адхезия в залепената връзка. Основните теории са
две :
Химичната теория, която се основава на
образуването на ковалентни връзки между двата материала,
които са един срещу друг ;
Термодинамичната теория, обясняваща залепването
със съществуването на силите на Ван дер Ваалс.
И двете теории отдават изключителна важност на чистотата
на повърхнините за залепване, начинът, по който те са
предварително обработени, спазването на процедурите по
почистването и обезмасляването им. От практиката е
установено, че най-добри условия за осъществяване на
залепена връзка се получават, когато повърхнините
предварително са загладени чрез пясъкоструйна обработка или
такава с метални топчета (Фиг. 2). В този случай се намалява
концентрацията на напрежения, които биха се получили по
върховете на грапавините на необработени повърхнини.

Фиг. 3. Размери на залепената връзка и детайлите

Ако означим с f отношението
, то тогава
напрежението τr ще бъде пропорционално на фактора f, тъй
като неговата стойност е по-малка от 0,1 :

(2)
Ако приемем дължина Lo на контактната повърхнина
между детайлите, такава, че напрежението на срязване в
залепената връзка τro да е равно на 0,6τr, тогава за Lo ще имаме

(3)
след което определянето на усилието, което може да понесе
залепената връзка се определя от зависимостта
(4)

Fro = τro . Lo . b

По този начин с горната формула се изчислява
действителната сила, която може да понесе залепената връзка
без да се разруши (Фиг. 4).

Фиг. 2. Нанасяне на адхезива в зависимост от предварителната
подготовка на повърхнината

2.2. Оразмеряване на залепени съединения
Напреженията, които се получават при залепване на
детайлите са сравнително умерени. Силите, необходими за
тяхното разделяне (респ. предаваното чрез тази връзка усилие),
ще бъдат толкова по-големи, колкото по-голяма е площта на
контактната повърхнина. Ето защо в методиката за
оразмеряване площта се явява основен фактор. От значение
също е и дебелината на залепваните детайли [4].
Фиг. 4. Определяне на действителното натоварване в
залепената връзка

Оразмеряване при залепване на дебели детайли
Определянето на предаваното усилие в залепена връзка,
подложена на срязване се извършва по формулата :

(1)

Примери за оразмеряване на залепени съединения

F = τr . S

Първи пример : Залепване на масивни детайли.

където :

Зъбно колело с брой зъби z = 17, модул m = 1 и ширина на
венеца b = 8 mm трябва да се закрепи чрез залепване към
шийката на вал с размери : диаметър ø 16 H8/g7 и дължина 19
mm. Предаваният въртящ момент е МВ = 30 N.m. Зъбното

τr – напрежение на разрушаване на залепената връзка, МРа,

S – площ на залепената повърхнина.
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колело и валът са от един и същ материал – стомана 35 CD4.
Работната температура е 60°С.

В същото време трябва да се избягват конструктивните
решения, при които под действие на приложеното натоварване
може да се получи отскубване или разцепване на залепеното
съединение (Фиг. 6).

Като материал за залепване се избира адхезив BOSTIK 7432
[2], който има съпротивление на срязване τr = 20 МРа.
Изчислява се площта на залепената връзка
S = π . 16 . 19 = 955 mm2

(5)

Предаваният въртящ момент МВЗ чрез залепената връзка
при избрания тип адхезив ще бъде
МВЗ = 20 . 955 . 8 = 152 800 N.mm = 152,8 N.m

(6)

Коефициентът на сигурност се определя от отношението
(7)

МВЗ/ МВ = 152,8 / 30 = 5,1

който е достатъчно
поставените условия.

висок

и

удовлетворява

напълно

Втори пример : Оразмеряване на залепено съединение
между детайли с малка дебелина.
Два детайла от стомана Е24 с дебелина е = 2 mm трябва да
се залепят и издържат сила F = 2400 N без да се разделят.
Ширината на залепване е b = 15 mm (Фиг. 3).
За осъществяване на залепеното съединение се избира
адхезив М 890 на същата фирма [2], който при залепване на
стомана върху стомана има съпротивление на срязване τr = 22
МРа и е с добра устойчивост на вибрации и удари.
Дължината на контактната повърхнина Lo, определена по
формула (3) е

Фиг. 6. Неблагоприятни конструктивни решения при залепени
съединения

Изводи

(8)

(9)

Тогава действителната сила
залепената връзка ще бъде
(10)

1.
Анализирани са принципът на създаване на залепено
съединение и факторите, от които зависи здравината му и
устойчивостта във времето, качеството на връзката.

τro = 0,6 . 22 = 13,2 MPa.
Fro

за разрушаване на

2.
Посочени са двете основни теории – химична и
термодинамична за създаване на връзка чрез залепване между
детайлите. Разгледани са общите им постановки и различията
между тях.

Fro = 13,2 . 23,6 . 15= 4673 N.

От сравняването на силата F = 2400 N и Fro = 4673 N се
вижда, че действителната сила Fro е по-голяма от тази, която ще
натоварва залепеното съединение (2400 N < 4673 N), т.е.
съединението успешно ще понесе зададеното натоварване.

3.
Създадена е методика за оразмеряване на залепени
съединения между дебели и тънки детайли. Тя отчита
напреженията на срязване в мястото на залепване,
геометричните параметри на контактната повърхнина между
двата детайла, видът на използвания адхезив. Приложимостта
на методиката е показана с решаването на два конкретни
примера от практиката.

3. Конструктивни изпълнения на залепени
съединения

4.
Посочени са конструктивни изпълнения на залепени
съединения, които показват добра устойчивост в процеса на
работа, както и такива, при които могат да настъпят
неблагоприятни последствия.

Съществуват различни конструктивни изпълнения на
залепени съединения. Така например в зависимост от
натоварването най-устойчиви се оказват онези съединения,
които в процеса на работа са подложени на опън и на срязване
(Фиг. 5).
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OPTIMAL CONTROL OF QUARTER CAR VEHICLE SUSPENSIONS
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Abstract: this paper deals with the comparison of Control of quarter car vehicle suspension using Linear Quadratic Regulator (LQR) and
Fuzzy Logic Controller (FLC) which are considered to control quarter car suspension and computer simulation is done on the nonlinear
quarter-car model with actuator dynamics. The Linear Quadratic Regulator (LQR) and Linear Quadratic Gausian (LQG) methods are the
most used control approaches. LQR and FLC provide the possibility to emphasize quantifiable issues of vehicle suspensions like; ride
comfort and road holding for varying external conditions.

Keywords: VEHICLE, SUSPENSION, NONLINEAR, LQR, FLC.
1. Introduction
The dynamics of vehicle suspensions is usually highly
nonlinear. Therefore their control for active and semi-active should
be nonlinear, e.g. gain scheduling. The LQR and LQG methods are
the most used control approaches. Both methods use a state –space
equation with a quadratic performance index and derive the optimal
control law by solving a matrix Riccati equation, while LQG needs
an additional design of Kalman filter. In reality, these active
suspension systems are relatively complex, consisting of several
nonlinear elements. "The more complex a system is, the more
precision and significance (of the system's model) become mutually
exclusive Zadeh 1973."
The control is being done usually by parameter optimisation of
proposed control law, (Pajaziti, 1992). This is however difficult and
especially tedious task requiring many iterations.
In recent years, advanced vehicle suspension concepts such as
adaptive, semi-active and active suspensions have attracted
increased attentions because of improving vehicle ride comfort and
road handling performance. Such suspension systems using
electromechanic or electrohydraulic components have been
investigated and developed in the automobile industry (Toshio et al.
1990, Wallentowitz and Konik 1991). The other approach is new
direct synthesis of nonlinear optimal control by (Vaculín et al.,
2000).

(3)
f(x) = A(x)x
which leads to the decomposed system
dx
= A(x)x + g(x) u
(4)
dt
with some properties like controllability of couple (A(x), g(x)) in
each state position x. Then for the quadratic performance index of
the infinite horizon control problem
∞

J = ( x T Q x + 2 x T S ⋅ f a + u T R u ) dt
0

∫

(5)

u = − K(x)x

(6)

The state dependent gain matrix K(x) is obtained as
K (x) = R −1 ( S T + B T ⋅ P )
where P is the solution of the Riccatti equations.

(7)

− PA − AT P + ( PB + S )R −1( BT P + S T ) − Q = 0

(8)

where:
zb

z b − z t = body displacement

mb

z t − z r = wheel displacement
k1

fa
cs

There were some new control approaches applied to control
design of active suspensions, such as the variable structure system
control (Roukieh and Titli 1992), nonlinear control (Alleyne and
Hendrik, 1992), optimal control (Venhovens, 1997), and (Likaj,
1998) etc. Besides that also other approaches exist like fuzzy logic
control.

zt

mt

body

z t = absolute velocity of the
wheel

k2
zr

The model of the quarter-car active suspension system used in
this paper with two degree of freedom is shown in Fig.1.
Fig.1 Quarter-car model

The model represents a single wheel of a car in which the wheel
is connected to the quarter portion of the car body through an
hydropneumatic suspension.

z b − z t = susp. velocity
z b = absolute velocity of the

z b = body mass
z t = wheel mass

200 kg
33 kg

k1 =spring constant 9000N/m

k 2 = spring constant
200000 N/m
c s = damping ratio 1600 Ns/m

3. Fuzzy Logic Controller

The equations of motion for this system are given as:

2. Nonlinear dynamic control

FLC has accelerated in recent years in many areas, including
feedback control. A fuzzy logic approach for hydropneumatic
suspension is presented by (Cai and Konik, 1993). By using
empirical rules according to the designers knowledge and
experience, which are represented linguistically with the
conditional statements and resulting assertion, a FLC is developed
and then compared with the optimal state feedback control method.

The dynamics of the nonlinear system is generally described by
the equations
dx
= f(x) + g(x) u
(2)
dt
where x(nx1) is the state and u(mx1) is the control. If there exists the
decomposition of the system dynamics

A fuzzy rule base has a very significant effect on the control
strategy in a fuzzy controller, in other words it defines the strategy
of the controller. To the active suspension system there are at least
three main objectives, namely ride comfort, suspension travel and
handling. The rule base can be tuned to improve each of the above
objectives.

mb zb = f a − k1( zb − zt ) − cs ( zb − zt )
mt zt = − f a + k1( zb − zt ) + cs ( zb − zt ) − k 2 ( zt − z r )

(1)
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The fuzzy logic controller used in the active suspension has
three inputs: body acceleration zb , body velocity z b , body
deflection velocity z b − z t and one output: desired actuator force
f a . The control system itself consists of three steps: fuzzification,
fuzzy inference machine and deffuzification. During the
fuzzification process the real numbers (crisp) inputs will be
converted into fuzzy values, where after fuzzy interference machine
processes the input data and computes in cope with the rule base
and database. The obtained outputs (fuzzy values) are converted
into real numbers by the defuzzification step. Membership functions
are chosen for the inputs and the output
variables with the
following variables: NV-negative very big, NB-negative big, NMnegative medium, NS-negative small, N-negative, ZE-zero, Ppositive, PS-positive small, PM-positive medium, PB-positive big,
PV-positive very big.

The fuzzy rule based system modeled by designer’s knowledge
and experience is shown in Table 1.
Rules of the controller have the following general form:
Ri : IF < zbisAi AND < zbisBi > AND < zb − zt isCi ,
THEN < f aisDi > .

Fig.2 FIS Editor for Quarter-car model

(9)

Where: Ai , Bi , C i and Di are labels of fuzzy sets representing
the linguistic values of z b − z t , z b , z b and f a , which are
characterised by their membership functions
−1 ≤ zb − zt ≤ 1 ;- 1 ≤ zb ≤ 1 ; −4 ≤ zb ≤ 4 ; −4000 ≤ f a ≤ 4000 .
Table 1: Rule base.

zb

zb

z b − z t

fa

ZE
ZE
ZE
ZE
ZE
ZE
ZE
ZE
ZE
P or N
P or N
P or N
P or N
P or N
P or N
P or N
P or N
P or N

P
P
P
ZE
ZE
ZE
N
N
N
P
P
P
ZE
ZE
ZE
N
N
N

P
ZE
N
P
ZE
N
P
ZE
N
P
ZE
N
P
ZE
N
P
ZE
N

NS
NM
NB
PS
ZE
NS
PB
PM
PS
NM
NB
NV
PM
ZE
NM
PV
PB
PM

Fig.3 Membership Funstion Editor for Quarter-car model

Fig.4 Surface Viewer for Quarter-car model

Fig. 5 Control scheme of quarter car model
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u = K y = KC x

4. Active Suspension control using Linear Quadratic
Gaussian Control

The combination of feedback law and the vehicle system gives
a closed-loop state equation according to:

The control system design is based on the theory of linear
optimal control because Linear Quadratic Gaussian (LQG) offers
the possibility to emphasize quantifiable issues like ride comfort or
road holding very easily by altering the weighting factor of a
quadratic criterion. The theory used assumes that the plant (vehicle
model+road unevennes model) is excited by white noise that is
Gaussian distributed. The term quadratic is related to a quadratic
performance index. Minimization of this quadratic penalty function
results in a feedback control law.

x = (A + BKC)x

Body displacement [m/s]
0.1
LQR
Fuzzy

0.05

The quadratic cost function in general form is:
T

(

)

(13)

Fig. 7 shows the output feedback structure of the closed-loop
system. The design of an optimal constant gain output feedback
matrix K involves the selection of the weighting factors the choice
of an initial feedback law and the selection of an initial condition.
The solution K must be found using an iterative algorithm using a
gradient search technique

The object of linear optimal control theory is to specify an input
vector u which drives a system to a specific target state in such a
way that, during the process, a defined quadratic cost function J is
minimized. Minimization of the performance criterion yields an
optimal feedback law compromising control effort (actuator power)
and control quality (ride comfort and road holding ability).

J = ∫ xT Q x + u T R u ⋅ dx

(12)

0

(10)

0

where Q and R are weighting matrices, x is state vector and u
control vector.
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Fig. 6 Block diagram of the system in state space form
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Fig. 8 Body Displacement and Acceleration of quarter car model

4. Conclusions

+

Both active suspension systems using LQR and FL Controllers can
reduce vertical accelerations, and body displacements, Fig.8. So,
the main properties: ride comfort and road holding were achieved
for the quarter car model. For the design of an FLC, an accurate
vehicle model is not needed, but it’s a very difficult task to express
the knowledge and experience in terms of fuzzy logic.

A

K

5. References

Fig. 7 Block diagram of the control system in state space form

In a real active or semi-active suspension system it will be of
interests to examine the performance of the system under the
assumption that only velocity signals are available for the feedback.
Linear Quadratic Output Feedback (LQOF) will be used to
determine the control feedback matrix. Limited state feedback is
often used to minimize the number of states to be determined by
measurements, but some states are very difficult to measure. The
control structure can be selected through the output equation:
y = Cx

1.5
1
Time (Seconds)

(11)

Input vector u is proportionally related to the output vector y by the
matrix K:
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BEARINGS AND GEARS OF THE REAR AXLE ASSEMBLY OF THE
PASSENGER CARS
Asoc. Prof. Dr. Lajqi N., Ass. Prof. Dr. Lajqi Sh.*
University of Prishtina “HASAN PRISHTINA”, Faculty of Mechanical Engineering, 10 000 Prishtina, Republic of Kosovo
(*Corresponding author: shpetim.lajqi@uni-pr.edu)
Abstract: Predictive maintenance of machines, also known as Condition Based Maintenance, is based on monitoring operating
parameters, and comparison with corresponding values of parameters obtained for the new equipment.
All machines with moving parts give rise to sound and vibration and each machine has a specific vibration signature related to the
construction and the state of the machine. If the state of the machine changes the vibration signature will also change and a change in the
vibration signature can be used to detect incipient defects before they become critical. The condition monitoring technique is based on
detecting the presence of a fault, diagnosing the root cause of the fault, assessing its level of severity and making arrangements for its
correction. A broad of condition monitoring and fault diagnosis techniques has been carried out for improving the accuracy and ability of
condition monitoring and prognosis systems for bearing and gear components.
This paper introduces the method for diagnostic of the rear drive axle for the passenger cars without its demounting. The objective
method of diagnosing the rear drive axle is done by vibrometer. Application of diagnostic method greatly would be contributed in quickly
localization of the rear drive axle fault where diagnostic process of the servicer will done faster.
Keywords: Condition monitoring; vibration; fault diagnosis; bearing, gear;
researched and automated system has to be developed for industrial
machinery component health diagnostic activities. (Taylor, 1995)
discussed the dynamic performance of the rotating components is
highly influential in the performance of any rotating machinery.
(Endo and Randall, 2007) gave the importance of gear and bearings
in the industrial rotating and transport machinery applications. Fault
detection is the process of observing the measured system data and
system status information and comparing them with a normal range
of observed attributes to determine whether some measurements fall
outside the range representing the healthy condition of the system.
Unfortunately, no one technique is able to detect all machine faults.
However, it has been suggested that vibration measurement, which
is the most widely used condition monitoring technique in industry,
can accurately identify 90% of all machinery failures by the change
in vibration signals which they produce and the level of signal can
give an accurate prediction of future failure (Randall, 2011). The
task is to diagnose the fault at an early stage so corrective action can
be taken as early as possible to extend the life of the machine
(Latino, 1999).

1. Introduction
The rear axle assembly is used on rear-wheel drive vehicles. This
assembly is the final leg of the drive train. It is often called the final
drive or rear end. The rear axle assembly includes the differential
assembly, the rear drive axles, and the rear axle housing. A typical
rear axle assembly is shown in Figure 1.
In a rear axle assembly, engine power enters the drive pinion
gear from the drive shaft assembly and differential pinion
yoke/flange. The drive pinion gear, which is in mesh with the ring
gear, causes the ring gear to turn. Power from the ring gear flows
through the differential case, spider gears, and side gears to the
drive axles. The drive axles transfer power from the differential
assembly to the rear wheels.
The bearings and rear axle housing are components of the rear
axle assembly. They are designed to support and align the
differential assembly and the drive axles.
All moving parts of rear axle give rise to sound and vibration
and each parts has a specific vibration signature related to the
construction and the state of the rear axle assembly.
If the state of the machine changes the vibration signature will
also change and a change in the vibration signature can be used to
detect incipient defects before they become critical. This is the
basics of vibration based condition monitoring methods. The
condition monitoring technique is based on detecting the presence
of a fault, diagnosing the root cause of the fault. A broad review of
the state-of-art of condition monitoring and fault diagnosis
techniques has been carried out for improving the accuracy and
ability of condition monitoring and prognosis systems for bearing
and gear components.
Early fault diagnosis of gears and bearings may prevent
unnecessary failures of most of the parts and thereby increase
operational reliability and availability of rear axle assembly. Fault
diagnosis techniques are important for monitor the conditions in
bearing and gear. Currently available fault diagnosis techniques
have a variety of limitations. An effective and method has to be
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Tandon and Nakara, (1992) compared the most commonly used
vibration analysis methods for mechanical fault diagnosis such as
time domain analysis, frequency domain analysis; time frequency
analysis for defect detection in bearings.
In this work is presented condition monitoring of: ring and
pinion gear, two side bearing and pinion bearing of the rear axle
based on vibration analysis, through two parameters: frequency and
amplitude of the vibrations.
In vibration analysis, measuring the vibration amplitude is made
in broadband measurement. Broadband or overall measurement of
the vibration amplitude is a measure of the total energy of all
components of the machine vibrations. Generally accepted
frequency range for broadband measurements is 10…10000Hz. An
overall vibration measurement is a single value that is relatively
easy and cheap to collect, process, analyzes and trend. Scales
factors used to characterize the amplitude of vibration are: Peak
value (Pk), Peak to Peak value (PtP) or Root Mean Square value
(RMS).

Figure 3. The vehicle speed which corresponding speed of drive pinion gear
for rear axle assembly at 3000 rpm

During the test part of the handbrake is activated to simulate the
rear axle load. The braking force is the same for both the left and
right rear axle assemblies in order to simulate the straight
movement of the vehicle.

Figure 1. Exploded view of a rear axle assembly

2. Methodology for diagnostic of bearings and
gears of the rear axle assembly for the passenger car
Mercedes 190D
The preparation of the passenger car Mercedes 190 D to measure
vibrations velocity, vibrations displacement and vibrations
acceleration of the rear drive axle is presented in Figure 2. The
vehicle is raised from the ground with crane and placed into two
supports on both sides in order that during rotations of the wheels
do not come into contact with the surface of the earth.

Used tools to measure vibration have improved significantly in
the past 25 years. The sensor of choice for most vibration data
collection on industrial machinery is an accelerometer. As the name
implies, the output is proportional to acceleration; however, it is
normally integrated to display in units of velocity and displacement.
Measurements of vibrations in the rear axle assembly of the
passenger car Mercedes 190 D are made with vibrometer
MANUAL PCE-VT 3000. Technical specification of vibrometer
MANUAL PCE-VT 3000 is presented in Table 1.
Table 1. Technical specification of vibrometer MANUAL PCE-VT
3000
Technical Specifications
Rang og aceleration
Range of Velocity
Range of Displacement

Measuring Range
0.1......392 m/s2 (Peak); (39.95
g force)
0.01..... 80 cm/s (RMS)
0.001....10 mm (Peak – Peak)

3. Results of vibration measurements for rear drive
axle of the passenger car Mercedes 190
Measurements of the vibration are done in five specific points,
which are presented in Figure 4. The measuring sensor with needle
shape is used for measurements in points 3 and 4, while the
measuring sensor with electromagnet is used in other measurement
points.

Figure 2. Preparing the passenger car Mercedes 190 D for vibrations
measurement at the rear axle assembly

In the absence of the tachometer for measuring engine speeds,
the measurements were made in the fourth gear of gearbox
transmission (direct transmission ratio). In this case the vehicle
speed is 100 [km/h], which corresponds to engine speed,
respectively the speed of input drive pinion gear of rear axle
assembly at 3000 rpm (Figure 3).
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Figure 4. Measurement points in the rear axle assembly: 1 - Differential
carrier, 2 – Bearing of the pinion gear, 3 –Right side bearing differential
case, 4 - Left side bearing differential case, 5 - Back part of the rear drive
axle

Vibration velocity, [cm/s]

In Figures 5, 6 and 7, are shown the measured values for the
vibration velocity, vibration displacement, and vibration
acceleration at the five specific points for rear axle assembly of
passenger car Mercedes 190 D, when the input speed of the drive
pinion gear is 3000 rpm (50 Hz).
0,0075
0,006
0,0045
0,003
0,0015
Figure 8. The values of vibration measuring for: the vibration acceleration,
vibration velocity and vibration displacement are shown in display of
vibrometer, MANUAL PCE-VT 3000

0

1

2

3

4

5

Measuring points

4. Vibration analysis

Vibration displacement, [mm]

Figure 5. Graphic presentation of the vibration velocities at the five specific
measuring points

After measuring the vibration is necessary to evaluate the vibration
severity. At the first method is compared the measured values with
the vibration severity charts. Depending on the recorded values of
the vibrations speed (RMS values) and the size of equipment, the
ISO 10816-1995 standard evaluates the vibrations severity as in the
Table 2. The ISO 10816-1995 standard is the most common
example of absolute criteria and is a good guide for engineers who
do not have any historical data on a machine.

0,015
0,012
0,009
0,006

Table 2: Vibrations Severity Chart – ISO 10816-1995
0,003

Type of machine
Vibration
velocity
vmax [mm/s]

-3,47E-18
1

2

3

4

5

Measuring points

Class IV

0.00 ÷ 0.28

Figure 6. Graphic presentation of the vibration displacements at the five
specific measuring points

Vibration acceleration, [m/s2]

Class I
Class II
Class III
Pe < 15
15 [kW]
Pe >75
[kW] <Pe<75 [kW]
kW

0.28 ÷ 0.45

0,350

A
A

0.45 ÷ 0.71

A
A

0.71 ÷ 1.12

0,280

1.12 ÷ 1.80
0,210

B
B

1.80 ÷ 2.80
2.80 ÷ 4.50

0,140

C
C

4.50 ÷ 7.10
0,070

B
B
C

7.10 ÷ 11.20

C
0,000

11.20÷18.00
1

2

3

4

D

5

18.00÷28.00

Measuring points

D
D

28.00÷45.00

Figure 7. Graphic presentation of the vibration acceleration at the five
specific measuring points

D

45.00

Figure 8 shows the measured values for displacement, speed
and vibration acceleration on the display of the measuring device
MANUAL PCE-VT 3000.

Note:
Area A - Good condition of machine,
Area B – Operation of machine is satisfactory,
Area C - Operation of machine is unsatisfactory, and
Area D – Operation of machine is unacceptable (to repair).
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At the second method is compared the measured values with the
blake chart. Depending on the recorded values of the vibrations
displacement, speed and acceleration, and the frequency, the blake
chart evaluates the vibrations severity as in the Figure 9 (Eshleman,
1999).

After measuring, the rear drive axle is disassembled and its
components are observed carefully, where components are in good
condition (haven’t shown any damage).

4. Conclusion
The presented paper introduces diagnosing method for the gear
mesh pinion gear and ring gear, two side bearing and pinion bearing
of rear axle condition monitoring based on vibration analysis.
During the condition monitoring technique are made vibration
measurements of the vibration velocity, vibration displacement and
vibration acceleration by vibrometer device MANUAL PCE-VT
3000, when the vehicle speed is simulated to be 100 [km/h], which
corresponds with speed drive pinion gear 3000 [rpm].
Obtained results for the vibration velocity, vibration
displacement, and vibration acceleration measuring for five points
in the rear drive axle are:
-

In Area A - good condition (according to ISO),
Greater values of vibration velocity are appeared in the side
bearing differential case (points 3 and 4 of measurement),
Vibration velocity and acceleration have similar behavior
compared with vibration displacement.

The obtained results are suitable because after disassembling,
the condition of the component of the rear drive axle are good
(don’t shown any damage) after measuring.

5. References

Figure 9. Blake chart: displacement, velocity and acceleration as function
of frequency
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Figure 10. Condition of components of rear axle after disassembling
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INFLUENCE OF COMPONENT POSITION ON THE TABLE DURING ANGULAR
ROBOT MACHINING ON ACCURACY IN AUTOMATED SYSTEMS
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Abstract: Use of an industrial robot in the automatic production process as a spindle carrier is currently an interesting topic. However,
if the stiffness of the robot is not sufficient, various imprecisions may occur during machining. The article deals with monitoring and
evaluation of the impact of cutting conditions and positions of the workpiece in the working area on machined surfaces oriented in
orthogonal planes. The aim of the experiment is to analyse the precision of simple planar surfaces milled using a robot.
Keywords: SYSTEM, POSITION, ANGULAR ROBOT, MACHINING

1. Introduction
The current trends in the machining of various materials as a
part of the automatization manufacturing process bring the need for
continuous improvement of productivity, economic efficiency and
quality of workpieces. Such a requirement, along with the
continuous development of robotics, information systems and
technologies, constantly offers new insights into not only the use of
robots in the assembly, but also in the machining process. In
addition to the use of robots for the purpose of workpiece handling
and welding, there is an effort to engage a robot directly for
machining. The disadvantage of conventional CNC machines is
their limited workspace and the resulting restriction in the
production of components of various complex shapes. Industrial
robot can meet the needs of manufacturing industries, which are
now, and also will be in the future, imposed on it and which include
for example costs, working time, efficiency and flexibility during
the processing of materials (Pires, J. N.).
Robots in automatized system should serve as a multi-purpose
facility. They should be able to machine and, after the detachment
of the spindle and automatic fitting of a gripper, to handle a
machined part.

the cutting forces. The cutting tool deviates from its programmed
toolpath. The amount of deviations is affected by the cutting forces
that are generated during the machining process. The forces are
further transmitted to the robot frame (free-play in the joints,
stiffness of the whole structure, etc.).
Real toolpath

Tool
Planned toolpath

Fig. 1 Toolpath scheme (Rong-Shine, L.)

The aim of the experiment, based on the observation and
measurement of selected parameters, was to monitor the impact of
the workpiece position on the table on the achievable precision of
machined surfaces and determination of measured inaccuracies
rising from a load of the robot according to the surface of the
machined part.
The following input parameters were defined for the planned
experiment:

In addition to this valuable benefit, the robot should be able to
cooperate with the positioner, and thereby achieve flexibility and
access to the entire workpiece.

- Rotational speed n,

Due to this capability, the robots could in many cases replace
the large and expensive cutting machines and CNC centres. On the
basis of market requirements, the companies have launched not only
use of already developed types of robots with end-effectors.
However, current trends suggest development of special design
robots designed specifically only for machining. Various analyses
have further showed that one of the additional obstacles to a greater
acceptance of the robots designed for machining is not just
the design of robot, but it was and still is also a general lack of
knowledge of the end users when it comes to the information about
the benefits of robots in machining in terms of their control
(www.robotics.org). Based on this fact, the world's leading
manufacturers of industrial robots started to provide robots with the
corresponding software.

- Cutting depth ap,
- Feed rate of the cutting tool clamped at the end of the robot
arm vr,
- Machined surface of the component,
- Distribution of monitored workpieces at different locations on
the table (Fig. 2).

2. Materials and methods of research
The design of current experiment was based on the theoretical
knowledge of planned experiments. The role of the experiment
based on definition of the input process parameters was in
monitoring and analysing the accuracy during the production of
simple planar surfaces by milling. The analysed surfaces were
machined by angular robot, i.e. the tool is carried by robot. The plan
of the experiment was based on the condition that the workpiece is
firmly positioned and fixed on a table via an adapter. Toolpath is
provided by the movement of the arm of the angular robot.
According to the authors (Rong-Shine, L.), movements during
manufacturing the general surface, as shown in Fig. 1, is affected by
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Fig. 2 Model of position distribution on table.

high speeds, they are especially suitable for wood, aluminum,
PVC.( OPISEngineering k.s.)

The aim of the experiment was to create maps of precision of
the table for a defined speed of the arm as a tool carrier. The map
will be a graphical representation of achieved accuracies depending
on the position of workpieces on the table and the plane with
corresponding machined surface with respect to the robot
coordinate system for two types of materials.
Experimental samples were cuboidal in shape with square
cross-section and characteristic dimensions of 50x50 mm and height
of 85 mm. The material of workpieces used in the experiment was
ERTACETAL-C (POM-C) and AA2024 alumina alloy.
The aim of the experiment was to monitor machined surfaces in
three orthogonal planes for the same technological parameters with
a tool attached to the spindle at the end of the angular robot arm.

Fig. 3 The high speed motor and its clamping mechanism

The conditions of the experiment:
- Rotational speed n, n = 10 000 rpm-1,

2.3 Methods of research
As the tool is carried by robot, toolpath is defined by the
movements of the robot arm. Its positioning was defined by the
method of online programming in each of the planes defined in the
coordinate system of the "World" robot. Path of the tool clamped at
the end of the robot arm was programmed by consecutive definition
of all tool targets. The program was developed successively for the
three perpendicular planes x-y, x-z, y-z.

- Cutting depth ap, ap = 0,5 mm,
- Feed rate of the tool attached to the robot arm in different
planes vr, vr20= 20 mm.s-1,
- Distribution of sample positions on the table (Fig. 3).
Surface area of the workpiece was machined by a milling tool
with diameter d = 8 mm and label 512XL080Z2 SIRON-A of the
Secco Company. The priority task of the robotic workstation which
was used in the experiments is laser welding. Exchange of the endeffector on the arm allowed the robot to be used for sample
machining. High-speed motor C41-47 of Teknomotor was used as
a spindle for machining with an industrial robot of Fanuc M-710iC /
50.

We began with the assumption that the guaranteed positioning
accuracy is the same for all planes in the coordinate system of the
robot as declared by the manufacturer of robots. Regarding this fact,
only single-plane machining was executed on each sample (Fig. 4),
while neglecting other symmetrical planes. The planes defined for
milling are shown in Fig. 4.

3.1 Robot Fanuc M-710iC/50
The main purpose of the robotized workplace development is to
take into account the requirements for such a specific type of
equipment. The Fanuc M-710iC / 50 Robot is capable of carrying
50 kg of load and is suitable for large workpieces such as glass
sheets and steel panels. In its class, it has the highest speed of
movement in individual axes, which makes it possible to handle
larger and heavier workpieces and thus reach the pallets. Due to its
high mechanical rigidity, it is appropriate to use this type of robot
for applications requiring constant forces (eg polishing, machining,
deburring) and for process applications (eg arc welding, spot
welding, laser welding, gluing, handling, cleaning of
components...). Its installation in the working process is possible on
the floor or on the ceiling, allowing for easier access to the serviced
equipment and, of course, the maximum utilization of the robot
workspace. The air and electric lines to the J3 and J1 axes and their
interconnection are standardly integrated, providing a short
connection to the tool and increasing cabling reliability. By being
installed from the factory, its reliability is also checked. There are
no electrical components on the wrist of the robot as all wrist
movement motors are mounted on the J3 arm. This position reduces
the risk of wrist motor damage due to high temperatures or the
working environment. Another advantage is the compact design that
allows access to narrow spaces, and last but not least, such storage
affects the quality of engine cooling by air, allowing for high load
and high number of duty cycles. The used robot has the option of
turning the J3 axis, which shortens the cycle time, and allows the
flexibility of the working cell. Its working space is not limited by
the robot's mechanical unit (Fanuc Robotics).

z

y

x

Fig. 4 Identification of sample and plane distribution on the table for
planned experiment

vr20

vr20

4.2 High-speed motor C41-47
The high-speed C 41-47 engine from Teknomotor (Fig. 3) was
designed for the experiment. The rotation speed of this engine is
from 7000 to 18000 rpm, with the prevailing radial load.
The motors of this series are designed for the highest
performance, with the smallest dimensions. For these properties and
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Fig. 5 Scheme of toolpath in x-y plane, manufacturing of x-y plane

In each plane (x-y, x-z, y-z), the feed rate of machined surfaces
vr20= 20 mm.s-1 was defined in the program of the robot. Tool axis
was always oriented perpendicular to the work surface. Toolpath
overlay of two opposite directions was 1 mm.
The movement of the tool in the x-y (Fig. 5), x-z, y-z plane was
defined in the program for speed of the arm with the tool as shown
in Fig. 6. Successive definition of target positions defined the entire
toolpath.

Roughness meter Surtronic 3+ is particularly suitable for measuring
surfaces in holes and in inaccessible areas where conventional
measuring instruments cannot be used. (Zimmerman)

vr20
.
Fig. 7 Surface roughness measurement using roughness meter Surtronic3+

3.2 Evaluated values

a)

A

In terms of applications of each of the machining equipment, it
is important to monitor and define the required degree of accuracy
for simple as well as complex machined surfaces. It follows that it
is important to what degree of accuracy a component can be
produced using monitored robotized workplace. On the basis of the
partial measured and evaluated values, the table map of robotic
workstation was developed. The table map includes the division of
the table to the areas. Based on literature data (Medvecký, Š. et al.),
the average surface roughness values Ra of each area were assigned
with the degree of accuracy that can be achieved. Fig. 8 shows
a precision map of flat work table of robotized workplace for
Ertacetal-C material for feed speed vr20 without taking into account
the partial contributions of individual planes. The graph shows that ,
with technological parameters which were defined and the feed rate
vr20= 20 mm.s-1 of robot arm motion, in which the tool is clamped, it
is possible to produce parts in the precision grades from IT8 to
IT10. After processing the measured values and their evaluation it
was found out that the most suitable position for machining the
Ertacetal-C material appears to be position no. 6. This is the most
distant point in the center line of the table. The disadvantage of this
position is that the robot end effector does not reach the component
in the y-z plane averted from the robot.

90°

A

b)

Ra [µm]

c)
Fig. 6 a) Scheme of toolpath in X-Z plane
b) Image of the X-Z plan production, c) Image of the Y-Z plane production

IT10
IT8IT9

3. Measured and evaluated values
A machining experiment using a tool carried and led by a robot
arm was used to machine in total 52 separate samples made of two
different materials. Samples were containing in case of each
material a total of 81 machined surfaces divided into three groups
according to the plane orientation relative to the robot coordinate
system: x-y, x-z, and y-z on Ertacetal-C and alloy AA2024. The
roughness of the Ra surfaces in the x-y, x-z and y-z planes was
evaluated on the produced surfaces.

3.1 Characterization of measurement procedures
and instruments – surface roughness measurement

IT7

Fig. 8 Graphical map of table with assigned precision grades for vr20 and
Ertacetal-C material

Measurement of surface roughness on observed machined
surfaces was performed using a Surtronic 3+ roughness meter from
fy. Taylor Hobson (Fig. 7). Roughness meter Surtronic 3+ combines
advanced measurement technology with high precision to get
effective measurement of different surfaces, whether in the
workshop or in the laboratory.

In a similar manner, all the experimental data obtained after
machining the AA2024 alloy workpieces were analysed and
evaluated. The average values of surface roughness Ra
corresponding to positions on working table 1-9 were evaluated in
the form of a graphical map of the working table of the robotic
workstation. Graphical map for AA2024 alloy and speed vr20 is
shown in Fig. 9.
The surface quality of machined planes is, however, strongly
influenced by the fact that the machining takes place while robot
arm is moving in the direction outwards or towards the robot base,

The roughness meter output is available from the built-in LCD
display. Operation of this roughness meter is very simple, and when
measuring, the advantage is that the measurement cycles are short.
Control of the roughness meter is through the keypad membrane
located on its panel. The instrument can be used to measure surface
roughness for horizontal, vertical or even oblique surfaces.
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making the macroscopic steps between toolpaths on the machined
surface at the constant processing parameters.

Zimmerman. [cit. 2014-03-04]. Available online:
http://www.zimmerman.com.tw/uploads/sur3005-salesbrochure.pdf
Medvecký, Š. et al., 1999. Technical drawing basics. Žilina: EDIS –
publisher of University of Žilina in Žilina. ISBN 80-7100-547-9.

Ra [µm]
IT10
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Fig. 9 Graphical map of table with assigned precision grades for vr20 and
AA2024 material

It is possible to conclude that the experiment of machining of
three orthogonal surfaces oriented in x-y, x-z and y-z planes shows
that the robot is able to manufacture surfaces within predefined
precision grades and taking into account all process parameters.
When machining the Ertacetal - C material and the AA2024
material at the feed rate of movement of the robot arm vr20, the
precision grade from IT7 to IT10 can be achieved depending on the
position of the workpiece on the table and the resulting arrangement
of the robot joints.
The experiment has shown that achieving the highest degree
of precision on a machined part is related to the specific position on
the work table and hence the resulting configuration of the robot
joints.

4. Conclusions
Machining by industrial robots has a capability to improve the
efficiency of machining operations. Today, however, there is still
non-standard utilization of industrial robots in manufacturing
facilities. Their high degree of flexibility and wider ranges for
defining a workspace can overcome conventional cutting machines.
Having more degrees of freedom, they may also be used for more
machining operations. Another advantage of using robots in the
field of machining is that they offer the possibility of dual use.
Robot arms may either carry the spindle with cutting tool or
workpiece clamped in the end-effector of the robot in conjunction
with an extended range of the external device. Robots, however,
have also disadvantages compared to the machining by CNC
machines, especially in terms of accuracy, repeatability and
handling during the machining process. The main disadvantages of
robots are currently being compensated via the development of
advanced simulation techniques and intelligent programming
software.
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Abstract: The paper presents the results of testing of a high-performance method for decontaminating sewage, involving combination
of ultrasonic and ultraviolet exposure at the final step of water purification aimed at destroying pathogenic microorganisms and
thereby preventing the spread of infectious diseases.
A variation of the method was developed and patented by the authors and passed the test at one of the most advanced water
facilities in Russia which is the Vodokanal of St. Petersburg. The combined unit was manufactured at OOO Novotech-EKO and installed
at the South-West Wastewater Treatment Plant (SWTP) of Vodokanal of St. Petersburg.
The results of the test showed the efficiency of combined ultraviolet and ultrasonic wastewater treatment, both in terms of
intensifying disinfection and in terms of the stability of the plant operation by preventing biofouling and salt deposition on the surface of
the lamp casings. The latter fact was the basis for the pilot project of improvement of the existing system of UV waste water disinfection
at the SWTP.
KEY WORDS: SEWAGE, DISINFECTION, ULTRASONIC, ULTRAVIOLET, COMBINED TREATMENT.
1) crushing suspended particulates inside of which there
can be microorganisms [9], as well as crushing microorganisms
clusters [10] and breakdown of their cell structure [11, 12] and
further accessibility which results in significant increase in
microorganism sensitivity to ultraviolet (from this point of view
ultrasonic treatment should precede ultraviolet one);
2) intensive water mixing which provides delivery of
distant layers to the surface of lamp casings and as a result the
whole volume of feed water is treated uniformly;
3) prevention of biofouling and salt deposition on the
surface of lamp casings [3, 13] which provides the preserve of
original radiation intensity during the whole service life.
The joint use of ultrasonic and ultraviolet water
treatment results not only in increase of decontamination
efficiency but also in the increase in lamp service life as well as
in elimination of work pauses intended for casing cleaning [13].
It also eliminates the need for the use of acid solutions for quartz
casing cleaning and etching which allows to diminish servicing
costs and contributes to ecological safety. Some papers claim
that combined decontamination is preferable economically [2, 3,
6, 13].
In recent years a number of experiments with the use
of the mentioned above technology have been conducted [2, 3,
13-16] and showed its high efficiency. Moreover, in Russia
OOO Novoteh-EKO (Vologda) and ZAO Svarog (Moscow)
manufacture equipment for combined (ultraviolet and ultrasonic)
water decontamination. The technology developed by OOO
Novoteh-EKO involves using piezoceramic transducers. The
number of equipment units using this technology has made up
more than three hundred since 2006. The equipment operates
both in Russia and CIS countries.
The UOV-SV-5 unit (Fig. 1), designed and
manufactured by OOO Novoteh-EKO operates using the
technology mentioned above. The unit is a pre-cavitator
connected to a decontamination chamber and allows to treat
waste water with capacity up to 9 m3/h. With maximum waste
water flow the unit consumes: in the ultraviolet treatment mode
– 0,107 kW·h/m3, in the combined treatment mode with all
transducers on – 0,196 kW·h/m3.

Waste water of residential areas usually contains a
significant amount of pathogenic microorganisms
including agents of serious diseases. Their elimination
before discharge into water bodies is an important final
stage of water treatment preventing the spread of
infectious diseases.
With this end in view, chlorine and ozone treatment
technologies are used. They possess limited efficiency and can
produce toxic materials in the water under treatment [1].
Besides, more effective and safe ultraviolet treatment is applied
[2]. (Sometimes these technologies are combined.
One should note that the efficiency of ultraviolet
decontamination decreases in high colour and turbid medium
which is characteristic of waste water. What is more, according
to the research, pathogenic microflora resistance to ultraviolet
has increased 4 times for the recent 15-20 years [3]. Another
disadvantage decreasing the efficiency of this process is salt
deposition and biofouling of UV lamp casings [4], and as a result
it requires regular cleaning the casing surfaces.
Development of powerful ultrasonic sources allowed
their possible independent use in water decontamination. Special
effects appearing under ultrasonic treatment in liquid media,
which are high-speed microstreams > 1 km/s, powerful shock
waves > 1 GPa, local heating areas > 1000 K, free radicals [5],
being the result of cavitation bubbles collapse are undoubtedly
useful for pathogenic flora removal. However, the test showed
that if the exposure time is little or the transmitter power is low
the number of microorganisms even increases in a number of
cases [6, 7]. That is why, ultrasonic treatment is to be applied
only in combination with chemical dosing or, for instance,
ultraviolet treatment [2].
The joint use of ultrasonic and ultraviolet water
treatment is recommended by the authors of this article [8] and is
considered the most promising decontamination method due to
the combination of positive characteristics of both treatment
ways. It has been proved that this combination leads to
synergistic increase of decontamination efficiency due to the
following ultrasonic effects:
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Fig. 1. UOV-SV-5 unit installed in the testing facility

UOV-SV-5 was tested at South-West Wastewater Treatment
Plant (SWTP) of Vodokanal of St. Petersburg from October
2015 to December 2016. The unit was placed in the SWTP
ultraviolet treatment facility which receives the waste water after
primary and complete biological treatment. According to the
chemical analysis results, suspended solids made up 5,0-10
mg/dm3, and chemical oxygen demand was 20-40 mg/dm3. (It
should be noted that after the water treatment with the unit these
measures did not change significantly).
The water before the ultraviolet treatment was taken
from the canal basin with the pump, then it flew through the unit
and was discharged back into the canal. The bacteriological
analysis of water samples taken at the input and output of the
unit was conducted by ZAO Water Research and Control Centre
(St. Petersburg). The following factors were controlled:
coliphages, total coliforms, E. coli, enterococci, staphylococci.
Table 1. UOV-SV-5 operation modes at different testing stages
Mode

US
US-c
US+UV-1
US+UV-2
UV-c

The tests were in three stages. At the first stage (I) the
research was focused on different decontamination variants with
low sewage flow rate through the unit (0,5-0,7 m3/h). At the
second stage (II) the sewage flow rate was high (8-10 m3/h).
Finally, the third stage (III) involved studying the intensity of
biofouling and salt deposition on the UV lamp casings during
long-term operation under the conditions of low sewage flow
rate (0,5-0,7 m3/h), as well as evaluation of the biofouling
intensity decrease. The stage features are presented in Table 1.
At Stages I and II the water samples were collected in
45 minutes after the unit start in the appropriate mode. Thus, by
the time of collecting the UV lamp casings were clean (without
any traces of biofouling and salt deposition).
At Stage III the samples were collected after 30-50
days of uninterrupted operation in the appropriate mode.

Stage

Mode description

I

All ultrasonic transducers (8 pcs) are on (both in the pre-cavitator and in the
decontamination chamber).

II

III

+

+

+

+

+

+

+

Ultrasonic transducers are on only in the pre-cavitator (4 pcs).

+

Ultraviolet lamps and ultrasonic transducers are on only in the decontamination
chamber (4 pcs).
Ultraviolet lamps and all ultrasonic transducers are on (8 pcs).
Only ultraviolet lamps are on, all ultrasonic transducers are off.

+

The results of Stage I tests are presented in table 2 where there are either values of logarithmic inactivation factor (LIF) or it is
stated that complete cleaning was achieved for these indices. The LIF is calculated as a common logarithm of the living cells
concentration ratio in the waste water volume unit before and after its treatment.
Table 2. Stage I test results (flow rate 0,5-0,7 m3/h)

Index

Initial values
interval

LIF or operation result in the mode
US

US-c
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US+UV-1

US+UV-2

UV-c

Coliphages
Total coliforms
E. coli
Enterococci
Staphylococci

400-1000
PFU/100 cm3
32000-62000
CFU/100 cm3
29000-42000
CFU/100 cm3
15000-32000
CFU/100 cm3
45-150
CFU/100 cm3

0

0

Complete cleaning

0

0

1,85

2,78

2,34

0

0,23

2,18

4,51

4,62

0

0,32

Complete cleaning

1,65

0

Complete cleaning

likely to be a predominate mechanism. However, the low sewage
It is obvious that ultrasonic treatment alone does not
flow rate through the unit predetermined high efficiency of
produce any significant decontaminating effect. Slight
ultraviolet decontamination on its own and small contribution of
intensification of ultraviolet decontamination is noted under the
the ultrasonic treatment.
use of ultrasound, and the biggest contribution was made by the
That is why at Stage II it was decided not to use pure
pre-cavitator while the ultrasonic transducers in the
ultrasonic modes (US, US-c) as well as the mode without the
decontamination chamber even produced some negative effect.
pre-cavitator (UV+US-1) and to increase the flow rate through
Crushing suspended particulates and microorganisms clusters
the
unit. The results are presented in Table 3 and Figure 2.
which deprives them from protection from ultraviolet radiation is
3
Table 3. Stage II test results (flow rate 8-10 m /h)
Initial values
LIF or operation result in the mode
interval
Index
US+UV-2
UV-c
330-1200
PFU/100 cm3

Complete cleaning (> 3,08)

2,07

Total coliforms

30000-83000
CFU/100 cm3

2,25

2,75

E. coli

29000-49000
CFU/100 cm3

3,57

3,20

Enterococci

4700-25000
CFU/100 cm3

4,03

3,06

Staphylococci

140-270
CFU/100 cm3

Complete cleaning (>2,14)

2,09

Logarithmic Inactivation Factor

Coliphages

US+UV-2
UV-c

Enterococci

Coliphages Total coliforms

Staphylococci

Fig. 2. Stage II test results (flow rate 8-10 m3/h)
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It is obvious that ultrasonic waste water treatment going through the unit significantly (several-fold if absolute values are taken)
increases decontaminating effect of ultraviolet radiation almost for all the indices under study while at Stage I ultrasound itself did not
demonstrate disinfecting effect.
Stage III focused on ultrasound capability to prevent biofouling and salt deposition on the UV lamp casings. The flow rate was
again decreased to 0,5-0,7 m3/h, but the water samples were collected after 30-50 days of uninterrupted operation (see Table 4). Thus, the
operational stability of the unit was controlled. The flow rate was decreased to ensure the integrity of the test to eliminate any possible
washout of deposit and casing contaminants due to high linear flow rate. The results are presented in Table 4 and Figure 3.
Table 4. Stage III test results (flow rate 0,5-0,7 m3/h)
Initial values
interval

Index

LIF or operation result in the mode
US+UV-2 (50 days)

UV-c (30 days)

Complete cleaning (>2,99)

Complete cleaning (>2,76)

580-970
PFU/100 cm3

Total coliforms

110000-190000
CFU/100 cm3

4,11

3,70

E. coli

49000-72000
CFU/100 cm3

4,90

3,70

Enterococci

22000-56000
CFU/100 cm3

4,20

3,90

Staphylococci

45-270
CFU/100 cm3

Complete cleaning (>2,43)

Complete cleaning (>1,65)

Logarithmic Inactivation Factor

Coliphages

US+UV-2
UV-c

Coliphages

Total coliforms

Enterococci

Staphylococci

Fig. 3. Stage III test results (flow rate 0,5-0,7 m3/h, long-term uninterrupted operation in the appropriate mode)
The advantages of ultrasonic intensification were
confirmed at Stage III too: decontamination efficiency increased
a few times for all the microorganisms under study if absolute
values are taken into account.
Moreover, the UV lamp casings were visually
inspected after the long-term operation in each of the modes and
the gravity study of deposition rate was conducted. The second
index was measured in the following way: the deposits were
removed from the casings by wiping their surface with polyester

rayon fabric. The wiping was done after the determined
operation period of the unit in the appropriate mode. Biofouling
and salt deposition rate were estimated by the mass difference of
the dry fabric before and after the wiping of the UV lamp quartz
casings. This difference is proportional to the overall mass of
contamination and biofouling products which deposited during
the operation of the unit.
The total mass of air-dry deposits on three casings
related to 1 m3 of waste water cleaned in the UV+US-2 mode (all
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3 UV lamps and 8 ultrasonic transducers are on) made up 45
µg/m3, and in the UV-c mode (only 3 UV lamps are on) – 300
µg/m3. Thus, the ultrasonic treatment allowed to decrease the
rate of biofouling and saline deposition 6,7 times.
Thus, the test results proved the efficiency of the
combined ultraviolet and ultrasonic waste water treatment both
from the point of view of decontamination boost and in terms of
the unit operational stability by preventing biological slime and
salts from depositing on the lamp casing surfaces. The last fact
was used as a basis for a pilot project for improving the existing
system of UV waste water decontamination at the SWTP. The
implementation of combined decontamination technology at the
facility of the leading enterprise [17-19] will allow to
recommend it for a wider use.
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Annotation: Manufacturing facilities employing the elements of intellectual technologies can be encountered in various industries.
The given paper provides examples of intelligent devices of manufacturing packaging systems. It shows how to maintain operational
performance in case of unforeseen changes in the properties of an intelligent manufacturing system by changing the operation algorithm,
changing the program behavior or searching for optimal or effective solutions and states during operation.
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1. Introduction
The historical experience of industrial development
demonstrably shows that the traditional system of industrial
manufacture is not capable of ensuring a stable and harmonious
development of the national and world economy. It is now
becoming apparent that large-scale manufacturing, designed for the
stable production of a narrow range of products, is becoming
obsolete in the face of growing competition. In order to maintain
science-based industries it is necessary to develop adaptive
manufacturing systems with a high level of flexibility to the
changing market demand. Industrial technologies have become
predominantly oriented towards flexible production with a wide use
of automatic machine systems. We are now on the verge of the
fourth industrial revolution, which unites computer-aided
manufacturing and elements of artificial intelligence. Thus, a new
element - the artificial intelligence system – is added to the chain –
the computer-aided manufacturing system and the electronic
computer system. Such a combination has taken the name of an
intelligent manufacturing system, and its elements – intelligent
technologies and intelligent manufacturing facilities. The intelligent
system is understood as an adaptive system that allows executing
programs of expedient activities to solve the assigned tasks on the
basis of a specific situation that is currently developing in their
environment. The advent of a new era in industry is characterized
by the fact that the equipment of the future will consist of intelligent
devices capable of transmitting information, reaching local
solutions and communicating among themselves.

2. Prerequisites and approaches for the task
In this connection, the works on creation of integrated
adaptive manufacturing systems and intelligent control technologies
of the next generation occupy a dominant place in the scientific
development of industrial manufacturing tasks. Today, this
direction of research has evolved into a cause celebre in response to
the real needs of the industry and is now being carried out by large
international consortia on the initiative of the governments of the
leading industrialized countries. For instance, "Industry 4.0" is the
German strategic initiative for taking the leading role in the field of
industrial information technologies, which are currently inverting
the industrial sector.
Such a transition requires for the necessary element intelligent devices in the equipment that can locally perform certain
functions and exchange data with all stakeholders of the
manufacture.

3. Principles of developing intelligent production
systems
The range of tasks solved by intelligent systems includes
the tasks that, as a rule, have the following features.
1. In these tasks, an algorithm for solving them is unknown (they
are called intelligent tasks);
2. In such tasks, there is a choice.
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Since there is no algorithm for solving intelligent tasks, it
is proposed to make a choice between many variants in a context of
uncertainty. Thus, it is obvious that freedom of choice is an
essential feature of intelligent tasks.
The goal and control actions are formed in such systems
on the basis of knowledge of the external environment, control
object and on the basis of modeling situations in the actual system.
Systems of artificial intelligence with databases and
knowledge pools are aimed at solving applied problems. Among
them, an important role is played by industrial-purpose expert
systems of artificial intelligence, which are already used today, for
example, to develop recommendations for the selection of
components and the layout of flexible automatic manufacturing.
The main challenge of assessing the effectiveness of production
processes on the basis of probabilistic dependencies is the
ambiguity of the law of distribution of the occurrence probabilities
of certain events. And this is due not to the lack of sufficient
statistics, but to the limitations of the methods of classical
probability theory themselves, the use of which is permissible when
events are repeated under identical conditions.
Now there are expert systems (ES), or knowledge-based systems,
without which it is impossible to imagine any modern intelligent
technological system [1]. Therefore, under the artificial intellect of
manufacturing facilities, we will mean the algorithmic and software
support of their adaptive control systems, which makes it possible
to automate technological operations of an intellectual nature.
Flexibility of manufacturing systems, especially in
multiproduct manufacture, is ensured by their structure in the form
of a complex combination of machine tools with numerical program
control, other process equipment and industrial robots controlled by
microprocessors, with computer-aided manufacturing systems.
According to experts, the optimal development strategy is
the decentralization of intelligent equipment systems. This means
that it is necessary to “provide with intelligence” every component
of an electrical or hydraulic system, rather than creating a single
intelligent automation system. Thus, the basis of equipment
management is a decentralized intellectual model, which intends to
make all sensors and executing devices intelligent. Intellectual
production implies a shift from centralized production to
decentralized production. Production machines no longer simply
“pass” the product through automatically - the product interacts
with the machine, tells it what to do.
The basis of intellectualization of such flexible
technological systems is the elements of the lower level of the
structure - the functional elements of flexible production modules
and robotic technological complexes. The allocation of the active
functional elements of the technological system as the main
resource for managing distributed intelligence and its use for
efficient solution of the task of coordination of operating actuators
essentially simplify the structure of the control system, increase its
speed and reliability. In order to implement the concept of
intelligent production, simple components such as functional
modules and control units in machines and systems must be
transformed into intelligent devices that efficiently transfer data in
real time.

Controls machine D and helps
diagnose, test and repair it in
case of failure

Controls machines B, C and D
and plans actions in case of
failure of any of them
Expert system
A

Expert system
B

Expert system
С

Expert system
D

Machine B

Machine С

Machine D

Intellectual
system В

Intellectual
system С

Intellectual
system D

Intellectual system А

Fig. 1. Hierarchical intelligent diagnostic system

Products manufactured under the conditions of intellectual
production will "inform" by themselves the equipment as to how,
where and by whom they should be manufactured.
The utilization of intellectual production systems allows
to improve significantly the quality of products due to automating
the majority of operations, including those that until recently were
considered to be unsuitable for full automation, for instance, highprecision adjustment of technological equipment [2].
Modern MES-systems (MES - Manufacturing Execution
System) allow creating quit detailed production schedules, for
instance, for each type of work on each machine, with the
appointment of a particular worker to a particular machine at a
certain point in time. Using RFID technology, such systems allow
obtaining any necessary information, recording the exact state of
each work and each resource.
The data obtained from the diagnostic system can be used
to detect a regular delay in the implementation of transitions,
overloading of equipment components and timely elimination of the
issue. This helps to increase the speed, accuracy and repeatability of
operations, which increases the speed of the production process and
reduces the number of failures. This built-in intelligent diagnostic
system simplifies traditionally complex control methods and
improves the reliability of the machine. It becomes possible to
combine various elements: functional modules, loading/unloading
mechanisms, sensors and actuators of control and signaling devices
and programmable logic controllers (PLCs).
A pragmatic approach gives satisfactory results in the case
of modeling relatively simple, well-organized technical systems.
With regard to the analysis of complex, weakly structured systems,
the use of previously obtained formalized knowledge and methods
of solving analytical problems, such approach becomes inefficient,
because with their help it is impossible to find an optimal solution
to the emerging issues.
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4. Application of modern technological
equipment with elements of artificial intelligence in
packaging production
One of the disadvantages of equipment creating process is
the traditionally adopted sequence, when the mechanical part is
initially constructed, then for the developed mechanics a control
system is selected that provides the required laws of movement and
technological processing modes. In doing so, we obtain a system in
which the optimal but separately projected parts do not always turn
out to be optimal for the whole system as a whole. Thus, the main
trend of development of modern technological equipment is the
unity of mechanics and management.

Fig. 2. Simplified structure diagram of the combination weight
batcher [3]
1 - loading device, 2 - front bunker, 3 - distributor, 4 - vibrating
feeder, 5 - pockets, 6 - weighing cells, 7 - bunker, 8 - dampers, 9 –
packing machine (no connection to batcher design).

Modern high speed computer technology allows a new
approach to the creation of a technological machine. The control
system in conjunction with the information sensors is able to correct
the "disadvantages" of the mechanical part of the technological
machine.
Therefore, the technological machine must be considered
as a single system, including mechanical part, technological process
and control system itself.
Optimization of the weight during dosing (using the
weight selection algorithm) (Fig.2). The work of the multihead
weight batcher is as follows: during the weighing process, the
computer calculates all possible combinations between the obtained
values and chooses the one that is closest in its value to the given
dose. After that, the content of the cells, whose indices entered the
selected combination, are dropped into the packaging machine.
With the use of such combined weight batcher, the products are
packaged in a container without significant deviation of the package
weight from the specified one. Also such dosing algorithm allows to
significantly increase the productivity of the weight batcher itself.
With a large production volume, the high cost of the multihead
weight batcher is compensated by high productivity and reduced
losses for overexpenditure of product.
Optimization of the periods of corrective adjustment of
automatic devices (analysis of change in the quality parameter
and selection of corrective adjustment points). Applicable in the
case where the operation of the technological system can be
characterized by such a quality parameter of the product, the value
of which is easily measured and controlled during operation. Such
parameters may be one of the exact dimensions of the part during
mechanical processing, or the weight of packages during automatic
dosing, etc. Therefore, this method is also called the product quality
statistical regulation method.
The method is based on in-line analysis with the help of
instant samples of the researched indicator of the accuracy of
technological complex. The method assumes constant monitoring of
statistical parameters of instant samples (for example, mean
absolute and mean square deviation), which allows timely warning
of the appearance of rejection by determining the moments of
equipment corrective adjustment. And the system determines the
moments and values of the corrective adjustment by itself.
The algorithm of the statistical regulation plan provides for
determination of the sampling periods and the sample size for the
given values of the control limits. When the method is carried out,
the nature of the influence of systematic errors is also determined,
leading to a disruption of the normal course of the process.
Smart cassette for details. With robotic loading, the parts
are installed on the cassette pins by an industrial robot. In case of
inaccurate delivery of a detail-glass to the cassette's pin, in the
control system of the robot model "Electronics NC-TM-01" there is
a three-fold repetition of the attempt to install the part. Repeated
execution of the installation of the part can be carried out under the
same conditions as that which led to failure using the probabilistic
principle of non-repetition of the same combination of elementary
errors that led to failure, or can be performed with an adjustment of
the reciprocal position of the receiving element and the part.

Fig. 3. Receiving element of the smart cassette with auto-correcting
when loading the part
A further increase in the probability of successful coupling of
the detail to the cassette pin was achieved due to using cassettes with
pins changing their position in the direction of reducing the
misalignment error of the pin with the position of the detail. The
developed version of the smart cassette, (Fig. 3) is based on the use
of repeated movement of the delivery of the detail for autocorrection. The detail 10 (Fig. 3, a) is located on the receiving pin 6
of the cassette. If the gripper axis 11 does not match with the axis of
the part, the gripper bump into the end of the detail (Fig, 3, б). The
pin 6 and the support 3 with the lower spherical end are connected to
each other by the elastic element 7, they are returned under the
influence of the grip action in opposite directions of the contact of
ring stops 8 and 9, which can be adjusted on the pin 6 and the support
3. After retraction of the gripper 11 without the detail, the elastic
element 7 is straightened and returns the pin 6 relative to the support
3 in the direction of the grip axis, reducing the misalignment error
(Fig 3, в, г).
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4.1. Levels of integration of intelligent production
systems
Thus, the usual software technological complex, operating directly
with details or blanks, is the lowest link in the intellectual
production complex. It follows that the intellectual production
system can be conditionally divided into two modules "mechanical" and "intellectual". As a rule, a mechanical module is
understood as either an automated robotic complex or a certain
flexible production system.
As the main classification feature in the intellectual
production system (Fig. 4), it seems reasonable to accept the level
of functional complexity of the constituent elements.
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Image. 4. Integration levels of an intelligent production system
Intelligent elements of the first level are functional
modules that perform one simple function, but with the option of
implementing it depending on external influences (signals from
products, neighboring modules or a higher-level control system). A
typical example of an element of the first level can be a
combinatorial dispenser, or a cassette for details with a changeable
position of the receiving pins.

5. Conclusion
One of the essential requirements of intellectual
production is the use of data transmission and analysis technologies.
The use of RFID technology for this purpose has high perspectives,
since it will allow the machines to independently report information
about their condition, and its components will automatically warn
about the timing of maintenance or repair. To implement such
concept, as preliminary studies have shown, details, machines,
nodes, controls should be able to exchange information with each
other and with the personnel.
We have shown that currently there are many complex
devices with their own electronics that meet these requirements.
Such devices are common in the packaging industry, which
develops quite dynamically. However, a large number of simple
components, such as operating elements, moving and feeding
mechanisms, signaling devices, switches, sensors and actuators, are
for the most part not included in the network of the production line.
.

.
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Abstract — The coal industry, including coal mining and preparation, coal-fired power generation is one of the most water-intensive
industries. Water problem in coal wet processing of South Gobi dessert region of Mongolia is one of serious problem. One of possible
methods in arid regions to save water is using dry separation in coal industry. This study investigates the coal particle separation in an air
jigging lab device. Tests were conducted with a coal from Mongolian Southgobi dessert region Nariinsukhait mining camp in the size range
from 0.5-5 mm.
KEYWORDS — PARTICLE SEPARATION; AIR JIGGING.

I.

INTRODUCTION

Mongolia is rich with coal. According to preliminary geological
estimates, the resource base of the country includes 16 billion mt of
coal, which places Mongolia among the top 15 countries in the world
with the largest reserves of coal. The coal reserves are distributed
uniformly throughout the country. However, the quality of the coal
differs in the eastern and western parts of the countries. Lignite is
found in East Mongolia, in the Suha Bator district. The Talbulag
deposit has a calorific value of 2,400 Kcal/kg. In the western part of
the country, there are large deposits of bituminous coking coals. To
date, the biggest and most promising proven reserves of coking coal
in Mongolia are located in the Tavan Tolgoi deposit of the South
Gobi dessert, about 600 km south of Ulan-Bator. The proven
reserves of the deposit are 6.4 billion mt, of which more than 40%
accounts for high-quality coking coal [1].
There are seven large coal producers in Mongolia, including
MMC, South Gobi, MEC, Aspire, Xanadu, Prophecy Coal and
SharynGol. The largest customer for coal was China, accounting for
over 82% of all exported coal, Fig 1 [2].

In Mongolian mining industry use different types of dry
separation of coal: 1) air dense medium fluidized bed separation
with/without external force field; 2) fluidized bed separation based
on the difference of settling velocity; 3) compound dry separation; 4)
triboelectrostatic separation; 5) magnetic separation. These five
categories of technologies have their own advantages respectively in
processing certain coal or yielding clean coal product with certain
quality. Generally speaking, technologies belong to the categories
(1), (4) and (5) usually have high separation efficiency but high
operational cost, which are suitable for producing highquality clean
coal. In contrast, technologies in categories (2) and (3) don’t need
additional dense medium or power and usually have larger capacities
and low processing cost, but low separation efficiency due to the
original limitation of separation mechanism. These technologies are
suitable for producing steam coal. Besides, the electrostatic
separation technologies and the magnetic separation technologies
have high requirements for coal properties and certain degree of
dissociation, thus, the handling capacities are limited. Considering
these limitation, these two types of beneficiation technologies are
only used in very special purpose [3].

Technology of enrichment coal is a prerequisite for improving
the quality of values, but also coking coal, coal gasification and
liquefaction as the implementation of the country's economy, with a
large value to increase the export potential, as well as the
development of coal chemical industry.

II. PREPARATION OF COAL SAMPLE AND AIR
JIGGING EXPERIMENTS

Wet processing of coal in arid regions of Mongolia is limited by
water. Currently, very actual the development of dry separation
technology of coal industry in our country.

A. Coal crushing test

In laboratory performed two types of experiments: Coal crushing
test and Dry jigging test.

This study investigates the air jigging coal particle separation of
Mongolian Nariin Sukhait deposit of the South Gobi desert, in the
coal size range from 0.5-5 mm.

The Nariin Sukhait deposit coals is high-ash coals with an ash
content of 40 %. For air jigging separation use coal with size
between 0.5-50 mm. In lab experiments divide this mass in following
three categories: separation of 0.5-5 mm coal, separation of 1-5 mm
coal and separation of 5-40 mm coal [4].
Coal crushing test for determine mechanical strength and in
order to study the quality and wholesale disintegration of execution
sample selected in accordance with ASTM D440, Fig 2.
The separation results of 5-40 mm coals with an ash content of
25 % show that a clean coal product with an ash content of 10 %
was produced. The detailed separation results are S total 22 %, is
shows the this type of coal is soft and easy to aeolian [4].

Fig. 1. Coal export, market price (USD) [12].
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a)

b)

Fig. 2. a) Preparation of 23 kg coal with size 50-75 mm; b)

Crushed coals for lab experiments with size 0-50 mm.

B. Dry jigging test
The dry beneficiation of coal are based on the physical properties
of coal and its associated mineral matters. Different types of
equipment for dry beneficiation have been developed, based on the
exploitation of physical properties such as density, size, shape,
magnetic susceptibility, and electrical conductivity [5].
Before the laboratory experiments, we are prepared 60 kg of
coals and 20 kg associated mineral matters (Pebbles & Gravel) from
Nariin Sukhait deposit. For prepare this mass divided in following
four categories: with size 15-10 mm, 10-5 mm, 5-1 mm and 1-0.5
mm, Fig 3.

Fig. 4. Schematics of laboratory air jigging separator.

Also in experiments for the determine flow effects in separation
we are use different types of porous plate with various hole (3 types),
Fig 5.

For air jigging experiments use all four size coals, but in our lab
equipments more good results of separation is observed in size
between 5-1 mm and 1-0.5 mm from Nariin Sukhait deposits.
The tests were performed in a laboratory scale designed air jig
model, Fig.4. The cylindrical column of separation with internal
diameter is 60 mm and the length 200 mm joined together with air
distributor and porous plate. The airflow is produced by the air
compressor (P=0.3-0.7 MPa).

Fig. 5. Different hole types in porous plate (hole diameter 2-5mm).

From the experimental results (Fig. 6) observed, these types of
plate holes is not very effective for the equal separation by layer.
Experiment data shows in Table 1 depending by percentage of coal
and gravel, weight, air pressure, duration of the experiments and
particle size.
TABLE I.

Size,
mm

Fig. 3. Prepared coals and mineral matters for air jigging

experiments.
During the tests, the mixed particles are placed into the container
and subjected to vibration by one streams of air flow which enter by
the bottom plate of the jigging chamber. The active pulsating airflow
is produced by solenoid valve. The frequency of the pulsating air can
be adjusted with a frequency converter by solenoid valve. One cycle
of the pulsating air valve changed from 0.8-1 second by this valve.
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Coal
Gravel

1-0.5
1-0.5

Coal
Gravel

1-5
1-5

Coal
Gravel

1-5
1-5

Coal
Gravel

1-5
1-5

Coal
Gravel

1-5
1-5

EXPERIMETS DATA
1st experiment
Air
Weight,
pressure,
g
MPa
60
0.45
20
2nd experiment
60
0.35
20
3th experiment
10
0.55
8.8
4th experiment
50
0.55
30
5th experiment
60
0.45
20

Duration
time, min
3

3

3

3

3

The experimental results is different. Three layers of particles
were produced after the separation process. The top layer consisted
of small coal particles, the middle layer contained predominantly
mixed products and the bottom layer comprised of higher density
coal, stones and gravels.

III.

RESULTS AND DISCUSSION

Air jigging separation effects by height in picture (top and
bottom layer) shown in Fig 6. The best separation results for 1-5
mm coals with an gravel content of 25 % show that a clean coal in
1st layer content of 5.3-8.7 % was produced.

top layer

a)

b)

c)

d)

bottom layer

Fig. 7. The air flow simulation results. a) results without plate; b)

results with plane plate without hole; c) results with hole plate.

CONCLUSION
Nariin Sukhait deposit coals of the South Gobi desert has an ash
content up to 18.9 % and coal with size between 0.5-50 mm takes
all deposit content up to 40 %. Exploration results show that from
310.4 billion tons of coal reserves 53.6% of all deposits are not
directly selled, its need to beneficiation [6].
side view of separation layer

Dry cleaning of coal offers a new alternative approach in coal
cleaning in Mongolia. Some of the dry coal-cleaning processes such
as air dense-medium fluidized Bed (ADMFB), Air jig AllAir®, and
FGX Separators are being using on an industrial scales around the
Mongolian coal mining deposits [6]. For Nariin Sukhait deposit
coals of the South Gobi desert, the best beneficiation technology is
dry separation by pulsating of air flow would seem more
appropriate. The separation results of coal with size between 0.5-50
mm in batch pilot-scale air jigging equipments, the clean coal
amount 63.9-77.8%, an ash content of 18.9-25 % [6]. This
laboratory results show possibility to use dry jigging benefication.
For the best results we need to design or use in testing foreign air
jigging equipments batch pilot-scale air jig model.

Fig. 6. Results of experiments.

The three layers were identified visually, removed from the top
using dragging slice by move plate, their masses recorded and, each
subjected to analysis. This was conducted for all test runs under
different operating conditions and is presented in Table 1.
In laboratory experiments after air jigging process the
separation layer is not equal in height, that is shows of air flow is
not uniform (Fig. 6). Its need to design more air inlet stabilizer for
establish this layer effects.
IV.

AIR FLOW SIMULATIONS

In order to perform pre-experiments in lab designed
experimental dry jigging system. Results shown that a layer of fines
accumulates in the top of the bed, while a greater proportion of
coarse material is observed in the bottom of the bed.

For studying the coal separation in lab fields, simulations were
prepared for laboratory experimental tests. It is assumed that the air
velocity is symmetrical at the inlet and that the cross air velocity,
perpendicular to the direction of inlet airflow, is zero. The boundary
condition is no slippage at all sides. In lab experiments airflow is
within a low speed range (<100m/ s), the flow of air can be
regarded as uncompressed flow. The simulation parameters are
shown in Table 2.
TABLE II.

PARAMETERS FOR THE AIR FLOW SIMULATION

Parameters
Airflow velocity at the
inlet
Pressure at the exit
Air temperature
Air density
Air viscosity

We need to apply the comparison of the computer simulation
result and the laboratory separation performance, with the current
pulsating. Specifically need to simulate air jigging process with coal
particles in separation area, jigging of particulate mixtures of
variable size and density. Computing the motion and effect of a
large number of small particles of coals in pulsating air flow.
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ENERGY BALANCE OF GREENHOUSE WITH GROUND WARMING
INSTALLATION
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Abstract: Geothermal energy, solar energy, industrial thermal effluents, etc. mainly offer low-temperature waters. Heating installation
or system, originally developed for one of the alternative energy source. The problem of low-temperature heating of greenhouses is not
characteristically only for direct application of geothermal energy but is connected to the problem of all the “alternative” energies use for
that purpose. Calculations determine the losses of heat transfer, losses from the application of heat and benefit from the use of hot water.
Calculated is necessary and permissible temperature of the floor, the recommended speed of the fluid and plan for layout of pipes in the
ground of greenhouse.
Keywords: ENERGY BALANCE, GREENHOUSE, INSTALLATION, GEOTHERMAL ENERGY;

1. Introduction
-

Main advantages of alternative energies is that they are free of
charge or much cheaper than the fossil fuels. Their main
disadvantage is that in most of the cases heating fluids are available
with rather low temperatures.

-

The problem of low temperature greenhouses is conected with all
alternative energies that is use for that purpose. But heating
instalation that is orginally developed for one alternative energy
source is or can often be convenient for use of the other.

-

The choice of a technically, technologically and economically
feasible heating system for concrete greenhouse and plant culture is
one of the most difficult technical design problem. When taking in
account all the influencing factors it is not possible to define with a
strict methodology which gives straight answers for concrete
situation. Therefore, the solution is in the definition and listing of
influencing factors and by estimation of the importance of each one
of them for concrete case to determine possible optimal solutions.

The roof of the greenhouse and the heat transfer through
radiation, convection and conduction;
The ground and its heat transfer through convection,
conduction and evaporation;
Installations for heating and cooling by convection,
radiation and latent heat transfer, depending on the type of
used heat exchangers;
Ventilation with latent heat transfer caused by the
filtration of the outside air entering the greenhouse;
Irrigation with latent heat transfer caused by changes in
the interior humid air and wet ground;

3. Installation of ground heat

2. Flow of heat in the greenhouse

30 - 50 s m

15 - 40 s m

Fig. 2 Simplified scheme of installation for heating in the ground

Fig. 1 Flow of heat in the greenhouse

The indoor climate in greenhouse differs from the outside due to the
impact of these active participants on the heat balance (Fig.1)
Sun's energy flux of radiation;
Atmosphere with radiation;
The surrounding area also with radiation;
External air by convective heat transfer to (or from) the
greenhouse located;
Construction of greenhouse by radiation, convection and
conduction heat transfer to (or from) the environment;
Internal air, with convective and latent heat transfer;

Fig. 3 Vertical temperature profile in the heated greenhouse with
installation in the ground
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Table 2. Change of the air in various materials

4. Calculation of greenhouse

Material
Single glass
Double glazing
Fiberglass
Single layer roof
Dual-layer roof
Single roof / fiberglass lower side
Double roof / fiberglass lower side
Single roof / fiberglass larger side
Dual-layer roof/ fiberglass larger side
Fig. 4 Vertical temperature profile in the heated greenhouse with
installation in the ground

-

predicted internal temperature 20оС;

-

predicted outside temperature 5оС;

-

predicted wind speed 40km / h;

-

Change of the air
(h)
2,5-3,5
1,0-1,5
2,0-3,0
0,5-1,0
0,0-0,5
1,0-1,5
0,5-1,0
1,5-2,0
1,0-1,5

Volume of greenhouse 36 .13 . 2,5+0,165 . 132 . 36 =
2174m3
heat loss АС/Н . В. ∆Т . 1,21=1,5/h . 2174m3 . (20-5)оС .
1,21kJ/m3 оС = 59187.15 kJ/h = 16,44 kW

4.3. Total loss of heat
Total: (q) = 207039 + 59187 = 266266kJ/h ≈266000kJ/h ≈74 kW

2 o

-

double-layered roof U = 14,9kJ / m h C;

-

walls of fiberglass

U = 21,6 kJ / m2hoC;

4.4 The products of combustion are used through the heat
exchangers with t = 120°C and exit with t=70°C, and water from
greenhouse enters in heat exchangers with t=50 °C and exit with
t=60°C shown in Fig.5.

The values for U are adopted from next Table 1:

Table 1. U-values for different wind speeds (kJ / m2hoC)
Wind speed
Material
Glass
Fiberglass
Single layer
Doublelayered roof

0
15,6
14,2
16,5
10,9

8-2,24
19,4
17,7
20,4
12,9

16-4,47
21,2
19,4
22,3
13,8

32-8,94
23,3
21,1
24,3
14,6

40-11,2
23,7
21,6
24,7
14,9

48-13,4
24,1
22,0
25,1
15,0

Fig.5. Input-output parameters of the media in the heat
exchanger

- surface of arc ≈ 0,165m2 (approximately 1/6 of the circle with
r≈w);
- area of the Double-layered roof: 1/3. (π.w) .L = 1/3. (π.13) .36 =
490m2;
- surface of the walls of fiberglass: 2. (2,5.36+2,5.13+0,165.132)
=301m2;

- Required flow

Q=

q
m3
266000


=
= 1,77 = 106 = 153
s
h
day
15040 ⋅ ∆T 15040 ⋅ (60 − 50)

5. Warming soil

4.1. Losses of Heat Transfer
-Two layers: А. ∆Т.U=490.(20-5).14,9=109505kJ/h=30,42kW
-fiberglass: А.∆Т.U=310.(20-5).21,6=97524kJ/h=27,09kW

5.1 Calculation of the required temperature on the floor to
determine the thermal load on the floor surface (reduced by 10%) =
13.36. 0,9 = 421 m2

Total: 207039 kJ/h=57,51kW

q
266000
kJ
kW
− termal load / surface of floor =
= 632 2 = 0,1755 2
A
421
hm
m

4.1. Losses of conducting heat
5.2 Calculation of the IST (internal temperature area)
Dual-layer roof:
IST1 = IDT - (0,0291.U . ∆Т)
IST1= 20о - (0,0291 . 14,9 . 15 ) = 13,5оС
IDT - planned internal temperature

Data on the change of the air in various materials (AC / H) are taken
from next Table 2.
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9,00 . ( 33,0 / 26,7 ) = 11,1 kJ/hmoC =3,08.1033kW/moC,where:
(25mmID has 33mmOD and 19mmID has 26,7mmOD).

Single layer fiberglass:
IST2 = 20о - (0,0291 . 21,6 . 15) = 10,6оС
AUST - average temperature of the unheated areas in greenhouse
(walls, roof)
AUST =

A1 ⋅ IST1 + A2 ⋅ IST2 490 ⋅ 13 ⋅ 5 + 301 ⋅ 10,6
=
= 12,4 o C
A1 + A2
490 + 301

Fig.7. Heat output of radiation floor system
Fig.6. Circulation of water through the floor area of
greenhouse

5.4.2 Thus, heat output per meter is (for 19mmID), respectively
9,00.(55 - 30) = 225 kJ/hm=0,0625kW/m

Required flow:

Q=

Since the interspace to pipes used 0,146kW/m2, obtained
0,146/0,0625 = 2,33m/m2 or 1.2,33 = 0,425m from the center.

q
m3
266000


=
= 1,77 = 106
= 153
s
den
(15040 ⋅ ∆T ) 15040 ⋅ (60 − 50)
min

5.4.3 Correction heat loss with safety factor of 10%
- calculation the distance from the center: 0,429.0,90 = 0,386 m
- calculation the total distance: : (2,33/0,90).36.13.0,09 = 1090 m

5.3. Calculation of the floor surface temperature
-Tp (°C )

5.4.4 Using the recommended fluid velocity of 1 m/s through a
pipe volume ID = 19mm to determine fluid flow

1,8 ⋅ T p + 492 4 1,8 ⋅ AUST + 492 4
q
= 1,70 ⋅ [(
) −(
) ] + 7,87 ⋅ (T p − To )1,32
A
100
100

V =(

To - the internal air temperature (°C)
632

kJ
hm 2

= [(

1,8 ⋅ T p + 492 4 1,8 ⋅ 12,4 + 492 4
) −(
) ] + 7,87 ⋅ (T p − To )1,32
100
100

0,019 2
m3

= 0,284
) ⋅ 1,0 m / s = 0,000284
2
s
s

- flow required for за ∆Т=(60-50)=10оС and 83% load.
Q=

Тp = 33,3оС
The maximum allowable temperature is ≈ 30 °C, and calculated
33,3oC is high, but can afford by bringing the smaller heat loading
per m2.

266000.0,83

= 1,47
15040.10
s

So the number of required circles is:1,47/0,287 = 5,17 or 6 to total
flow, each with 1090/6 = 182 m length. Because ∆Т = 10оС > 8оС
it recommended or used equipment with double serpentine tube
shown in the next Fig.8.

So for 30oC is brings only 524kJ / hm2, respectively 0,146kW/m2 or
(0,146 / 0,1755) .100 = 83% of predicted load.

5.4. Average water temperature
∆T =

q
266000
=
= 10 o C (60 o C enter and 50 o C exit )
15040 ⋅ Q 15040 ⋅ 1,77

AWT = TS −

∆T
10
= 60 −
= 55 o C
2
2

5.4.1. When using surface temperature of 30°C (used 83% of the
thermal load) and AWT = 55°C, the temperature difference tubesurface is ∆T=(55-30)=25°C. On the next Fig.7 can be read output
heat from pipe with inner diameter (ID) = 19mm,when its
placement at a depth of 100mm and is 9,00 kJ/hmoC=2,5.103
kW/moC.
The tube with ID = 25mm is used the ratio of external diameters to
determine the heat output of the tube or

Fig.8. Single and double serpentine tube
182m long tubes, placed on surface with 12m width and 35m
length. 182m/6=30,33 circles, and because it's a double serpentine
tube has ≈16 steps on the floor.
[Corrected area: [35m / (16.16)= 0,365m]
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Note: For others (100 - 83 ) = 17% thermal load, must be set as
heating system above the ground (warming units or fine tubes).

7. References

5.4.5 Plan the layout of the floor

1.

2.
3.
4.

5.
6.
7.

Fig.9 View floor

8.

6. Conclusion
This type of heating system is suitable for controlling the
temperature of the root and to cover the minimum temperature
requirements. This makes it suitable for very moderate climatic
conditions if used as a single installation in greenhouse. But on the
other hand very well suited in combination with other types of
heating installations also for moderate and cold climates. Simple
disassembly can be a good and cheap solution for the group of
crops. The part of the base used obligatory must be processed.
Expensive regulation set is economically justified only if it is part
of the regulation set for full climate control (i.e. if other heating
installations are present in greenhouse). For Mediterranean climate
plants are not economically justified.
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INNOVATIVE SOLUTIONS USING NITROGEN-CONTAINING STEELS
ИННОВАЦИОННЫЕ РЕШЕНИЯ С ИСПОЛЬЗОВАНИЕМ АЗОТСОДЕРЖАЩИХ СТАЛЕЙ
Dr. Sci. M.V. Kostina, PhD S. O. Muradjan, Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Moscow,
Russia, e-mail: mvk@imet.ac.ru
Abstract: The report provides examples of two innovative solutions using nitrogen-containing steels. The use of nitrogen-containing steels
allows to increase the durability and reliability of products; to reduce the thickness of work sections; to reduce the cost of maintenance and
repair downtime. The proposed solutions: 1. Austenitic corrosion resistant cast steel with 0,5%N. After homogenizing heat treatment the
steel surpasses traditional cast austenitic steels at yield strength at ~1.5-2 times, impact toughness ~ 4.5 times, hardness - by about 25%. It is
recommended for the manufacture of cast valves. 2. The martensitic steel grade with 0,11-0,17% N. This steel is well proved as a material
for the manufacture by cold heading of very high strength corrosion resistant fasteners.
KEYWORDS: NITROGEN-CONTAINING STEELS, CAST STEEL, HIGH STRENGTH, CORROSION RESISTANCE, CORROSION
RESISTANT FASTENERS, CAST VALVES

1.

Introduction

The report provides examples of two innovative solutions
using nitrogen-containing steels. As an interstitital element,
nitrogen ensures considerable solid solution strengthening. In
nitrogen steel, dispersional hardening is also possible on account of
nanoparticles of chromium nitride CrN. Alloying with nitrogen
increases the resistance to local corrosion. Since nitrogen
effectively stabilizes austenite, its introduction in steel reduces the
consumption of expensive austenite stabilizers such as Ni, Co, and
Cu. Nitrogen as an alloying element in the composition of corrosion
resistant steels provides a simultaneous combination of their
strength, ductility and toughness, corrosion and wear resisting. The
use of nitrogen-containing steels allows to increase the durability
and reliability of products; to reduce the thickness of work sections;
to reduce the cost of maintenance and repair downtime.
2.1. Austenitic corrosion resistant cast steel with 0,5%N.
Many products of complex shape require manufacturing by
casting. The problem of increasing the strength of cast corrosionresistant products can be solved, including, through the use of
nitrogenous steels. Our proposed solution: austenitic corrosion
resistant high strength casting steel 05Kh22AG15N8MFL
(0.05C21Cr0.5N15Mn8NiV) with nitrogen concentration 0,45–
0,62% [1].
This steel has good fluidity in the process of mold casting.
When crystallized, it is not prone to the formation of hot cracks.
After the heat treatment, the cast steel has an austenitic structure,
(% of δ-ferrite =5÷0, depending on nitrogen concentration),
hardened with nano sized nitride particles of the MeN type, ~ 10 nm
in size [2]. Its high yield strength in the absence of hardening
deformation treatment (in the presence of coarse-grained structure)
can be explained not only by solid solution strengthening of
austenite by nitrogen, but also by the effect of dispersion hardening
due to the presence of nano sized nitride particles. In cross-sections
from 20 to 50 mm the mechanical properties of steel do not depend
on the morphology of the cast structure.
Mechanical properties (tensile testing, impact test). After
homogenizing heat treatment, this steel exceeds not only traditional
Russian austenitic cast steels (without nitrogen in their chemical
composition), but European and American nitrogen containing
steels [2, 3]. Fig.1 illustrates a comparison of strength and ductility
levels of proposed steel and the same mechanical properties levels
of cast austenitic steel grades. New cast steel exceeds traditional
cast austenitic steels by a factor of ~1.5 - 2 in terms of the yield
strength, ~3 - 4.5 in terms of the impact, and 15-25% in terms of the
hardness).

Fig.1. Characteristics of strength and plasticity in tensile testing of
a new cast austenitic nitrogen containing steel and European and
American cast steel grades (with a nitrogen content of up to 0.3%).
The new cast steel is not prone to cold brittleness: it is keeping
the impact toughness at least 2.3 MJ/m2 with cooling to -70 ° C [2,
3]. At elevated temperatures (in the 200-350 ° C range) steel has a
yield strength of 200-230 MPa, high ductility (El = 47-55%),
exceeding not only foundry steels, but also conventionall
deformable stainless steels. These statements are illustrated in the
table. 1 and by Fig.2.
Table 1. Cold and heat resistance of the new cast steel
05Kh22AG15N8MFL

Steel grade Mechanical properties

-70
Rp
New austenitic
cast steel

0,2,

MPa

R , MPa

841 851 575 547 542

El/ RA, %

24/25 47/50 55/57 45/39 47/52

m

2

КСU, МJ/m
Rp
AISI 316

-40 +200 +300 +350

558 506 229 214 211

0,2,

2,31 2,46

MPa

-

-

-

160 150 140

R , MPa

400 360 340

m

El, %

23
.

200

Testing temperature, oС

18

16

test confirmed the beneficial effect of alloying with nitrogen not
only on the static but on the cyclic strength.
.

R 50 ± 0,5

56,5 ± 0,05

Ra 3,2

40 ± 0,5

20 ± 0,5

40 ± 0,5
40 ± 0,5

5 ± 0,05

R 50 ± 0,5

40 ± 0,5

Stress, MPa

Fig.3. Sample for fatigue tests

Number of cycles, N
Fig. 4. Fatigue curve of the flat cast samples of the
05Kh22AG15N8MFL steel after heat treatment under conditions of
repeated tension.

Fig.2. Characteristics of strength (a) and plasticity (b) in tensile
testing of a new cast austenitic nitrogen containing steel and
conventional foundry and deformable stainless steels steel grades at
elevated temperatures
The fatigue strength of the annealed 05Kh22AG15N8MFL
corrosion-resistant austenitic cast steel containing 0.47% N was
investigated ∗. The fatigue curve of the 05Kh22AG15N8MFL steel
(Fig. 4) was constructed on the basis of the experiments at
maximum stresses ranging between 200 and 600 MPa. The curve
allows us to assess the fatigue life in the fields of both low cycle
fatigue (up to 105 load cycles) and high-cycle fatigue. With
decreasing the applied stress, the fatigue life increases.
After heat treatment, this steel contained up to 5% ferrite in the
structure and exhibited a good combination of strength and
ductility. Due to alloying with nitrogen, the steel at such type of
loading does not undergo transformation of austenite to martensite,
and its fatigue strength on the basis of 107 cycles is 210 MPa, which
is equal or close to the yield strength of traditional hot-worked and
then solution-treated 18-10 type corrosion resistant steels. The
smooth fatigue curve of the cast steel indicates that its structure is
free from coarse defects and no formation of strain-induced
martensite occurs under the action of applied stresses (Fig. 4). This

Wear resistance. The cast steel has a high wear resistance.
The Hadfield steel (110G13L) was used as a standard of wear
resistant material when the relative wear resistance ε in the dry
friction on the abrasive was tested. (ε = ΔМs / ΔМt where ΔМs is
weight loss of standard, ΔМt is weight loss of the tested samples). It
was demonstrated that wear resistance of the cast steel
05Kh22AG15N8MFL (specimens with nitrogen concentration 0,47
and 0,62% N) is comparable to that of the Hadfield steel: ε= 0,941,08 (depending on nitrogen concentration in tested steel
05Kh22AG15N8MFL).
High wear resistance is an advantage of structure material, but
especially for providing of normal technological process we
developed, on the base of catting experiments using different catting
parameters, the optimal catting technology (which is saving cutters,
with a minimum time of cutting (turning)).
Corrosion resistance of cast steel was investigated. It was
shown that steel 05Kh22AG15N8MFL is not prone to intergranular
corrosion; steel has a high resistance to pitting corrosion. Their
corrosion resistance parameters – calculated Pitting Resistance
Equivalent (PREN), which depends on Cr, Mo and N
concentrations in steels and the experimentally detected Critical
Pitting Temperature (CPT) in comparison with the parameters of
common stainless steels are shown in table 2.
Table 2. Comparison of corrosion resistance parameters of
conventional stainless steels and 05Kh22AG15N8MFL cast steel
Steel grade
AISI 316
Type 317
AISI 904L
05Kh22AG15N8MFL

%Cr
16.5
18.5
20.5

% Mo
2.1
3.1
4.5

% N PREN 1 CPT ,°C 2
0.05 24.2
15
0.06 29.7
18,9
0.05 36.2
40

20-22 0,8-1,5 0,5

30-33

40-43 3

∗

The fatigue tests were performed according to GOST 25.502-79
"Fatigue testing methods" with an Instron 8801 setup at 30 Hz under
conditions of repeated tension at cycle asymmetry R = 0.1 at room
temperature. The test base was 107 cycles. The flat samples (type IV
according to GOST 25.502-79) 3 mm thick and 100 mm long (Fig. 3)
were ground and polished on cloth

1

Pitting Resistance Equivalent N = %Cr + 3.3 %Mo + 16 %N
Critical Pitting Temperature (CPT), ASTM G-48A (72 h in 6%
solution FeCl3);
3
RU-standard (5 h in 10% solution FeCl3)
2
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Weldability. As well as the deformable steel prototype, the
cast steel can be welded, in common ways for stainless steels. The
strength of weld is 85-95% of the strength of the base metal.
On the finishing stage of tests 05Kh22AG15N8MFL stainless
steel they were experimental (pilot) castings produced from it (fig.
5). Samples of castings metal showed a high level of mechanical
properties.

reliability [6]. The composition of 05Kh16N5AB (0.05C16CrNNb)
steel and recommendations for its use were incorporated in Russian
State Standard GOST 5632–2014 "Alloyed stainless steels and
alloys, corrosion-resistant and heat-resistant. Grades» (October 24,
2014).
Mechanical properties (tensile testing, impact test). Steel
05Kh16N5AB can be used for the manufacture of critical parts of
machines, including fasteners, operating at temperatures from -70°
C to + 300° C. After hardening heat treatment steel has the
following tensile test characteristics:
- R ≥ 1400 MPa,
m
- Rp ≥ 1100 MPa,
0,2
- El ≥ 20%,
- RA ≥ 60 MPa.
Static tensile testing of M8 ready-made bolts has shown that
the rupture of bolts occurs with the breaking force of P = 3,600 kg.
Bolts are not sensitive to distortions under the head and under the
nut during tensile testing.
Impact tests on specimens with a sharpy notch (according to
Charpy) showed that 05Kh16N5AB steel is cold resistant, steel
retains its plasticity at lower climatic temperatures (fig. 6)..:

Fig.5 Cast blanks for a high-strength corrosion-resistant
05Kh22AG15N8MFL (0.05C21CrN15Mn8NiV) steel regulator:
Rp0.2 = 400 MPa; Rm = 680 MPa; A5 = 37%; RA =50%;
KCV–70 = 1.8MJ/m2;
2.2. Conclusions on the steel 05Kh22AG15N8MFL
The studies revealed the following advantages of the new cast
stainless steel 05Kh22AG15N8MFL:
 Austenitic structure with 0-5% of δ-ferrite. (Steels
CF10SMnN, CF3MN, A 447, CG6MMN, CN3MN can
contain up to 20% ferrite).
 Significantly higher level of mechanical properties caused
by solid solution strengthening of austenite by nitrogen
and by the effect of dispersion hardening due to the
presence of nano sized nitride particles in solid solution.
 A markedly higher level of corrosion resistance than that
of conventional stainless steels without nitrogen.
 Wear resistance is at the level of Hadfield steel.
 Fatigue strength (based on 107 cycles) of 225 MPa is
close to the yield strength of traditional stainless steels:
18-10 (hot-rolled, followed by solution treatment).
 Weldable steel.
The use of steel 05Kh22AG15N8MFL will:
-

save Ni (due to stabilization of austenite steel with
nitrogen);
save material in the product (due to the higher level of
mechanical properties);
ensure high reliability of products and steel constructions;
reduce operating costs (due to reduction of repair costs).

3.1. Martensitic steel grade with 0,11-0,17% N.
Martensitic steel 05Kh16N5AB (0.05C16CrNNb) with 4–5%
Ni and ~0.11–0.17% N is a high strength, weldable, corrosion- and
wear resistant steel, having good manufacturability [4–6].
Applications under consideration include the following branches.
(1) The manufacture of bolts and screws, which are capable to
replace bolts and screws made of 614V, VT16, and VT35 expensive
titanium alloys and martensitic stainless steels like 07Kh16N6
(0.07C16Cr6Ni), which are prone to intergranular corrosion,
austenitic steels 12Kh18N9T (0.12C18Cr10NiTi), which are having
low strength level, and other stainless steels, with improvements in
strength and cost [4–6]. (2) The manufacture of flat springs and
shafts for submersible electric oil pumps, in place of 12Kh18N9T
steel, with increase in the working life by a factor of 2–3 for springs
and 2.8 for shafts [6]. (3) The manufacture of sealing surfaces in
cryogenic valves in place of 03Kh9K14N6M3D (ЭП921,
0.03C9Cr14Co6Ni3MoCu) steel, with no loss of working life or
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Fig.6 Temperature dependence of fracture toughness for
05Kh16N5AB steel Sharpi-specimens after different treatments: 1 –
water quenching; 2, 3 – heat treatment at different temperatures
after water quenching.
The fatigue strength. Testing of smooth samples by the
method of cantilever bending after hardening heat treatment
demonstrated fatigue strength on the basis of 107 cycles 770 MPa.
After tests on high-cycle fatigue alternating load (Pmax = 1400 kg
and Pmin = 140 kg) bench tests of the bolts were carried out. After
the operating time 500 000 cycles the bolts were removed from the
stand without damage.
Corrosion resistance. Comparative corrosion tests of steels
07Kh16N6B (without nitrogen) and 05Kh16N5AB were carried
out. Below are the results of these studies.
Tendency to pitting and crevice corrosion in 6% FeCl3 for 5
hours at 20° and 50° C was studied. Steel 05Kh16N5AB has
corrosion rate (vcor) at 20 and 50оС 4,5-5 and 2-2,5 times lower than
steel 07Kh16N6B corrosion rate (fig.7).

Fig. 7. The rate of pitting (1) and crevice (2) corrosion when testing
samples by chemical method

3.2. Conclusions on the steel 05Kh16N5AB
Pitting corrosion tests using anodic polarization showed that
nitrogen positively affects the resistance characteristics of pitting EPO and EPR potentials (fig. 8).
Stress-corrosion cracking tests under tension in air and in
3.5% of NaCl solution with deformation rate ε⋅ = 2·10-7 s-1
demonstrated that the strength of 05Kh16N5AB steel is much
higher than 07Kh16N6B at the same level of plasticity.
The tendency to intergranular corrosion (boiling 24 h in a
solution of CuSO4 + H2SO4) was investigated. These experiments
showed that steel 05Kh16N5AB is not prone to intergranular
corrosion.
Test on resistance to atmospheric corrosion demonstrated that
steel 05H16N5AB is not prone to corrosion in the industrial
atmosphere.

The studies revealed the following advantages of the
martensitic stainless steel 05Kh16N5AB:
 Efficiency. The steel does not contain expensive alloying
elements (Mo, Co, etc.); it contains <18% Cr, ~ 5% Ni.
 Good manufacturability.
 High strength, weldable, corrosion- and wear resistant
steel.
The use of steel 05Kh16N5AB L will:
-

-

Economy of alloying elements (steel does not contain
expensive Mo, Co, Cu); Contains <18% Cr, ~ 5% Ni.;
save material in the product (due to the higher level of
mechanical properties);
allow to produce fasteners with any form of heads; allows
to produce them with the absence of rejects caused by the
formation of cracks
ensure high reliability and durability of products and steel
constructions and parts;
reduce operating costs (due to reduction of repair costs).
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Abstract: Application of a mathematical modelling of thermal plasma processes is effectively during development and optimization of
electric power equipment as well as electro technological equipment. In the field of electric power industry such devices are: circuit breakers
(simulation of arc extinction in the arc chamber); multi-chamber arresters for lightning protection of overhead power lines (simulation of
arc discharge in a chamber of the arrester), and others. In the field of electro technological equipment such devices are: DC (and AC) arc
plasma torches for air-plasma spraying of coating, metal welding and cutting; ICP (inductively coupled) plasma torches for nanomaterials
production, fine powder treatment, plasma-chemical technologies and others. The article describes the main stages of the development of
mathematical models: a study of the features of the physical process that allows us to formulate the basic assumptions of the model
(stationary or non-stationary process, 2D or 3D geometry, laminar or turbulent flows and others); construction of the computational domain
and of the mesh; setting the boundary conditions. Examples of results of calculations are shown. Recommendations on the use of specialized
software are presented.
Keywords: MATHEMATICAL MODELING, PLASMA PROCESSES, ELECTRO TECHNOLOGICAL EQUIPMENT

1. Introduction
In the field of electric power industry the operation of such
electrical apparatuses as automatic switches, arresters, etc. is
connected with an extinction of electric arc. For example, the use of
multi-chamber arresters with electrodes placed into a chamber made
of dielectric material is a promising way to protect overhead
transmission lines from lightning overvoltages. When lightning
current goes through the arrester, electric arcs appear in discharge
chambers and they form the plasma jets from chambers.
In the field of electro technological equipment processes based
on the use of arc plasma torch and radio-frequency (RF) inductively
coupled plasma (ICP) torch are widely used. These are processes
such as air-plasma spraying of coating, welding and cutting of
metals, treatment of fine powder with various purposes, plasmachemical technologies, etc.

(2)

- continuity equation:

∇ ⋅ ( ρυ ) = 0 .

(3)

Equations (1) – (3) include:
- plasma parameters such as enthalpy h that related to

temperature T ; velocity υ ; pressure p ;
- thermophysical plasma properties such as density ρ ; thermal
conductivity λ ; specific heat c p ; viscosity µ ; electrical
conductivity σ ; specific radiation power urad ;

Thus, during the development and optimization of electric
power equipment and electro technological one the main subject of
research are thermal plasma processes which are characterized by
plasma parameters such as temperature and velocity as well as their
variation in time.
To achieve this goal it is necessary to identify qualitative and
quantitative relationships between the efficiency of the process (it
can be an extinction of electric arc with minimal time or,
conversely, generation of stable electric arc) on the one hand, and
the geometry of the device and its operation parameters on the other
hand. To determine those relationships it is necessary to carry out a
large amount of experimental research which requires large time
and material costs. Another way of obtaining that information is
mathematical modeling of thermal plasma processes in arc and RF
plasma torches.

- electromagnetic values such as electric field intensity E ;

 
electromagnetic force FB= J × B .
Since plasma exists in an electromagnetic field the system of
equations (1) – (3) is supplemented by Maxwell's system of
electromagnetic equations:


 ρ

∂B
, ∇ ⋅ E = el ,
∇ × E = −
ε
∂t

 
 0
 ∇=
,
0,
×
H
J
=
∇
⋅
B




where E и H are electric and magnetic field intensities; B is

magnetic induction; J is current density; ρel is volume density of
electrical charge; ε0 is electric constant.
For thermal plasma processes the Maxwell’s system of

equations reduces to equations for the scalar ( ϕ ) and vector ( A )
potentials:

2. Mathematical model
At present time a large number of mathematical models of
plasma processes have been developed including a disturbance of
thermal equilibrium, a plasma turbulence, etc.

∇ ⋅ (σ ∇ϕ ) = 0,

 
∂A 1
σ
+
∇ ⋅ A =J,
∂t µ0

The basic equations in a simplified model of plasma (it is
assumed that plasma is in a state of local thermodynamic
equilibrium, it is laminar and optically thin), express the
fundamental conservation laws (of energy, momentum and mass),
and for the elementary volume are written as follows [1]:

(4)




 
where =
J σ −∇ϕ + υ × B , B = ∇ × A .

(

)

Thus, equations (1) – (4) represent a system of equations that
need to be solved simultaneously to obtain the distributions of the
required quantities – plasma parameters, namely, temperature,
velocity, pressure, electromagnetic quantities. The region of
existence of the plasma is taken as a computational domain.

- energy equation:
 λ


∇ ⋅ ( ρυ=
h ) σE 2 − urad − ∇ ⋅  − ∇h 
 cp




- motion equation:




∇ ⋅ ( ρυυ ) = −∇p + FB + ρg + ∇ ⋅ ( μ∇υ )

(1)
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Boundary conditions for each required quantity are set at each
boundary of the computational domain on the basis of the simplest
physical considerations.
As already mentioned the system (1) – (4) includes
thermophysical properties of plasma. For the main gases used in
plasma processes the dependence of these properties on temperature
(usually at atmospheric pressure) is given in the scientific literature
[2-4]. The difficulty in solving system (1) – (4) lies in the fact that
the temperature in the plasma torches varies in the range 300–
20000 K, and with this temperature change the properties of the
plasma vary by several orders of magnitude.
There are many software packages that allow modeling thermal
plasma processes. The most famous commercial programs are
ANSYS (CFX, Fluent), Comsol Multiphysics. The indisputable
advantages of these programs are: the breadth of application (from
the aerospace design to the biomedical application), relative
simplicity (most of the functions and equations are already written,
one just need to learn how to use them correctly) and high workflow
productivity (a competent specialist can create a working model
within a few hours).

Fig. 3 Temperature distribution in plasma torch: laminar flow

In addition, usually it is possible to improve existing models
with own code. For example, in the ANSYS Fluent software
package it is possible to add user defined functions (UDF) written
in the C programming language. This allows you to focus on a
detailed description and investigation of the specific features of
thermal plasma processes, while using ready-made procedures for
those parts of the calculation that are common to other standard
models (for example, using standard methods for solving systems of
linear algebraic equations).
Examples of the application of various software products for the
calculation of thermal plasma processes are presented below.

3. Modeling of thermal plasma processes in an arc
plasma torch for spraying in Comsol Multiphuysics
A two-dimensional axis-symmetrical mathematical model of the
plasma torch has been studied. The torch geometry corresponding to
the real experimental set-up is presented in Fig. 1. The mesh is
shown in Fig. 2. The mesh for calculation consists of 5098
elements.

Fig. 4 Temperature distribution in plasma torch: turbulent flow

Fig. 5 Image of plasma jet

4. Examples of thermal plasma modeling in
ANSYS Fluent
Discharge chamber of multi-chamber arrester. The multichamber arrester consists of a large number of series-connected
chambers (Fig. 6), in which electrical breakdown leads to an arc
discharge generation [6]. Such discharge is accompanied by erosion
of the electrode material and by evaporation of the discharge
chamber material. Thus pressure increases in the chamber that leads
to appearance of plasma jet from the discharge chamber and to arc
extinction.

Fig. 1 Design of DC plasma torch with inter-electrode sections

Fig. 2 Mesh for calculation

Two models have been implemented in the software Comsol
Multiphysics [5]: laminar plasma flow model and turbulent plasma
flow model (SST-model).
The distributions of the gas temperature for arc current 200 A,
laminar and turbulent flow are shown in Figs. 3–4.
Maximal gas temperature is 30 000 K. The shape of the
temperature distribution for the model of turbulent flow is
confirmed by frame from high-speed shooting – see Fig. 5.
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Fig. 6 Design of discharge chamber of multichamber arrester: 1 – outer
tube, 2 – inner tube, 3 – cavity, 4 – silicone rubber, 5 – discharge slot,
6 – fiber-glass plastic sleeve, 7 – arc

To simulate plasma processes a three-dimensional nonstationary
mathematical model was developed with the following features:
- The thermophysical properties of plasma were calculated
taking into account an erosion of the electrodes material and an
ablation of the discharge chamber walls [7], in the model they are
included as dependences on temperature at a constant pressure of
10 atm;
- The case of tungsten electrodes and a silicone rubber chamber
(ratio of Si: O: C: H = 1: 1: 2: 6, W: O = 1: 10) was considered;

of formation of plasma jet from the discharge chamber. As a
calculation region, it is convenient to take only half the space of the
discharge chamber and the surrounding space since this space has a
plane of symmetry (this is the plane of Fig. 6).
An electrical potential difference is defined on electrodes
surfaces as boundary condition for the electromagnetic problem so
that a discharge current through the chamber corresponds to the
experimentally obtained dependence at each moment of time.
Results of simulation i.e. distributions of plasma temperature at
different points of time are shown in Fig. 8.

- Evaporation of the discharge chamber material was taken into
account as a source of mass;

Analysis of the simulation results shows that the presence of
cavities joined to the main volume of the discharge chamber by
small openings leads to the fact that at the initial stage of discharge,
when pressure inside the discharge chamber exceeds pressure inside
the cavities, plasma begins to spread into these cavities. The
pressure inside the cavities is increased as long as it begins to
exceed the pressure in the discharge chamber, which is lowered due
to propagation of the discharge towards the outlet of the discharge
chamber. It occurs in about 140-150 µs after the start of discharge.
Thereafter, the gas accumulated in the cavities with lower
temperature than the discharge core, begins to move in the opposite
direction, i.e. from cavities to the discharge chamber. After 160 µs
it leads to cooling of the central part of the discharge, which
undoubtedly contributes to the extinction of the electric arc. This
conclusion is confirmed by the results of experimental observations.

- The motion of plasma is turbulent, the SST model was used to
simulate turbulence.
The computational domain and the mesh for calculation are
shown in Fig. 7.

Combined plasma torch for nanomaterials production. A
combined plasma torch consists of a series-connected a DC arc
plasma torch and a RF ICP plasma torch. In this case, plasma jet of
the arc plasma torch is fed to the inlet of the RF ICP plasma torch.
That design provides an ignition of RF plasma and a reduce the
power of the RF discharge. The combined plasma torch was studied
for a technology of titanium dioxide nanopowder production.
To simulate the processes in the combined plasma torch and in
the reactor a two-dimensional axisymmetric model was developed.
The computational domain was divided by a mesh into
300,000 cells. Argon was used as the plasma-forming gas at a
pressure of 1 atm.

Fig. 7 The computational domain of discharge chamber and the mesh
for calculation

To select the plasma torch operation mode that provides the
evaporation of initial TiO2 powder a series of calculations was
carried out. The power of the arc discharge varied in the range of
10-15 kW, the power of RF discharge was in the range of 2040 kW, the gas flow rate was in the range of 20-100 slpm, the
inductor frequency of 1.76 MHz and 5.28 MHz was used.
Calculations showed that the use of the frequency of 5.28 MHz
for such a design is more efficient.
An example of the calculation results is shown in Fig. 9 (arc
discharge power is 12 kW, RF discharge power is 20 kW, gas flow
rate is 60 slpm).

Fig. 9 Distribution of plasma temperature in the combined plasma torch

Fig. 8 Distributions of plasma temperature (T, K)in the discharge
chamber at different points of time: a – 2 µs, b – 30 – µs, c – 140 µs, d –
210 µs

The computational domain includes a space surrounding the
outlet of the discharge chamber which allows to calculate a process
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Modeling of a plasma jet loaded with fine powder. The
treatment of fine powder (in this case – titanium dioxide powder) in
a plasma jet has to simulate using a three-dimensional model. The
reason of it is the disturbance of the plasma jet axial symmetry by
the lateral feeding of a flow of carrier gas loaded by fine powder.
Initial powder was TiO2 with a mean diameter of 15 μm.

A series of calculations was carried out with the constant start
velocity of powder feeding (10 m/s) and different powder feed rate
(2–5 kg/h). Also calculations were made for the constant powder
feed rate (4 kg / h) and different start velocity (5, 8, 10, 12 and 15
m/s) [8]. These calculations were made in order to find the optimum
feed rate and start velocity of titanium dioxide. In those calculations
the parameters of plasma jet (temperature and velocity at the inlet of
the computational domain – the plasma reactor) correspond to the
parameters of plasma jets created by the combined plasma torch.

equation; Joule heating and radiation energy losses was taken into
account in the energy equation; nonlinear dependences of
thermophysical plasma properties on temperature was introduced
into the model; specific for plasma boundary conditions were
introduced.
For the calculation the following geometry of the TIG torch was
used: the electrode diameter was 3 mm, the internal diameter of the
nozzle was 9 mm, the distance from the cathode to the anode
(welding parts) was 4 mm. The following operation mode was
calculated: arc current was 100 A, argon flow rate was 5 slpm. This
mode of operation can be used to weld aluminum plates with
thickness of 2–3 mm [9]. The task was solved in a two-dimensional
formulation.

Calculations showed that without feeding the powder the
plasma jet has an axial symmetry which is significantly disturbed
when the powder is fed through the feed-through line.
Best results (optimal trajectory of particles and its heating) were
obtained at a powder feed rate of 4 kg/h and a start velocity of
10m/s (see Fig. 10).

The results of the calculation i.e. the distributions of the
temperature and the axial velocity of plasma are shown in Fig. 11.

Fig. 10 Distribution of plasma temperature T, K (left) and trajectory
and temperature of TiO2 particles (right) for a powder feed rate of 4 kg h
and a start velocity of 10 m/s

5. Modeling of plasma processes using free
software package OpenFOAM

Fig. 11 Distributions of the temperature (left) and the axial velocity
(right) of plasma in TIG torch

6. Conclusions
Various methods for calculating thermal plasma processes are
studied at the Department of Electrical Power Engineering and
Equipment of Peter the Great Saint-Petersburg Polytechnic
University. The results of the research are used in teaching students,
including in the preparation of master's theses.

The main disadvantage of commercial software packages is a
high price. In addition, the researcher who uses such packages has
to "play by someone else's rules", i.e. his capabilities are limited to
existing models of the package. For researchers who need to solve
non-trivial tasks the commercial packages envisage to create own
models but this requires knowledge and programming skills that
sharply raises the required skill level of the researcher and reduces
the attractiveness of using such packages.

For complex calculations of thermal plasma processes it is
recommended to use specialized software: ANSYS Fluent, Comsol
Multiphysics as well as the free software package OpenFOAM. Of
course, it is necessary to check the applicability of the built-in
models to the plasma conditions and, if necessary, to correct them.

These disadvantages make one pay attention to free software.
Currently in the field of free software there are a large number of
programs that allow solving numerical simulation problems:
Code_Aster, Code-Saturne, OpenFOAM and Elmer. All these
software packages have a fairly extensive set of ready-made
subroutines, but their main strength lies in a possibility to write own
solution for any task.

References

An example of mathematical modeling of plasma processes
using the free software package OpenFOAM is considered.
OpenFOAM (Open source Field Operation And Manipulation
CFD ToolBox) is a freely available tool for computational fluid
dynamics for operations with scalar, vector, and tensor fields. The
basis of the OpenFOAM is a set of libraries that provide tools for
solving systems of partial differential equations both in space and in
time. The working language of the code is C ++.
OpenFOAM package was applied to calculate a plasma process
of TIG welding. In OpenFOAM there is no ready solver for such a
task therefore its creation was the first step. As a basis the standard
solver buoyantSimpleFoam was used, in which the energy equation,
the motion equation and the continuity equation are solved together.
The solver buoyantSimpleFoam was modified as follows: the
equations of the electromagnetic problem were added; the
electromagnetic force was taken into account in the motion

207

1. S.V. Dresvin, D.V. Ivanov, V.Ya. Frolov. Method of calculation of
thermal plasma processes. Induction heating. 2012. V. 4(22). P. 25-34 (in
Russian).
2. V.S. Engel'sht, V.Ts. Gurovich, G.A. Desyatkov and others. Theory
of the electric arc column. Novosibirsk: Nauka, 1990 (in Russian).
3. M.I. Boulos, P. Fauchais, E. Pfender. Thermal Plasmas:
Fundamentals and Applications, Vol. 1. NY: Plenum Press, 1994.
4. S.V. Dresvin, D.V. Ivanov. Plasma physics. St. Petersburg
Polytechnic University Publ. house, 2013 (in Russian).
5. V. Frolov, I. Murashov, D. Ivanov. Special Aspects of DC Air
Plasma Torch’s Operating Modes under Turbulent Flow Conditions. Plasma
Physics and Technology. 2015. V. 2 (2). P. 129-133.
6. G.V. Podporkin Development of Long Flashover and Multi-Chamber
Arresters and Insulator-Arresters for Lightning Protection of Overhead
Distribution and Transmission Lines. Plasma Physics and Technology.
2015. V. 2(3). P. 241-250.
7. V.Y. Frolov, D.V. Ivanov, Y.V. Murashov, A.D. Sivaev. Calculation
of the composition of plasma of an arc pulsed discharge in a multichamber
arrester. Technical Physics Letters. 2015. V. 41(4). P. 310-313.
8. M.A. Shibaev. Study of combined plasma torch for plasma
technology of nano titanium dioxide production. Master Thesis. SPbSPU, St.
Petersburg, 2012 (in Russian).
9. Electrotechnological industrial installations. Ed. V.Ya. Frolov. St.
Petersburg Polytechnic University Publ. house, 2009 (in Russian).

ADHESION STRENGTH EVALUATION OF CERAMIC COATINGS
ON CAST AND SELECTIVE LASER MELTED Co-Cr DENTAL ALLOYS
USING TENSILE SPECIMENS
Assoc. Prof. Ts. Dikova1a, Assoc. Prof. N.A. Dolgov2b, Assist. Prof. Dzh. Dzhendov1c, Assos. Prof. M. Simov3d

1

Faculty of Dental Medicine, Medical University of Varna, 84 Tsar Osvoboditel Blvd, 9000 Varna, Bulgaria
Pisarenko Institute for Problems of Strength, Nat. Ac. Sci. of Ukraine, 2 Timiryazevskaya Str., 01014 Kiev, Ukraine
3
Medical College, Medical University of Varna, 84 Tsar Osvoboditel Blvd, 9000 Varna, Bulgaria
E-mail: atsanka_dikova@abv.bg, bdna@ipp.kiev.ua, cjendo_jendov@abv.bg, dmaksim_simov@abv.bg

2

Abstract: Studying the fracture characteristics of porcelain coatings plays a main role in selection of materials for metal-ceramic
restorations. The aim of this work is to study the effect of the substrate manufacturing process on the adherence of the porcelain. The
coatings of porcelain IPS.Inline (Ivoclar Vivadent) are fused onto dental Co-Cr alloys fabricated via casting (Biosil F) and Selective Laser
Melting (SLM) (Co212-f). The adhesion strength of the ceramic coatings is studied under tensile load of flat specimens. The interfacial shear
strength is determined using experimental results. The shear stress distributions in the metal-ceramic interface at the critical load are
evaluated by analytical approach. It is established that the interfacial shear strength values of ceramic coating are 67.5 MPa for cast Biosil
F alloy and 83.8 MPa for SLM Co212-f alloy. The higher shear strength of the porcelain to the SLM samples is due to the nearly two times
higher surface roughness, which is reason for increasing both the mechanical and the chemical adhesion. The nature of the fracture of the
ceramic coating on the Co-Cr alloys, produced by casting and SLM, is similar and is mixed adhesive–cohesive mode. The higher adhesion
strength of the porcelain coating to the SLM dental alloy is a good precondition for the SLM application in production of metal-ceramic
fixed partial dentures for areas with heavy loads
Keywords: DENTAL Co-Cr ALLOYS, CASTING, SELECTIVE LASER MELTING, HARDNESS, ADHESION STRENGTH

cellular dendrites. The average hardness was 460 HV0.2, which is
higher than the values obtained by the other fabrication process.
Barucca et al. [9] investigated Co-Cr-Mo parts, produced by direct
metal laser sintering. They established that microstructure consists
of γ and ε phases. The ε phase is formed by athermal martensitic
transformation and it is distributed as network of thin lamellae
inside the γ phase. The higher hardness is attributed to the presence
of the ε-lamellae grown on the {111}γ planes that restricts the
dislocations movement in the γ phase.

1. Introduction
Metal ceramic dental construction consists of metal framework,
covered with porcelain layers. For better aesthetics, the thickness of
the porcelain layer should be higher - between 1.2-2.0 mm, while
the metal framework should be thinner - about 0.5 mm [1]. That is
why, the metal alloys, used for metal-ceramic dental restorations,
have to possess high mechanical properties. The Co-Cr dental alloys
are mostly used for manufacturing of metal frameworks due to their
high hardness and strength, high corrosion and abrasive resistance.
The properties of Co-Cr alloys depend on the microstructure, its
morphology and composition, the γ-ε phases’ ratio, the presence of
carbides and intermetallic inclusions [2,3]. Cr and Mo are added for
strengthening of the solid solution of Co-Cr alloys [4,5]. The
chromium is a carbide-forming element and contributes to the
formation of carbides in the microstructure, which lead to increase
of the hardness and wear resistance. From the other hand, Cr
additionally increases the corrosion resistance of Co-Cr alloys by
forming of passive oxide layer on the surface of the detail.
The microstructure of metal alloys depends on the
manufacturing process. Since the beginning of the last century, the
lost-wax centrifugal casting is the technology mostly used for
production of dental constructions from metal alloys. However, this
technological process consists of many manual operations, thus
leading to low dimensional accuracy and low quality of the
restoration as a whole. The new CAD/CAM systems and additive
technologies offer a number of advantages: digital design of the
construction, simulation of the functions, fast and controllable
manufacturing processes and no waste production from various
materials [6]. Selective Laser Melting (SLM) is additive
manufacturing process, characterizing with layer-by-layer building
of the object from metal powder using laser beam. It is necessary to
work with optimal technological regimes (laser power, layer’s
thickness, scanning speed and distance between individual melted
traces) to obtain construction with high physical and mechanical
properties. The high heating and cooling rates in the SLM process
as well as the heating of the layers beneath the working surface
above the transition temperatures lead to formation of the specific
fine microstructure [7]. Meacock et al. [8] reported that the
microstructure of biomedical Co-Cr-Mo alloy, produced by laser
powder microdeposition, is homogeneous, comprised of fine
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In a metal-ceramic dental construction a good bond between
the ceramic and metal is essential and it is achieved by the
interactions of the ceramic with metal oxides on the surface of
metal and by the roughness of the metal coping. There are two types
of bonds on the metal-ceramic interface - chemical and mechanical
[10,11]. The chemical bond is a result of chemisorption by diffusion
between the surface oxides on the alloy and in the ceramic. The
mechanical bond is carried out by the penetration of ceramic
material into a rough metal surface, thus mechanically is interlocked
with the metal. Therefore, the topography of a ceramic-metal
interface plays an important role in the adhesion. The increased
area, associated with a rougher interface, also provides larger area
for chemical bonds to form. The minimum acceptable bond strength
of metal-ceramic of 25 MPa is defined in the standard
ISO 9693-1:2012 [12]. Most of the researchers confirm that the
adhesion strength of the porcelain coating to the SLM Co-Cr dental
alloys is comparable to that of the cast alloys and is higher than
required in the standard [13-15]. Depending on the investigation
method, the bond strength for the cast and the SLM Co-Cr dental
alloys is 72.9 MPa and 67.0 MPa [14] or 54.17 MPa and 55.78 MPa
accordingly [15]. Only Wang H. et al. [16] stated that there are
statistically significant differences of the porcelain bond strength to
the cast and SLM Co-Cr samples (37.7 ± 6.5 MPa and 46.8 ± 5.1
MPa respectively).
The SLM technological process is comparatively new and the
data for the adhesion strength of the porcelain coating to the SLM
Co-Cr dental alloys are insufficient and contradictory. The aim of
the present paper is to study and evaluate the adhesion strength of
ceramic coatings on cast and SLM Co-Cr dental alloys using tensile
specimens.

2. Materials and methods

a)

2.1. Samples manufacturing
Two groups of tensile test specimens (five samples in each
group) were prepared by lost-wax casting and SLM using Co–Cr
dental alloys. The first group was intended for tensile test, while the
second – for adhesion strength evaluation. The cast samples were
produced by centrifugal casting of Co-Cr alloy “Biosil” with
chemical composition, given by the producer (Table 1). The SLM
samples were fabricated directly from the virtual 3D models using
SLM125 machine of the “SLM Solutions”, Germany. The machine
is equipped with continuous Nd:YAG laser which worked with
power 100 W and laser spot diameter 0.2 mm. The metal powder of
Co-Cr alloy Co212-f ASTM F75 (Table 1) was melted in layers
with 0.03 mm thickness unless the desired construction was
obtained. During manufacturing process, the laser at first scanned
the outer contour of the layer of the first specimen’s part; next, it
hatched the area within the boundaries at an angle of 45° with a
pitch of 0.13 mm. After that, it passed to the same layer of the next
specimen’s part, thus fabricating the whole layer. The SLM
technological regime, recommended from the company producer
was used. The specimens have a thickness of 2.2 mm for cast alloy
and 2.07 mm for SLM.

основа

Co-Cr alloy

покрытие

Ceramic coating

b)

Fig. 1. Scheme of the sample for evaluation the adhesion
strength of ceramic coating to the Co-Cr alloys (a)
and macroscopic photo of SLM tensile test specimen with
porcelain coating and strain gage (b).

Table 1.
Chemical composition of the alloys used.
Alloy
Chemical composition (wt %)
Co
Cr
Mo
Si Mn C
Fe
Ni
ASTM F75 Bal. 27–30 5–7 <1 <1 <0.35 <0.75 <0.5
Biosil,
64.8 28.5 5.3 0.5 0.5 0.4
–
–
Degudent
SLM
65.2 28.3 5.48 0.754 –
–
0.164 –
Co212-f
ASTM F75
The both sides of the samples, intended for adhesion strength
evaluation, were covered with 1.5 mm porcelain layer (IPS.Inline
One, Ivoclar Vivadent) using the technology, recommended from
the company producer of dental ceramic (Fig. 1). For better
porcelain adhesion, the cast samples at first were sandblasted with
SiO2 particles (250 μm) and cleaned with steam jet. In order to
maintain the original roughness, the SLM samples were only
cleaned with steam jet. Five porcelain layers were put on the both
sides of the samples: 1-st and 2-nd opaquers, 1-st and 2-nd dentcisal
and a glaze. The samples were fired after each porcelain layer with
regimes, given in Table 2.
Table 2.
Regimes of firing of different porcelain layers of one-layer
metal-ceramic IPS.Inline One.
Ceramic layers
Firing temperature
Closing time
T (oC)
t (min)
1-st opaquer
930
6
2-nd opaquer
930
6
1-st dentcisal
910
4
2-nd dentcisal
900
4
Glaze
850
6

(Fig. 1-b). The uniaxial tensile test allows the determination of
Young’s modulus of the porcelain layer and the substrate. The
difference between the tensile response of coated specimen and
uncoated one allows determining of the elastic modulus of the
porcelain coating. Differences in Poisson’s ratios between substrate
and coating can be neglected [17]. The method for determining the
elastic modulus of the coating is given in details in the previous
investigations of Dolgov [18]. During the tensile test the coated
specimens are subjected to an increasing tensile strain, causing
cracking and delamination of the coating. Different analytical
models exist to calculate the maximum interfacial shear
strength [19]. In current study, the maximum interfacial shear
strength τ (units of MPa) is calculated as [20]:

τ=

kε
tanh( kl ) ,
1 ( E s H ) + 1 ( Ec h)

(1)

where:

 1
1 

k = L ⋅ 
+
E
H
E
ch 
 s

(2)

G 
G G  G
L = 2 s ⋅ c   s + c 
h 
H h  H

(3)

Es, Ec – elastic modulus of the substrate and the coating
respectively; Gs, Gc – shear modulus of the substrate and the coating
respectively; 2Н, h – thickness of the substrate and the coating
respectively; ε – substrate strain at which occurs delamination of the
coating; l – crack spacing in a fragmented coating.

2.2. Surface roughness measurement

The samples surface after manufacturing and adhesion testing
was investigated by optical microscopies Olympos SZ51 and
XJL-17A.

The arithmetic average of the surface profile Ra was measured
in transverse and longitudinal directions of the samples with Taylor
Hobson Surtronik 3. Five measurements in three areas of each
direction on both sides of the samples were used for calculation the
average value of Ra.

3. Results obtained
3.1. Surface roughness

2.3. Adhesion strength evaluation

The data about the surface roughness of the samples, produced
by casting and SLM, are given on Fig. 2. The surface of the SLM
samples is nearly two times higher (Ra = 5.89 µm) comparing to the
cast and sandblasted (Ra = 2.67 µm). The higher surface roughness

Uncoated specimens (pure substrate) and coated specimens
were pulled uniaxially at room temperature using a testing machine
(FM-1000) with a strain gauge attached to monitor the strain levels
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of the SLM alloy is due to the specific features of the manufacturing
technology.

network of lines with crack spacing of about 1 mm can be clearly
seen. These are most likely opaque porcelain islands residues on the
metal substrate. The network of lines, remained after the
delamination of the ceramic coating, allows indirect evaluation of
the adhesion strength. In the samples with smaller crack spacing,
the adhesion strength is higher.

Fig. 2. Arithmetic average of the surface profile Ra and its
maximal deviation of Co-Cr samples produced by different
technologies.

200 µm

3.2. Adhesion strength
Typical load versus strain graphs for samples with ceramic
coating are shown in Fig. 3. The load–strain curves for the cast and
SLM alloys is also shown for comparison.
10000

forse (N)

7500

5000
cast Co-Cr alloy Biosil F
coated cast Co-Cr alloy Biosil F
SLM
SLM Co-Cr alloy with coating

2500

0
0,0

0,1

0,2

0,3

0,4

Fig. 4. Cast sample with multiple cracking porcelain
coating after tensile test.
The results of the adhesion strength calculations and elastic
characteristics of the metal-ceramic systems are given in Table 3.
They show that the adhesion strength of the ceramic coating to
the SLM Co212-f alloy is 23% higher than that of the ceramic to the
cast Biosil F alloy (83,1 МРа and 67,5 МРа respectively), thus
confirming the results of Lin Wu et al. [15] and Nan Xiang
et al. [21].

0,5

strain (%)
Fig. 3 Typical load versus strain graphs for uncoated samples
and samples with porcelain coatings.
Due to the features of the casting process, the Co-Cr samples
are characterized with the inhomogeneous microstructure, defining
inhomogeneous properties. During the tensile test, with the load
increase at first the network of multiple cracks appears in the
coating, which is perpendicular to the direction of the applied force.
After cracking of the coating, the delamination of the ceramic
coating from the substrate occurs (Fig. 4). It should be noticed out
that the coating is not completely detached from the cast alloy.
There are islands of the porcelain on the surface of the sample. The
uneven structure of the islands of the ceramic coating suggests
uneven adhesion of the ceramics to the metal. After the test, the
surface of the Biosil F alloy is cleaner than the surface of the
SLM Co212-f alloy.

Table 3.
Mean interfacial shear strength, elastic modulus and failure mode
of metal-ceramic systems.
Modulus of
Interfacial
elasticity E (GPa)
shear
Coating
Substrate
Process
failure
strength τ,
mode
(MPa)
Substrate Coating

The fracture character of the SLM samples is similar. In the test
process, after reaching the critical length of the crack spacing, the
porcelain delamination occurs, followed by the adhesion failure of
the coating from the substrate. However, these samples characterize
with smaller cracks’ spacing of the ceramic coating. A uniform
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Conventional
casting
Biosil F

209

63

67,5

Co212-f
ASTM
F75

213

72

83,1

SLM

Cohesive or
mixed
cohesiveadhesive
Mixed
cohesiveadhesive

4. Discussion
The bond between the ceramic and dental alloys is mainly two
types – micro-mechanical and chemical [10,11,21]. Since the
manufacturing technology of the porcelain coating to the cast and
SLM dental alloys is the same, it is most probably that the stronger
adhesion to the SLM substrate is due to the higher roughness of its
surface. This hypothesis is confirmed by the surface examination of
the samples after tensile testing. It is clearly seen that the nonmelted alloy’s powder acts as natural retentive beads. They retain a
larger quantity of porcelain on the surface of the SLM sample, thus
increasing the mechanical adhesion. Additionally, the higher
surface roughness of the SLM specimens provides a larger surface
area of ceramics interaction with the metal, which improves also the
chemical adhesion. On the surface of the SLM detail, an
intermediate layer is formed which consists of the elements of alloy
and ceramic [15]. Since the chemical bond is decisive for the
adhesion strength between the metal alloy and the ceramics, this
boundary layer has a decisive impact on its enhancement.
Ultimately, the adhesion strength of ceramic to the SLM Co-Cr
alloy samples is significantly higher than that of the cast samples
due to the increase in both the mechanical and the chemical
components. Due to differences of the loading specimen
configurations, used in the tensile testing and standard three-point
bending (ISO 9693-1:2012), no direct comparison should be made
of interface shear stress measuring by both tests.

5. Conclusion
The present study is focused on the evaluation of the adhesion
strength of ceramic coating to CoCr alloy.
• Adhesion strength of a ceramic coating to a SLM Co212-f
alloy is higher than the service requirements and 23% greater than
that of ceramics to the Biosil F cast alloy (83.1 MPa and 67.5 MPa
respectively). This is mainly due to the almost twice-higher
roughness of the surface of the SLM samples, which leads to
increase both mechanical and chemical components of the adhesion.
• The failure character of the ceramic coating to Co-Cr alloys,
manufactured by casting and SLM, is similar and is of the adhesivecohesive mode.
• The higher adhesion strength of the porcelain coating to the
SLM Co-Cr dental alloys is a good prerequisite for their application
in the production of metal-ceramic fixed partial dentures.
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DEVELOPMENT OF ROLLING MODES FOR SAMPLES MADE FROM NICHROME
POWDER ALLOY AND THEIR TESTING AT OPERATING TEMPERATURES
V. Solntsev1, G. Frolov1, L. Kravchuk2,V. Nazarenko1, I. Bilan1, K. Petrash1, I. Husarova3, F. Potapov3
Frantsevich Institute for Problem of Materials Sciences of National Academy of Sciences of Ukraine, Kyiv, Ukraine 1,
Pisarenko Institute for Problems of Strength of National Academy of Sciences of Ukraine2
SDO Yuzhnoye, Dnipro, Ukraine3
Abstract The rolling modes for samples of various thicknesses made of dispersed-hardened powder nichrome alloy have been developed. An
alloy sample has been tested at operating temperatures on a stand of the Institute of Strength Problems of the National Academy of Sciences
of Ukraine. It has been demonstrated that the existing set of properties makes it possible to use the created alloy for aerospace aircraft,
which repeatedly operate at extremely high temperatures under aerodynamic heating conditions.
KEYWORDS: DISPERSED-HARDENED POWDER NICHROME ALLOY, HIGH TEMERATURES, ROLLING

1. Introduction
For thermal protection of reusable space systems of Shuttle
and Buran type light carbon-carbon materials and superlight tale
heat protection made of lightweight fibrous on the basis of quartz
filaments with a specific weight of 110-250 kg/m3 heated up to 1250
°C had been used [1-3]. However, such thermal protection has relatively low mechanical and thermo erosion characteristics. Furthermore such thermal protection had often been destroyed due to influence of solid particles and accidental impacts. For example, mechanical damage of carbon-carbon coatings at reusable space craft
“Columbia” results to its catastrophe. That is why new ceramic and
metallic materials with good mechanical strength which are more
suitable for repair at ground service are now used for design of new
kinds of thermal protection systems. On the base of the investigations of nonequilibrium processes in self organizing systems [4]
dispersed hardened nichrome alloy [6, 7] for thermal protection
systems
had
been
proposed
in
[5].
However some problems had been appeared during the sample
production. During the production of the samples of required sizes
by rolling method the cracks in massive samples had been detected.
It is necessary to use the special modes of treatment for production
of the samples of required thickness.
The main aim of this work is the development of the modes of
rolling for the samples of dispersed hardened alloys on the base of
nichrome with the following their testing at the service temperatures
up to 1200 оС at the special stand of Pisarenko Institute for Problems of Strength of National Academy of Sciences of Ukraine [810].

successful.
It was established that developed heat resistant materials characterized by sufficient plasticity in porous state even at room temperatures is catastrophically hardened during rolling and if compression ratio exceeds 10% its hardness exceeds 40HRC. All these
factors required the special long term efforts for development of
rolling mode for such kinds of alloys.

3.

Rolling of billets from dispersed- hardened
nichrome based alloy

The presence of open porosity does not allow heating the materials before and during rolling at air environment. During the
heating till the temperatures more than 1000 оС the alloy structure is
saturated by oxygen and becomes brittle. To have a possibility to
make the hot rolling it is necessary to have the closed porosity. It is
possible if the relative density of the samples will be more than 90
%. So at the first step the cold rolling had been used.
During the cold rolling the degree of compression of sintered
materials depends upon their height. Samples with the height of
36 mm require the degree of compression not more than 10 % of
their height. If the degree of compression will exceed 12 % we will
observe the formation of macroscopic cracks in the middle part of
the sample and there are parallel to the surface of compression (Fig.
1), because the samples after sintering are characterized by alternative porosity with the maximum value of porosity in this zone. For
the samples with lower height with the density more than 90 %
destruction occurs only for the compression ratio more than 30 %.

2. The aim of investigation
It is known that simultaneous adding of chromium and aluminum to nickel based alloys results to reduction of their density and
increasing of their heat resistance and long term heat resistance.
However at the same time their level of plasticity reduced due to
formation of reinforcing phase γ´(Ni3Al) [11].
It is impossible to produce the samples with required density
by means of increasing of pressing pressure that is why for increasing of density it is necessary to introduce the operations of additional pressing or rolling. Using of additional pressing for big samples is
not reasonable because of press form wear enhancing. So the using
of rolling is preferable.
The first attempts of rolling for new heat resistant nanohardened alloy based on Ni-Cr at the temperature of porous billets
of 1120-1150 oC were unsuccessful. The attempts to change the
rolling speeds, rollers diameter and thicknesses were unsuccessful
too. Directed testing of all these processes required essential increasing of the number of billets to develop and confirm the rolling modes for such kind of alloys.
During the development of the production technologies for the
sheets, tapes and foils from the new heat resistant alloys on the base
of nichrome it was established empirically that such material has the
recrystallization temperature of 0,9Тm (about 1200 0С). That is why
the rolling at the billet temperatures up to 1120-1150 0С cannot be

Fig. 1. Common view of the billet after compression more
than 10 % during the rolling process
The investigation of sample microstructure under the ultimate
deformations showed the formation of large number of plane microscopic cracks (Fig. 2). The process of destruction takes place in the
whole sample volume. So depending on sample size, kind of rolling
machine, roller diameter and the speed of rolling the optimal values
of compression ratio should be determined after sintering and after
the following steps of annealing.
For the following rolling steps of the samples with closed porosity the hot rolling had been tested. Corresponding experiments
had shown that hot rolling resulted to the development of the formed
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cracks (Fig. 3).

verse direction. Intermediate annealing should be performed at the
temperature 1200 оС during 2 hours in vacuum furnace after every
cycle of rolling.
At the unit DUO 300 (Fig. 5, b) it is possible to obtain the sizes from 3,5 mm till 1,8 mm and at the unit Qvadro 160/100 (Fig. 6)
it is possible to obtain the sizes from 1,8 mm till 0,3 mm.

Fig. 2. Microstructure of the material after compression
more than 30 % during the rolling

a

b

Fig. 5. Rolling unit DUO 500 (a) and DUO 300 (b)
(IPMS NASU)

Fig 3. Common view of the billet after compression more
than
10 % during hot rolling at 1100 оС
The following tests showed that required parameters of rolled
samples can be obtained by means of cold rolling with compression
ratio not more than 10 % with the following annealing at the temperature not less than 1200 оС. The initial annealing should be performed in protective environment (inert gas or vacuum). At the next
steps it is possible to perform the annealing in air environment. The
samples after cooling in air have the black color due to the formation of spinel which prevents further rolling. During the heating in
vacuum spinel decomposes and at the surface of the sample pure
chromium oxide is formed. So it is reasonable to use annealing in
vacuum at all stages of rolling process.
After the sintering or annealing in vacuum furnace during two
hours the samples had been cooled in air with the formation of solid
solution during the quenching process. X ray investigations confirm
the structure of ideal solid (Fig. 4).

After three cycles of cold rolling with intermediate annealing
at the temperature 1200 оС porosity decreased up to 7,3-7,4 %.
During the following rolling cycles porosity decreased too and
required value about 3 % can be reached after the fifth cycle. Corresponding values of alloy density in that case are equal 7450-7500
kg/m3.

NiCr (III)

6000

Intensity

5000
Fig. 6. Rolling unit «Qvadro 160/100» (IPMS NAS of Ukraine)

4000

It should be noted that the sheets of the alloys with the thickness less than 0,3 mm had been produced on rolling unit Mill
DUO-280 at the Rubin company, Kharkov, Ukraine. (Fig. 7).
According to practical requirements (the calculations of the
specialists from SDO Yuzhnoye) the sizes of the billets for the
production of heat protection system model should be equal (0,151,0) х150х150 mm. To ensure such sizes using above described
equipment it is necessary to produce by pressing the samples with
the thickness up to 12 mm. It is not difficult to calculate that for the
production of the billet with the thickness 0,4 mm from initial sample with the thickness 12 mm using intermediate annealing in vacuum at the temperatures 1200 oС during one hour and compression
ratio not more than 10 % it is necessary more than 40 working days.

3000
NiCr (200)

2000
NiCr (220)

1000
0
30

40

50

60

70

80 2Θ 90

Fig. 4. X-Ray diagram for disperse-hardened nichrome based
alloy
By means of the experiments the following rolling regimes for
rolling unit DUO 500 (Fig. 5, a) at room temperatures for developed
alloys for the thicknesses from 20 mm till 3,5 mm had been established: 5 cycles – rolling along the samples, deformation per one
pass 2-3 % and the last rolling cycle should be performed in trans-
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namic stand of Pisarenko Institute for Problems of Strength of National Academy of Science of Ukraine [8-10]. Test cameras of gas
dynamic stand and common view of this stand during the experiments are presented at fig 7 and fig.8. The sample of alloy before
testing is presented at fig.9.

Fig. 7. Rolling unit Mill DUO-280 (Rubin company, Kharkov)
It should be noted that in parallel with the production of billets
it was necessary to make the modernization of the rolling machine
to have a possibility of realization of the full cycle of rolling operations that had been developed in IPMS NASU for such kind of heat
resistant nichrome based alloys. Developed technology allows decreasing of the time of billet production for heat protections models
up to 10 times due to the possibility of rolling of the sheets with the
thickness of about 1 mm and in that case the required size of billets
of about 0,3 mm can be obtained much faster.

4.

Fig. 7. Cameras of gas and dynamic stand

Physical and mechanical properties of nichrome based alloys

Physical and mechanical properties of developed nichrome
based alloys had been investigated at the temperature interval of 201200 оС ( table 1). It was established that its tensile strength limit at
room temperatures is equal 1020 MPa. Its specific strength at room
temperature exceed the corresponding value for developed earlier
alloy ЮИПМ-1200 [6] of 1,5 times and at high temperatures the
enhancing of two times had been obtained.

Fig. 8. Tests on gas and dynamic stand

Table 1. Physical and mechanical characteristics of nichrome
based alloys
Property
Density
Tensile strength
limit, σв, MPa /
MPa/kg
Yield strength, σ0,2,
MPa

Relative elongation,
δ, %

Relative compression, ψ, %

Т, °С
20
800
1100
1200
20
800
1100
1200
20
800
1100
1200
20
800
1100
1200

ЮИПМ1200
8300
738/0,09
237/0,03
45
364
228
40
36,5
36,7
32,8
34,2
32,6
19,0
-

Developed
alloy
7900
1020/0,13
542/0,07
40
624
457
35
21
18,1
18
18
22
19
20

а
b
Fig. 9. Sample of alloy before tests (а)
and witness sample (b)
The sample from developed alloy had been tested under the
thermal loadings simulated the working conditions of heat protection systems in correspondence with given program. The changing
of the temperature for gas flow (1) and witness sample (2) and also
the temperature of gas flow simulating the working conditions of
heat protection system (3) during the performed tests are presented
on fig.10. Changing of the temperature for the witness sample and
for the sample from developed alloy during the cycle of thermal
loading are presented on fig. 11.

5.
High temperature tests of the developed
nichrome based alloy at the special stand in
IPS NASU
To test the efficiency of developed alloys at the conditions simulating the service ones and to evaluate the possibility of using of
such stand for the further tests of thermal protection system model
the experiments on thermal and mechanical resistance of materials
in high temperature gas flows had been performed at gas and dy-
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Fig. 10. Temperature changes for:
1 – gas flow; 2 – edges of witness sample;
3 – flow during service ( calculated value)

sure.
3 High temperature tests of developed alloys had been made
according to the special program at gas and dynamic stand at IPS of
NASU. This program simulated the service conditions of heat protection systems. These tests showed that developed alloy has required level of thermal resistance in high temperature gas flow and
it can be used for production of heat resistance constructions of
thermal protection systems.
4 It was established that at present time in Ukraine gas dynamic stand situated in IPS of NASU is the most reliable for testing of
real models of heat protection systems using given program.

7. References
Fig. 11. Temperature changes during the cycle:
1 – edge of witness sample; 2 – edge of powder alloy and
witness sample at the distance of 3 mm from the edge; 3 –
back side of witness sample; 4-powder alloy sample
To test the influence of high temperature gas flow on the developed alloy its macro and micro hardness had been determined
before and after high temperature tests
Macro hardness had been studied using portable hardness tester COMPUTEST SC produced by ERNST company (Switzerland).
Rockwell hardness had been investigated in correspondence with the
scale C (HRC). Loading on the diamond indenter in the form of
cone with the top angle of 1000 was equal 49 N...
The measurements of micro hardness had been made on the ПМТ-3
machine for the micro sections with indenting of diamond tetrahedral pyramid at a load of 100 g (table 2).
Table 2. The values of Rockwell macro- and micro hardness before
and after tests.
Rockwell hardness, HRC scale
Before tests
After tests
35,7
33,4

Microhardness, Hμ, GPa
Before tests
After tests
3,06
2,83

It should be noted the slight decreasing of hardness values
(33,4 НRС) in comparison with corresponding values after high
temperature tests (35,7 НRС) which was equal of about 6 -7 %.
Micro hardness of tested samples had been equal ~3 GPа.
Changing of micro hardness values for the experiments before and
after high temperature tests was equal 6-7 %. It changing is within
the range of the data scatter, which is due to the process which takes
place after deformation hardening.
Analysis of obtained results had shown that slight decreasing
of macro- and micro hardness (6-7 %) is an evidence of saving of
strength properties of developed materials after double exposure in a
high-temperature gas flow..
So the developed material meets the requirements of thermal
resistance in high temperature gas flow and it can be recommended
and used for the production of heat resistant thermal protection
systems constructions.

6. Conclusions
1 Rolling regimes for dispersed hardened powder nichrome
based alloy had been developed. These regimes allow to produce the
sheets of such alloy with the thickness from 0,6 mm till 0,4 mm and
the size of 150x150 mm necessary for production of the heat resistance system model.
2 Physical and mechanical properties of developed alloy had
been developed. It was found the following:
- alloy density is equal 7450-7500 g/cm3;
- tensile strength limit at room temperature is equal 1020 MPa
and at 800 оС corresponding value is equal 542 MPa and its specific
strength at this temperatures exceed corresponding values for
YuIPM-1200 alloy developed earlier on 1,5 times at room temperatures and on more than 2 times at high temperatures;
- alloy has sufficient plasticity so it may be processed by pres-
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ТЕРМОЭРОЗИОННЫЕ ИСПЫТАНИЯ ПОКРЫТИЙ НА ОСНОВЕ
УЛЬТРАВЫСОКОТЕМПЕРАТУРНОЙ КЕРАМИКИ НА ПОДЛОЖКАХ ИЗ
КОМПОЗИЦИОННОГО УГЛЕРОД-УГЛЕРОДНОГО МАТЕРИАЛА
THERMOEROZION TESTS OF ULTRA-HIGH-TEMPERATURE CERAMIC COATINGS ON
CARBON-CARBON COMPOSITE SUBSTRATES
Евдокименко Ю., д.т.н. Фролов Г., Кисель В., Бучаков С., д.т.н. Григорьев О.,
д.т.н. Подчерняева И., к.т.н. Нешпор И., Цыганенко В.
Институт проблем материаловедения им. И.Н. Францевича НАН Украины, Киев, Украина
Abstract: The compositions of UHTC-based coatings (ultra-high-temperature ceramics) for protection against oxidation of carbon-carbon
composite materials (CCCM) under the influence of high-temperature gas flow have been proposed. Comparative tests of two compositions:
ZrB2-15MoSi2 and ZrB2-3SiC-5WC have been carried out. The tests showed that under the thermoerosive impact of the supersonic flow of
combustion products of stoichiometric air-fuel mixtures with temperature of 2100 °C, proposed UHTC-based coatings increase the lifetime
of the CCCM prior to the beginning of surface fracture for at least 20 minutes (composition ZrB2 - 15MoSi2) and for 12 minutes (composition ZrB2 - 3SiC - 5WC).
KEYWORDS: HIGH-VELOCITY AIR-FUEL SPRAYING, СOATINGS, COMPOSITE CERAMIC MATERIALS, ULTRA-HIGH TEMERATURE CERAMIC

1. Введение
Создание конструкций современных летательных аппаратов для работы в условиях экстремальных температур и
термомеханических нагрузок невозможно без применения
углерод-углеродных композиционных материалов (УУКМ)
[1, 2], в настоящее время применяемых для изготовления
передних кромок аэродинамичских поверхностей гиперзвуковых ЛА и вкладышей критического сечения и раструбов сопел
ракетных двигателей. Так, на многоразовых космических
системах Шаттл и Буран из УУКМ были изготовлены носовые
обтекатели и кромки крыльев [3]. Широко применяются
УУКМ и в авиации – в настоящее время более 80% общего
производства идет на тормозные диски шасси. В целом можно
констатировать, что возрастающее применение УУКМ является одной из основных тенденций развития аэрокосмической
техники [4].
Однако при высоких температурах в окислительной среде (в том числе, в воздухе) УУКМ подвержены окислению,
результатом которого является разрушение или сокращение
ресурса работы. Одним из путей защиты от окисления и повышения прочности является насыщение матрицы УУКМ пирографитом, путем длительных и трудоемких процессов газофазной или жидко-фазной пропитки.
В данной работе рассматривается возможность защиты
поверхности УУКМ от окисления покрытиями на основе ультравысокотемпературной керамики (УВТК) [5-7], нанесенными
плазменным методом. Представлены результаты испытаний в
высокоскоростном потоке продуктов сгорания образцов
УУКМ с покрытиями двух составов ZrB2-15MoSi2 и ZrB2 - 3SiC
- 5WC, которые сравниваются с результатами испытаний в тех
же условиях образцов из УУКМ без покрытий.

2,5 и, соответственно, температуру в ней в диапазоне
Тк = 2100 - 1070 °С. В таблице 1 показаны расчетные значения
параметров истекающего потока при различных значениях
коэффициента избытка окислителя. Чем ближе топливная
смесь к стехиометрическому соотношению компонентов, тем
выше температура потока и тем меньше в нем содержание
свободного кислорода в форме О2 и О, при температуре торможения более 2000 °С среда продуктов сгорания в воздухе
является практически нейтральной.
Таблица 1. Параметры потока продуктов сгорания керосина в
воздухе в выходном сечении сопла в зависимости от коэффициента избытка окислителя (α) при давлении в КС 0,8 МПа.
КоэффициТемпература, °С
ент избытка
окислителя, торможе- в потоке
ния
α

2. Методика и материалы
Целью испытаний было определение стойкости УВТКпокрытий на УУКМ подложках к термоэрозионному воздействию сверхзвукового высокотемпературного газового потока
при термоциклировании при температуре поверхности более
1500 °С. Испытания образцов проводили в струе сверхзвуковой воздушно-жидкотопливной горелки ГВО-2М с диаметром
критического сечения сопла 11 мм и выходного – 15 мм. Давление в камере сгорания (КС) горелки во всех испытаниях
составляло 0,8 МПа, что обеспечивало истечение со скоростью, соответствующей числу Маха 2,05 М на режиме, близком к расчетному режиму сопла, при котором давление в потоке на срезе сопла равно атмосферному. Температуру истекающего потока регулировали подачей горючего (керосина), изменяя коэффициент избытка окислителя в КС в диапазоне α = 1...

Скорость Содержание
потока, свободного
м/с
кислорода
O + O2, %

0,8

1997

1191

1523

1,1×10-4

0,9

2095

1282

1540

3,1×10-3

1,0

2106

1322

1541

0,28

1,1

2013

1235

1501

1,9

1,2

1901

1141

1459

3,5

1,3

1794

1058

1421

5,0

1,5

1610

919

1354

7,3

1,7

1460

809

1298

9,1

2,0

1281

680

1228

11,2

2,5

1067

529

1139

13,5

В соответствии с расчетами без учета окислительного
воздействия кислорода воздуха термогазодинамические условия термоэрозионного воздействия в испытаниях (температура
торможения более 2050 °С и давление торможения 0,45 МПа)
приблизительно соответствуют условиям на передних кромках
гиперзвукового летательного аппарата при полете на высоте
18 км со скоростью 1920 м/с (6,5М) и практически полностью
моделируют условия на начальном участке сверхзвуковой
части сопла твердотопливного ракетного двигателя.
Образцы представляли собой пластины из УУКМ размером 50×24×5 мм с нанесенными плазменным напылением
покрытиями из УВТК составов: ZrB2-15MoSi2 (образец № 1 с
толщиной покрытия ~ 0,4 мм) и ZrB2-3SiC-5WC (образец № 2,
~ 0,5 мм). Порошок первого состава изготовлен в Институте
проблем материаловедения НАН Украины под руководством
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проф. Подчерняевой И. А., второго – компанией CNR-ISTEC,
Фаенза, Италия - группой доктора Лауры Сильвестрони. Напыление покрытий проведено плазменным методом в защитной среде компанией «Текналия» (Испания) группой доктора
Марии Парко, УУКМ-подложки были представлены компанией DLR (Германия), группой доктора Мариуса Куетемейера, и
имели штатное покрытие из карбида кремния, нанесенное
диффузионным силицированием, на которое и наносились
УВТК-покрытия.
Покрытия характеризуются постоянством толщины и высокой однородностью поверхности без видимых дефектов. Вид
под микроскопом поверхности покрытия из УВТК на подложке из УУКМ (образец № 2) показан на фиг. 1.

повышая температуру продуктов сгорания и температуру поверхности образца.

a

b

c

Фиг. 2. Термоэрозионные испытания образцов с УВТКпокрытием: а – сверхзвуковая струя продуктов сгорания при
стехиометрическом соотношении компонентов;
b – образец при температуре поверхности более 1400 °С;
с– образец при температуре поверхности около 700 °С

Фиг. 1. Вид под микроскопом покрытия из УВТК на подложке из УУКМ (образец № 2): (ширина поля – 3,5 мм)
Образцы закрепляли на держателе линейного манипулятора и вводили в поток на расстоянии 40 мм от среза сопла
горелки. Натекание потока обеспечивалось под углом 10° к
нормали для отвода горячего потока от системы крепления.
Крепление образца – консольное с защемлением в массивной
струбцине нерабочего узкого края на длине 15 мм. Пятно нагрева с диаметром около 20 мм располагалось на краю образца
с центром примерно в 5 мм от края – во избежание интерференции термических напряжений на границе пятна нагрева, где
градиент температуры по поверхности достигает 100 К/мм, с
напряжениями, вызванными краевыми эффектами.
Внешний вид струи, истекающей из горелки на максимальном режиме (стехиометрическая воздушно-топливная
смесь), и образец в струе при проведении испытаний на различных стадиях его нагрева показаны на фиг. 2.
Давление торможения на поверхности образца определяется давлением в КС горелки и расстоянием до его сопла. При
давлении в КС 0,8 МПа и расстоянии 40 мм оно составляет
0,45 МПа и остается постоянным вне зависимости от температуры торможения потока, равной температуре в КС.
В процессе испытаний измеряли температуру поверхности в центре пятна нагрева двумя пирометрами с лазерным
наведением: пирометром INFRATHERM Converter IGA 100
(IMPAC Electronic Gmb, ФРГ) с диапазоном измеряемых яркостных температур 350…1800 °С и длиной волны λ=1,45…1,8
µм и пирометром IMPAC ISQ 5-LO МВ-30 (LumaSense
Technologies, США) с диапазоном измеряемых истинных температур 1000…3000 °С, работающем в двуцветном режиме на
длинах волн λ=0,9 µм и λ=1,05 µм. Одновременное измерение
яркостной и истиной температуры образца позволяет рассчитать коэффициент излучения покрытия в любой момент испытания и проследить его изменение в процессе испытаний.
В процессе испытаний образец вводили в поток при режиме работы горели с коэффициентом избытка окислителя
более α = 2,5 и температурой торможения менее Т = 1000 ºС
(табл. 1), затем в течении 60-100 секунд подачей керосина
коэффициент избытка окислителя уменьшали, соответственно

При этом по показаниям пирометров контролировали
температуру поверхности образца в центре пятна нагрева и
фиксировали её на максимальном уровне, после чего начинался
отсчет времени испытания. Базовая продолжительность одного
цикла испытаний составляла 100 с или 200 с, после чего начинали плавное снижение температуры поверхности до уровня
700 °С. Между циклами нагрева образцы находились в потоке
при этой температуре в окислительной среде, в это время производился их осмотр, что и определяло длительность выдержки
между циклами нагрева (2-3 минуты). При возникновении
сомнений испытание прерывали и проводили осмотр поверхности под микроскопом. Поэтому испытания содержали от одного до четырех циклов нагрева. Испытания прекращали после
явной потери работоспособности покрытия, под которой понимали его разрушение на всю глубину. За определяющую температуру поверхности в цикле нагрева принимали среднеинтегральную по времени температуру на зафиксированном режиме, определенную по записи пирометра IMPAC ISQ 5-LO МВ30. Температура колебалась в пределах 1360... 1650 °С.
Были проведены две серии испытаний образцов № 1 и
№ 2 и для сравнения – серия испытаний в тех же условиях
материала подложки УУКМ. Испытания проводили на обратной стороне образца № 2 на узкой стороне, подвергнутой минимальному воздействию в предыдущих его испытаниях. Далее испытания маркируются порядковым номером испытания в
серии, кодом серии (серия испытаний образца № 1 – А, образца
№ 2 – В, подложки на образце № 2 – С), при рассмотрении
отдельных циклов нагрева в серии добавляется номер цикла.
Так, маркировка 3В означает третье испытание образца № 2,
маркировка 3В1 – первый цикл нагрева в этом испытании.
Серия А состояла из трех испытаний с десятью циклами
нагрева в них, серия В – из четырех испытаний с семью циклами нагрева, серия С – из двух испытаний с тремя циклами.

3. Результаты испытаний
Условия испытаний: определяющая температура в цикле
нагрева и время экспозиции образца при ней приведены в
табл. 2. На фиг. 3 показана запись температуры поверхности
покрытий в процессе всех трех серий термоэрозионных испытаний. Внешний вид покрытий на образцах № 1 и № 2 после
испытаний показан на фиг. 4 и 5, соответственно, внешний вид
поверхности УУКМ после испытаний – на фиг. 6.
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излучения соответствуют оксидам на поверхности, большие –
исходному составу УВТК) и указывает на сходство процессов
на поверхностях покрытия из УВТК и монолитного УВТК в
условиях термоэрозионного воздействия газового потока.
a
Tw , °C

Таблица 2. Условия испытаний в сериях А, В и С
Испытание
Цикл нагрева
Определяющая
температура, °С
Экспозиция, с

1А

2А

1А 1

1А2

1А3

2А1

2А2

1600

1485

1509

1360

1544

1410

1500

111

115

99

107

180

- 1A
- 2A
- 3A

1400
1300

Испытание
Цикл нагрева
Определяющая
температура, °С
Экспозиция, с
Испытание
Цикл нагрева
Определяющая
температура, °С
Экспозиция, с

2А

1200

2А4

3А1

3А2

3А3

1100

1446

1414

1481

1551

1557

1000

85

204

206

106

109

1В

2В

–

–

3В1

3В2

4В1

1559

1519

1467

1466

1363

103

107

102

113

91

0

120 240 360 480 600 720 840 960 1080

τ, c

Tw , °C

- 1В
- 2В
- 3В
- 4В

4В

3В

1600

b

1500
1400

Испытание
Цикл нагрева
Определяющая
температура, °С
Экспозиция, с

3А

2А3

4В

1С

1300
1200

2С

4В2

4В3

–

2С1

2С2

1100

1465

1465

1553

1662

1664

1000

96

115

95

114

100

120

200

300

400

500

τ, c

600

700

Tw , °C

Покрытие состава ZrB2-15MoSi2 на образце № 1 выдержало 9 циклов нагрева и было в значительной мере разрушено
после десятого цикла. Определяющая температура поверхности в этом цикле оказалась максимальной – 1557 °С на протяжении 106 секунд. Всего же покрытие до разрушения выдержало 1213 секунд нагрева при определяющей (среднеинтегральной по всем циклам) температуре 1466 °С. После девятого цикла нагрева покрытие сохраняло целостность и адгезионную связь с подложкой. Хотя поверхность имела существенные повреждения, так как разрушения покрытия после десятого цикла имеют вид сквозного прогара до подложки (с её повреждением) на двух участках с характерным размером 5 мм и
на нескольких – с характерным размером 1 мм (фиг. 6, b и c).
Основные разрушения локализованы на границе пятна нагрева
– в зоне наибольших термических напряжений.
Покрытие состава ZrB2-3SiC-5WC на образце № 2 полностью выдержало 6 циклов нагрева и было частично разрушено
после седьмого цикла. Общая наработка до разрушения в семи
циклах нагрева составила 787 секунд при определяющей температуре поверхности 1480 °С.
После испытаний 1В и 2В наблюдался унос верхнего
слоя покрытия (толщиной около 50 мкм) по всему пятну нагрева (фиг. 6, a). При этом нижележащий слой повреждений не
имел, и покрытие сохраняло целостность. Вероятно, в этих
случаях происходило отслоение слоя покрытия, нанесенного за
один проход плазменной горелки при напылении. Повреждения после седьмого цикла имели вид локальных прогаров до
подложки в форме «иголочных уколов» с характерным размером 1 мм (фиг. 6, c), общий линейный унос составил 220 мкм.
В процессе испытаний обоих покрытий постоянно происходило циклическое изменение цвета поверхности в пятне
нагрева: цикл состоит из фаз постепенного посветления и
быстрого потемнения поверхности, что сопровождается синхронным изменением коэффициента излучения покрытий. У
покрытия на образце № 1 коэффициент излучения колеблется в
диапазоне ε = 0,61 - 0,71, на образце № 2 – в диапазоне ε = 0,51
- 0,69. Это свидетельствует об изменении химического состава
и морфологии поверхности (меньшие значения коэффициента

c
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2С
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Фиг. 3. Температура поверхности образцов в процессе
термоэрозионных испытаний:
а – серия А; b – серия В; с – серия С
Определяющая температура за 95 секунд испытания 1С
составила 1553 °С. В процессе этого испытания было замечено,
что заданный уровень температуры (1550 °С) был достигнут
при значительно меньшем значении температуры в КС горелки, чем при испытаниях покрытий, что, вероятно, вызвано
более высоким значением коэффициента излучения УУКМ –
его измеренное значение в испытаниях составило ε = 0,850
±0,003. Испытание 2С проводили на режиме работы горелки,
как при испытаниях покрытий. Определяющая температура
превысила в обоих циклах нагрева этого испытания 1660 °С
при общей продолжительности экспозиции 234 с. В результате
испытаний серии С линейный унос УУКМ составил ~ 0,5 мм, а
его поверхность на всей площади пятна нагрева оказалась
поврежденной на глубину ~ 0,3 мм. Повреждение имеет характер «вымывания» углеродной матрицы с сохранением армирующего каркаса (фиг. 7). Общая толщина унесенного и разрушенного слоев составляет ~ 0,8 мм (16 % исходной толщины
образца), что соответствует линейной скорости разрушения 2,4
мкм/с. Первоначальная толщина покрытий на образцах № 02 и
№ 04 составляла около 0,5 мм. Таким образом, линейная скорость термоэрозионного разрушения УУКМ нейтральным
сверхзвуковым потоком продуктов сгорания в несколько раз
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превышает условную линейную скорость разрушения УВТКпокрытий на УУКМ. За время экспозиции в потоке до разрушения покрытия образца № 1 (1213 с) разрушение в непокрытом УУКМ распространилось бы на глубину не менее 3 мм.

a

4. Выводы
1.
Плазменные
покрытия
из
УВТК
составов
ZrB2-15- MoSi2 и ZrB2-3SiC-5WC на подложках из УУКМ выдержали до разрушения, соответственно, 9 и 7 циклов нагрева
химически нейтральным сверхзвуковым потоком продуктов
сгорания при определяющих температурах поверхности
1466 °С и 1480 °С общей длительностью более 20 и 13 минут,
сохраняя на протяжении этого времени надежную адгезионную
связь с подложкой и сквозную целостность.
2. Разрушения покрытий на обоих образцах происходили
в виде локальных прогаров без видимых трещин и нарушения
адгезионной связи. Покрытие на образце № 2 испытывало
более значительный линейный унос в виде одновременного
разрушения поверхностного слоя по всей площади пятна нагрева без нарушения целостности нижележащих слоев.
3. В условиях нагрева происходит постоянное циклическое изменение цвета покрытий обоих составов и значений их
коэффициента излучения – так же, как у монолитной УВТК.
Это свидетельствует о подобии процессов, протекающих на
поверхностях в процессе нагрева газовым потоком. Измеренное
значение коэффициента излучения покрытия состава
ZrB2-15MoSi2 изменялось в пределах ε = 0,61 - 0,71, состава
ZrB2-3SiC-5WC – в пределах ε = 0,51 - 0,69.
4. В условиях термоэрозионного воздействия сверхзвукового потока продуктов сгорания стехиометрических воздушнотопливных смесей с температурой 2100 °С испытанные УВТКпокрытия надежно обеспечивают увеличение времени эксплуатации УУКМ до начала разрушения его поверхности более, чем
на 10 минут.
5. Представляется перспективным использование покрытий из УВТК на носовых частях и кромках крыльев гиперзвуковых летательных аппаратов, а также соплах ракетных двигателей и их элементах (вкладышах критического сечения, раструбах сверхзвуковой части) при их изготовлении из УУКМ.

b

c
Фиг. 4. Внешний вид поверхности покрытия на образце № 1
после термоэрозионных испытаний:
a – после испытания 1А; b – после испытания 3А;
c – то же с увеличением (ширина поля – 14 мм)

a

5. Литература

b

c
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INTERNAL OPTICAL BISTABILITY OF QUASI-TWO-DIMENSIONAL
SEMICONDUCTOR NANOHETEROSTRUCTURES
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Physical, Technical and Computer Sciences Institute 1, College of Education 2
– Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine
Abstract: We represent the results of numerical computations of the frequency and temperature domains of possible realization of internal
optical bistability in flat quasi-two-dimensional semiconductor nanoheterostructures with a single quantum well (i.e., nanofilms). Particular
computations have been made for a nanofilm of layered semiconductor PbI2 embedded in dielectric medium, i.e. ethylene-methacrylic acid
(E-MAA) copolymer. It has been shown that increasing thickness of a nanofilm results in the long-wavelength shift of the frequency interval
of realization of bistability, increasing size of the hysteresis loop, and broadening temperature interval of realization of this phenomenon.
KEYWORDS: OPTICAL BISTABILITY, EXCITON, NANOSYSTEM, NANOFILM, EXCITON-PHONON INTERACTION.

1. Introduction
Along three last decades, attention of many researchers is
attracted boy searching for the materials for development of pure
optical systems for registration, storing, retrieval and transmission
of information as well as for development of the devices for data
processing (optical computers) [1, 2]. The advantages of the use of
an optical radiation for the mentioned purposes consist in exploiting
the carriers much higher than ones for radio waves that results of
considerable broadening the frequency range and, as a consequence,
data transmission rate. Optical systems are applicable for
implementation of parallel data processing as their ensure
implementation not only the temporal light modulation but the
space modulation, including independent modulation of the part of a
signal. Besides, such systems provide high density of data recording
using miniature optical storage devices. One can, in principle, to
design on the base of the single technological process such
integrated-optics devices as laser sources, modulators, thin-film
waveguides, beam splitters, logical storing device, what opens the
perspectives for design of an optical computer.
Creation of a pure optical information system presumes the
solving of two practically important problems, viz., development of
the optical techniques for data transmission and for data storage and
processing. The first of these problems (replacing the transmission
of EM pulses in wire-, radio- and TV nets by the transmission of
optical signals into fiber-optical systems) has found up to now
comprehensive technological solution. Technology of fiber-optical
systems with low optical losses and high-efficient techniques of
inputing the light pulses from laser sources into the processor has
stipulated impetuous progress of fiber optics telecommunications of
high information capacity.
Emergence of optical computers (in form and in time) depends
on the choice of physical processes on the base of which the optical
logical device will be created. The prospect of design of such device
is connected with the use of the phenomenon of optical bistability
(OB) [4] revealing the feasibilities for control of optical radiation
and ensuring implementation in the optical domain of the analogues
of various electronic devices, such as storing cells, transistor,
discriminator, switching etc. [4-6].
Bistability is the phenomenon inherent in wide class of matters
and devices, based on the nonlinearity of the system’s response on
intense action of external EM field. Under interaction of EM wave
with any resonant nonlinear system, this system (under certain
conditions) occurs in one of two steady (dynamically stable) states
differing in the magnitude of absorption of the exciting field energy.
The systems where this phenomenon takes place are referred to as
bistable ones.
OB is one of the manifestations of the mentioned phenomenon
being a more general property of a nonlinear optical system with the
feedback. Observability of this phenomenon has been predicted in
[6] and firstly demonstrated by McCall et al. observed the presence
of the hysteresis anomaly in transmittance of laser radiation of a
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resonator filled by sodium vapor under low pressure [7]. The
essence and variety of this phenomenon have been studied in
numerous theoretical and experimental papers (see, for example, [4,
8-15]). Searching for the media where OB is realized with the
minimal energy consumption and the rate of switching between two
states, investigation of the mechanisms of nonlinearity favorable for
this, as well as influence of external factors on realization of this
phenomenon are continuing [16-23]. Following to the report on
design of an optical processor [24], the interest to OB increased
considerably, and the problem of searching for new physical
mechanisms for realization of an OB and media for implementing it
was actualized.
Peculiar feature of optical absorption in semiconductors is
caused by peculiarities of the structure of the energy spectrum and
the mechanisms of excitation of electron and phonon sub-systems.
Just these peculiarities are responsible for the nonlinear optical
properties governing OB in semiconductors. Such nonlinearities
result from the dependence of the absorption coefficient or the
refraction coefficient on the intensity of illumination of a crystal.
The physical processes, such as dynamical Burshtein-Moss effect,
screening of the electron-hole Coulomb interaction by nonequilibrium carriers, saturation of absorption due to the Franz-Keldysh
effect (cf. [9]), saturation of absorption at the exciton resonance
lines [12], temperature dependences of the fundamental absorption
edge [25] and the relaxation time of free carriers of charge [17], as
well as the shift of the energy levels due to applying the electrical
field of high-power laser radiation [22]. Revealing of new
mechanisms of realization of OB in semiconductors as well as
determination of influence on the range of manifestations of it of
electric [22] and magnetic [26] fields argues topicality and
prospects of further elaboration of this problem showing that the
theory of the phenomena of interest is far from completion.
In this paper, we represent the results of the theoretical study
of peculiarities of the phenomenon of inner (resonatorless) OB [14]
into semiconductor nanofilm (NF), viz. into quasi-two-dimensional
nanoheterostructure with a single quantum well (QW). Topicality of
this investigation follows from that the results of it provide the
feasibilities of the expedient searching for the conditions of
experimental observation of internal OB within the domain of the
exaction absorption of a NF. The main difficulty of observation of
OB in bulk semiconductors is that the frequency range where this
phenomenon is realized is too narrow. Its position and extension are
determined by the structure of the energy spectra of the electron and
phonon systems of a semiconductor, as well as by the efficiency of
interaction of them. For that, the problem arises concerning to the
choice of a laser with the radiation frequency corresponding to the
possible realization of OB. Dependence of the energy of transition
into the exciton state and the efficiency of its interaction with
phonons on a NF thickness provides the feasibilities for matching of
the frequency of laser radiation with the frequency domain of the
OB realization. Besides, increasing energy of coupling of exciton
into nanostructures in comparison with the one into massive crystals

helps to observe this phenomenon due to higher stability in respect
to thermal dissociation.

mh – the transversal components of the tensor of effective masses
┴

2. Statement of the problem
To solve this problem, we have computed the coefficient of
exciton absorption of a flat semiconductor NF illuminated by
powerful laser radiation providing the densities of exciton states
which are enough for arising the nonlinearities into absorption
spectrum [14]. Computation have been performed for the model of
a NF of layered semiconductor 2H-PbI2 introduced into dielectric
medium, viz. ethylene-methacrylic acid (E-MAA) copolymer.
Microcrystallites shaped as the hexagonal plates of several layers
of PbI2 synthesized using the chemical-thermal technique in organic
medium бреде E-MAA have been obtained and investigated in
paper [27]. As thickness of a microcrystallite is much less of its
transverse sizes, such structure can be considered as quasi-twodimensional. By modeling it as a flat nanoheterostructure with a
QW of infinite depth, we have calculated the energy of transition
into the ground exciton state and the spectral dependence of the
exciton absorption into SF of various thicknesses, for various
temperatures [28, 29]. It has been shown that decreasing of the NF
thickness causes increasing energy of coupling of exciton and the
energy of its ground state.
Using the technique described in papers [28, 29], one can
calculate the spectral dependence of the coefficient of exciton
absorption of a NF
(1)
α (ω , T ) = 2π | D0 |2 S (ω , T ) ,
where D0 is the dipole momentum of the direct exciton transition;
Γ(ω , T )
(2)
S (ω , T ) =
[ω − ω0 − ∆(ω , T )]2 + Γ(ω , T ) 2
– the dependent on the transition frequency ω and temperature T
function of the form of the absorption band, determined by the real
and imaginary parts of the mass operator of the exciton-phonon






interaction M ( ω, k ) = ∆ ( ω, k ) − iΓ ( ω, k ) ; ω0 – frequency of the
exciton transition in a NF calculated neglecting the exciton-phonon
interaction [28].
The mass operator of the exciton-phonon system, under strong
absorption associated with the transition only in the ground exciton
state, can be represented in the form

M (k ⊥ , ω , T ) =



 2 1+ν α (q ⊥ , T ) + N (q ⊥ , T )
(α )
 
∑ | Φ1n (q ⊥ ) | [
 +
n , α , q⊥
ω − ω 0 (k ⊥ − q ⊥ ) − Ω α (q ⊥ )


+




 ],
ω − ω 0 ( k ⊥ + q ⊥ ) + Ωα ( q ⊥ )

ν α (q ⊥ , T ) − N (q ⊥ , T )

(3)

where


Φn(αn′) (q ⊥ ) = Fnαn′ (q ⊥ )[

1
1 + (mh⊥ aex q ⊥ / 4mex ) 2

−

−

1
1 + (me⊥ a ex q ⊥ / 4mex ) 2

];

(4)


Fnαn′ (q ⊥ ) – the function of coupling of an electron from the n-th
level within a QW with a phonon (the component that is transversal

in respect to the direction of the NF growth equaling q ⊥ ),
involving the higher (n') states of electron spectrum;



ν α (q ⊥ , T ) = [exp


Ωα (q ⊥ )
k BT

of electron and hole, respectively; mex and aex – the mass and radius
of an exciton at the ground state [28, 29].
One considers the direct transitions in the region of the bottom

of the exciton zone ( k ⊥ = 0 ), that is why at low intensity of illumination of an NF (I0) the exciton concentration is also low, so that the
mass operator (3), the form function of the absorption band (2) and
the absorption coefficient (1) depend only on the frequency of an
exciting wave and temperature. For that, absorbing capacity of a
nanosystem is controlled only by the processes of phonon relaxation
of excitation of excitons, and the dependence of intensity
(5)
I (ω) = I 0 e −α (ω) d
at the output of a NF of thickness d on I0 becomes linear.
Increasing intensity I0 causes increasing density of the exciton
gas Nex. In this case, the magnitudes of Δ, Γ and, as a consequence,
the absorption coefficient α are determined not only by frequency ω
and temperature Т, but also by intensity of absorption at crystal at
the specified frequency. Indeed, due to existence of coupling
between the chemical potential of excitons and their concentration
into nanosystem, the numbers of filling of the exciton states are
dependent on Nex, whose magnitude is determined by intensity of
illumination І0. As so, the dependence (5) of І on І0 becomes nonlinear. It leads to the possibility for existence of some frequency and
temperature ranges where two different magnitudes of І correspond
to one magnitude of intensity І0, so that OB is realized [14].
Using the explicit form of the functions of coupling [28], one
can calculate the spectral dependence of the absorption coefficient
for a fixed temperature, and using the technique described in paper
[30] one can find the dependence of the absorption coefficient, α, or
transmittance, τ = І/І0, on І0 at fixed magnitudes of frequency and
temperature T. Due to nonlinearity of absorption, the range of
changing І0 can exist, where α and τ become two-valued functions
of intensity of illumination I0. Extension of the region of OB can
change with changing frequency, temperature and NF thickness.

3. Results and discussion
Computation has been performed for the nanoheterostructure
E-MAA/PbI2/E-MAA, as the example, the parameters of which as
well as the technique of computation of the energy of the exciton
(0)
transition E ex
are represented in paper [31]. Using the magnitude
of an optical density measured in [9] for ultrathin microcrystallites
of 7 layer-thickness 2H-PbI2 (thickness of one layer is 6.979 Å) equaling 0.387, one can find that the maximal magnitude of the absorption coefficient equals α = 1.84∙106 cm-1, and the corresponding
magnitude of the transmittance coefficient equals τ = 0.41.
The altitude of the function of the absorption band, calculated
for a NF of 7 layer-thickness 2H-PbI2 accounting interaction only
with the bounded phonons, is Smax = 0.3536. On these data, we have
determine the coefficient of proportionality of α and S, that provides
making further calculations of the spectral dependence of the
absorption coefficient for various magnitudes of intensity and
temperature.
The results of computation are represented in Table 1 and in
Fig. 1, where we use dimensionless energy units applying the
normalizing on the width of exciton energy band in 2H-PbI2.
Table 1. The limits of the frequency (for T = 40 K) and temperature
(for w = ws) intervals of OB at an N layer-thick NF of 2H-PbI2
N
w1
w2
ws
T1, K
T2, K

) − 1] −1

and



ω (k ⊥ ) − µ
) − 1] −1
N (k ⊥ , T ) = [exp
k BT
– the numbers of filling of the phonon and exciton states,
respectively; μ – the chemical potential of excitons; α – the index
determining the kind of a photon and the longitudinal component of


its wave vector q = (q ⊥ , q|| ) ; Ωα – the phonon frequency; me and
┴
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5

-0.013952

-0.013774

-0.013815

32

114

7

-0.018160

-0.017908

-0.018034

33

117

10

-0.027696

-0.027276

-0.027485

35

120

One can see that increasing of NF thickness leads to (i) longwavelength shift and broadening of the frequency range of
realization of OB, Δω = ω2 – ω1, (ii) broadening of the temperature
interval of realization of OB, ΔТ = T2 – T1. Increasing temperature
of a 10 layer-thickness NF of 2H-PbI2 results in decreasing of the

reference frequency ws of observability of OB and in increasing the
hysteresis loop, cf. Fig.1.

Fig. 1. Dependence of transmittance τ of a 10-layer-thick NF of 2H-PbI2
on intensity of illumination І0 (in arbitrary units) calculated for the
reference frequency ws = –0.027432 and temperature: a) 100 К; b) 50 К.

The mentioned facts are explained by that increasing both NF
thickness and temperature amplifies the exciton-phonon interaction
with the bounded phonons.

4. Conclusions
The represented results of numerical calculation carried out for
a NF of 2H-PbI2 introduced into polymer E-MAA show that increasing of its thickness results in long-wavelength shift of the frequency range of realization of OB, increasing size of the hysteresis
loop and broadening temperature range of observability of this
phenomenon.
In contrast to bulk crystal, the conditions of experimental
observation of internal OB in NF are more favorable. Firstly, the
dependence of locus of the exciton maximum and the frequency
range of possible realization of OB on thickness of a NF ensures to
match the frequencies within this range with the exciting source.
Secondly, due to essentially increasing of the energy of coupling of
an exciton in respect to one in bulk semiconductors, the probability
of destroying of the bistable state resulting from the thermal
dissociation of excitons decreases.

References
1. Abraham E., Seaton C.T., Smith S.D., Sci. American, 248, 63
(1983).
2. Sciarrino F., De Martini F., Fortschritte der Physik, 52, 1070
(2004).
3. Aoki T., Maeda S., Higuchi T., Appl. Opt., 32, 7170 (1993).
4. Gibbs H. Optical Bistability: Controlling Light With Light. – NY: Acad. Press, 484.
5. Szöke A., Daneu V., Goldhar J., Kurnit N.A., Appl. Phys. Lett.,
15, 376 (1969).
6. Adams M.J., Solid-State Electron, 30, 43 (1987).
7. McCall S., Gibbs H., Churchill G.G., Vеnkatesan T., Bull. Am.
Phys. Soc., 20, 636 (1975).
8. Rozanov N.N., Sov. Izv. Acad. Nauk (Physics), 46, 1886
(1982).
9. Ryvkin B.S., Phys. Techn. Sem., 19, 3 (1985).
10. Bakiev A.M., Dneprovskii V.S., Kovalyuk Z.D. et al., JETP
Lett., 38, 493 (1983).
11. Kochelap V.A., Sokolov V.N., Phys. stat. sol. (b), 146, 311
(1988).
12. Nitsovich B.M., Krehivskii O.V., Pestryakov G.M., Phys. stat.
sol. (b), 148, K165 (1988).
13. Borshch A.A., Volkov V.I., Phys. stat. sol. (b), 150, 471 (1988).
14. Nitsovich B.M., Krehivskii O.V., Pestryakov G.M., Phys. stat.
sol. (b), 150, 561 (1988).
15. Bazhenov V.Yu., Soskin M.S., Sov. J. Quantum Electron., 20,
316 (1990).
16. Semenov A.L., Sharapov M.Sh., Opt. Spectr., 92, 967 (2002).
17. Trofimov V.A., Opt. Spectr., 92, 979 (2002).

222

18. Soljačić M., Lidorikis E., Ibanescu M., et al., Opt. Express, 12,
1518 (2004).
19. Almeida V.R., Lipson M., Optics Lett., 29, 2387 (2004).
20. Noskov R.E., Zharov A.A., Opto-Electronics Review, 14, 217
(2006).
21. Henneberger F., Phys. stat. sol. (b), 137, 371 (2006).
22. Loginova М.М., Trofimov V.А., Journ. Tech. Phys., 76, 82
(2006).
23. Peres N.M.R., Bludov Yu.V., Santos J.E., et al., ArXiv:1406.
5889 v2 [cond-mat.mes-hall] 2Sep2014.
24. Web-site of the Lenslet Corp., www.lenselt.com.
25. Schmidt H.E., Hayg H., Koch S.W., Appl. Phys. Lett., 44, 787
(1984).
26. Zenkova C.Yu., Kramar V.M., Kramar N.K., Derevyanchuk
A.V., Proc. SPIE, 7008, 700810 (2008).
27. Yamamoto A., Nakahara H., Yano S., et. al., Phys. stat. sol. (b),
224, 301 (2001).
28. Kramar V.M., Pugantseva O.V., Derevyanchuk A.V., Low
Temp. Phys., 40, 981 (2014).
29. Derevyanchuk A.V., Pugantseva O.V., Kramar V.M.,
Semicond. Phys. Quant. Electron.&Optoelectronics, 17, 188 (2014).
30. Zenkova C.Yu., Kramar V.M., Kramar N.K., Proc. SPIE, 6635,
66350F (2007).
31. Pugantseva O.V., Kramar V.M., Journ. Nano&Electronic Phys.,
5, 03036 (2013).

AN INNOVATIVE METHOD OF POLIMERIC SAWDUST BOARDS
PRODUCTION
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Abstract: The paper summarizes studies pertaining to an innovative method of polymeric chips and sawdust boards production. RD boards
are manufactured from post-production waste in the form of chips. The chips are heated and pressed under small pressure in metal forms. The
product is characterized with good sound and thermal insulation, small mass, and low manufacturing cost. As a consequence, it can be applied
in several types of products as a filler.
Keywords: POLYMERIC BOARDS, PRESSING, INNOVATION, INSULATION, RECYCLING, WINDOWS, DOORS

Under patent description no. PL191 427, current state of the art
contains a lamination method by pressing composite board made of
slag wool, and a method for manufacturing objects by lowtemperature sintering in which components are mixed to obtain a
homogenous mass whereof objects are made, dried and kilned in lowtemperature (PL 162 322). The two technologies may be considered
similar to the one described in the present paper.

1. Introduction
At present, the inner space of window and door frames is filled
with PVC, mineral wool, wood, cardboard, cellulose, polystyrenes,
etc.
Insulation is a critical feature of products constituting a moving
partition between the interior and exterior. Figure 1 presents several
zones with negative heat transfer. In order to minimize heat loss and
improve sound insulation, the development of insulating material
improving insulating properties and the material’s application in the
production of doors, windows and stairs, has been undertaken.

Based on the current state of the art, a product innovation was
developed in the form of a polymeric structural board named “RD
Board” (RD for Reduced Density). The manufacturing process was
patent claimed in PL218877. The board is characterized with a
layered structure, low mass, good sound and thermal insulation.
Therefore, it may be applied as a thermal or sound insulation.

The material constitutes a filler of inner spaces of such products
in order to decrease the need for high-quality material in production
of frame profiles, and to boost the attractivity of end products by
improving specific properties.

Owing to the fact that the new product is manufactured with postproduction waste, it results in the waste’s quantity being reduced. On
the one hand, it leads to the reduction of economic costs for
manufacturers (less waste to be utilized) and public administration,
and those associated with environment protection (e.g. necessity of
maintaining and creating new waste disposal sites). On the other
hand, such mode of production will contribute to environment
protection. Another aspect significant from the point of view of the
general public can be seen in the product’s unique sound and thermal
insulation properties.

2. Materials and methods
The material used for manufacturing RD boards may be sawdust,
polymeric, or polymeric-wood chips (figure 2) constituting postproduction waste e.g. originating from machining of pipes or
composite boards.

Fig.1. Heat transfer zones in a window frame

a)

b)

Fig.2. Materials used for the production of RD boards: a) polypropylene
chips, b) sawdust

In case of doors, solid wood, chipwood, or cardboard can play
the role of the filler. Stairs are made of solid or glued wood. No fillers
are known to be applied in this case.

In the manufacturing process, chips are introduced into a metal
form comprised of a socket and a stamp and placed in a vertical press.
Subsequently, external walls of the socket are heated to a temperature
lower than the softening temperature of the polymer. The top part of
chips introduced into the forming socket is pressed with the pressure
between 0,2 to 25kN. The pressure is introduced by the stamp moving
vertically. After between 20 and 240 seconds has elapsed, the bottom
of the forming socket is heated to between 70% and 100% of the
softening temperature of the polymer for between 5-45 seconds.
Subsequently, the stamp is removed from the board and the socket.
Having been formed in the above manner, the board cools in ambient

The new material must be characterized with: low mass, high
sound and thermal insulation, low manufacturing cost, high
availability of manufacturing components, ecology (recycling),
ability to form any size of product. The material is to be applied as: a
filler of inner spaces in cantilevered stairs in order to provide sound
insulation and reduce mass, sound insulation for internal doors made
of wood encased by plywood, sound insulation or back/side panel of
wardrobes or cases which divide rooms into sleeping and living
rooms, and in classic stairs.
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temperature or is cooled with water. Figure 3 presents individual
steps of the process: introduction of chips- pressing- form openedboard removed from the form.

- Pressing with heating in order to bind sawdust (wood and
thermosetting adhesive).
The board is characterized with layered structure, low mass, good
thermal and sound insulation. Therefore, it may be applied in
constructions as a thermal and sound insulation.

1.

Manufacturing of the board from chips does not require any
additional technological operations. Apart from temperature and
pressure, no additional adhesives are required in order for chips in
the socket to be bound together. Pressing with heating is not
expensive, which offers cost reduction when manufacturing products
of original structure and composition.

3. Methodology and results
In order to conduct the study, RD boards were required. Boards
were manufactured in three compositions:
- Polypropylene-chip board (PP)

2.

- Polyvinyl chloride-chip board (PVC)
- Polypropylene-chip board (PP) combined with sawdust
Studies were made in order to establish the manner and
parameters of RD boards’ manufacturing, determine mass and
density, sound and thermal insulation properties, so as to evaluate the
effectiveness of the new product.
In order to manufacture boards, a form was used. The form’s
socket measured 120x200x15 mm. The form was made of aluminum.
Heating was independent (both the form and stamp). Manufacturing
parameters for individual components were determined.

3.

PVC-chip board was manufactured as the first. It was
characterized with low mass (density) and short production time. One
of the boards was defective due to improper manufacturing
parameters being applied (heating time too long). The board was
presented in Figure 5. Having modified these parameters, a quality
PVC board was manufactured- featured in Figure 6.
4.

Fig. 5. Defective PVC board

Fig. 6. PVD RD board

Next, a PP board was manufactured. Mixed chips were usedpolypropylene chips containing some impurities (e.g. paper).
The end product was characterized with greater rigidity and
strength than the PVC board. Manufacturing conditions were
friendlier as well- lower impact of manufacturing temperature and
time upon the product. An example PP board was presented in Figure
7.

Fig.3. Description of RD boards’ manufacturing process

As indicated in Figure 4, the board’s structure is layered. The
external layer (1) is of solid structure with improved hardness, and
the internal layer (2) is composed of heated chips with air chambers
between them.

Next, a composite board made of polymer-wood (polymeric
chips and sawdust in 3:2 ratio) was manufactured. The product was
presented in Figure 8.

Fig. 4. Structure of RD boards: 1 – solid external layer, 2 –
internal layer composed of heated chips and air chambers
between them.

Fig. 7. PP RD board

Fig. 8. PP-wood RD board

The board was characterized with larger mass than in case of the
one made of polypropylene exclusively, and was more porous (see
photo).

The manufacturing process of RD boards may be realized in three
manners:
- Pressing with heating in order to soften polymeric chips (e.g. PP or
PVC).
- Pressing with heating in order to soften and bind polymeric chips
and
sawdust
together
(e.g.
PP/PVC
and
wood).

The board made of sawdust bound with thermosetting adhesive
was manufactured last. Manufacturing process was considerably
shorter due to the fact that no cooling was required. As a result of the
application of the adhesive, sawdust was bound to make a solid
external layer and porous internal core of the board.
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The assessment of sound insulation was conducted in order to
determine insulating properties of RD boards, cardboard (paper), and
chipboards, i.e. materials applied as a door fillers.

Measurements of sound insulation were conducted in order to
determine insulating properties of RD boards, cardboard (paper),
chipboards, and solid wood, i.e. materials applied as door and stairs
fillers.

The assessment measured noise level by means of a digital sound
meter positioned in a fixed distance from a PMMA box whose one
side was made of the evaluated material. A wireless Bluetooth
speaker emitting sound with a constant, known volume was located
inside the box.

The test measured temperature by means of a pyrometer
positioned in a fixed distance from PMMA box whose one side was
made of the evaluated material. A heater with a thermostat, which
heated the interior of the box and maintained a fixed temperature was
located inside the box.

In order to examine sound insulation, a testing station was
developed (Fig. 9.). The station was composed of a table (1), sound
level meter (2), PMMA aquarium (3), Bluetooth speaker (4), tested
material (5) constituting the front wall of the aquarium.

In order to examine thermal insulation a testing station was
developed (Fig. 10.). The station was composed analogically as in
case of the previous test: a table (1), pyrometer (2), PMMA aquarium
(3), heater with a thermostat (4), tested material (5) constituting the
front wall of the aquarium.

Fig. 9. Sound insulation testing station: 1- wooden table, 2- digital sound
level meter), 3- PMMA aquarium, 4-Bluetooth speaker, 5-tested material
Fig. 10. Thermal insulation testing station: 1- wooden table, 2- pyrometer,
3- PMMA aquarium, 4- heater with a thermostat, 5- tested material

The following materials were examined: RD board made of PP,
RD board made of PP and wood, RD board made of PVC, cardboard
board (obtained from a door), chipboard.

The following materials were examined: RD board made of PP,
RD board made of PP and wood, RD board made of PVC, cardboard
board (obtained from a door), chipboard, solid oak wood.

The measurement enabled sound insulation properties of these
materials to be determined. Results were presented in a table and in
chart 1. Sound reduction index [dB] denotes the result of subtracting
sound volume with the examined board from the volume without the
board (directly from the speaker). The formula for the calculation is
presented in formula 1.

The measurement enabled thermal insulation properties of these
materials to be determined. Thermal insulation index denotes the
result of subtracting temperature of the board’s surface from the
temperature of the heater (no board in the box). Heating time equaled
10 minutes (600s). The formula for the calculation is presented in
formula 2.

Formula 1.:

Formula 2.:

Sound Reduction Index = Volume A [dB] – Volume B [dB],

Thermal Insulation Index = Temperature A [oC] –
Temperature B [oC],

where A- without board, B- with board.

where A- without board, B- with board.
The greater the index, the more insulation the material offers.
Table 1: Sound Reduction Index [dB].
Śr. pomiar I
Śr. pomiar II
PP RD board
27
28
PP+wood RD board
32
29
PVC RD board
25
25
Chipboard
24
25
Cardboard
4
5

The greater the index, the more insulation the material offers.
Śr. pomiar III
26
29
26
26
5

Table 2: Thermal Insulation Index [oC].
Śr. pomiar I
Śr. pomiar II
Śr. pomiar III
PP RD board
10
10
10
PP+wood RD board
12
11
13
PVC RD board
16
19
17
Chipboard
8
7
8
Cardboard
1
3
2
Wood board
9
9
8

Chart 1 compares average sound reduction index values for
examined boards.
PP RD
płyta
RDboard
z PP
PP+wood
płyta RD
RD board
z PP i…

Chart 2 compares average thermal insulation index values for
examined boards.

PVC RD
RD zboard
płyta
PVC
Chipboard
płyta
wiórowa
płyta
z tektury
Cardboard
0

5

10

15

20

25

30

Sound Reduction Index [dB]

Chart 1.Comparison of sound reduction index for examined boards.
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by an European Commission report published in 2008 which
discussed competitiveness of European economy. The report
indicates that CSR may contribute to the development of innovation,
and at the same time, boost competitiveness of enterprises.

PP RD
Płyta
RDboard
z PP
PP+wood
RD
board
Płyta
z PP i…
PVCRD
RD zboard
Płyta
PVC
Chipboard
Płyta
wiórowa

References

PłytaCardboard
tekturowa

1) Klepka T., Sikora J.: Badania naturalnego kąta usypu granulatu z
PVC (Assessment of the angle of repose for PVC granulate).
Transfer inovácií 22/2012, pp. 83-85

PłytaWood
drewniana
board
0

5

10

15

20

2) Osiecka E.: Materiały budowlane wykłady (Lectures on
construction materials). Politechnika Warszawska. Wydział
inżynierii lądowej. (Warsaw University of Technology. Faculty of
Civil Engineering).

Thermal Insulation Index [oC]

Chart 2. Comparison of Thermal Insulation Index for examined boards.

Measurements of mass and size of boards were conducted in
order to examine these properties for RD boards, cardboard (paper),
chipboards, and solid wood, i.e. materials applied as fillers in doors
and stairs.

3) Sikora R.: Przetwórstwo tworzyw polimerowych (Polymer
processing). Podstawy logiczne, formalne i technologiczne (Logical,
formal, and technological basis). Wydawnictwo Politechniki
Lubelskiej, Lublin 2006. ISBN 83-7497-006-5

Boards of the same dimensions were weighed, which enabled
density to be calculated. Measurements of mass and density were
conducted by means of a laboratory weight, slide caliper, and a
calculator.

4) Sobczak P., Zawiślak K.: Zmiany wybranych właściwości
fizycznych granulatu uzyskanego z dodatkiem różnych substancji
wiążących. (Changes in the selected physical properties of granulate
obtained by adding various binding substances) Inżynieria Rolnicza
5(93)/2007. pp. 437-444

The following materials were examined: RD board made of PP,
RD board made of PP and wood, RD board made of PVC, cardboard
board (obtained from a door), chipboard, solid oak wood.

5) Patent application no. JP63049289

Table 3 presents density and mass of these boards.

6) Patent application no. JP2001047008

Table 3: Mass and density of examined boards.
Density
Mass [g]
[kg/m3]
PP RD board
195
540
PP+wood RD board
250
695
PVC RD board
173
480
Chipboard
234
650
Cardboard
249
690
Woodboard
545
1515

7) Patent application no. JP10113926
8) Patent application no. JP7133663
9) Patent application no. PL191427
10) Patent application no. PL218877
11) Patent application no. PL210698
12) Advertising materials and catalogs

4. Conclusions
Tests and measurements indicated that the application of
innovative fillers in the form of RD boards in manufacturing window
frames, boards and door frames, and stairs is valid. Example
applications of RD boards are presented in Figure 11.

Fig. 11. Example applications of RD boards.

Moreover, the said product innovation offers numerous benefits.
What is more, it constitutes a stimulus for the development of social
responsibility of the company and product as well. At the same time,
it feeds back into CSR (Corporate Social Responsibility), which also
motivates the development of innovation. It has been acknowledged
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INNOVATIVE METHOD FOR STRESS STATE ANALYSIS IN THE
DEFORMATION ZONE OF FORMED SPECIMEN
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Abstract: By using visioplasticity method the velocity field can be determined experimentally, and then the stresses can he obtained
analytically from these experimental measurements. That means, strain rates and strains are calculated directly from the velocity field while
the stress distribution is calculated from an analytical solution of the equilibrium equations and the constitutive equation relating the stress
and strain for the material. This method can also provide detailed data of the pressure distribution on the die surface, which is important in
the design of the die profile. In the paper cold forward extrusion through a conical die is illustrated by extruding copper alloy specimens
with inscribed grid lines. Stress state distribution in plastic deformation region was analyzed using the visioplasticity method. From the flow
lines of each element, the velocity and the strain rates are obtained. Finally, the stress components are calculated from the equilibrium and
plasticity equations.
Keywords: VISIOPLASTICITY, METAL FORMING, PLASTIC DEFORMATION, STRESS, STRAIN, COLD FORWARD
EXTRUSION.

1. Introduction
The traditional visioplasticity method, which was introduced by
Thomsen, is used to find the complete stress distribution in the
deformation zone, according to the deformation of grid lines marked
on the surface of the specimen [1]. Although there are some
difficulties for this method: for example, the flow lines obtained from
experimental data are not smooth, the velocity field calculated from
these flow lines may not satisfy the condition of continuity etc., the
visioplasticity method gives the most realistic solution to various
forming problems.
Furthermore, this method can be used as a means of examining the
approximations of other solutions [2, 3]. When the finite flow-line
regions are produced, the velocity and strain-rate field can be obtained
for each region and then stress distribution can be calculated by
considering the equilibrium and plasticity equations.
In the extrusion practice of steel and alloys the die geometric shape
may influence the technological process development, and together
with technological parameters (tool speed, die angle, lubrication, etc.)
contribute to the products proper quality [4]. A large number of the
publications dealing with the influence of the metal flow pattern on
the mechanical properties of extruded products has been published [5,
6]. In the paper, stress state in forward extruded specimens of copper
alloy is analyzed by using the visioplasticity method.

vz =

1 ∂θ
⋅
∂r

;

r

1 ∂θ
⋅
r ∂z

(2. 1)

where vz and vr are the velocity components in axial (z) and radial (r)
direction.
When the velocity components are known at all points in the
.

deformation zone, the strain rate components in radial ( ε r ),
.

.

.

tangential ( ε ϑ ), axial ( ε z ) direction and shear strain rate ( ε rz )
can be obtained according to [8]:
.

εr =

.

ε rz =

∂vr
∂r

.

εϑ =

;

vr
r

.

;

ε

z

=

∂vz
∂z

1  ∂vr ∂vz 
⋅
+

2  ∂z
∂r 

(2. 2)

.

The effective strain rate ( ϕe ) is then calculated from its definition:

2. Visioplasticity method for obtaining the stress
distribution

.

ϕe =

By using visioplasticity method, better approximations can be
obtained of forming processes using theory of plasticity than is
possible with the pure theory. The specimen is subdivided in a
symmetry plane, and a line mesh is applied to the joint. The velocity
field can be approximated by means of the grid distortion arising
during the forming process [7]. Mostly square grids composed of line
nets are used on longitudinally cut sections in bulk forming. The grid
can be inscribed on the specimen by mechanical means of etching, by
photographic methods or pressing. The selected grid must be fine
enough to make an interpolation of radial and axial velocities on lines
r = const. and z = const. possible with sufficient precision.
The deformation can also be approximated from the deformation
rates by integrating the deformation rates that a particle experiences
on its way along a flow line [7]. For steady-state flow problems in
which the flow field does not vary with respect to time, the velocity
field can be expressed by the flow function θ (r, z) as follows [8]:

vr = −

(

2 2
εr + εϑ2 + εz2 + 2εrz2
3

)

(2. 3)

The total effective strain (ϕe) can be evaluated by numerical
integration of effective strain rate along a flow line with respect to
time:
t1 .

ϕe = ∫ ϕe ⋅ dt

(2. 4)

0

where t1 is the time required for a point to be displaced along a flow
line. When the effective strain is calculated, the yield stress can be
obtained from the flow curve and thereby calculate the approximate
values for the deviator components of the state of stress as a function
of the coordinates. Strain rate components in –r, -z, -υ directions and
⋅

shear strain rate ( ε rz ) are [8]:
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⋅

ε r = λ ⋅ (σr − σm)
⋅

ε z = λ ⋅ (σz − σm)
⋅

ε ϑ = λ ⋅ (σϑ − σm)
⋅

ε rz = λ ⋅ τrz
where

σm

(2. 5)

is medium stress

and

λ

is coefficient of

proportionality.
From these equations, equations of equilibrium, plasticity and material
properties, the stress field in the deformation region for axisymmetrical process can be calculated from [10]:

∂  εr − ε z  ∂  εrz  εr 
⋅ dz
−
− 

λ  ∂r  λ  λ ⋅ r 
z0 ∂z 
z1

σr = ∫ 

σz = σr −

εr − εϑ
εr − εz
σϑ = σr −
λ ;
λ

τrz =
;

(2. 6)

εrz
λ

(2. 7)

3. Experimental work
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In the experimental investigation rods of special copper alloy
CuCrZr were used. The grid nets commonly used in practice are
composed of circles or squares. Evaluation is simpler in the case of
circular grids, as the forming process distorts them into ellipses, the
principle axes of which indicate both the size and direction of the
principal deformations [7].
On the other hand, square grids are usually distorted into rhombi
that are more difficult to evaluate but are more popular for use in bulk
forming. We decided to inscribe 1 mm square grids on the meridian
plane of one-half of a split specimen. In order to obtain deformation
accurately, the grid must survive the deformation of the specimen
without damage. The grid lines must be thin and sharp and the grid
mesh should not split off, which would make the measurements
difficult. The material flow can be determined by comparing nondeformed and deformed grids.
Specimen with inscribed grid was then cold extruded trough a
conical die having a 22,5° half-cone angle. Two different lubricants
were used with different coefficient of friction (m=0,05 and 0,11).
Coefficient of friction for both lubricants were obtained in the ring
test with great number of experiments. The cold forward extrusion
was carried out at a tool speed of 12 mm/s and the extrusion process
was stopped when a sufficient length of specimen was extruded to
ensure the establishment of a steady-state motion.

N/mm2). By using the lubricant with a lower coefficient of friction for
the forward extrusion of copper alloy, lower stress components values
were reached over the whole extruded specimen, but especially at the
end of the deforming zone.
The distribution of radial stress in extruded specimen is presented
in Fig. 1. The largest values of the radial stress can be found near the
exit of the plastic region. The highest values of (sr /sf0) were reached
on the edge of the exit cone and in the middle of the exit cone. Those
are the plastic deformed region with the greatest values of strain,
strain rate and therefor also the greatest values of stress components.
The influence of the lubricant friction factor is relatively small, but
some differences especially at the exit of the plastic region can be
found. The difference between the highest value for radial stress in
extruded specimen with m = 0,05 and in the extruded specimen with m
= 0,11 was 5%. The highest value was reached when lubricator with
higher coefficient of friction was used.
Fig. 2 shows the distribution of axial stress in extruded material.
The highest values for (sz/sf0) were reached in the zone before
entering the plastic zone. In the plastic zone the axial stress decreases
toward the exit of the plastic zone where the lowest value for axial
stress is reached. The difference between the highest value for axial
stress in extruded specimen with m=0,05 and in the extruded specimen
with m=0,11 was about 6%. The influence of coefficient of friction on
the axial stress distribution is not that significant, although with better
lubricant lower values for axial stress were reached. It is also
important to know local stresses in plastic zone because we can obtain
(or calculate) the influence of the die wear during cold forward
extrusion process of copper alloy.
Fig. 3 shows the shear stress field. It is interesting to note that the
shear stresses along the axis line are near zero for both cases. The
largest values for shear stress is to be found near tool profile and this
value is greater in the specimen where lubricant with higher
coefficient of friction (m = 0,11) was used. This means that lubricant
can effect on the surface quality of the extruded specimen.
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4. Obtained stress distribution
The position of every node of the deformed grid after forward
extrusion was obtained by measuring microscope. The measuring
microscope allows us to measure very small distortions very accurate.
These values were put in the special computer program for
visioplasticity, as well as every node of initial grid, distance between
initial grid nodes, flow curve of the material to be formed and the tool
speed. By measuring the difference between initial grid nodes and
nodes on the deformed grid it is possible to calculate velocity of every
point in r- and z- direction.
The strain rates and stress field can be obtained from equations (2.
2), (2. 6) and (2. 7).
The results of the distribution stress state components in the
deforming region of the specimens are presented in diagrams in Fig. 1,
2 and 3, where sf0 is the flow stress of unformed material (sf0= 409
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Fig. 1: The contours of radial stress sr /sf0 for:
a) coefficient of friction m = 0,05,
b) coefficient of friction µ = 0,11.

least approximately in three directions inside the deformation zone of
the formed material so the deformation limits can be predicted.
Knowing the values of stresses in plastic region of the material is very
important for prediction of specimen quality and also for obtaining
possible die wear during and after forming processes.
Advanced plasticity theory can be used to determine the stresses in
the deformation zone from the local strains obtained from material
movement. Such method is experimental-analitical visioplasticity
method, which is very useful in providing a detailed analysis of the
distribution of the major field variables such as effective strain, strain
rates and stress in any section within the plastically deforming region.
By using visioplasticity method, better approximations can be
obtained of forming processes using theory of plasticity than is
possible with the pure theory. The material flow is mainly influenced
by the strain distribution, strain hardening effects, the geometry of the
tooling and the friction conditions between specimen and tool.
The experiments and obtained results, presented in this paper, have
showed the influence of the coefficient of friction of the lubricant,
used for forward extrusion process, on the radial, axial and shear
stress distribution.
Some significant differences were obtained only in plastic regions
at the exit of the deformed zone. In those regions higher values of
stress components could be expected when using a lubricant with a
higher coefficient of friction. The diagrams of stress state distribution
in formed material extruded with different lubricator were not very
different, although it could be said that greater values of radial, axial
and shear stress component could be expected when using lubricator
with higher coefficient of friction.
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Fig. 2: The contours of axial stress sz /sf0 for:
a) coefficient of friction m = 0,05,
b) coefficient of friction µ = 0,11.
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Fig. 3: The contours of shear stress trz /sf0) for:
a) coefficient of friction m = 0,05
b) coefficient of friction µ = 0,11.

5. Conclusion
Visioplasticity method is very useful in providing a detailed
analysis of the distribution of the major field variables such as
effective strain, strain rates and stress in any section within the
plastically deforming region. The stress distribution must be known at
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PECULIARITIES OF METALIZED SURFACES MODIFICATION
OF SILICON ELEMENTS OF MICROELECTROMECHANICAL SYSTEMS WITH
LOW-POWER ELECTRONIC FLOW
ОСОБЕННОСТИ МОДИФИЦИРОВАНИЯ МЕТАЛЛИЗИРОВАННЫХ ПОВЕРХНОСТЕЙ
КРЕМНИЕВЫХ ЭЛЕМЕНТОВ МИКРОЭЛЕКТРОМЕХАНИЧЕСКИХ СИСТЕМ
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Abstract: The practical possibility of the atomic force microscopy method to evaluate uniformity of thin metal coatings on silicon wafers
after electronic processing has been shown in the paper. It is established that after processing of metallized surfaces of silicon plates Kp0 by
an electronic flow of continuous form, the microroughness decreases in 10-15 times and the Adhesive strength increases in 1.8-2 times. At
the same time, it is noted that the surface of metal coatings on silicon after electronic processing has a more homogeneous structure and
released from microdefects, unlike metallized coatings without electronic processing.
KEYWORDS: MICROELECTROMECHANICAL SYSTEMS (MEMS), SILICON PLATES, METALIZED SURFACES, ELECTRON- BEAM
MODIFICATION, ATOMIC-FORCE MICROSCOPY
2.

1. Introduction
Structural features, thickness and microrelief of metallized
coatings on silicon elements of microelectromechanical systems
(MEMS) determine their performance characteristics, depending on
the method of production. A device for electron beam polishing of
wares has been described in the paper [1], which makes it possible
to realize a combined method: the application of metal coatings and
the subsequent processing of these coatings by a continuous
electronic flow.
In modern instrument making for the MEMS wares
production, thin (up to 1 mkm) metal coatings on silicon are widely
used. Such coatings, obtained, in particular, by evaporation in
vacuum, have properties (high adhesion strength, reflective power,
etc.), which allow them to be used as functional wear-resistant
coatings in precision instrument making [2].
The method for the production and the microrelief features of
thin coatings determine the performance characteristics of MEMS
elements linked with the instability of their properties over time. As
shown in works [3, 4], the reasons for such instability are the
dimensional effects (inequality of the coating thickness, surface
structure) and the operating conditions of these elements
(aggressiveness of the external environment, time and operating
temperature, mechanical interaction with other elements).
The possibility of metallized surfaces modification by an
electronic flow of the continuous form has been shown in the work
[5]. Besides, the technical and operational, chemical and tribometric
properties of coatings on silicon substrates have been improved.
At the same time, the method of atomic force microscopy
possesses essential advantages in the research of the microrelief of
metallized surfaces modified by an electronic flow, namely: high
accuracy of fixed microroughnesses of the surface (up to units of
angstroms) and sensitivity of the measuring console (≈10-8 N), and
this method refers to non-destructive research methods that do not
require preliminary preparation of the material of the research and
pretend to the rapid research.
The aim of the work is the study using atomic force
microscopy of the microrelief of thin metal coatings on silicon
plates modified by an electronic flow, whose surfaces are used in
precision instruments industry for the production of MEMS
elements.
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Experimental method

The plane-parallel plates of circular form (20 mm in diameter
and 0.5 mm in thickness) made of silicon Kp0 were metallized by
aluminum.
Metallization and electronic modification was carried out on a
special laboratory machine (Educational and Scientific Center
"Micronanotechnologies and Equipment", ChSTU, Cherkassy),
containing the evaporator and Pierce electronic gun.
The silicon plate, preheated to a temperature of 630 K, by
using of revolving traveling mechanism it was located in a vacuum
chamber above the evaporator unit, where for 5-8 sec the
metallization of its surface was carried out under the following
modes: the heating current of the evaporator is I = 115-125 A;
voltage on the evaporator is U = 20-22 V; distance from the
evaporator to the plate surface is h = 120 mm.
After the ending of metallization process, the plate moved
unceasing over the electronic gun. At the same time, a low-energy
electronic flow of continuous form (width 3.0 mm, length 60.0 mm)
affected the metallized surface. Electronic processing was carried
out at the following modes: accelerating voltage is
3.5 ... 4.0 kV; the current of the electronic flow is
175 ... 200 mA; the current of cathode heating is
14.5 A; The electron flow rate is 4.5 ... 5.0 cm / s; the distance from
the anode of the electronic gun to the working surface is 40 mm;
single pass processing.
The microgeometry of the surface of the deposited coatings
and the "coating-plate" boundary was investigated by atomic force
microscopy method using the "NT-206V" instrument,
(manufacturer:
ALC "Microtestmashiny", Belarus) with silicon probes "Ultrasharp
CSC12", microposition system and built-in optical long-focus
Logitech microscope.
3.

Results and discussion

As a result of the conducted researches it is established
that the gold coverings on silicon plates received by evaporation in
vacuum are non-uniform, have the increased porosity and contain
microdefects of a surface (cracks, points and etc.), Fig. 1.

a.
a.

b.
b.

c.
Fig.2. The topogram (a), microrelief (b) of the surface of the metal
coating (Au) on the 13×13 micron section on a silicon plate Kp0
and a profile along the line 1-2 (c) after modification by an
electronic stream.

c.
Fig.1. The topogram (a), the microrelief (b) of the surface of the
metal coating (Au) on the 13×13 mkm section on a silicon plate
Kp0 and a profile along the line 1-2 (c).
At the same time, the average roughness of a surface of such
coverings
makes
50-75
nanometers.
The adhesive strength of the metal coating to the board was set by
the
method
described
in
[6]
and
was
20-25 MPa.
After metallized surfaces processing by a low-energy electron
stream of the ribbon shape, the metal coating melts, which
somewhat reduces the residual microroughness (up to 35-50 nm),
and its partial fusion into the surface layer of silicon increases the
adhesive strength of the coating to 34-45 MPa, Fig.1.

4.

Conclusion

The practical possibility of atomic force microscopy method to
estimate uniformity of thin metal coverings on silicon plates after
electronic processing which are used in precision instruments
industry is shown.
Using atomic force microscopy method, it was established that
after processing of the metalized surfaces of silicon plates Kp0 by a
low-energy electron stream of the ribbon form, microroughness
decreases from 50-75 nm (metalized surface) to 3.5-5 nm
(metalized surface after electron processing) and Adhesive strength
increases
from
20-25
MPa
to
34-45 MPa.
At the same time it is noticed that the surface of metal coverings on
silicon after electronic processing has more homogeneous structure
and it is saved from microdefects unlike the metalized coverings
without electronic processing.
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TEHNOLOGIES AND MODULATED EQUIPMENT USED FOR OBTAINING
COMPOSITE MATERIALS
ОПРЕДЕЛЕНИЕ ПРЕДЕЛЬНЫХ СТЕПЕНЕЙ ДЕФОРМАЦИИ ПРИ КОМПЬЮТЕРНОМ
МОДЕЛИРОВАНИИ ПРОЦЕССА ВЫТЯЖКИ
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Abstract: The paper titled “Limit values of facture criterions for drawing’s processes simulation in the DEFORM environment” pursue the
aim of determining the values for facture criterions for Normalized Cockcroft-Latham and Brozzo within the DEFORM program complex
corresponding to the limiting degree of deformation during the drawing of steel 20. According to the full-scale experiment results on an
axisymmetric drawing of various diameters blanks 2D and 3D modeling of corresponding processes carried out in the work. A comparative
analysis of the experimental data and the results of computer simulation is performed and a technique is proposed for determining the limit
values of facture criterions for modeling. The limit values of the facture criterions for 2D and 3D modeling are determined (provided that the
number of finite elements of the mesh along the thickness of the material in the dangerous section must be at least five). The obtained
numerical values for facture criterions make it possible to predict the behavior of ductile metals in real drawing processes in the future.
KEYWORDS: DRAWING, FACTURE CRITERIONS, LIMIT VALUE, MODELING, COCKCROFT-LATHAM, BROZZO

1. Введение

2. Постановка задачи и решение проблемы

С целью оценки возможности изготовления деталей методами
пластического
деформирования
и
оптимизации
технологических процессов, обеспечивающих качество и
эксплуатационную надежность изделий, успешно применяется
компьютерное моделирование формоизменяющих операций.
Системы моделирования (QForm, DEFORM, FORGE и др.),
использующие в расчетах метод конечных элементов (МКЭ),
позволяют определить в интересующей точке очага
деформации
параметры
напряженно-деформированного
состояния материала в произвольный момент процесса
деформирования, рассчитать значение выбранного критерия
разрушения для оценки возможности деформирования
материала без разрушения. Однако в данных системах
отсутствуют методы непосредственного определения принятых
в инженерной практике предельных степеней деформации для
конкретных операций.
Для оценки возможности разрушения в процессе
деформирования при моделировании в DEFORM традиционно
используют энергетические критерии разрушения (Normalized
Cockcroft-Latham, Cockcroft-Latham, Brozzo, Ayada и др.)
[1…3]. Энергетические критерии позволяют достаточно
адекватно оценивать возможность разрушения твердых тел при
монотонных процессах пластического деформирования с
относительно несложной траекторией деформации. Они
относительно просты и, как правило, не требуют
дополнительных
исследований
механических
свойств
материала. При их использовании разрушение материала
наступает при достижении критерием критического значения
C р = Cкр .
(1)
При этом главной проблемой для прогнозирования
момента разрушения является отсутствие четких рекомендаций
по выбору критических значений критериев. А если
рекомендации и существуют, то рекомендованные критические
значения могут изменяться в широком диапазоне. Так для
критерия Normalized Cockcroft-Latham предельные значения
находятся в пределах 0,1 ... 0,5 [4, 5] и зависят от схемы
напряженного состояния.
Кроме того предельные значения критериев разрушения в
большинстве случаев определяются для стандартных
механических испытаний образцов, в которых схемы
напряженно-деформированного состояния отличаются от схем
в реальных операциях.
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Поэтому для проектирования технологических процессов
по результатам компьютерного моделирования необходимо
установить связь между значениями критерия разрушения,
полученными при моделировании аналогичного процесса, и
предельной степенью деформации. Для этого следует
сопоставить результаты натурного эксперимента исследуемого
технологического процесса, в котором материал был доведен
до разрушения или деформировался с максимально возможной
степенью деформации, с результатами моделирования данного
процесса, которые дадут возможность определить критические
значения критерия разрушения.
С той целью проводились эксперименты по вытяжке
цилиндрических стаканов из холоднокатаной листовой стали
20 толщиной 2,5 мм. Вытяжка велась в матрицу диаметром
48,25 мм пуансоном диаметром 42,25 мм. Радиус закругления
матрицы - 10 мм (4S), пуансона - 5 мм (2S). Усилие прижима
фланца колебалось в пределах 4000 ... 5000 Н, изменение
степени деформации достигалось изменением диаметра
заготовок.
По результатам экспериментов получены диаграммы
«усилие-перемещение» (рис. 1) и определена предельная
степень вытяжки для заданных условий деформирования.

Рис. 1. Диаграммы «усилие-перемещение» вытяжки плоских
заготовок из стали 20
Как видно из рисунка, вытяжка заготовки диаметром 90
мм происходит практически при том же усилии, что и
разрушение заготовок диаметром 91 и 95 мм (приблизительно
при 170 кН). Поэтому по результатам эксперимента
максимально допустимая (граничная) степень вытяжки для
данных условий деформирования равняется:

K=

Dзг
90
=
= 1,97 = K гр
d ср 45,75

(2)

На основании полученных экспериментальных данных
было проведено компьютерное моделирование процесса
вытяжки в среде DEFORM 3D и 2D для заготовок диаметром
90, 91 и 95 мм (для максимально возможной степени
деформации и степенях деформации, вызывающих разрушение
материала
соответственно).
Материал
заготовки
рассматривался как абсолютно пластичный.
По результатам 2D-моделирования вытяжка заготовок
диаметром 90 и 91 мм прошла без разрушения, а при вытяжке
заготовок диаметром 92 (дополнительный эксперимент) и 95
мм произошло разрушение полуфабриката. Полученные
результаты моделирования представлены на рис. 2.
Усилие вытяжки (максимальное) составило 175 ... 177 кН,
предельная степень вытяжки по результатам моделирования
составила

(K гр )2 D = Dd зг = 4591,75 = 1,99

совпали с результатами натурного эксперимента (вытяжка
заготовки диаметром 90 мм прошла без разрушения, а
увеличение диаметра заготовки привело к разрушению
полуфабриката).
Диаграммы «усилие-перемещение», полученные по
результатам 3D-моделирования, представлены на рис. 3.

(3)

ср

а

а

б

б

в
Рис. 2. Результаты 2D-моделирования процесса вытяжки:
а) заготовки диаметром 90 мм; б) заготовки диаметром
91 мм; в) заготовки диаметром 92 мм

в
Рис. 3. Диаграммы «усилие-перемещение» по результатам
3D-моделирования процесса вытяжки: а) заготовки
диаметром 90 мм; б) заготовки диаметром 91 мм;
в) заготовки диаметром 95 мм
Максимальное усилие вытяжки по результатам 3Dмоделирования составило 176 ... 179 кН (отклонение от

При 3D-моделировании в месте контакта заготовки с
радиусной кромкой пуансона сетка была принудительно
уплотнена для увеличения количества элементов в зоне
расположения опасного сечения (не менее пяти элементов по
толщине) с целью повышения точности результатов.
Результаты численного эксперимента практически полностью
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фактического составляет ∼5%), а предельная степень вытяжки
совпала с фактической
(4)
= K гр = 1,97
K гр

( )3D

Существенно отличаются только величины перемещений
вытяжного пуансона, которые соответствуют максимуму
фактических и полученных моделированием усилий вытяжки.
Возможно данное несовпадение можно объяснить тем, что при
моделировании материал заготовки рассматривался как
абсолютно пластичный.
В дальнейших исследованиях определялись критические
значения критериев Normalized Cockcroft-Latham и Brozzo,
которые соответствуют предельным степеням деформации и
разрушению стали 20 в процессе вытяжки. Данные критерии
разрушения были выбраны с учетом того, что при
моделировании в DEFORM для оценки вероятности
разрушения по умолчанию используется критерий Normalized
Cockcroft-Latham,
а
использование
критерия
Brozzo
рекомендуется для анализа процессов листовой штамповки.
Кроме того критические значения критерия Brozzo для
процессов ОМД обычно близки к 1, что адекватно
воспринимается исследователями, которые используют для
оценки возможности разрушения деформационные критерии.
Критерий Cockcroft-Latham основывается на значении
энергии деформации на единицу объема. Нормализованный
вариант этого критерия (Normalized Cockcroft-Latham, [6])
записывается в виде
ε

C=

∫

σ*
dε ,
σ

(5)

критерия разрушения можно рекомендовать только при
условии точной фиксации момента разрушения заготовки.

а
б
Рис. 4. Распределение значений критериев разрушения в
момент разрушения заготовки диаметром 91 мм:
а) Normalized Cockcroft-Latham; б) Brozzo
При
деформировании
пластических
материалов
разрушению материала предшествует стадия локализации
пластической деформации (при испытании на растяжение в
образцах перед разрушением образуется шейка). Поэтому с
технологической точки зрения важнее спрогнозировать момент
начала разрушения (момент начала локализации деформации),
а не момент самого разрушения, или установить предельные
параметры процесса, при которых деформирование происходит
без разрушения.

где ε - накопленная пластическая деформация, d ε - прирост
накопленной деформации, σ* - максимальное главное
напряжение, σ - интенсивность напряжений.
Критерий Brozzo [7] устанавливает зависимость
разрушения от максимального главного напряжения и
гидростатического напряжения (давления)
ε

C=

∫ 3(σ − σ
2σ *

*

m

)dε ,

(6)

где σ m - гидростатическое напряжение.
Традиционно критические значения критерия разрушения
при моделировании определяют на этапе, который
соответствует моменту фактического разрушения материала
при натурном эксперименте. В нашем случае при вытяжке
заготовки диаметром 91 мм разрушения произошло на
перемещении пуансона 24,5 мм, заготовки диаметром 95 мм на перемещении 21,8 мм. Эти перемещения соответствуют
максимуму соответствующих «P-H»-диаграмм (рис. 1).
Картины распределения значений критериев разрушения
в момент разрушения заготовок диаметром 91 и 95 мм по
результатам 3D-моделирования представлены на рис. 4 и 5
соответственно.
Как видно из рис. 4, критическое значение, при котором
происходит разрушение заготовки диаметром 91 мм, для
критерия Normalized Cockcroft-Latham составляет 1...1,05, для
критерия Brozzo - 1,25...1,3. При вытяжке заготовки диаметром
95 мм критическое значение критерия Normalized CockcroftLatham находится в пределах 1,35...1,4, Brozzo - 1,5...1,55 (рис.
5).
Полученные значения в первом и втором случае
существенно отличаются, хотя по логике должны быть
одинаковыми. Одним из объяснений такого несоответствия
может
быть
неточность
в
определении
момента,
соответствующего разрушению и значительная деформация
элементов сетки в зоне расположения опасного сечения.
Поэтому такой подход для определения критических значений
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а
б
Рис. 5. Распределение значений критериев разрушения
в момент разрушения заготовки диаметром 95 мм:
а) Normalized Cockcroft-Latham; б) Brozzo

а
б
Рис. 6. Распределение предельных значений критериев
разрушения при вытяжке заготовки диаметром 90 мм:
а) Normalized Cockcroft-Latham; б) Brozzo
В нашем случае без разрушения происходит вытяжка
заготовки диаметром 90 мм при значениях критерия Normalized
Cockcroft-Latham 0,58...0,6 (рис. 6а), Brozzo - 0,74...0,76
(рис. 6б).
При вытяжке заготовки диаметром 91 мм локализация
деформации начинается на 228 шаге моделирования (рис. 7).
Для данного шага среднее значение критерия Normalized
Cockcroft-Latham колеблется в пределах 0,64...0,68 (рис. 8а),
критерия Brozzo - 0,82...0,86 (рис. 8б).

Normalized Cockcroft-Latham и Brozzo позволяют по
результатам
моделирования
прогнозировать поведение
пластичных металлов и определять допустимые степени
вытяжки в реальных процессах. Критические значения данных
критериев могут быть использованы при проектировании
технологических процессов формовки.
Полученные результаты были успешно использованы для
оптимизации формы предварительно профилированных
заготовок, создающих резерв прочности опасного сечения для
интенсификации вытяжки полых цилиндрических изделий с
большой разницей толщины стенок и дна [8].

Использованная литература:

а
б
Рис. 7. Распределение интенсивности скорости деформации
при вытяжке заготовки диаметром 91 мм

1.

При вытяжке заготовки диаметром 95 мм среднее
значение критерия Normalized Cockcroft-Latham в момент
начала локализации деформации находится в пределах
0,58...0,62, критерия Brozzo - 0,77...0,79.
Анализируя полученные результаты 3D-моделирования,
можно сделать вывод, что реальный процесс вытяжки будет
протекать без разрушения, если при моделировании расчетные
значение критерия разрушения Normalized Cockcroft-Latham не
превышают 0,6, критерия Brozzo - 0,75. Если рассчитанные
значения соответствующих критериев превышают указанные
величины, вероятность разрушения резко возрастает.

2.

3.

4.

5.
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Рис. 8. Распределение значений критериев разрушения при
вытяжке заготовки диаметром 91 мм в момент локализации
деформации: а) Normalized Cockcroft-Latham; б) Brozzo

6.

Также по результатам численных экспериментов
установлено, что при моделировании в DEFORM 2D
предельные значения критерия Normalized Cockcroft-Latham
находятся в пределах 0,5 ... 0,55, критерия Brozzo - 0,65 ... 0,7.

7.

8.

3. Выводы
В
статье
проведен
сравнительный
анализ
экспериментальных данных и результатов компьютерного
моделирования процесса вытяжки цилиндрического стакана из
стали 20 с целью определения предельных критериев
разрушения. Полученные числовые значения критериев
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