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Abstract

A comparative analysis of the sanitary and ecological state of surface watercourses in the upper part of the Danube basin (on
the territory ofUkraine) was carried out according to microbiological indicators. Similar hygienic studies were previously conducted

in the middle and lowerDanube in Austria, Slovakia, Hungary and Romania. In Ukraine, the river network ofthe Danube River basin

was not studied by microbiological indicators.
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The object ofresearch is the watercourses on the territory ofvarious zones ofthe nature protection object, which are different

in function. This approach makes it possible to use hygienic indicators of water in protected areas of nature conservation areas as a

reference for conducting backgroundmonitoring.
The original design of the treatment plant based on the use of “Viya” fibrous carrier and “paste” technical structure is

proposed. It was established that as the transition from the reserve to the economic zone occurs, the nitrate content in the water

increases, the BOD increases in water, and the dissolved oxygen in the water decreases for all the watercourses studied. Significant
differences in microbiological indices ofwatercourses ofvarious functional zones ofthe protected object have been revealed.

The possibility ofusing the sanitary-microbiological indicators of the river network as a reliable rapid test for assessing the

state of environmental safety ofnature conservation areas is shown.

Keywords: nature protection areas, functional zones, surface waters, Danube basin, sanitary-microbiological indicators.
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1. Introduction

Sanitary-microbiological indicators are successfully used as indicators of environmental

pollution: water, air, soil [l–3], as well as to monitor the status of ecosystems, forecasting and

modeling of development. In connection with the rapid reaction to environmental changes, bac-

teria proved to be ideal markers of microbial contamination of surface waters [4]. This approach
is especially valuable for protected areas. Protected areas serve as background sites for assessing
the ecological status and changes in the environment. Studying their condition makes it possible to

predict changes in the environment to a distant future.

The object of research is the sanitary and epidemiological indicators of the water network

of the Siret River. This river enters the upper part of the Danube basin and forms the basis of the

hydrological network of the protected nature reserve “Vyzhnytsia National Nature Park”. The Dan-

ube is one of the most important rivers ofEurope and the world and, simultaneously, according to a

number of authors [4], is one of the most vulnerable aquatic ecosystems. For monitoring the water

quality of the Danube River, the coastal countries currently use different approaches and methods

of sanitary and ecological analysis, which does not allow the formation of a holistic picture of the

state of the ecosystem ofan important waterway in Europe. That is why the use of microbiological

analysis as a universal approach for water quality monitoring by the coastal countries of the inter-

national river Danube is relevant at this time.

2. Literature review and problem statement

To date, there is a strong demand for monitoring water quality. Researches of scientists of

the Institute of Hydrometeorology from Bratislava [s] suggest the use of autoregressive models for

studying the impact of natural and technogenic changes on the quality of the Danube.

In terms of monitoring the water network, the assessment of the presence of pathogenic
bacteria in water is of particular interest, according to the American School of Researchers at the

University of California, Davis and lowa State University. In particular, this concerns the problems
associated with the use of indicator organisms for this purpose. This approach is the main problem
of protecting human and animal health [6, 7].

The results obtained by Hungarian researchers [B] indicate that the bacteriological proper-

ties of water can be a specific indicator of fecal pollution and organic contamination. That is why,

according to the authors, microbiological contamination by fecal (pathogenic) bacteria is consid-

ered to be the most important issues of surface water quality, and especially in the Danube basin.

The accumulation index of E. coli is one of the specific indicators of fecal contamination of the

aquatic environment, and can be used for express diagnostics of the aquatic environment.

An interesting experience is the assessment of the quality of the surrounding aquatic en-

vironment of the Kingdom of the Netherlands [ll]. The national program for monitoring surface

water in this country, in addition to hydrochemical indicators, including also hydrobiological mon-
itoring (including epidemiological). In a number of EU countries (most of which have their own
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biological assessment of surface waters), bacteria, algae, invertebrate hydrobionts, phytoplankton
are used as bioindicators [l2, 13].

Researchers [9] have summarized existing methods of microbiological bioindication

of the aquatic environment. It should be noted that the standards of the USSR in the field of

protection of the hydrosphere operating in Ukraine do not take into account bacteriological
indicators of water quality. This was, in all probability, the reason that data on the microbi-

ological state of the upper part of the Danube basin (in the Ukrainian part: Tisza, Prut, Siret

rivers) are practically absent.

Since water quality assessment is expensive [l4], the development ofrapid assessment meth-

ods remains an urgent problem. The introduction ofthis approach in many developed countries can

reduce the cost of monitoring.
It should also be noted that the use ofsanitary and microbiological indicators of the river net-

work for assessing the status ofprotected sites, to date, is episodic [4, 10]. The question of assessing
the sanitary and hygienic quality of surface waters of different purpose and status of functional

zones ofnature protection territories remains to be fully investigated.
The analysis of literature data confirms the need to use methods ofsanitary-microbiological

analysis of surface waters for assessing the ecological status of nature reserves and monitoring of

aquatic ecosystems as a whole.

3. The aim and objectives of research

The aim of research is studying the epidemiological state of the surface waters of the river

network of the Siret River (the upper part of the Danube basin, the Ukrainian territory) ofvarious

functional zones ofthe nature reserve object.
To achieve the aim, the following tasks are set:

– to determine the main sanitary and microbiological indicators (nitrite content, biological
oxygen consumption, dissolved oxygen, coli-index, total microbial number), determine the quality
of surface waters;

– to conduct a comparative analysis of sanitary and microbiological indicators, various in

terms ofthe functional purpose of the zones, a nature reserve site;

– to study the possibility of using the proposed “biofilter”, created on the basis of “Viya”
artificial fibrous carrier and “paste” technical design, for assessing the quality of surface waters of

various functional zones of a nature reserve site.

4. Materials and methods for research of surface water quality indicators

The watercourses have been studied: rivers Stebnyk, Sukhyi Strumok, Solonets entering the

Ukrainian part of the Danube Basin. To assess the quality of the surface waters of the waterways of

the Vyzhnytsia national nature park (NNP), Viya fibrous carrier (TU (995990)) was used. It made

from a textured filament yarn (TU 6-06-Cll6-87, text 350) is described in [ls].
Earlier [l5, 16] it was established that a fibrous carrier of this type can be successfully used

to construct “biofilters” for cleaning surface water. In particular, it was shown that the effectiveness

of the “bioreactor” depends on the temperature, the concentration of microorganisms and that the

accumulation of phytoplankton and heterotrophic microorganisms on carriers is most effective in

the summer period (July-August). Using the approach described by the authors, a “biofilter” was

mounted on the basis ofspecial wooden structures – “paste”, have long been used by local residents

to saturate the streams with oxygen (Fig. 1). “Biofilter” is intended for adsorption on its surface of

bacteria on hydrobionts.
The studies were carried out during the summer season 2016 and 2017. Sampling of water

(23–25 °C) was carried out immediately before and after the “biofilters” from different functional

zones of the waterways of the NNPs indicated in the scheme (Fig. 2), in accordance with the exist-
ing standard techniques. The choice ofwater sampling points was determined by their belonging
to the functional zones of the protected object. The linking of the research region to the map of

Europe is shown in Fig. 3.
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Fig. 1. When installing a cleaning structure using “Viya” fibrous carrier: A – a «paste» wooden

structure; B – “Viya” fibrous carrier

Fig. 2. Map-scheme of functional zoning ofVyzhnytsia national nature park: sampling points:
1 – the upper part of the Stebnik riverbed, 2 – the upper part of the Sukhyi Strumok canal,

3 – the upper part of the Slavets riverbed, 4 – “OIKOS” recreational zone, 5 – “Myslyvskyi

budynok” recreational zone, 6 – the lower part of the Stebnik riverbed, 7 – the lower part of

the Sukhyi Strumok canal, 8 – the middle part of the Solonets riverbed
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The investigated watercourses are a rather convenient model for studying the quality of

surface waters ofvarious functional zones of the nature reserve object, because they include three

zones: a reserved zone in the upper part of the riverbed, a recreational zone in the middle of the

riverbed and a recreational zone in the lower part.
The content of nitrates was determined in accordance with DSTU 40780-2001, biological

oxygen consumption, dissolved oxygen, coli-index, total microbial number was determined by con-

ventional methods in accordance with methodological guidelines [l7].
The hydrobiological material (biocenosis of the periphyton overgrowth of the Viya” fi-

brous carrier) was selected in the second decade of August. The material was delivered to the lab-

oratory in an open vessel. The infusoria, rotifers and turbolarium of the fouling biocenosis were

studied in a living state under the Biola R-14 microscope, with an increase of 150–600 times.

Other organisms (larvae of amphibiotic insects and nematodes) were fixed with 70¤ethanol and

determined their species affiliation. The species were determined according to determinants

and scientific works [lB, 19]. The statistical processing of the results was carried out using the

computer program Excel.

5. Research results of surface water quality ofvarious functional areas of the Vyzhnytsia NNP

The carried out researches have shown that there is an increase in the value of sanitary and

microbiological indicators downstream along all these watercourses. Especially it concerned the

increase in the amount of lactose-positive E. coli (E. coli) per 1 liter ofwater (coli-index). It should

be noted that the E. coli is a sanitary indicator and indicates fecal contamination in this case of

water bodies of the environment. Comparing the indices of coli-index in samples ofriver water of

the protected zone and selected water samples in the economic zone, an increase in the coliform

index was found to be 2 times on average (Table 1). At the same time, the total microbial number

(CFU/ml) exceeded by 2–4 times the normative indicators adopted in the EU countries (Surface
Water Directive: 75/440 EU) and amounted to 1500–1700 (for the protected zone), 2300–3500 (for
the stationary zone recreation) and more than 5000 (for the economic zone).

Downstream of the watercourses, and the transition from the reserve to the economic zone,

there is a growth in the water content of nitrates, an increase in the BOD index and a decrease in

dissolvedoxygen in the water. The obtained results indicate an increase in pollution of the river net-

work by organic residues, in particular, they can be fecal connections of the economic zone where

there are no existing treatment facilities.

The study of the qualitative species composition of organisms (periphyton) that inhabited

the fibrous substrate showed bacteria, protozoa, fungi, algae, worms, crustaceans, bivalves and

others to form fouling.
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The data are presented in Fig. 4 indicate that the “Viya” fibrous materialis able to accumu-

late in considerable quantities the bacteria of the E. coli group (Fig. 4).

As the data in Fig. 4 for sampling points 1,2, 3, included in the NNP protected area is

characterized by a high coefficient (from 11 to 14 times) of the accumulation of bacteria on fibrous

carriers. In water samples taken in the zone of stationary recreation (points 4–5), this coefficient

also has a sufficiently high index in the range of 9–lo units, that is, the carrier accumulates on its

surface an order of more bacteria than the river water of the sampling points.
In the periphyton of the “Viya” fibrous carrier, 12 species and subspecies of hydrobionts

were found. Most of these hydrobionts belong to amphibiotic insects (8 taxa). Rotifers and in-

fusoria are represented by 2 taxa, respectively. Other systematic groups (ciliated worms, nem-

atodes) were represented by one species, respectively. The species composition of the hydrobi-
onts was supplemented with new species as the transition from the protected zone – 5 species

(points 1,2, 3) to the zone of stationary recreation – 7 species (points 4,5) and the economic

zone – 12 species (points 6,7, 8).
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Table 1

The values of the main sanitary-microbiological indices ofvarious functional zones of the Vyzhnytsia NNP*

Fig. 4. The coefficient of accumulation ofbacteria on fibrous carriers “Viya”:
the name of the sampling points corresponds to the notation in Fig. 2;

coefficient of accumulation – the multiplicity of excess of content in comparison with

the surrounding water environment.

8

Sampling points BODtot
(mg O2/dm3)

Dissolved oxygen
(mg О2/dm3)

Coli-index

(dm3)

Microbial number

(CFU/ml)
Nitrogen

(mg N/dm3)

protected area

1 1,8±0,10 7,5±0, 55 85±10,5 1500±85,4 0,01±0,001

2 2,3±0,12 7,1±0,50 80±8,0 1700±90,2 0,02±0,001

3 2,0±0,08 8,0±0, 70 82±12,2 1600±65,5 0,02±0,002

zone ofstationary recreation

4 5,1±0,30 5,2±0, 60 90±11,5 2300±92,5 0,02±0,03

5 4,5±0,25 6,0±0,55 100±9,4 3500±150,4 0,05±0,004

economic zone

6 8,8±0,50 4,2±0, 20 120±15,3 5800±250,5 0,15±0,02

7 9,2±0,45 4,0±0,25 105±12,5 5200±280,3 0,10±0,01

8 9,5±0,40 3,8±0,20 110±14,6 5500±255,2 0,14±0,02

Note: * – the data are reliable forp<0.05; the name ofthe samplingpoints corresponds to the notation ofFig. 2

16

12
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6. Discussion of the research results of surface water quality of various functional zones of the

Vyzhnytsia NNP

Comparison of the obtained results (Table 1) with the normative indicators adopted in the

EU countries (Surface Water Directive: 75/440 EU) give grounds to assert that the surface waters

of the river network of the NNP reserve and recreational zone refer to the permissible level of

pollution. At the same time, the river water of the economic zone does not meet the sanitary and

hygienic requirements and refers to a moderate and high pollution degree. The use of water of

this pollution degree, without proper cleaning, can lead to the appearance of a number of diseases

in the population.
The conducted studies showed (Fig. 4) that in the protected zone and the zone of NNP

stationary recreation, the maximum values of the accumulation coefficient ofbacteria on fibrous

carriers take place. This coefficient characterizes the multiplicity of exceeding the amount of

E. coli group on a synthetic carrier in comparison with the surrounding aqueous medium. It is

known that the presence of E. coli group in water indicates fecal contamination and, according-
ly, the possible contamination of water by pathogenic microorganisms of the intestinal group

(typhoid, paratyphoid, dysentery, etc.) [B]. However, the detection and isolation of pathogens is

complicated by the low concentration of bacteria in surface waters, the high financial costs and

the length of detection technology [23]. The use ofnatural adsorbents is well-established in this

regard [24]. In order to overcome this methodological obstacle, “biofilter” based on a synthetic
material such as “Viya” was used. It was mounted on special «paste» wooden structures. The

data in Fig. 3 indicate that the use of the “biofilter” makes it possible to concentrate the E. coli

group for their identification and possible destruction.

It is also shown that as the transition to the economic zone and the increase in the amount

of organic pollution of waterways, there is a sharp increase in the magnitude of the coli-index

and the microbial number (Table 1). At the same time, the accumulation coefficient of E. coli

group on the “biofilter” is characterized by minimal indicators. This can be explained by the

saturation of the absorption surface by microorganisms, and also by their partial incorporation
into nutrient chains.

One of the proofs of this statement is an increase in the species composition ofhydrobionts
on the “biofilters” of the watercourses of the economic zone. Thus, representatives of rotifers,

copepods (and other lithophilic species) prevailed in water samples collected in the protected
zone (upper part of the current). At the same time, in the water of the economic zone, with the

growth of organic detritus, the species composition of the fouling is replenished at the expense

of detritophages, incl. nematodes, oligochaetes, dreissena and others.

Thus, a specific “biofilter” in the form of an artificially created microecosystem is formed

downstream on fibrous carriers. In this microecosystem fibrous carrier serves as a kind of “home”

for microorganisms, plant and invertebrate animal organisms, they are able to accumulate, which

is the basis for cleaning reservoirs. In addition, some bacteria, in all probability, become an ele-

ment of the feeding chain and serves as food for invertebrate hydrobionts. Thus, water reservoirs

are cleaned in two stages: due to adsorption on synthetic carriers in the first stage and trophic
chains on the second stage.

In general, in the estuarypart of the tributaries of the Siret basin there is a significant con-
tamination of surface waters (111-IV quality class), which is consistent with the results of studies

[2s], which showed that it is the Siret and Prut rivers that are significant factors in the pollution
of the lower part of the Danube riverbed.

7. Conclusions

1. It is shown that as the transition from the protected to the economic zone occurs, the ni-

trate content in the water increases, the BOD index increases and the dissolved oxygen in the water

decreases for all the investigated watercourses.

2. “Viya” fibrous carrier is capable of effective accumulation on the adsorbing surface of

microorganisms ofbacteria of the group ofEscherichia coli and invertebrate hydrobionts for water-

courses with insignificant content of organic pollutants.
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3. Significant differences in microbiological indices of watercourses of various functional

zones of the protected object have been established. The total microbial number (CFU/ml) was

1500–1700 (for the protected zone), 2300–3500 (for the zone ofstationary recreation) and more than

5000 (for the economic zone).
3. It is shown that during the growth of organic pollution of water bodies, especially in the

economic zone of nature protection territories, a kind of “biofilters” – artificial microecosystems –
are formed on fibrous carriers.

4. The obtained results supplement the idea of the sanitary and ecological state of the

Danube basin in its upper part on the territory of Ukraine. Pollution of the upper part of the

Siret river basin ultimately determines the level of pollution of the lower part of the Dan-

ube riverbed, and actually affects the state of the ecosystem of this international waterway
of Europe.
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Abstract

In the course ofthe study, the activity of Ukrainian enterprises was analyzed. It was revealed that the main aspects that re-
quire increased attention, regardless of the industry, are staffmanagement and order management.

The activity of any enterprise consists of fulfilling orders and, as a consequence, satisfying customers.

It is proposed to develop an automated system that will enable to keep records oforders, namely: the time oforder receipt, the

number ofproducts, the urgency, the necessary material and time resources, the priority ofthe order, the executor, the predicted and

actual time ofthe order. This system will help to organize the work of staff, namely: to optimize the working hours ofemployees due

to the dynamic scheduling of the task list; to introduce responsibility for an order that is tied to a specific employee, to keep records

of shifts and working hours, automatically form a payroll with due account ofworked shifts/hours. The work designed an automated

system for managing orders and staff at middle-class enterprises. The requirements for this system are defined and two types of

architecture are proposed. For a better understandingofthe design phase ofthe automated system, a class diagram,activity diagram
and interaction diagrams are presented.

In the process of research, the end product was created with a user-friendlyand intuitive user interface that maximally satis-

fies all the requirements that have been defined for this system. For today the systemworks in a test mode at the enterprise ofUkraine.

The introduction ofthe system to the filter element manufacturing company allowed to improve the interaction with customers by

40 % due to faster fulfillment of orders; 80 % facilitate the work of managers to track and control the execution of orders; and also,

by 20 % increase the efficiency of the staffdepartment. What on the whole positively affected the work of the enterprise as a whole.

Keywords: automated system, order management, staffwork organization, system architecture, UML diagrams.
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1. Introduction

The success of the production and economic activities of any enterprise or organization is

necessarily connected and directly depends on the leader’s leadership qualities and its ability to

organize the production process and all staff. It should be managed in such way that everything that

needs to be done to achieve corporate goals has been carried out in a timely, qualitative and rational

manner in terms ofresources spent on it.

In modern conditions, the need to use the latest technologies in staffmanagement and orga-

nization of work at the enterprise is becoming increasingly urgent. They are designed to optimize
order management, improve the quality of the final product, improve methods and production tech-

nology and optimize the use of temporaryresources. The use of the latest information technologies
in this field makes it possible:

– significantly improve the distribution of time in the company;

– increase the number of tasks on which the team works simultaneously;
– clearly define the main and secondary tasks;

– accelerate the exchange of information and data in the company;
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– quickly obtain statistical data;
– significantly reduce the time and financial costs associated with the organization of

staff time.

The success of any business depends, firstofall, on the qualification of the staffof the enter-

prise, its ability and desire to work productively. An important role in optimizing the management
of enterprise employees belongs to automated human resources management systems (the so-called

Human Resource Systems) [l]. Staff is the long-term factor of competitiveness and survival of the

enterprise.
It is also difficult to ignore one of the most important components of a successful operation

of an enterprise ensuring effective order management and as a result a satisfied customer.

Order management is an area of activity during which clear goals are defined and achieved

when balancing the amount of work, resources, time, quality, aimed at achieving a certain re-

sult under the specified constraints. Order management application of knowledge, skills, tools and

methods for planning and implementing actions aimed at achieving the goal in the framework of

specified requirements. When managing orders, the following steps can be distinguished:
– work planning;
– risk assessment;

– assessment of the necessary resources;

– work organization;
– attracting human and material resources;

– assigning tasks;
– leadership;
– control over the progress of implementation (to control the effectiveness of the execution

of orders, the method of utilized volume is used);
– progress report;

– analysis of the results based on the findings.
In this paper, the aim was set, in detail, to investigate the process of developing such an

automated system that would help the enterprise’s employees organize their work and the work of

subordinates in such way that the short-term and long-term aims set for the company were achieved

in the shortest possible time and with the minimum spent on it resources. In other words, to help
the company’s staffin practice follow the principles of time management of technology for rational

planning and distribution ofworking time, taking into account the fulfillment oforders in a given
timeframe and priorities, with the aim of releasing opportunities [2, 3].

2. Literature review

The issue of automation of staff management is widely studied both in Ukraine and around

the world [4–l7]. So, in works [4–6] the main attention is paid to the necessity of automation of the

enterprise by introducing the accounting of employees’ working hours. Issues of visualization of

risks, taking into account the multilevel management at the enterprise, are devoted to works [7, B].
The main systems that require automation are customer service systems for working with custom-

ers in various industries, some aspects of which are discussed in [9]. In works [lO, 11] attention

is paid to the issues of architecture and the design of automated enterprise management systems.
Most of the work on staffmanagement is devoted to the differences between executives and

executors and the use of this understanding for effective work [l2], as well as a lot of literature on

staff motivation [l3, 14]. Today’s management of an enterprise requires a number of capabilities,
which include finding quick solutions for the shortage ofemployees with a field of certain qualities.
In work [ls] it is proposed to apply the selected schedules to facilitate mobile staffmanagement.

An important matter is the relationship between the involvement of staff and the joint cre-

ation of the product. In [l6], various types of products and categories of staff, as well as the re-
lationships between them, are considered. And in [l7] a hierarchical control system with several

agents is proposed.
However, the task of managing orders, with reference to a particular employee, and organiz-

ing their work is not adequately described in the literature and requires additional research.
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Automation of order management processes and staff should help to organize the enterprise

correctly with a minimum amount of initial investment and maximum benefit from the implemen-
tation of this system.

The expected benefits from the introduction ofan automated order management system and

staffcan be the following:
– increase of the enterprise efficiency;
– timeliness of making managerial decisions;
– rational allocation of time between orders and tasks;
– effective staff management;
– increase the efficiency of staffwork;
– effective control over the performance of tasks;

– effective management of enterprise funds;
– control over the performance of the enterprise and the like.

For many enterprises, it is essential to gradually introduce an information system with the

possibility of first-priority automation of the most problematic areas. It is possible to implement
modules that will allow for the phased introduction of the information system. For example, it is

possible first automate the activities of individual units, then connect to the accounting system,
which will create conditions for monitoring the movement of resources. After that, it is possible to

put in operation the budgeting system, automate the formation and control of the order list, as well

as other elements of the information system.

Usually, order management automation systems contain the following structural elements:

– funds for calendar-and-network planning (CNP-systems);
– means for solving individual problems (the formation of the list of orders, the prioritiza-

tion of orders, the appointment of the responsible executor, the deadline for the completion of the

order, risk analysis, contract management, time, budget);
– means for organizing communications between contractors;

– means for automatic payroll, depending on the number of shifts hours worked and/or the

amount of work.

As a result of work to achieve the aforementioned goal, the software product “Orderßook”

was created, which provides ample opportunities for users to effectively manage orders, staff and

their time. This system is focused mainly on small and medium-sized businesses (the number of

workers is up to 200 people), which can be used by staffof enterprises ofany industry, whole com-

panies or individual departments.
Let’s consider the requirements that were put before the system:
1. Allow the user to log in to the system under his account.

2. Ability to work with the system on PCs, tablets and telephones.
3. Create and manage orders, determine the order manager/executor, the start date for the

work on it, and the end date.

4. Create tasksrelated to orders.

5. Create and manage tasks, define their performers, status and priority, start and end dates

for the task.

6. Manage your own calendar, create entries for important meetings and events.

7. View the list of staffcontacts of the company.

8. Place ads on the corporate virtual bulletin board.

9. View and publish important documents, templates and other company files to your

computer.

3. Materials and Methods

To implement the functionality stated in the previous section, the automated system was di-
vided into several divisions, each ofwhich would perform a specific set of tasks for the user’s needs.

The system has the following sections:

1) Personal calendar;

2) Order book;
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3) Task log;

4) Ad Log;
5) Contact log;

6) Company files.

When implementing the order management system and staffwork, it is important to ensure

the financial feasibility of its use. It is important that the cost of development does not exceed the

amount of possible damage that will be incurred in the case of the development and operation of

this system without an information security system.

3.1. Physical structure ofthe system
Let’s consider two possible options for deploying the Orderßook system in the company:

1) Closed system for internal use in the local network (Fig. 1).
Each company will have its own local server All data on this company is stored on it. Users

of the system will connect to the server through the local network. Connection is possible both with

the help of cable connection, and Wi-Fi. The system will work stably locally, without requiring
connections over the Internet.

In this structure it is very easy to update the system. Since all data is on the server, the user

automatically receives all the innovations with minimal interruptions in the work.

This approach is very convenient for software engineers who support the system and saves

their time.

2) Open system with the ability to access it from the Internet (Fig. 2).
In this structure, the server is hosted on a virtual hosting. Users of the system will connect to

the server over a wide area network. Connection is possible, both with the help ofcable connection,
and Wi-Fi.
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The advantage of this structure is that it can be used in case the organization of the local

network is problematic or in some way restricts the use of the system. The update is also very con-

venient for both users and technical staff, supports the company’s software.

3. 2. System architecture

The system architecture is a structural diagram ofthe components of the system interacting
with each other through interfaces. Components can consist of a sequence of smaller components
and interfaces. The system architecture is constructed by defining the system’s objectives, its input
and output data, decomposing the system into subsystems, components or modules and developing
its general structure.

When building the architecture of the order management system and staff work, the Mod-

el-View-Controller (MVC) architectural template was used (Fig. 3).

4. Еxperimental procedures
4.1. Development of the activity diagram
So, the activity diagram (in UML) is a visual representation of the graph of activities. The

graph of activities is a kind of graph of states of a finite automaton which vertices are certain ac-

tions, and transitions occur after completion of actions.

Action is the fundamental unit of behavior definition in the specification. The activity

specification (at higher compatibility levels) can allow the execution of several (logical) flows,
and the existence of synchronization mechanisms to ensure that the actions are performed in the

correct order.

For the Orderßook system, an activity diagram is created that depicts the process ofworking
with orders in the system (Fig. 4).
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The user must log in by entering a username and password. Further from the main page, which

has a bookmark “orders” ithas the ability to view existing ones, create new ones, edit and delete orders.

4. 2. Development of the interaction diagram
Most often at the specification stage of requirements it is necessary to show not only the

algorithm of actions or change of the state of the object, but also the exchange ofmessages between

individual objects of the system. This problem is solved by the interaction diagram.
The interaction diagram is one of the models describing the behavior of interacting groups

of objects in the UML, describing the behavior only within one use case.

The interaction diagram is intended for modeling relationships between objects (roles, class-

es, components) of the system within a single use case.

This type of diagram reflects the following aspects of the projected system:

– exchange of messages between objects (including in the framework of messaging with

third-party systems);
– constraints imposed on the interaction ofobjects;
– events that initiate the interaction of objects.
Unlike the activity diagram, it shows only the sequence (algorithm) of the system operation,

the interaction diagrams emphasize the developers’ attention to messages initiating the call of cer-

tain operations of the object (class) or is the result of the operation.
Two main types of interaction diagrams are divided:

– sequence diagram;
– collaboration diagram.
Extending the notation of interaction diagrams in UML allows analysts at a more detailed level

to work outthe requirements as much as possible to replace activity diagrams with interaction diagrams.
Thus, the main target audience for the interaction diagram will be the development team.

For the customer, this kind of diagrams will be of interest only in the framework of modeling the

interaction between the projected IS and extraneous Systems operating on the Customer’s side.

4. 2.1. Development of a sequence diagram
The sequence diagram illustrates the order in which objects interact with time operations

and reflects the objects and classes involved in the scenario, next to the message chains exchanged
between objects in the execution of the functions specified in the scenario.

According to the Orderßook project, a sequence diagram was created with the precedent
“Creation of a new order” (Fig. 5).
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Each object in the sequence diagram is associated with a timestamp, denoted by a dashed

line segment, and the messages exchanged between the two objects are represented by an arrow

connecting the source object to the receiver object.

4. 2. 2. Development of a collaboration diagram
The collaboration diagram represents an alternative way of describing the scenario. The

collaboration concept is used to denote the set of objects interacting with a specific purpose in the

general context of the modeled system. The goal of the collaboration itself is specification of the

specific features of the implementation of the individual most significant operations in the system.
Collaboration determines the structure of the system’s behavior in terms of the interaction of par-

ticipants in this collaboration.

According to the Orderßook project, a cooperative diagram was created according to the

precedent “Creation of a new job” (Fig. 6).

When constructing a sequence diagram, the emphasis is on the temporal aspect, while in con-

structing the collaboration diagram, the static interaction of the objects of the system is considered.

5. Results

As a result of the work, a system for managing orders and organizing the staffwork is created.

Working with the Orderßook system starts with the main page, which welcomes the user

and plays the role of the business card of the system, providing an accurate description of the main

functionality of the system.
The Orderßook system allows to manage users of the system, for which the Colleagues page

was created. For the administrator, it allows to add a new user, edit it and delete it from the system,
for a regular user, it allows to view the listof your colleagues in a convenient format.

In order for a new user to startworking with the system, it is necessary that his account be

created by the administrator. To do this, the administrator must go to the main page and log in by
entering a username and password.

It is important to note that the new user’s page addition page has validation of the data

entered by the administrator, which was implemented using the jQuery Validation plug-in. For

example, ifnot all required fields are entered, or data that has been entered does not meet certain

requirements, the system does not accept such information and issues an error message. Ifall fields

are entered correctly, a new user is created on the system and displayed in the general list, which

all other users see.

6. Discussion

For today the system works in a test mode at the enterprise of Ukraine. The introduction of

the system into the enterprise for the manufacture offilter elements allowed:

– improve interaction with customers by 40 % due to faster execution of orders;
– 80 % facilitate the work of managers to track and control the execution of orders;
– increase the efficiency of the HR department by 20 %.
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The implementation of the Orderßook system at Unifilter, which specializes in the develop-
ment and production of filter elements, has had a positive impact on the work of the enterprise as

a whole. The peculiarity of the work of this enterprise is in servicing a large number of customers.

Orders consist of the main parameters, including: the scope of the filter element, the filter diameter

(internal and external), the length, the number of filter layers, the filter requirements for the due

date. These are the main parameters that are necessary for determining the manufacturing process

of filter elements [lB–2o]. In the process of work, each order is assigned the code, priority, time for

execution, estimated time oforder execution and the responsible executor. These data make it pos-

sible to trace the status of the order, the number ofproduced filter elements, to form a provisional
value and, in the case of rejection, to analyze on which shift and by whom of the employees the

order was executed.

For the correct operation ofthis automated systemrequires the correct introduction of infor-

mation by managers and timely filling out a report on the manufactured filter elements by employ-
ees. Employees must include the order code and the number ofmanufactured items. To do this, it is

necessary to provide workers with access to a portable device, such as a tablet, in which they will

see the task that must be performed and note what is done for the shift and/or hour.

The introduction of this system requires additional technical resources, as a rule, these

are computers for managers and a tablet in the working area for production workers. One of

the constraints faced by this company is the human factor: reluctance to perform additional

actions by shop workers who produce filter elements and time for their training on the use of

this system.
In general, the system is quite universal and does not depend on the field of application. It

can be widely used in enterprises that work with customers, fulfill orders and have the need to bind

the order to the date of implementation and to the responsible executor.

7. Conclusions

In recent decades, changes in the external environment of the functioning of enterprises,
institutions and organizations have been taking place at an extremely high pace. Today, effective

management of orders and staff is impossible without the use of modern software, as the size of

companies, employees, orders, volumes of information grow.

In the course of the work the following is accomplished.
First, the automation of order management and staff work at enterprises in Ukraine and in

the world is analyzed, and the benefits and advantages of information systems for order manage-

ment and staff work are found.

Secondly, an automated system for order management and staffwork at middle-class enter-
prises is designed. The requirements for this system are determined and the architecture is built.

Thirdly, the system for managing orders and organization ofstaffwork is designed in detail:

class diagram, activity diagram and interaction diagrams are developed.

Fourthly, a user’s instruction is developed and some screen displays for demonstrating work

with the system are provided.
In the process of work, the end product is created with a user-friendly and intuitive user

interface that maximally satisfies all the requirements that have been defined for this system.
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Abstract

The aim of the study is to probate the improved rotated film apparatus (RFA) at producing high-quality multi-component fruit

pasts. The construction ofthe improvedRFA with an innovative solution as to the system ofheating its working chamber at the expanse

of using a radiating heater – FFREhRT is developed. The designed construction is resource-effective and allows to concentrate fruit

puree by using saving non-inertial thermal regimes (50...60 °С) with processing duration 0,65...0,8 min to content 25...30 % of RM. At

the researches there was realized the probation ofthe improved RFA at concentrating offered multi-component fruit purees, based

on apple, cranberry and haw.

The high quality of obtained multi-component fruit pasts was confirmed as a result ofstudying their structural-mechanical
and color characteristics. Structural-mechanical parameters of studied fruit purees allowed to determine the influence ofeach com-

ponent ofthe composition on the dispersed stability ofan obtained structure of puree. It was established that the best disperse stable

structure is inherent to the composition with percent content of apples, cranberries and haws as 60÷30÷10 with the mean radius of

microcapillaries r 1,51= nm.

As a result ofconcentrating fruit purees, there were determined their color characteristics by CIELab system. And the com-
parisons of the studied sample before and after concentration indicate their unessential change. Thus, for the recipe composition

with best organoleptic indices: apple, cranberry, haw in ratio 60÷30÷10, the brightness index for puree is: Т=37,8 %, and for the

concentrated past – Т=36,4 % respectively. All obtained compositions are characterized by the red-orange color that totally confirms

preservation oftheir physical-chemical characteristics at thermal processing.

The improved RFA construction may be implemented at enterprises of tinned production for processing and getting

high-quality fruit pasts for providing needs offood industry of the country.

Keywords: rotated film apparatus, fruit puree and pasts, structural-mechanical properties, color.
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1. Introduction

Everyday growth of the demand for natural food products conditions the necessity in im-

plementing innovative solutions for their production [l]. It especially concerns the equipment and
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processing methods of natural fruit raw materials, because the existent technical equipment in

most cases is characterized by certain defects, among which: metal-consumption, difficulties for

maintenance, automation and other designing shortcomings [2]. And for providing artificial enrich-

ment of multi-component mass with fruit raw materials with the essential content of biologically
active substances (BAS) and acquiring treating-prophylactic properties by them, it is necessary to

improve methods of its processing [3]. Just that is why, there is offered one of innovative solutions

of existent constructive-technological tasks of tinned food industry ofUkraine.

The aim ofthe work is to conduct the probation study of the improved rotated film appara-

tus (RFA) at producing high-quality multi-component fruit pasts with offering the recipe ratio at

mixing fruit raw materials that provides the artificial increase of BAS content and treating-pro-

phylactic properties. And also the methods of determining the change of structural-mechanical

features of obtained products depending on a mass share of each component and confirming
conservation of quality characteristics of obtained products at the expanse of using methods of

analyzing their color.

The offered innovative solutions allow to raise technical parameters of the equipment for

concentrating natural raw materials using a suitable temperature regime and widening the assort-

ment ofhigh-quality multi-component fruit semi-products.

2. Materials and Methods

Experimental studies were conducted in the laboratories ofKharkiv state university of food

and trade (Ukraine).

2.1. Experimental device of the rotated film apparatus
The studies of concentrating multi-component fruit puree were realized on the improved

RFA that differs from a prototype by using a flexible film resisting electric heater of the radiating
type (FFREhRT) [4]. The general look of the experimental device is presented on Fig. 1.

The construction of the improved scheme of the experimental device RFA (Fig. 2) consists

of the following elements: turning of the rotor drive is realized by electric motor 1 using wedge-
pass transmission 2. The number of rotor turns is determined by tachometer 3. The product from

chamber 4 is transmitted in the working chamber of RFA by pinion pump 5.

The external surface of chamber with product 4 is enveloped by FFREhRT 7 ofheating the

output product. Chamber 4 contains blade mixer 8 for mixing puree-like mass. Regulation of the

heating temperature and turning the speed of the mixer is realized by measuring block 9 with the

insert electric motor and potentiometer CSP -2. Regulation ofproduct consumption is provided by
bypass line with valves 10.
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Consumption of the final product and condensate is measured by flow meter 11. Secondary
steam is condensed in tube condenser 12. Vacuum in the apparatus is created by the vacuum-pump

and controlled by vacuum-meter 13.

The temperature of the apparatus wall, product in chamber 4, and temperature of the

product on input and output of the working chamber are measured using chromel-copel thermo-

couples 14, combined with the potentiometer CSP-2, fixed in measuring block 9.

The working surface of RFA is heated by FFREhRT, which external surface is enveloped

by isolating material. The upper part of the apparatus body is spread and the separation space

for the secondary thermocouple is created. The rotor with film-creating elements (blades) turns

along the apparatus. The distribution ring that distributes the product that comes to the appa-

ratus is fixed on the rotor shaft. The upper part of the cylinder contains a connecting pipe for

conducting a product to the apparatus. The branch pipe for unloading a ready product is placed
below the model [4].

For producing high-quality fruit semi-products taking into account their thermo-labile

properties, there is offered to use the suitable temperature regime (50...60 °С) with the process-

ing duration as 0,65...0,8 min for the content 25...30 % of RM. The offered perpetual apparatus is

characterized by the low metal-consumption, transient thermal processing of a product and easy

regulation. Just this fact provides maximal storage of food value ofnatural fruit raw materials.

2.2. Materials, methods of studying compositions of multi-component fruit semi-products
At studying multi-component fruit semi-products, the main raw materials were chosen as

apples (Antonyvka variety), cranberry (Hoves) and haw (Krymsky variety) (Fig. 3) with treat-

ing-prophylactic properties and also puree pasts on their base. Apples with the high content of a

pectin substance that provides interaction with other components were used as the main share of

multi-component semi-products. Wild cranberries have treating properties. Cranberries contain

such important microelements as phosphorus, potassium, calcium, magnesium, iron, cobalt and

iodine [s]. Berries contain vitamins C and P, and also Bland B 2 [s]. They also contain much ursolic

acid, which structure and genetics are familiar to many physiologically important hormones. They
are used at catarrhal and infectious diseases, hypertonic ones and so on [s].
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Fig. 2. The scheme of the experimental device for studying concentration processes that take

place in RFA: 1 – electric motor; 2 – wedge-pass transmission; 3 – tachometer; 4 – chamber for

the output; 5 – pinion pump; 6 – working chamber of RFA; 7 – flexible film resistant electric

heater ofradiating type (FFREhRT); 8 – blade mixer; 9 – measuring block C-50 with the fixed

electric motor and potentiometer CSP -2; 10 – bypass line with valves;
1 1 – capacious consumer-meter; 12 – condenser; 13 – vacuum-meter; 14 – termocouples

23



For preparing multi-component fruit semi-products, there is offered the recipe ratio of com-

ponents (apple, cranberry, haw) in compositions:
а) 60÷30÷10;

b) 65÷25÷10;

c) 55÷40÷5.

Haw fruits contain antioxidants, so they favor the blood circulation improvement, regu-

late heart muscle rates and help to clean vessels. Ursolic acid reveals cardio-stimulating action

spread vessels. That is why berries are used at angina, hypertension, arrhythmia, neurosis and

insomnia [s].

The total acidity was determined by the standard titrometric method by SS 26188-84, mass

share of dry substances – by SS 28561-90 [6, 7].

According to the offered recipe ratio of fruit components in multi-component composi-
tion, there were determined their influences on the formation of structural-mechanical properties
(strength) in obtained food masses.

As a result of the experimental studies, it was established, that multi-component fruit mass

changes previous structural-mechanical properties at the expanse of redistributing moisture by
bound forms. For determining the influence of each multicomponent mass on forming the structur-

al-mechanical properties in obtained food masses at changes of components ratio, there was used

the dispersity of the product, namely the differential function ofpores distribution by radiuses f(r),
characterized by the meanradius of the porous structure of the product r [B].

maxr

r rf r dr,= ∫ (1)(2)wasusedfordescribingsorption-desorptionisotherms [B]:
r min

where rmin– minimal radius of microcapillaries; r
max

– maximal radius of microcapillaries.
Tensometric method of Van-Bammelen was used for building sorption isotherms. Equation

(2) was used for describing sorption-desorption isotherms [B]:

a In(r) b
u u exp ,

r

+~ ~
= -~ ~~ ~ (2)0

293 293

where u – relative humidity of the sample, rel.; uo– hygroscopic humidity at sorption, rel., un.;

r – current radius of capillaries, nm; α293; b 293– stable, found regarding the look of experimental
sorption-absorption isotherms at Т=293 K.

The distinctive feature of this methodology is the fact that constants а and b, included in

equation (2), at the same time are included in analytic expression (3) that describes DFS.

b a a ln(r) a ln(r) b
f(r) exp,

rr

- + +~ ~
= -~ ~~ ~ . (3)

293 293 293 293 293

2

It essentially facilitates DFS determination for combined masses and food products in

whole. The use of equation (3) at the correspondent choice of values of the parameters а, b, W 0
allows to find values of balanced humidities of sorption-desorption curves in the whole diapason
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of the relative humidity ofair up to its hygroscopic value. For raising the exactness of the obtained

values а, b, Woit is necessary to sort out values (φ) and to average determined values ofparameters
of curve (1) [B].

The passage from the relative humidity of air (φ) to radiuses of microcapillaries (r) is real-

ized by formula (4):

r

2 V

1

σ
=

experimentalpointsofsorption-absorptionisothermsandtoassessthedispersityofexperimental
RTInφ

(4)

where σ – surface tension ofwater; V – molar volume of water steam; R – gas constant.

Such approach allows to determine the parameters а and b (and Woif necessary) easily by
experimental points of sorption-absorption isotherms and to assess the dispersity of experimental

samples by formulas (3), (5):

(T r T r )RT In

Q ,(TT)r φ
- φ

=

-

22 11 1

2 1 1

(5)

1
– maximal radius ofmicrocapillaries, filled at the expanse of sorption ofwater steam at the

relative humidity of air φ and temperature Т 1=293 K, found by Tompson formula [B].
The obtained experimental data ofbalanced humidity for recipe compositions, presented in

Table 1, allow to construct DFS isotherms.

where r

As a result of the analysis ofobtained experimental data ofmulticomponent fruit masses and

their mathematical processing according to the methodology, presented in work [B], there were cal-
culated the results ofaverage radiuses ofmicrocapillaries of muticomponent natural compositions.

Color-creating parameters were determined by MCO method (International system of co-

ordinates CIELab by the parameters L, a, b) [9]. The studies of diffuse reflection of samples were

realized on the spectrophotometer SF-2000 (producer «SDB Spectrum», Russia) in the diapason
380…700 nm with the step in 10 nm and number of accumulation cycles – 20. After that, color

characteristics of the studied samples in CIELab system were determined using inset SFScan soft-

ware [lo].
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Experimental values of initial humidity of fruit compositions and calculating values of isotherm and DFS

parameters
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Constant isotherms
Composition samples

Control (apple puree)
а b c

W0 0,35 0,34 10,2 0,65

W0,2 0,08 0,06 0,08 0,12

W0,4 0,12 0,10 0,15 0,14

W0,6 0,18 0,12 0,11 0,15

W0,9 0,30 0,28 0,18 0,35

а
313

0,40 0,46 0,06 1,4

в313 1,17 1,48 0,5 1,8

Θ
0,5

2,82 2,8 6,3 1,05

Θ
0,7

1,78 1,83 4,5 –

Θ
0,9

1,52 0,7 1,7 0,10

∑Θ 6,2 5,6 12,6 1,16



3. Results

At determining changes structural-mechanical properties of multicomponent fruit masses,

apple puree was used as a control. As a result of the studies as to pores distribution by radius (DFS)
for offered recipe compositions, it was established, that the higher dispersity of samples, the more

number of microcapillaries with less radius of pores. Just this fact results in forming the large
contact surface between components ofcompositions and provides creation of combined products.

As a result of analyzing DFS, there was compared the influence of the mass share of cran-
berries on the dispersity of the obtained compositions of multicomponent fruit purees taking
into account preliminary calculated values of mean radiuses of capillaries: а– r 1,51 = mn, b –
r 1,69 = nm, c– r 1,7 = nm. It may be stated, that at increasing the cranberry content from 25 to

30 % (compositions b and а) there is observed the increase of the dispersity of the studied puree.

At the experiment there were obtained and compared color-creating parameters in the in-

ternational system of coordinates by CIELab system, brightness and color in the experimental
multicomponent fruitcompositions (puree, pasts). The obtained results were compared in Table 2.

The analysis of the data of experimental samples ofmulticomponent fruit compositions (pu-
rees, pasts), presented in Table 2, confirms the minimal change of their physical-chemical proper-

ties, because at using the appropriate temperature regime the brightness of samples is saved by the

inherent red-orange color. Taking it into account, it is possible to state the maximal conservation

of BAS and treating-prophylactic properties in the final product – multicomponent pasts. It became

possible at the expanse of using the improved RFA.

4. Conclusions

There was developed the construction of the rotor film apparatus with the innovative

solution as to the system of heating its working chamber at the expanse of using the radiating
heater – FFREhRT. It provides getting multicomponent fruit pasts of the high quality. Such

construction is resource-effective and allows to concentrate fruit purees using saving non-iner-
tial heat regimes (50...60 °С) with processing duration 0,65...0,8 min for content 25...30 % RM.

The studies probated the improved RFA at concentrating the offered multicomponent composi-
tions of fruit purees, based on apples (Antonyvka variety), cranberries (Hoves variety) and haws

(Krymsky variety).
The high quality of obtained multi-component fruit pasts was confirmed as a result of

studying their structural-mechanical and color characteristics. Structural-mechanical parameters
of studied fruit purees allowed to determine the influence ofeach component ofthe composition on

the dispersed stability of the obtained structure of puree. It was established, that the best disperse
stable structure is inherent to the composition with percent content ofapples, cranberries and haws

as 60÷30÷10 with the mean radius of microcapillaries r 1, 51= nm.

As a result of concentrating fruit purees, there were determined their color characteristics

by CIELab system. The comparison of the studied samples before and after concentrating indicates

their unessential change. Thus, for the recipe composition with best organoleptic parameters: apple,
cranberry, haw in ratio 60÷30÷10, the brightness parameter for puree is: Т=37,8 %,and for concen-
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Comparison of color-creating parameters of experimental multicomponent fruit compositions by CIELab

system
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Samples ofcompo-

sitions ratio

Puree Past
Visual color of

fruit compositionL a b
Brightness,

Т, %
L a b

Bright-
ness, Т, %

а (60÷30÷10) 18 26 24 37,8 15 23 21 36,4 Red-orange

b (65÷25÷10) 17 27 19 36,2 15 22 18 35,7 Red-orange

c (55÷40÷5) 16 25 22 35,2 14 21 19 34,5 Red-orange



trated past – Т=36,4 % respectively. All obtained compositions are characterized by the red-orange
color that totally confirms saving their physical-chemical properties at thermal processing.

The further development of the studies is planned to be directed on elaborating waste-free

production of fruit pats and dried powders on its base. The improvement of the correspondent
equipment for preliminary thermal processing of vegetable raw materials is aimed at decreasing
resource consumption.

The improved construction of RFA may be implemented at enterprises of tinned food pro-
duction for processing and obtaining high-quality fruit pasts. Fruit pasts may be recommended in

food rations as an independent product and also for producing non-alcoholic and vodka drinks,

confectionary and bakery products and other needs of food industry of the country.
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Abstract

In the process of repair or restoration of building structures, it is often necessary to strengthen building structures from

limestone-shell rock, concrete, reinforced concrete, hard materials-granite, basalt, etc. by cutting or making cuts ofthe required size

with detachable circles of synthetic diamond and cubic boron nitride (CA and CBN).
The cutting process is accompanied by considerable dust formation, which can be both harmful and dangerous factor

in the work.

The aim of the work is studying the process of dust sedimentation and the regularity of the change in dust concentration

during the abrasive cutting ofconcrete and stone materials.

Mathematical models have been developed – dust emission from under the wheel, speed of sedimentation of dust particles

depending on their material, size and shape, and also depending on temperature, pressure and humidity, the concentration ofdust in

the working space and the concentration change during the cutting cycle are calculated.

It is shown that the velocity of the sedimentation of particles depends significantly on the shape. The higher the sphericity,
the higher the sedimentation rate. The ambient temperature has little effect on the sedimentation rate, in the temperature range

(–2o→+4o °C) at which the operation takes place.

The sedimentation rate ofdust particles generated by cutting the most common building stone materials also differs slightly.
Almost the same sedimentation rate has dust particles obtained by cutting basalt and concrete. A bit higher is the sedimentation rate

ofparticles from granite.
The sedimentation rate ofparticles of generated dust is about 600–700 cm/h or 10–11 cm/min for particles measuring 6 μm.

This means that at a production height of about 2 m (200 cm) during the operating cycle (about 3 min), the dust will remain at an

altitude of about 1.5 m, i. е. practically remains in the working area. This gives grounds to assert about a high concentration of dust

during the cutting cycle (about 4.8 108/m3).

Keywords: cutting ofstone structures, dust formation, dust sedimentation, dust concentration, sedimentation rate, sedimen-

tation time.

DOI: 10.21303/2461-4262.2018.00584 © Ala Bezpalova, Vladimir Lebedev, Yuri Morozov

1. Introduction

In work [l] the mechanism of dust generation during abrasive cutting of stone structures

was shown. A minute concentration of dust in the working space was shown. However, the con-

centration of dust is not exhausted by this, so let’s consider this issue in more detail. In the process
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of repair and restoration of buildings, it is often necessary to strengthen structures that have great
destruction. In this case, auxiliary structures are introduced into the walls, foundations and floors,
for which they have to cut openings and nests, where reinforcing elements are built.

Such works are often performed in limestone-shell, concrete, granite, basalt by cutting or

making cuts to the required size with detachable circles of synthetic diamond and cubic boron

nitride (CA and CBN). Cutting of solid building materials is carried out by disk diamond circles

and circles from CBN rotation speed, which, and, consequently, the cutting speed is 35–50 m/s. In

view of the high intensity of the cutting process and intensive micro-striking, the cutting process

is accompanied by considerable dust formation, as indicated in [l]. The dust concentration in the

working space can’t be characterized by only a minute concentration. The cutting process is long,
at least a few minutes. If divide the dust into minute portions, it is obvious that after the firstportion
has arrived, it is partially in the air for some time. When it is in the air, a second portion of dust

enters the working space, followed by a third, and so on. Thus, the longer the dust sedimentation

time, the higher its concentration in the working space.

The time of dust sedimentation depends on many factors – the height at which the cutting
takes place (when cutting through the window openings this height can be about three meters),
the size of the dust particles, the shape of the dust particles, the state of the environment, the dust

particles.
It should be noted that when cutting metal objects, the separation of chips and dust occurs

as a result ofplastic shear deformation. In this case, the shape of the shavings – a speck of dust – is

close to the shape of a “comma”, which can be taken into account in practical calculations. Howev-
er, when cutting a brittle material from which stone building structures are made, the formation ofa

dusty mote occurs as a result ofbrittle fracture, in which the shape ofthe dust particles is arbitrary,
which naturally affects the sedimentation rate (sedimentation) of the dust particle.

Building structures can consist of dissimilar materials – different density and hardness.

Dusts of different chemical composition, even with the same size and shape, will have different

rates of sedimentation, and, consequently, will be deposited at different times.

It is not difficult to see that when cutting, dust from under the circle literally flies out along
the tangent to the circle. The direction can be arbitrary depending on the position in which work is

performed, including upwards, that will add the height ofthe dust ejection.
In addition, it is necessary to take into account the state of the environment – temperature

and humidity, which will affect the density of this environment and the Archimedean forces that

act on the dust particle.
All these factors should be taken into account, both in theoretical calculations and in exper-

iments, ifthe latter are to be performed.
It is more reasonable to have mathematical models of dust ejection, sedimentation rate and

sedimentation time to determine all these dependencies, depending on the above factors.

The existence of such models can make it possible to conduct a computational experiment,
establish the necessary dependencies, determine the concentration of dust during working hours,
which in turn will provide material for improving and, if necessary, developing new means of indi-

vidual and collective protection of workers.

2. Analysis of literary data and the formulation of the problem
At present, there are theoretical models of dust sedimentation.

So work [s] has mathematical models of dust sedimentation, which take into account the

various forces that act on the dust particle during its waking in the air. However, the calculations

refer to dust emitted from chimneys of considerable height 40 to 50 m. Thus, it is rather a matterof

soot particles. The shape of the particles is not taken into account, it is known that the basic shape
of the particles is flaky. The mineral composition of dust and the dependence of the speed of sedi-
mentation on this composition are not considered.

In work [6] there are mathematical models of dust sedimentation in production shops of

construction enterprises, however without sources of dust generation. The height with which the

dust precipitates is not specifically indicated, however, the authors consider the shape of the dust
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grains, although the main calculations are made for spherical dust particles. One type ofmaterial is

considered – mineral wool. Pathogenic properties ofthis type of dust are very high, however, dust

of other mineral composition is not considered.

In work [2] there are models of dust sedimentation in ventilation ducts. The authors tried to

take into account all types of forces that act on the speck of dust while it is in the air. Mathematical

models basically take into account the spherical shape of the particles. The mineral composition of

the dust is also not considered.

In work [3], the sedimentation velocities of particles from various materials – minerals,
biomaterials, biomineral in water – are considered. The mathematical apparatus takes into account

all the forces acting on the particle, but the environment in which the sedimentation occurs differs

from the air environment, although the main regularities remain.

The paper [9] deals with the sedimentation of mineral dust from the atmosphere in Japan.
Satellite observations with remote sensing are used. The work has an ecological aspect. Depen-
dences of dust sedimentation on time and space factors are investigated. The work uses satellite ob-
servations, and it can be considered as experimental. There are also training aids, for example, [B]
which outlines the main provisions of theoretical calculations of the movement of dust or aerosols.

Indeed, all mathematical models combine the fact that in all we take into account gravity,
the Archimedes’ force and the viscous drag force of the medium, written as a rule in a differential

form. However, the considered models do not consider the dust generated during abrasive cutting
of stone structures consisting of a large number of minerals. In addition, the effects of the shape of

particles and the state of the environment are almost not considered. Naturally, the issues of dust

emission from under the cut circle, the concentration of dust in the working area and the issues of

the cutting cycle duration are not considered.

Bearing in mind the considered materials in the introduction and in the review of the litera-

ture, the aim and objectives ofthis paper can be formulated as follows.

3. The aim and objectives of research

The aim ofresearch is performing an analytical study of the change in the concentration of

dust formed during the abrasive cutting of stone structures, depending on the rate of its sedimen-

tation, which is a function ofthe size and shape of the dust, the material being cut, the temperature
and the humidity of the environment.

To do this, it is necessary to solve the following tasks:

1. Develop a mathematical model of dust release from under the circle, and determine the

distance to which it is ejected, depending on the rotation speed of the cutting circle.

2. Develop a mathematical model that adequately reflects the speed of sedimentation of dust

particles depending on their material, the size and shape of these particles, and also depending on

the state of the environment – temperature, pressure and humidity.
3. Using the obtained materials, as well as data from previous works published by the au-

thors, which consider the intensity and productivity of dust generation during abrasive cutting of

stone structures, calculate the dust concentration in the working space during the cutting cycle.

4. Mathematical model of the dust release from under the circle. The general equation of

motion

In practical problems, as a rule, not individual particles are considered, but a cloud of parti-
cles of a dispersed phase, which includes hundreds and millions of individual particles. However,
in the case of their low concentration, the motion of each particle does not depend on neighboring
particles. And then, knowing the trajectory and velocities of individual particles, it is possible to

calculate the behavior of the entire disperse system. The condition for the applicability of this ap-

proach is the low value of the volume concentration of particles.
The general vector equation of motion of a particle has the form [2, 3,9, 10]

d
m ,

dt
=

v

F
p

Original Research Article:

full paper

Engineering

(2018), «EUREKA: Physics and Engineering»
Number 2

30



dR
p

dt
= v (1)-pVpgactontheparticle(bothresting andmoving),whicharewrittenasthesumoftheforces

where m is the mass ofa particle; Rpis the radius vector of the particle coordinate; F is the vector

of forces acting on the particle.
Forces acting on a particle (a speck of dust):
In the gravitational field, the gravitational force F

g=ρpVpg and the Archimedes force FA=
=−ρVpg act on the particle (both resting and moving), which are written as the sum ofthe forces

p

B pp ()V,=r-rF g

is the volume ofa particle; gis the acceleration vector ofgravity; ρp, ρ – the density of the

particle material and the density of the dispersion medium, respectively.
Force ofviscous resistance of medium

where V
P

Sr
= -F uuC m

S D RR
2

,

where S is the area of the median section of the body (the maximum cross-sectional area of the

body in the plane perpendicular to the direction of its motion); uß=v−u is the velocity vector of the

relative motion of the body and the carrier medium; the vectors v, u are the velocities of the particle
and the carrier medium, respectively; CD– empirical coefficient of resistance depending on the

Reynolds number

m

R pd
Re ,

r
=

µ

u

μ – coefficient of the dynamic viscosity of the dispersion medium, ifexpressed through the coeffi-

cient of kinematic viscosity v=μ/ρ, then the Reynolds number will take the form

R p
d

Re ;
v

=

u

dpis the particle diameter. Dependences of the CDvalues on the Reynolds number are presented in

Table 1 [9, 10]

When the particle is unsteady ( p
d dt 0≠u ), an additional resistance force acts on it, due

to the need to report acceleration to the motion of the mass of the carrier medium displaced by
the particle

2 dt
= - r

v

F (2)
1 d

V
R .

p
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Table 1

Dependences ofC D values on the Reynolds number

Reynolds number, Re CD

Re 0.1< 24 Re

0.1 Re 2< <
24 3 9

C [1 Re Re ln(2 Re)]
Re 16 160

= + +
D

2



This force, called the force of the attached masses, is directed opposite to the particle accel-

eration vector.

When the particle moves in a shear flow (with a non-uniform velocity profile of the carrier

medium), the Saffman force (lift) acts on it, directed perpendicular to the particle motion vector.

At low Reynolds numbers and in the absence ofrotational motion of the particle, the Saffman force

is given by Eq.

~ ~
= rµ ~ ~~ ~

u u
F u (3)

d d
C d sgn In thecaseofparticleswithalowinertia, thevelocityofthe dispersedphaseisdeterminedSS p R

dy dy

where SC 1.615,=ddyuis the transverse velocity gradient.
Substituting all the forces that are significant for the problem under consideration in equa-

tion (1), it is possible to obtain the differential equation of motion of the particle for each partic-
ular problem.

In the case ofparticles with a low inertia, the velocity of the dispersed phase is determined

from the dynamic balance of forces acting on the particles. Thus, it is not necessary to solve the

complete differential equations ofmotion, but it is sufficient to consider the equation of the dynam-
ic balance of forces.

Let’s start from the following assumptions:
– the motion of the particle is determined by the force of Archimedes FAand the force of

resistance FS;
– the particle velocity vector v at the initial instant of time is parallel to the acceleration

vector caused by the Archimedes force FA;
– there is no interaction between the particles;

Taking into account the above assumptions, the equation of motion of a single particle can

be represented in the following form:

Sd
m C ( )V .

dt 2

r
= - + r - r

v
v v g (4)m

D pp

Let’s build the trajectories of dust particles on the basis of the Runge-Kutta integration of the

equations of motion (1), which for the two-dimensional case, taking into account that the velocity
of the medium is zero, will be written as follows

( )dv S
C vv V

r-r r
=- - di m

D

p
gi p i i 2 ,

dt 2m m
p p

2 2

i 1 2
v v v

,

= +

dx (t)i
v (t),= (5)

dt
i

where ix (t) are the coordinates of the particle position; iv (t) is the velocity of the particle; d –
the symbol of Kronecker.

With the initial conditions
0 0

12 12t 0
{v (t), v (t)} {v ,

v }.
=

=

In the case ofa spherical particle, the system (1.3) will be written as

i
x (0) o,= i 1,2,=

r - r
=- - d

r

( )dv 3
C vv

i

i

p

D gi i 2 ,

dt 4d
pp

2 2

1 2
v v v= +

,

dx (t)i
v (t).= (6)

dt
i

Numerical studies of the dependence of the velocity of particles and the height on which

theyrise as a function of the geometrical parameters of the particle are shown in Fig. 1.
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The present and subsequent calculations are carried out for conditions: atmospheric pressure

100 kPa, air humidity 60–80 %. Under these conditions, work is usually done and fluctuations in

air density are insignificant.

From Fig. 1 it can be seen that at a certain moment of time the velocity of the particle will

drop to zero and the particle becomes to a so-called suspended state.

Velocity and sedimentation time ofparticles.
The basic condition necessary for finding a particle in the suspended state, and, consequent-

ly, determining the sedimentation ofparticles is the condition for the dynamic balance of forces (2),
which in the case of gravitational sedimentation ofparticles, ie, in the stationary mode (dv/dt=o),
can be represented as follows

S
C v v V g 0,

2m m

r-r r
- + = (7)pm

D ss p

where
s

v - the rate of steady-state sedimentation of the particle (sedimentation rate).

Using the solution of equation (5), it is possible to determine such characteristics as the sed-

imentation time t
s

and the sedimentation length l
s

as follows:

v

t
s

r
=

s

g
,

r - r
p

s ss
l vt. = (8)
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Fig. 1.Dependence ofpartide velocity and lift height as a function of time and partide diameter

dp.The partide velocity isa dash-dot line; the height of the emission of partides is a dashed line.
The material is basalt, a -

dp =0.5pm, b -d =1pm,c-dp=2pm,d—dp=4pm
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The sedimentation rate can be considered as a scale characteristic characterizing the veloc-

ity of the particle in a resisting medium.

Influence of the particle shape on the sedimentation rate.

The shape of the particles of the dispersed phase can differ from the spherical phase (snow-
flakes, polyhedra, ellipsoids, plates, fibers, etc.), Fig. 2.

Since the methods of dispersion analysis do not, in their majority, allow fully characterize

each particle of a disperse system in three dimensions, let’s use an approximation, in other words,
the replacement of particles of real material by equivalent particles of regular geometric shape.
When analyzing a particle under a microscope, its planar projection is visualized, in which case

the particle can be characterized by a number of different dimensional parameters. It is important
to understand that each method of determining the size is based on measuring the various physical
characteristics of particles (maximum length, minimum length, volume, surface area etc.), and as

a result, the sizes obtained by different methods will differ. Fig. 3 shows the various options for

answering the question what is the particle size. At the same time there are no erroneous results –
each answer is subjectively correct – it reflects a physically measured characteristic.

When calculating the motion of non-spherical particles in the corresponding equations in-

stead of
p

d ped is substituted. It should be noted that in the case of flow past particles whose shape
differsfrom spherical, this approach gives only an estimated result. For clarification, it is necessary

to carry out experiments with a spherical and predetermined particle (for example, gravitational
sedimentation in a viscous liquid) and introduce a correction factor (geometric coefficient).

For non-spherical particles, a formula for DC was proposed in [lo] for, taking into account

the sphericity factor
p

Φ

10(1 )24 3 9
C [1 Re Re ln(2Re) Re ],

Re 16 160

- Φ
= ++ +

Φ
D

p2 0.35

p

Re 2,< (9)

where 2 3 1
p p p

(6V )S;-Φ=pp V
p

− the equivalent volume of a particle.
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Fig. 2. Forms ofdispersed phase particles
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For particles of complex shape, the difficulties that arise when the dynamic and geometric

parameters of the particles are compared can be overcome by replacing real particles with ellip-
soids close in shape.

Let’s consider a particle in the form of an elongated ellipsoid:

2 2 2 2 2 2
: x a y b z b 1,W + + = a b,>

2

p
V 4ab3, = p

p
S 2b (1 e arcsin(e)),-= p + l2 1

a b 1,l = >

mentalconditions.Ifconsiderarotation0 in the (x, y) plane, it is an ellipse in the projection. For
= - (10)1 2 2

ea a b
whereE(e)isacompleteellipticintegralofthesecondkind.

where V
p

is the volume of the particle, and S
p

is the surface area of the particle.
Then, the sphericity factor Φ

p

is written as follows:

232212 21

p p( ) 2 (1 ( 1) arcsin 1).---Φ=Φl=l+ll- - l (11)

The projected area A will depend on the orientation of the main axis of the ellipsoid relative

to the vertical. The orientation will depend on the initial conditions, particle inertia and environ-

mental conditions. Ifconsider a rotation θ in the (x, y) plane, it is an ellipse in the projection. For

randomly oriented particles, the projected area A
p

is replaced by a spherically averaged value

p

1
p p~ ~~~

~ ~~~= p θθθ =

~ ~~~~ ~~~
∫ ∫ (12)

-

2 2

ˆ

A 4 ba ()d 4 d 2baE(e),
p proj

0 0

where E(e) is a complete elliptic integral of the second kind.

Finally, let’s obtain an expression for the equivalent diameter dpeas a function of λ

2

12 212

d2 12
d d( ) 2(S ) 2b(l arcsin 1 ) b ().

( 1)

-l
= l = p = + - l =Ψ l

l -pe pe p
(13)

Substituting the obtained expressions into the equation of the balance of forces (7),
let’s obtain

2( )d V g ( ) d
v

r - r r - r p

= =

µµ Ψ ls

p pp p p

,

12 S 18 ( )E(e)
m d

Re
,

< (14)1

~
r l ~ r l~ r 1~~~~~ ~++ +~~~~~~~~

µ µ µ~~~~~~~ ~~~

~-Φ l r l r-r lp~~
~+ = ~ ~Φ l µ µΨl ~ ~~ ~ IRe2.< < (15)

2

v d () v d () 2 v d ()3 9
1 ln

16 160

sps p s p

0.35 2
10(1 ( )) vd ( ) ( ) d ( ) g

v
p s p pp

,s

p d( ) 18 E(e) ( )

Equation (15) is nonlinear with respect to v and must be solved numerically.
In Fig. 4 is shown the dependence of the particle sedimentation rate (cm/h) on its geometric

parameters and temperature at atmospheric pressure for the case Re 1.<

In Fig. 5 is shown the dependence of the sedimentation rate as a function of the material and

the geometric parameters of the particle at atmospheric pressure for the Re 1< case.
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Fig. 4. Dependence of the sedimentation rate (cm/h) on the geometric parameters of the particle
and the ambient temperature. At λ=l (spherical particle), diameters dp=0.4...6 μm, when taken,

λ=3.5.7, the value of b was chosen so that d -d (X)-0.4..6 pm. Cut material- basalt, a - T-20 °C,
b-T=40“£c-T=-20°C

Fig. 5. Dependence of sedimentation rate (cm/h) on the type of material being cut and the

geometrical parameters of the particle: a - concrete ( pp=2200kg/m3),
b - granite

(pp=3000 kg/m 3),c - Steel40X (carbon 0.4%, chromium 1 %, pp=7850 kg/m 3)
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Model for determining the concentration ofparticles
The concentration of dispersed particles is also one of the most important characteristics on

which the behavior of the disperse system depends on various physicochemical processes. There

are countable C n, volumetric Cv and mass Cm concentration ofparticles:
C

n

is the number of particles per unit volume of a two-phase medium;

Cmis the total mass ofparticles per unit volume of a two-phase medium;

CVis the total volume of particles per unit volume of a two-phase medium.

The relationships between Cn, Cm, CV for polydisperse systems (consisting of parti-
cles of different sizes) are presented in (Table 2) [B]. For such systems, the dispersed compo-
sition is characterized by a differential function of the countable particle size distribution

2
f(D) (a D) exp( b ln( D) ).= ⋅ - β

Let’s consider the countable concentration of dust
n

C C(y, t)≡ for the calculation ofwhich,

using gravitational sedimentation, we use the following differential equation, which is a two-di-
mensional transport

60

equation

C (y, t) C (y, t)
u Q (t) (y y),

t y

∂ ∂
-= d -

∂ ∂
ii

i is,i

i t0
C (y, t) 0,

=

=

y y

C (y, t) 0,
=

= (16)i
i

where Ci(y, t)us,i, respectively, the concentration and velocity of the i-th fraction of the dust;

60

= η-∑ − intensity of dusting; η (t−τ) is the Heaviside function;Q (t) Q (t j)i

j 1=

δ(y−yi) is the Dirac

delta function by which the height of the i-th fraction of dust is taken into account.

In order to avoid the application of the Laplace transform and difficulties with its treatment,

we proceed as follows. Let’s divide the time interval T into M-intervals of length h=TM-land in

formula (16) replace the derivative with respect to time by the difference relation:

-ζ -ζ ∂ζ
=

∂ j (y) (y,jh),ζ = ζ j 1,2,...=
1j j

t h
,

As a result,

C (y) 1 1 1
C (y) Q (y y ) C (y),

yuh u u h
-

∂
i, j

- = d --

i, j i, j i j 1

s,i s,i s,i
∂

j 1..N,=

Table 2

Relationships between concentrations forpolydisperse media [8]
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C (y) 0, C (y) 0.= = (17)i,O i, j
y y=

i

Suppose j 1
C,(y) = Q u [il(y-y i )-l/2]e41,

= the equation takes the form

∂C (y) 1 1
C (y) Q (y y),

yu h u

i,l
-= d -

i,l i,l i

s,i s,i
∂

j 1..N.= (18)

With allowance for the initial conditions, the solution of equation (18) has the form

Thetemperaturestateoftheenvironmenthaslittleeffectonthesedimentationrate,inanycaseiny y

hu

i

=η - -i
C (y) Q [ (y y ) 1

1 2]e s ,i
⋅

here.In addition,thechipsformedasaresult ofplasticdeformationarelikelytohaveamorei,l

substituting it in (17) and continuing the iterative process, let’s obtain the values of the concentra-

tion of the i-th dust fraction over time.

At each model time Δt=l s. 4.6∙105−2.8∙106 particles of different diameters arrive in the

work zone [l]. Using (15), it is found that the minute concentration of dust during the cutting of

a stone (in the dimensions of the working zone 0.5∙0.5∙0.5 m=0.125 m 3) is in the range 0.28∙108–

1.68∙108 pcs/m3, for the cutting time of 3 m let’s obtain a concentration of 0.84∙108–4.8∙108 pcs/m3
Taking into account smaller particles, this concentration will be somewhat

higher.

The range of sizes of dust particles is 0.35−6 μm.

6. Discussion of the results of the analytical study
The results of the calculations show that the sedimentation velocity of particles depends

significantly on the shape. The higher the sphericity, the higher the rate of sedimentation. Obvi-
ously, irregularly shaped particles experience greater medium resistance and greater Archimedean

forces, which somewhat compensates for the gravity force under which the dust particle “falls”.

The temperature state of the environment has little effect on the sedimentation rate, in any case in

the accepted temperature range at which work can occur. This can be explained by a slight change
in the density of air, as a result ofwhich the force of the medium’s resistance and the Archimedean

force vary insignificantly.
The sedimentation rate of dust particles generated by cutting the most common build-

ing stone materials also differs slightly. So practically the same sedimentation rate has dust

particles obtained by cutting basalt and concrete. A bit higher is the rate of sedimentation of

particles from granite. This can be explained by the fact that the structure of these materials is

fragile, as a result of which the dust particles have a similar shape and the sedimentation rate

is affected only by the density, which differs insignificantly. As for particles of chips – dust

when cutting steel reinforcement, the influence of a higher density of steel is clearly visible

here. In addition, the chips formed as a result of plastic deformation are likely to have a more

“streamlined” shape and experience less air resistance. This circumstance, however, requires
additional study.

The sedimentation rate of particles of generated dust, taking into account the actual shape
for shearing strain (λ=s−7), is approximately 600−700 cm/h or 10−11 cm/min for particles mea-

suring 6 μm. This means that at a production height of about 2 m (200 cm) during the operating

cycle (about 3 min), the dust will remain at an altitude ofabout 1.5 m, i. е. practically remains in the

working area. This gives grounds to assert about a high concentration of dust (as indicated by the

order of4.8.108pc5/m3). It should be noted that particles of 4–6 μm in size were taken into account.

Taking into account smaller particles, this concentration will be somewhat higher.
The advantage of the analytical study can be considered that mathematical models make it

possible to evaluate the generation of dust when cutting various materials, for example, ceramic

tiles from aluminum oxides and zirconium.

It should be noted that the study does not exhaust the topic of dust generation in the abra-

sive cutting of stone materials. Further research should be directed to the investigation of air

currents arising during the rotation of the circle, the interaction of these flows with dust and with

cooling liquids.
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7. Conclusions

1. A mathematical model of dust extraction from under the circle is developed, the distance

to which it is ejected is determined, depending on the rotation speed of the cutting circle, and is on

the order of7−lo mm with a particle size of4−6 μm, with a circle rotation speed ofabout 35−50 m /s.

2. A mathematical model has been developed that adequately reflects the sedimentation ve-

locity of dust particles depending on their material, size and shape, and also depending on the state

of the environment. It is shown that the sedimentation velocity of dust particles with dimensions

of 4−6 μm is 10−11 cm/min. The more a dust particle differs from a spherical shape, the lower its

sedimentation rate. The state of the environment under the conditions under which the work is

performed has little effect on the rate of dust sedimentation. The type of cutting stone material –

basalt, granite, concrete – has little effect on the sedimentation velocity, since the densities of these

materials are quite close. Dimensions of dust particles significantly affect the sedimentation rate.

So when the size of dust particles decreases from 6 to 2 μm, i.e. 3 times, the sedimentation rate

decreases by 7 times.

3. The conducted research allows to determine the dust concentration in the working space

in the amount of 4.8∙108 pcs/m3during the working cycle of cutting, that allows in each case to for-
mulate the requirements shown to means of individual and collective protection ofworkers.
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Abstract

The complexity of the control of the road train is due to the pronounced nonlinearities, as well as the instability of the control

object during the movement in the backward motion (jackknifing). For the road trains, the location ofthe towing device behind the

tractor’s rear axle is quite typical. In this study, a synthesis of control laws for road trains with offset of coupling devices relative to

the rear axle of the tractor (off-axle hitching) is proposed. The controllers have been implemented both to ensure a stable circular

motion and for rectilinear motion with a given orientation angle, and the behavioral features ofthis model have been studied on the

basis of them.

Based on the analysis of the approaches to the synthesis of the laws governing the road train with the coupling out, it was

decided to synthesize the required control laws using the Lyapunov function method.

Synthesized controllers can be directly used to program the robotic systems ofthe respective models. It is also possible to use

them for the development ofthe Dubins machine for the investigated model. They can be used to build automatic control systems that

would help the driver to drive a car with a trailer while driving backward.

In this research, a study was made of the state ofthe solution of the problem associated with the reverse movement ofa road

train consisting of a tractor and a semitrailer with a coupling, synthesized laws made it possible to study the features of such model,

determined by its linear dimensions.

For comparison of the synthesized laws, the analysis of phase portraits of trajectories, angles of folding and control, orienta-

tion angles was carried out, and also the analysis of the quality oftransient processes with the change in the speed ofthe road train

was performed.
Keywords: road train, kinematic model, on-axle hitching, off-axis hitching, route curve, controller, non-holonomic system,

control law.

DOI: 10.21303/2461-4262.2018.00592 © Dmitry Tatievsky

1. Introduction

Road trains consisting of a tractor and passive semitrailers belong to the class ofnonlinear,

non-holonomic, structurally unstable (with reverse motion) dynamic systems. Because of this, the

task of controlling their movement is relevant both from the point of view of theory and from the

point ofview of the practical implementation of programmed motion with given constraints.

But, there is a problem of controlling such system when driving reverse (parking, entry into

a limited space (“dock”), maneuvering when going back out of the dock, etc.). Without proper con-

trol action, the links of the road train will “squeeze out” each other, which is accompanied by an

unlimited increase in the angle of folding. This phenomenon, known as jackknifing, while moving
forward the semitrailer will track the tractor’s heading angle. Therefore, autonomous cargo trans-
portation systems are, at present, the object ofnumerous research projects, among which it is pos-

sible to single out works on the synthesis ofcontrol laws for the reverse movement ofsuch systems.
The problem of controlling the movement of a road train with a semitrailer under the as-

sumption ofnon-holonomic constraints (the absence of lateral slippage of the support wheels) is of

great theoretical and practical importance. Research in this field is stimulated by numerous applied

problems.
It should be noted that work in this direction is actively conducted abroad, especially in re-

cent years. In this case, as a rule, separately considered models are “on-axle hitching” and “off-axle

hitching”, the control laws for which are synthesized by various methods.

Dmitry Tatievskyi

Original Research Article:

full paper

Engineering

(2018), «EUREKA: Physics and Engineering»
Number 2

40



For the investigated model, management and planning methods are proposed using a diverse

mathematical apparatus. Among the most frequently used methods, let’s single out the method of

feedback linearization [l, 2] and chain systems [3]. Due to the fact that such systems are differen-

tially flat, the technique proposed by the authors of [4, 5] is well applicable to them.

Methods are also used, which are exclusively due to the geometric features of the kinematics

of the “off-axle hitching” model, formulated in cascade form [6]. The apparatus ofLie algebras [7]
and fuzzy logic [B] is also applied. A cascading control strategy (VFO) is used [6]. Linear quadra-
ture controllers [9], nilpotent approximation [lo], and so on are used.

A qualitative analysis of such systems is carried out in [ll].
The main aim ofresearch is synthesis of the laws governing the wheel module of the road

train with the displacement of the coupling device relative to the tractor’s rear axle, when driving
with the reverse. This ensures the movement of the road train in the specified corridor, and is

achieved by imposing restrictions on the values of the angles of folding between the links of the

road train.

In applied works, based on the mathematical theory of control, the model of a controlled

object, called the Dubins machine [l2], is very popular. Such model is given by a nonlinear system
of third-order differential equations. Two phase variables characterize the geometric position of the

controlled object on the plane, the third variable angle of the direction of the velocity vector. The

speed is considered constant. The scalar control action, constrained by the geometric constraint,
determines the instantaneous turning radius. Obviously, in this capacity, it is possible to consider

the proposed model, and solve for it the task of achieving a given aim.

In this paper, the synthesis of the control law is based on the Lyapunov function method

[l3]. It is possible to note that the directLyapunov method has already been successfully applied
for the synthesis of a tractor control law with one semitrailer with a hitch in the “on-axle hitch-

ing” model [l4].
Maple system is used for symbolic calculation of control laws, numerical integration and

modeling. At the same time, the structureof the script in the internal language of the Maple system
has a modular structure: the synthesis of the control law in symbolic form, the recording of the

CDS, the input of data, numerical integration, the mapping of phase portraits.

2. Materials and methods

At the heart of the mathematical model of the controlled motion of the road train, the clas-

sical positions of the mechanics of the system of solids lie in the reverse (taking into account the

presence of non-holonomic constraints). The task of synthesizing programmed controlled motion

was solved on the basis of rigorous approaches to the theory of automatic control and control of

dynamical systems. The correctness of the obtained results is verified on the basis of independent
numerical simulation of the system, namely:

1. The kinematic model ofa three-link road train with non-holonomic constraints (no lateral

slippage of the wheel system) with an off-axle hitching coupling model is considered.

2. To stabilize the movement of the reverse of such system, the Lyapunov function method

is used (Lyapunov second method). The property of stability is considered from the point of view

of the definition of Lyapunov stability.
3. When implementing the method, the necessary symbolic calculations are performed in

the Maple environment.

4. Numerical simulation (integration) of the equations of controlled motion of the road train

model is also carried out in the Maple environment.

The empirical study consists in realizing the controlled motion of a large-scale physical
model, registering the angles of folding and controlling the impact, which allowed the optimal
adjustment of the regulators for both synthesized control laws.

3. Synthesis of control laws. Kinematic model of the system
The movement of a system consisting of a tractor with a passive semi-trailer, connected by

the “off-axle hitching” model, describes the single-track kinematic model quite accurately at low
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speeds. This model does not take into account the slip between the wheels and the roadway. Angu-
lar displacements in vertical planes are also nottaken into account (Fig. 1).

Here θ1 , θ2– the orientation angles of the system objects, Ll, L 2, L 3 – their linear dimensions,

φ – the steering wheel angle of the tractor unit, γ=θ2–θl – the angle of folding between the tractor

and the semitrailer. At this angle, a restriction is |γ|<π/2, the restrictions on the angle φ are deter-

mined by the technical control capabilities.
Such scheme is described by the following system of differential equations (1), obtained on

the basis of the studies [ls]:

.1
1

x v cos( ),= ⋅ θ

where v<o-thelinearspeedofthe tractor.

11y vsin( ), = ⋅ θ

.1
1

v tan( )/L, θ =⋅φ

which makesitdifficultto control and stabilize the system.

2 2 13(L cos( ) v sin())/L,θ=-⋅θ⋅g+⋅g (1)

where v<o – the linear speed of the tractor.

Compared with the system used to describe the on-axle hitching model, the latter equation
contains the angular velocity of the tractor as a factor, complicating the synthesis of the control law.

The same factor is also contained in the equation of trailer speed v 1 (2) [l6]:

.12 1
v L sin( ) vcos(),=-⋅θ⋅g+ ⋅ g (2)

which makes it difficultto control and stabilize the system.

Obviously, the first term on the right-hand side of (2) is determined by the rotational mo-

tion of the tractor (at v=o), and the second by the forward motion of the tractor (if its angular

velocity is zero).
For numerical integration and modeling, the following design parameters are used: Ll=s

m, L2=2 m, L3=4 m, Cauchy conditions of a rather general form θ1(o)=–π/10, θ2(o)=π/15 – zigzag,
desired folding angle and orientation γref=θ2ref=π/5, v=–lm/s, the time intervals varied for clarity of

phase portraits. Specifically, the change in these parameters is discussed when studying the behav-

ioral features of this model.
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4. Synthesis of a circular controller

Let’s define the tracking error e=γref–γ, where yref=const – the desired folding angle and

choose the Lyapunov function (3) that satisfies the necessary conditions (4):

2

1 1
V e/2. = (2)

V(0) o,=

V(x(t)) o,> 0x x,≠

IntheMaplesystem,calculatethe derivative for the folding angle y, substituting the neces-

V(x(t)) e e 0, t 0.⇔ ⋅ ≤ ∀ > (3)

Its derivative
jjffg-. (Li sm(g(t))cos(0)+ sin(0(cos(g)(t))L,+L, JjV

V eeFig. 2. The derivative of the folding angle
= ⋅ = ⋅ g since γrefhas a constant value.

In the Maple system, calculate the derivative for the folding angle γ, substituting the neces-
sary expressions from the system (1), taking into account therelationship

E - (gßcf g(t))k (L ’sm^(t^ + sitl (^)( cos (g)(Q) L 2+ L 3)) v

2 1,g=θ- θ Fig. 2.

e

Fig. 2. The derivative of the folding angle

The control law is obtained from the condition of its negative semidefinite, assuming its val-
ue is equal to ke, where k>o and, solving this equation withrespect to control φ, let’s obtain Fig. 3.

Fig. 3. Synthesis of the control law

Consequently, the circulation controller has the form (4):

1 3 23 arctg((L vsin() kLe)/ (L v (cos( )L ))).φ=-⋅⋅g+⋅⋅⋅⋅g+ (4)

The derivative of the Lyapunov function, however, is negative semidefinite, which ensures

the asymptotic stability of the circular motion of the system, and the synthesized controller can be

directly used for program control of the investigated system.
Based on the results of numerical simulation, the obtained phase portraits present in the

figures below (Fig. 4–6).
In this case, before the beginning of the program motion with a given folding angle, it is

possible to calculate the curvature radius of the circular trajectory by solving equation (5) [ls] with

respect to R, taking its norm (6):

2 2 2 1/2

ref 232arctan(R/L ) arccos(L /(R L )),g=p--+ (5)

2 ref 3 ref
R (L cos( ) L) /sin().=⋅g+ g (6)
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The value of R calculated in this way practically coincides with the values of the radii cal-

culated from the results of numerical integration. The values of the radii in Fig. 4 calculated from

the coordinates of the trajectory (Rc), according to the Euler formula (Reu), using the control value

(Ru). For the last three formulas, the last values in the arrays generated by the Maple tools for phase
portraits are used (Fig. 5).

Also, it is possible to calculate the asymptotic value of the control using the radius of the

circle R calculated above (trajectory of the track) ref 1arctan(L /R)φ =

portrait (Fig. 6). and display it on the phase
portrait (Fig. 6).

In this case, the control coefficient k in the control law was chosen to be 1.4, which made it

possible to optimally adjust the control value and the transient time.
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Fig. 5. Dynamics of the folding angle with reverse curvilinear motion

Fig. 4. Trajectories of circular movement
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5. Synthesis of the orientation controller

The control law for this controller (motion with a given orientation angle) is synthesized on

the basis of the previous law, selecting the tracking error e=γref(t)–γ(t) and demanding the condition

γref(t)=θ2ref–θ2, where θ2ref=const – desired orientation angle of the semitrailer.

The derivative of the Lyapunov function (2) (Fig. 7):

Fig. 7. The derivative of the folding angle

From the condition of negative semidefinite (assuming its value is equal to ke, where k> 0),
the control law follows (Fig. 8) (7):

Fig. 8. Synthesis of the control law

Fromtheconditionof negativesemidefinite(assumingitsvalueisequaltoke,wherek>0),

⋅⋅ g -
- ⋅ ⋅ g - θ +

phi arctan((L (v sin( (t))

ф,
=

JJrfJJjrL 1(Vsin(g(t)))-kL.(g(t) -theta2Ref
+

6>2(t)))

=

1

θ ⋅ g ⋅ + (7)3 2ref 2 2 3

For the synthesized orientation controller, the phase portraits presented in the figures below

are obtained (Fig. 9–12).
In this case, the value of the orientation angle computed along the path of the phase portrait

arctan( Y / X) 35.9999948305423,θ = d d =

at a specified desired angle of 360.
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Fig. 9. Trajectory of tractorand trailer movement

Fig. 10. Orientation angles of tractor and trailer

Fig. 11. Steering wheel deflection angle (control)
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The folding angle (blue) and the control (red) in this case tend to zero (Fig. 12).

6. Synthesis of the law for realizing the movement of a road train on a given route curve

As isknown, two types of tracking automatic control systems are used for driving vehicles:

a “trajectory tracking” system and a control system for “path following”.
In the first case, the trajectory specifies the desired change in state variables as a function

of time. In the second case, the desired route curve (a combination of lines and arcs of a circle of

radius R) in the workspace is set, which is not a function of time.

The laws synthesized above successfully solve the first problem. To solve the second, let’s

use the dependence (5), calculating the desired folding angle over a given radius of curvature.

When a radius value is received at the input of the Maple script, the desired folding angle
is computed and the motion along the circumference (Fig. 13) occurs according to the law synthe-
sized for the circular controller.

The curves in Fig. 13 are the values of the radii, calculated in various ways: on the coordi-

nates of the trajectory(Rc), according to the Euler formula (Reu) and taking into account the control

(Ru). For the last three formulas, the last values of the arrays generated by the Maple tools for phase
portraits were used. In this case, the value of the angle calculated from (5) is equal to γ

ref
34.40.
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Fig. 13. Movement along a curve of a given radius
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Dynamics of control when using this law is shown in Fig. 14, the asymptotic value of the

control is calculated by the formula
ref 1a tan(L / R).φ =

In this case, it should be borne in mind that in the case of R-> ∞ or 2ref0 g - > the move-

ment of the road train will tend to rectilinear.

7. Investigation of the off-axle hitching model features

Let’s use synthesized controllers to study the features of this model. Changing its geome-

try – linear dimensions, it is possible to draw the following conclusions.

A decrease in the parameter L 2 (L3=const) leads to an increase in control (Fig. 15), which

reaches its maximum in the limiting case L2=o (on-axle hitching model).

With an increase in the length of the semitrailer with a constant length of the coupling, the

amount of control decreases (Fig. 16) and vice versa.

In this case, the best stability of the movement, in the sense of the speed of the trailer, is

ensured when L2=L3, the semitrailer and tractor track a single trajectory (Fig. 17).
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Fig. 14. Dynamics of control when driving on a given route curve

Fig. 15. Increase in the amount of control when the coupling decreaes
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Trailer speeds for other values of the length of the couplings (large and smaller than 4 m)
are shown in Fig. 18.
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Fig. 16. Decrease in the amount of control as the length of the semitrailer increases

Fig. 18. Dynamics oftrailer speeds for different coupling lengths (curvilinear motion)

Fig. 17. Optimum stability of motion
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For rectilinear motion (using the orientation controller and circular) with the condition

or, changing the linear dimensions of the system has practically no effect on the amount of

control. At the same time, the speed of the semitrailer maximally tends to the tractor speed

(Fig. 19).

Thus, synthesized controllers can be useful in the development of robotic systems for their

compliance with the necessary technological requirements.

8. Conclusions

1. A review of the existing complexes of theoretical and empirical methods is performed,
the combination ofwhich makes it possible to study the object with the greatest certainty in order

to select the optimal mathematical apparatus for achieving the goal of synthesizing control laws for

the reverse motion of a road train with coupling out.

2. The synthesis of such laws using the Lyapunov function method and using the Maple sys-

tem for performing this synthesis, intermediate calculations and numerical integration ofa system
of differential equations is realized.

3. A control system has been synthesized for following a road train along a route curve de-

fined by its curvature radius.

4. The features of the off-axle hitching model, determined by the ratio of its linear dimen-
sions and the conditions for its maximum stability, are investigated.

5. A special feature of the study is that, unlike the approaches to synthesizing control laws

for the studied model, the Lyapunov function method is used, we are not aware of the work on the

synthesis of the orientation controller. The synthesized orientation controller now allows solving
the problem of achieving the target by a road trains along the optimal trajectory within a certain

reachable range without the use of switching. The efficiency of the method ofLyapunov functions

will allow it to be used in the future in the backstepping method to solve the problem of reverse

motion of road trains with an increasing number of links.

The practical value of this research is that synthesized control laws can now be applied for

the programmatic management of the robot train. Such robotic system is under implementation. To

control it, it is planned to integrate the synthesized controllers into a controller developed according
to fuzzy logic.

In addition, the subject of further research will be the development of the Dubins machine

based on synthesized control laws to ensure a stable rectilinear motion, with a given orientation

angle and curvilinear, with a given radius to solve the problem ofachieving the aim.
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Fig. 19. Dynamics oforientation controller speeds
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Abstract

The method for estimating the rate of propagation of temperature waves in the myocardium duringhypothermia and hyper-

thermia ofthe heart based on noninvasive temperature control on the heart surface in conditions ofcardiopulmonarybypass is pro-
posed. The solution of the heat conduction equation for temperaturewaves in the myocardium is presented, which allows determin-

ing at each point ofthe medium the temperature change function, as well as the amplitude and phasing velocity of the temperature

wave upon cooling and warming of the heart in conditions ofcardiopulmonarybypass. The velocity distribution for the temperature
field on the surface ofthe myocardium and in the depth of tissues during the hypothermiaand hyperthermia ofthe heart is obtained.

The thermographic images ofthe heart during controlled hypothermia and hyperthermia ofthe heartunder cardiopulmonary

bypass are obtained. The study of the conditions for spreading the temperature wave in the myocardium is performed, which allows

to improve the means of intraoperative protection ofvital organs and tools for controlling its effectiveness. The results of introduc-
tion of methods of non-invasive temperature control in cardiac surgery and the process of intraoperative cardiac protection in the

temperature range from+lO oС to +3B oС are presented.

Keywords: heart temperature, temperature waves, hypothermia, hyperthermia, cardiopulmonarybypass.
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1. Introduction

The propagation of temperature waves in the heart during the process of hypothermia and

hyperthermia is a periodic change in the temperature distribution in a homogeneous medium – the

myocardium, which is associated with periodic fluctuations in the density of the heat flows entering
the environment from the contour of cardiopulmonary bypass.

The temperature waves contain information on the properties of the myocardium (heat,

temperature, conductivity, density) and the nature of the processes and phenomena that give rise to

them (blood flow in the contour of artificialblood circulation, oscillatory processes of the tempera-

ture in the operating field, the frequency of rotation of the rollers of the cardiopulmonary bypass).
Thermal conductivity is the main mechanism of transferring heat to tissues that are not directly

exposed to heat, and the temperature is the main physical value that characterizes all thermal inter-

actions in the myocardium with hypothermia and hyperthermia under artificialblood circulation.

The temperature waves in the myocardium are characterized by some features that distin-

guish them from electromagnetic and acoustic waves in biological objects. When distributed in

biological tissues, the temperature waves are strongly suppressed with penetration, they are char-

acterized by a significant variance – the dependence of the rate of propagation on the frequency of

heat sources.

The change in the depth of penetration of the temperature wave depends on the frequency
of thermal defectoscopy depending on the frequency, which allows them to be used to detect mi-
crocavities in the tissues, disturbance of blood supply and zones of ischemia in the myocardium.

2. Analysis of literary data and problem statement

In the conditions of artificial blood flow effects of uneven distribution of temperature in

tissues of the human body appear during controlled cooling and warming of the heart and brain.

Useful and important empirical approaches are presented in several well-developed pub-
lished studies [l–3]. The patterns of heartwarming are based on the method of contrast X-ray
examination of blood vessels and a detailed experimental display of isolated hearts. In the above

studies, the heat transfer in the myocardium is also measured by various experimental methods.
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In a series of studies to obtain images that show the anisotropy of the tissues of the heart

[4–6], the technique of diffusion tensor image was used. Such method of measuring the heat trans-

fer can provide high-quality data that can be used in computer models.

Methods of study of temperature distribution [7], which are based on the empirical ap-

proach, can significantly help to verify the parameters of the models developed by the theoretical

approach. But this requires correct averaging of the data obtained by displaying isolated samples
of the heart. The most important issue of obtaining qualitative information about the coronary

flow was not so easy to solve, since open heart operations for controlling the temperature available

the only visible side of the heart. At the same time, modern devices and information technologies
provide new solutions that can be useful in studies of temperature distribution and distribution of

temperature waves in the myocardium.

3. The purpose and tasks of the study
The purpose of the work is studying the conditions for the propagation of the temperature

wave in the myocardium and development of a method for evaluating the rate of propagation of

temperature waves in the process of controlled hypothermia and hyperthermia on the basis of

non-invasive control of temperature on the surface of the heart.

To achieve this purpose, the following tasks were set:

1. To solve heat conduction equation taking into account the influence of heat sources in

the myocardium, which cause the occurrence of temperature waves.

2. To determine a temperature function in the layer of the myocardium, as well as

the amplitude and phase velocity of the temperature wave during cooling and warming of

the heart.

3. To get a dependence of the rate of distribution of the heat flow in the myocardium from

the temperature in the layer ofmyocardium in the process of hypothermia and hyperthermia.

4. Materials and methods of research

The method of evaluation the rate of propagation the temperature waves in the myocar-
dium in the process of hypothermia and hyperthermia of the heart is realized on the basis of

non-invasive control of temperature on the surface of the heart under artificial blood circulation.

For realization the method of noncontact control of temperature and digital processing of video

data thermograms in conditions of artificial blood circulation, the FLIR i 7 thermocouple with

a spectral range of 7,5–13 microns is used on the basis of non-cooling digital matrix elements

320´240 size, minimum focal length 0,6 m and temperature sensitivity <1 °С. The FLIR i 7 ther-

mograph allows to obtain a sequence of infrared heart images at a frequency of 9 Hz, presented
in the form of a sequence of frames. The obtained temperature distribution is the input data for

solving the heat equation for temperature waves. The analysis of thermograms allows to determi-
nate the function of distribution oftemperature and rate of distribution ofheat flux on the surface

of the myocardium and at the depth of tissues in the process ofhypothermia and hyperthermia of

the heart under artificial blood circulation.

5. Temperature waves in the theory of thermal conductivity
For different degrees of temperature field heterogeneity, the flow velocity vector must satis-

fy the law of conservation of the mass of heat transferred, or the equation of continuity, which has

the form [B]:

∂r
∂

div( u) 0,
~

t
+ r = (1)

where u
~ – vector of the heat flux rate, m/s, r – the density of the myocardium, kg/m3, t – the time

of distribution ofheat flow, s.

Thus, the generalized differential equation of heat conduction taking into account the con-

vection flow in the myocardium takes the form [9]:
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r + r = - -~ ~~ ~~~ ∂ ∂

~
∂r~

+r =~∂ ~

~~~

~

T T
C div u div q div q() (

p c R

t t

)

)

(div u 0.
t

,

(2)

,

where Cr– the specific heat of the myocardium, J/(kg´K), qC– the heat flux density due to heat

transfer, qR– the density of the heat flow due to heat transfer, W/m2
.

In the general one-dimensional case, the properties of the myocardium and the parameters

characterizing the heat flux can vary in the same direction in which the flow occurs – in parallel
with the axis X (Fig. 1). In addition, the heat flux can change over time. Therefore, the density of

the flow of heat q(x, t) should be regarded as a function of coordinate x and time t.

To determine the thermal interaction at the boundary of two media, it is necessary to ob-

serve the condition equality of temperature and heat flows on both sides of the boundary of the

section. The density of the heat flux q is a vector that coincides in the direction with the direction

of heat propagation and is numerically equal to the amount of heat passing for one second through
the area of the myocardium. To obtain the heat conduction equation for an infinitesimal area of

the myocardium, one can consider a section of the surface in the form of a cylinder with forming,
which is parallel to the axis X with a length dx. The amount ofheat Qintentering the cylinder due to

the area of the cross section Sin time dt, and the amount of heat Q ext coming out at the same time

through the cylinder’s base, is:

Qm. - Qext = (q(x)-q(x+dx))■S•dt=mCpdT, (3))int ext Q Q q(x) q(x dx) SdtmCdT,r-=-+⋅⋅ = (3)

where m – mass of the cylinder (areas of the myocardium), dT – temperature change in myo-

cardium.

If heat is not supplied through the lateral surface of the cylinder, then the total amount

of heat entering the time dt through the examined part of the myocardium is determined by the

formula:

Equatingbothexpressionsandmakingreductions,weobtaintheequationofheatconductiv-

q(x, t)
q(x) q(x dx) S dt S dxdt.

x

∂~ ~
- + ⋅⋅ = - ⋅⋅~ ~~ ~∂

(4))

Equating both expressions and making reductions, we obtain the equation of heat conductiv-

ity for an infinitely small part of the myocardium in the one-dimensional case:

∂ ∂
r = -

∂ ∂
C

T q(x, t)
r

t x
. (5)

A heat flux occurs only when the temperatureof the medium varies from one place to anoth-

er. The simplest is the case of an infinite homogeneous medium – the thickness of the myocardium
d. Ifon one border of the myocardium (int) temperature is maintained as Ts, but on the other (ext) –
temperature is Te, and Ts>Te, then the heat flux is proportional to the temperature DT. For infinite-
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ly thin layer and the axis X is directed towards the lowering of temperature, then d=dx, T
s
=T(x),

T
e
=T(x+dx), and the flow ofheat in the myocardium is determined by the expression:

onthephysicalpropertiesofthemyocardium. )
e s

q.

TT T

s

- ∂
= -g = -g

d ∂ ,r r
x

(6)

where DT=Ts–Te– temperature gradient in the myocardium in the direction of distribution of heat

flow, °С, gr– coefficient of thermal conductivity of the myocardium, W/(m´K), which depends only
on the physical properties of the myocardium.

The obtained formula is also valid in the case of an inhomogeneous medium with an arbi-

trary temperature distribution for all three spatial coordinates x, y, z, if consider the infinitely thin

layer of the myocardium perpendicular to the direction of the heat flow. Such layer ofmyocardium
can be considered homogeneous, and its thermal conductivity grwill be the function of all three

spatial coordinates x, y, z. In one-dimensional case, the thermal conductivity will depend only on

one spatial coordinate x: gr=g(x).
When the medium is homogeneous and the heat conductivity gr does not depend on tem-

perature, let’s obtain the solution of the heat conduction problem for an infinite small and homoge-
neous portion of the myocardium from one spatial coordinate:

2∂ ∂
r = -

∂ ∂
C

T T

r
t x

2
and

2∂ ∂
= -a

∂ ∂

TT
,

t x
2 (7)

where a=gr/rCr– temperature conductivity of the medium (myocardium).
If the sources of heat present in the myocardium, which is characteristic for the process of

starting the heart, then the equation of heat conductivity for a homogeneous site has the form:

2∂ ∂
r = - +

∂ ∂

T T
C q (x),r

t x
j2 (8)

where qj – the amount ofheat released by sources in the volume of the myocardium.
The heat can be released, for example, as a result ofperfusion or passing of an electric cur-

rent through a myocardium.

6. The solution of the heat equation for temperature waves

The temperature waves in the myocardium are periodic changes in the distribution of tem-

perature in the environment, associated with periodic fluctuations in the density of heat flowing
from the cooling and warming of the heart. If in a myocardium the temperatureperiodically chang-
es in time, it leads to periodic changes of temperature in all other parts of the heart. The validity of

this statement is due to the fact that the variables x і t in the heat conduction equation, as well as the

coefficient of thermal conductivity a are values of substance.

Let’s accept the hypothesis that the temperature on the surface of the heart varies over

time in a sinusoidal or cosine- law, fluctuating around some average value that is characteristic

for convection of heat on the surface of the heart under artificial blood circulation. In the simplest
case, when the myocardium is a homogeneous medium and fills the space limited by the plane

x=o, and the direction ofheat transfer is the axis X directed inside the medium and perpendicular
to its boundary, the average value of the temperature fluctuation around a certain set value can be

assumed to be zero if agree to deduct from it the temperature.
Then the complex function of changing the temperature in the myocardium has the form:

] i ( t kx )ss T(x, t) T cos( t kx) i sin( t kx) T e ,⋅ w -
= w - + ⋅ w - = (9)[

where k – constant value, w – frequency change of direction ofheat flow.
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The differentiation of the temperature change function T(x, t) gives the following ex-

pressions:

∂T
i ( t kx )w -

T,
∂

iT e i=w = w
0

t

2∂ T
=- = -

∂

2 i( t kx ) 2

s2

w -

k T e k T.
x

(10)

Substituting these expressions into the heat conduction equation, we obtain the dependence
of the temperature conductivity of the medium (myocardium) on the frequency of temperature
fluctuations w when heat convection on the heart surface:

2
i k .⋅ w = -a ⋅ (11)

Execution of this condition means that the complex function of temperature change T(x, t)
will be the solution of the heat equation for any value continuously T

s

. If the value is w is real and

positive, then constantk will be a complex value, and may have two meanings:

k i 2(1i).=-wa=±wa - (12)

Since the temperature fluctuations begin to be excited on the surface of the myocardium and

transmitted to the environment, then these oscillations should creep as far away from the surface

of the heart. Therefore, physical meaning has only an expression for the function of change in the

myocardium temperature of the following type:

s
T(x) T exp x exp i t x .

2 2

~~~ ~w w
= - w -~ ~~ ~

a a~~~ ~
(13)

From the complex solution for the function of change in the myocardium temperature it is

possible to go to the substance form using the Euler formula:

~ ~ ~~ ~w w

-w- ~ ~ ~~ ~
a a~ ~~ ~~

=~
~ ~~ ~w w~
- w -~ ~~ ~~

a a~ ~~ ~~

T exp x cos t x
,

2 2

T(x)

s

T exp x sin t x .
2 2s

(14)

If fix the coordinate x, then at each point of space the function of temperature T(x, t) rep-

resents harmonic vibrations in time with the period t=2p/w and the phase of these oscillations,
which varies from one part of the medium to another. Perturbations, which describe at each point
of space a function of temperature change T(x, t), represent a temperature wave propagating in a

myocardium with a phase velocity u. Length of the temperature wave l is defined as the distance

that passes through the wave for a periodt:

2.l= ut = p pat (15)

The amplitude of the temperature wave decreases in the medium y e-times for each plot
length l=l/a=l/2p in the direction of wave propagation:

sT(x) Texp( x), = -W ⋅ /2 2/, W = w a= p l (16)

where W – coefficient of attenuation of the temperaturewave.

Limit and initial conditions that satisfy the solution for the temperature change function

T(x, t), can be obtained if set the initial values x=o and time t=o:
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t0 s x 0 s
T T exp x cos x, T T cos t.

2 2
= =

~ ~w w
= - = w~~

a a~ ~
(17)

The heat equation retains the properties of linearity and homogeneity only in a given tem-

perature range, in which the temperature conductivity grmyocardium is a constant value.

7. Temperature field in conditions of artificial blood circulation

The distribution of the temperature field in the myocardium describes the temperature val-

ues for all points of space at a given time. Since in the real conditions of artificial blood circulation

the initial distribution of temperature can be arbitrary, the problem setting for finding the boundary
conditions may be as follows:

– on the myocardium surface at a time t=o harmonious fluctuations of temperature are ex-
cited, and then they are maintained indefinitely for a long time;

– no additional sources ofheat other thanblood coming from the contour of artificial blood

circulation, inside the myocardium;
– at the end of a long period of time, all fluctuations of temperature in the environment are

extinguished, except for forced oscillations;
– the forced oscillations will have the same periodicity in time as the temperature fluctua-

tions on the surface of the myocardium.
The differential heat equation, which takes into account the rate of distribution of the heat flux

in the medium for an infinitesimal area u of the myocardium in the one-dimensional case, has the form:

∂~ ~
r + u∇ = -∇~ ~~ ~∂

(18)
T

C T(x, t) q(x,r
t

t),

where u – the rate of distribution of the heat flow in the myocardium.
If the heat flow occurs at one boundary of the medium (int) with surface temperature Ts

T-T f f pC o
v, /(fpCpt);

extends along the axis X and is supported to the other boundary of the environment (ext) with

temperature Te<Ts, then at any point of a homogeneous layer ofmyocardium it can be described by
the following expression:

∂
-g = ⋅ -

∂

T
()i e

h T T
r

x

, i
h C dT,r= (19)

where hi– heat transfer coefficient for the i – point in the myocardium. Substituting this expression
into the formula for the equation ofheat conductivity, we obtain the solution of the problem in time

in one spatial coordinate – the axis X.

Substituting this expression into the formula for the equation of heat conductivity, let’s ob-

tain the solution of the problem in time in one spatial coordinate – the axis X:

∂ ∂ ∂∂ ~ ~ ~~- g = -g+ru~~~ ~
~ ~ ~ ~∂ ∂ ∂ ∂

(20)
T T

r r
h .

i
x x x x

x i=

i

For a small part of the myocardium, which is an infinitely thin layer d=dx along the axis X,
the change in the temperature field will be expressed in terms ofexpression:

C CTT

(x) exp x 1 exp 1.
T T

r r

r r

~ ~~~~~ ~~ r uru-
θ == -d-~ ~~~ ~ ~ ~ ~

g g- ~ ~ ~ ~~ ~ ~ ~
, (21)i is

e s

where u
i

– the rate of distribution of heat flow for i – points of the environment.
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Substituting this expression into the formula for the heat flow, let’s obtain the heat transfer

coefficient in the myocardium hifor the i – point of the medium:

~ ~~~r u
= r u d -~ ~~ ~

g~~~ ~

C
h C exp 1.r

r

r

i

i i (22)

Provided ifin the selected temperature interval dT=Ts–Tegiventemperature ofmyocardium

gr and the coefficient of heat transfer in the myocardium hiis a constant, the differential equation
of heat conductivity has the properties of linearity and homogeneity. This allows to solve the heat

conduction equation withrespect to the rate of distribution of the heat flow in themyocardium:

TTTThh
x, T W exp x 1 ,

C TT TT
r r

~ ~~ ~- -
u = - -- +~ ~~ ~

r - g -~ ~~ ~
) es es

whichdependsonthefrequencyoftemperaturevariationsсо:

s s

(23)

where W(x, t) is Lambert’s function.

If limit the values x³-1/e and believe that W(x,t)³-1, then Lambert’s function is defined as

an unambiguous function.

The solution to the problem ofthermal conductivity shows that in the surface layer of the

myocardium, temperature fluctuations can be established with a period T=2pw, which corre-

sponds to the period of thermal waves of heat sources. Temperature fluctuations in the surface

layer of the myocardium occur with a phase shift [lo], so the depth of penetration of heat into

the surface of the myocardium depends on the period of temperature fluctuations on the heart

surface. The amplitude of the temperature wave in the surface layer is proportional to the depth:

( )s
T(x) T expY T-T

= ⋅ -w a⋅ c (24)

where c is time delay of maxima and minima of the temperature in the myocardium.

Taking into account the process of penetration of temperature waves into the depth of the

surface layer of the myocardium let’s obtain an expression for changing the temperature field,
which depends on the frequency of temperature variations w:

exp x 1.
T 2

~ ~- w
= - -~ ~

a~ ~
T(x) T

(25)

The ratio shows that the longer the period of temperaturefluctuations, the less depth ofpen-

etration of temperature waves in the depth of the myocardium [ll]. A solution for the heat conduc-
tion problem taking into account the temperaturewaves in one spatial coordinate relative to the rate

of distribution ofthe heat flow in the myocardium u will be describedby expression ofthe form:

~ ~~~w
uw = - --´ ~ ~~~

r θ - a~~~ ~

~ ~~ ~-
´ -- +~ ~~ ~

g -~ ~~ ~

Th
x, ,

T exp x 1
C (x) T T 2

() s

r s

TTh
W exp x 1 .

T T

e s

r s

(26)

Provided that the differential equation of heat conductivity has the properties of linearity
and homogeneity, the expression for the rate of propagation of the heat flux has the form:

~ ~~~D w
uw = - -- ´~ ~~~

r a~~- ~ ~

~ ~~ ~-

´ -- +~ ~~~
g -~ ~~ ~

(27)

TTh
x, ,

T exp x 1
C 2TT

)( s

( )r

2

s

TTh
W exp x 1 .

T T

e s

r s
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8. Results of studies on the distribution of temperature in the myocardium

During controlled cooling and warming, the uneven distribution of temperature in tissues

is manifested. In inflammatory processes in the myocardium, temperature zones are defined, in

which the temperature difference with the surrounding tissues is recorded. With a chronic inflam-

mation, the temperature difference is 0,7–1 °C, with acute illnessl–l,s °C, and when the destruc-

tive process reaches 1,5–2 °C [l2, 13]. The propagation of the temperaturewave on the myocardi-
um surface can be observed in the process of hypothermia (Fig. 2) and hyperthermia (Fig. 3) of the

heart, consistently recorded in conditions of artificial blood circulation [l4].

In the process of hypothermia and hyperthermia of the heart using a thermal imager, the

temperature on the surface of the myocardium was not invasively recorded [ls]. The temperature
data on the surface of the myocardium (Fig. 2,3) show the presence ofa temperature difference in

the coronary channel 2–3 °C, which indicates the heterogeneity of the temperature distribution on

the myocardium surface under artificialblood circulation.

As for the distribution of the temperature field, the initial temperature of the myocardium,
recorded at the beginning of the process of cooling the isolated heart, was not less 21–22 °C and

no more 25–26 °C at the beginning of warming up the heart. The temperature gradient between

the tissues of the myocardium and the coronary solution is from 6 °C and more (to 10 °C). When

warming the heart, the coronary bed in the myocardium stands out at a temperature gradient from

9 °C and more (tо 12 °C).
The evaluation of the rate of propagation of temperature waves in the myocardium can be

made on the basis of the obtained equation for the rate of the heat flux distribution u(x, T) in mo-

ments of time t, which correspond to the completion of the processes of hypothermia and hyper-
thermia. For calculation of the rate of distribution ofheat flow in the myocardium u(x, T) the values

of constant coefficients and physical parametersof tissues [l6] and the values of the temperature of

the walls of the myocardium were used:

Ts=23 °C – temperature of the external wall of the myocardium,
T

e

=l7 °C – temperature of the internal wall of the myocardium.
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Fig. 3. Thermographic representation of the temperature wave propagation on the myocardium
surface for the isolated heart in the process of controlled hyperthermia

Fig. 2. Thermographic representation of temperature wave propagation on the surface of the

myocardium for isolated heart in the process of controlled hypothermia
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The rate of flow ofheat in the myocardium depending on the temperature on the surface of

the myocardium and the cooling depth along the axis X shown in Fig. 4.

The obtained dependences (Fig. 4) for the rate of the heat flow distribution in the myocar-

dium u(x, T) show that the magnitude of the rate of distribution of the heat flow in the absence of

additional sources of heat in the myocardium is practically unchanged with the depth ofpenetration
of the heat flow in the myocardium. The distribution ofheat flux significantly depends substantially
depends on the temperature on the surface of the heart, it increases in exponential law from the

value u=o,l´lo-3m/s to size u=l,s´lo-3m/s with temperaturerise.

The source of heat sources in the myocardium may be temperature waves due to uneven

flow of cooled or warmed blood due to rotation of the rollers of the pump of the artificial blood

circulation device. Accelerated the rate of distribution ofheat flow in the depth of the myocardium

u(x, w, T) taking into account temperature waves T(x) in the surface layer on one spatial coordi-

nate, depending on the temperature difference between the outer and inner heart of the heart, is

shown in Fig. 5.
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Fig. 4. Dependence of the rate of the heat distribution flow u(x, T) in the myocardium from the

temperature T in the depths x layer of myocardium.

Fig. 5. Dependence of the rate from distribution ofheat flow u(x, DT) in the depths ofx layer
in temperature difference ΔT between the outer and inner walls of the myocardium, taking into

account the temperaturewaves
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Obtained dependencies (Fig. 5) for the rate of distribution of heat flow in the myocardium

u(x, w, T) show that for the frequency w=2so rpm the amplitude of the temperature waves is maxi-

mal in the surface of the myocardium and significantly decreases in the direction of the propagation
of the heat flux. Moreover, the rate of distribution of the heat flow in the myocardium significantly
decreases from the value u=2,5´10-3m/s at gradient DT=l6 °C to size u=o,l´lo-3 m/s at gradient
DT=l6,5 °C.

If to take into account that during the operation of the apparatus of artificial blood circu-
lation the blood flow may warm up with a temperature gradient 0,2–0,5 °C or cool with a large
gradient 0,5–1,7 °C then, taking into account the temperature waves in the homogeneous layer of

the myocardium, the temperature between the external one T
e

and inside T
s

the wall of the myo-

cardium changes the faster, the higher the density of the heat flow qsthrough the surface with the

thickness d.

9. Conclusions

The overall reactivity and course of pathological processes in the myocardium are large-
ly determined by the rate of propagation of temperature waves in the tissue layer. Moreover,
the temperature difference between the blood in the contour and the patient’s body should not

differ by more than 15 °C. The temperature gradient between the blood in the vessels and the

myocardium leads to a temperature difference between the outer and inner layer of the heart

(Fig. 4), which, according to the function of the rate of propagation of the heat flux, changes in

exponential law.

Periodic changes in the temperature in the operating field and in the circulatory circuit lead

to the appearance of temperature waves on the surface and in the depth of the surface layer of the

myocardium.
The estimated values of the rate of propagation of temperature waves in the myocardium

under artificial blood circulation correspond to the density of the flow of heat in the process of

hypothermia and hyperthermia of the heart, the regulation of which ensures the survival of the

myocardium during the operation. Further studies of temperature wave propagation in the heart

under artificial blood circulation should be directed to increasing the effectiveness of non-invasive

methods for controlling temperaturein order to determine the extent and location of contours of the

coronary arteries, which will allow reliable and effective determination of the degree of absolute

and relative violations of myocardial blood supply.
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Abstract

There is an optimal water concentration of inverse solubility polymers (1 %) where in many cases film boiling is absent.

Based on accurate experimental data of French and data of authors, it was shown that during quenching from 875 oC in cold water

solutions ofoptimal concentration film boiling is completely absent for those steel parts initial heat flux densities ofwhich are below

critical value. It is established that initial heat flux density decreases with increase sizes of tested samples. Initial process of quench-

ing (formation ofboundary boiling layer), which makes furtherhistory of cooling, is not investigated deeply and widely yet enough.
When film boiling is absent, mathematical model includes only transient nucleate boiling process and convection. In this case,

cooling time within the transient nucleate boiling process can be calculated using average effective Kondratjev numbers Kn. They

were evaluated for inverse solubility polymers depending on their concentration and sizes of tested samples. As a result, an improved
technology of hardening large gears and bearing rings is proposed by authors. Its essence consists in interruption of accelerated

cooling or turning offagitation of quenchant when dissolving of surface polymeric layer starts. Examples ofperforming improved

technology are provided by authors. Developments can be used by engineers to switch from carburized large gears quenched in oil

to gears made of optimal hardenability steel and quenched in water solutions of optimal concentration.

Keywords: polymers of inverse solubility, optimal concentration, initial heat flux, boiling process, effective Kn numbers,

recipes, large gears, improved technology.

DOI: 10.21303/2461-4262.2018.00582 © Nikolai Kobasko, Anatolii Moskalenko, Volodymyr Dobryvechir

1. Introduction

As a rule, water polymers are widely used in the practice as a quenchant ofmedium and high
concentration (5 %, 10 %, 20 %, and rarely 30 %) to compete with mineral and vegetable oils. Cool-

ing process is performed like in oil which continues almost to bath temperature. Standard cooling
curves and cooling rates characteristics of water polymers are provided by manufactures to main-

tain polymeric quenchants within the given requirements. Cooling curves and cooling rates data

cannot be used for making calculations and developing recipes. As a result, in heat treating industry
sometimes a big distortion is observed after quenching machine components in water polymer
solutions. Author [l] explained such behavior by non-uniform dissolving surface polymeric layer
when quenching in water polymer solution of inverse solubility. Moreover, a long ago authors [2, 3]

came to conclusion that low water concentration of inverse solubility polymers (≈ 1 %) provides
maximal cooling rate of standard probes and this important fact in not yet used in the practice to

intensify quenching processes. The goal of this paper is research concerning low concentration of

water polymers solutions of inverse solubility for hardening machine components and tools like

large gears ofwind power stations, large bearing rings, rollers, etc. A method of calculation is dis-
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cussed to prevent non-uniform dissolving of polymeric surface layer which can be performed by

interruption the process of cooling or turning offthe quenchant agitation. The results of investiga-
tions can be used by engineers for improving quality of hardened machine components and tools.

2. Initial and critical heat flux densities

To predict film boiling present during quenching steel parts or probes in liquids, one should

compare initial heat flux density (qin) with critical heat flux density (qcrl). If initial heat flux density
is below the firstcritical heat flux density qcrl, film boiling is absent [4–6]. Ifit accedes qcrl, full film

boiling takes place. It should be noted that initial processes taking place during immersion heated

steel parts into cold liquid are not investigated yet. The cooling process starts as follows:

– At the very beginning steel parts or probes have initial temperature T0(850 oC) and quen-

chants have a temperature20 oC.

– Within the time interval TO–A (Fig. 1) the double electrical layer is formed when quench-
ing in electrolytes or insulating surface layer is created when quenching in water solutions of

inverse solubility polymers.
– When quenching in agitated water salt solution of optimal concentration, the time interval

TO–A is almost the same for different sizes and forms ofsteel parts.

– Within the time interval TO–A the liquid of boundary layers is heated above of its boiling
point to develop transient nucleate boiling process which starts at point A.

– Within the time interval TO–A hyperbolic heat conductivity equation preferably should be

used for calculating temperature field and initial heat flux density in steel parts or probes.
– After transient nucleate boiling starts, conventional parabolic heat conductivity (1) with

the boundary condition (2) can be used.

To be sure that film boiling during quenching can be absent, authors calculated initial heat

flux densities using own experimental data and experimental data of French shown in Table 1 [7].
For solving inverse problem IQLab software was used [B]. More information on inverse problem
one can find in literature [9–ll]. Material thermal properties of probes are provided in Table 2.

The main issue was to find out how size of probe affects initial heat flux density because standard

probes are small and real steel parts are large. The results of calculations are shown in Fig. 2, a, b.

When quenching spherical probe 12.7 mm in diameter from 875 oC in 5 % water solution of

NaOH at 20 oC agitated with 0.914 m/s initial heat flux density is 17 MW/m2 that is below qcrl for given
concentration and agitation. It means that filmboiling is absent. With increase the size ofprobe, initial
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Fig. 1. A scheme explaining cooling time calculation during transient nucleate boiling process:

T0 is initial austenitzing temperature; A is initial surface temperature of developed transient

nucleate boiling process; B is finish surface temperature of boiling process; C is core temperature
ofproduct for which cooling time should be calculated within interval AB; T issaturation

temperature; x nb
is durationoftransientnucleateboilingprocess
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heat flux decreases (Fig. 2, b). It means that film boiling can be easily prevented for large steel parts.

However, large steel part during quenching in liquid increases its average temperature that decreases

critical heat flux density and by this way increases probability of existing film boiling. To prevent

heating ofquenchant, its volume should be appropriate and liquid should be agitated.
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Table 1

Time required for the surface of steel spheres of different sizes to cool to different temperatures when

quenched from 875 °C in 5 % water solution ofNaOH at 20 °C agitated with 0.914 m/s (French, 1930)

Table 2

Thermal properties (diffusivity and conductivity) of Inconel 600 and stainless steel depending on

temperature in °C

Fig. 2. Heat flux density versus time when quenching spherical Steel samples in 5 % water NaOH

solution at 20 °C agitated with 0.914 m/s: a - 12.7 mm in diameter; b - 286 mm in diameter
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Size, Inches,
(mm)

Time, sec

700 oC 600 oC 500 oC 400 oC 300 oC 250 oC 200 oC 150 oC

0.5”

(12.7)
0.028 0.042 0.058 0.071 0.11 0.15 0.26 0.60

4.75”

(120.6)
0.043 0.066 0.09 0.12 0.17 0.21 0.29 0.95

7.15”

(181.6)
0.040 0.070 0.100 0.140 0.240 0.310 0.42 1.15

11.25”
(285.8)

0.043 0.120 0.190 0.330 0.570 0.960 1.26 2.18

Temperature, oC

Inconel 600 Stainless steel AISI 304

a 10 6
´

W/mK

ax 10~ 6,nr/ s2
m / s ,l W / mK

6
a 10´
4.55

2
m / s ,l W / mK

100 3.7 14.2 4.55 17.5

200 4.1 16 4.63 18

250 4.3 16.9 4.66 18.8

300 4.5 17.8 4.7 19.6

400 4.8 19.7 4.95 21

500 5.1 21.7 5.34 23

600 5.4 23.7 5.65 24.8

700 5.6 25.9 5.83 26.3

800 5.8 26.3 6.19 27.8

900 6.0 28 6.55 29.3

а b



According to investigations [4], very fast cooling increases critical heat flux density and it

prevails the initial heat flux density that eliminates completely film boiling process.

3. Optimal concentration of inverse solubility polymers in water

As seen from Fig. 3, there is an optimal concentration of inverse solubility polymer
in water where probability of destroying vapor blanker is maximal. This optimal concen-

tration combined with agitation of quenchant can completely prevent film boiling during

hardening.

Our experiments showed that optimal concentration of inverse solubility polymers in water

can be rather low (about 1 %) that makes a bath quenchant less expensive.

4. Cooling time calculation during quenching in polymers
If the film boiling process is absent and the transient nucleate boiling takes place immediate-

ly, the cooling process is governed by the following equations (1)–(6), [l2–l4]:

T
c div gradT ,

∂
r = l

∂t Aftertransientboilingprocessiscompleted,a convectionmodeofheattransferstartsand (1)

~ ~∂ β
+ - =~ ~

∂l~ ~

T m

m

( )T T 0,
r

S

r R=

(2)

() OTr,0 T
.

= (3)

After transient boiling process is completed, a convection mode of heat transfer starts and

the thirdkind ofboundary condition (4) is used instead ofboundary condition (2):

a∂~ ~
+ - =~ ~∂l~ ~

T
()conv

m

r

T T 0.

r R=

(4)

The initial temperature for the convection mode is the temperature distributionat the end of

the transient nucleate boiling process:

( )()conv Tr, 0 Tr,. = t (5)

Original Research Article:

full paper

Material Science

(2018), «EUREKA: Physics and Engineering»
Number 2

Fig. 3. Probability of film boiling destroying with decreasing the first critical heat flux density

(curve 1) and formation of the surface insulating layer (curve 2) versus concentration of inverse

solubility polymer in water
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It means that

T(r,T nb “d )=T(r,T conv s“) andit’schosenasaninitialconditionfortheconvectionmode. ()
end start

nb conv
T r, T r,t = t

and it’s chosen as an initial condition for the convection mode.

A transition from the nucleate boiling process to the convective mode of heat transfer is

determined by equalizing the heat fluxes and the end of boiling and at the beginning of convec-
tion (6), i. e.

nb conv
q q .≡ (6)

A generalized equation for calculating duration of the transient nucleate boiling process,

based on solution of Eq. (1)–(3), was proposed [ls]:

2

k
D

t = W (7)nb F

a
differentconcentrations.

The value of W is a function of the convective Biot number.

According to author [l, 15], an average effective Kondratjev number Kn can be find

which allows calculating cooling time within the transient boiling nucleate boiling process

using simple Eq. (8):

a 0.24k lnt + θ
= (8)

K Kn
.

Fig. 4 provides average effective Kondratjev numbers Kn for inverse solubility polymers of

different concentrations.

New results in Fig. 4 are data concerning 1 % UCON E in water at 20 oC depending on size

of probes changing from 10 mm to 50 mm in thickness.

Obtained data from Fig. 4 and Kondratjev form coefficients K from Table 3 allow calculat-

ing cooling recipes when quenching steel parts in water solutions of inverse solubility polymers.

Principal scheme of quenching process is shown in Fig. 5.
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Fig. 4. Effective Kondrtjev numbers Kn for inverse solubility water Solutions ofpolymers

depending on their concentrations and size of product: 1 is 1 % ofUCON E in water; 2 is 5 % of

UCON A in water; 3 is 20 % of UCON A in water; 4 is 20 % of UCON E in water at 20°C
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An example
A large ring 40 mm in thickness and 120 mm height, made ofAISI 52100 steel, is quenched

from 860 oC in 1 % water solution of inverse solubility polymer agitated with 0.5 m/s (Fig. 5). To

prevent dissolving surface polymeric layer which causes distortion of a ring, cooling should be

interrupted when core temperature approaches 400 oC. For calculating cooling time Eq. (8) is used.

Initial data: k=l;

1
K 145.7 10 m

9.87 9.87
= = ´

-

+

6 2

2 2
0.04 0.12

(Table 3);

6 2
a 5.36 10 m /s;-

= ´
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Table 3

Kondratjev coefficients K depending on different shapes and sizes ofsolid bodies [l6]

Fig. 5. Prinsipal scheme of performing IQ -2 process with use of low concentration polymers:
1 is quench tank; 2 is level quenchant in a tank; 3 is steel parft (large gear or large bearing ring);
4 is surface polymeric layer; 5 is liquid stream; 6 is perforated tube; 7 is holder; 8 is outlet tube;

9 is pump
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Shape Kondratjev coefficient K, m2

Slab of thickness L

2
L

2
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Infinite cylinder ofradius R
2R
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Kn=o.4B (Fig. 4);

860 C 20 C
Ln Ln 0.793.

400 C 20 C

-
θ = =

т= (0.24
+0.783)x

145- 7xl ° m =58s

o o

o o

According to Eq. (8) interruption cooling time is:

145.7 10 m

0.24 0.783 58 s.

5.36 10 m / s 0.48

-

-

´
t = +´ =

´ ´

6 2

( ) 6 2

6. Discussion

At present time wind power stations (wind mills) are working worldwide to provide the

potential economic, environmental, and social benefits. In the USA plan is to supply by wind mills

10 % ofthe nation’s electrical demand in 2020, 20 % in 2030, and 35 % in 2050. The main attention

is paid to reducing the cost ofelectricity, and accelerating the deployment of wind power. The typ-
ical wind power station (wind mill) containing large gears is shown in Fig. 6 [22].

That is why decreasing cost of large gears and increasing their service life is very important.
Authors of the paper are proposing to manufacture large gears from alloy low hardenability steel

[23] and quench them in agitated 1 % water solution of inverse solubility polymers to eliminate

carburizing process, improve resistance against corrosion and increase service life of large gears.

Further work in this field is needed to investigate properly initial hardening processes including
crisis ofboiling to provide correctly boundary condition for hyperbolic heat conductivity equations
used for governing initial quenching processes [24–26]. Also, extremely important is problem con-

cerning protection gears from corrosion [27]. Authors believe that tendency to corrosion of gears

will decrease if carburizing process is eliminated.

However, accelerated hardening of complicated steel parts requires control of cooling pro-

cess and its interruption at proper time that is possible when process is automated and special
software for developed technology is available. Currently, the problem is being solved by Intensive

Technologies Ltd (ITL), Kyiv, Ukraine.

7. Conclusions

1. There is an optimal low concentration (≈1 %) of inverse solubility polymers in water

where film boiling is absent.

2. During quenching machine components and tools in optimal concentration of inverse sol-

ubility polymers, film boiling is completely absent due to initial heat flux density is below critical

value caused by creation of the surface insulating layer.
3. When diameter of spherical probe increases from 12.7 mm to 286 mm, initial heat flux

density during quenching in electrolytes decreases from 17.2 MW/m 2 to 10.2 MW/m2. That sim-

plifies preventing film boiling process during quenching large steel parts in water solution ofpoly-
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Fig. 6. Typical wind mill station containing large gears [22]
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mers due to increased size of real steel parts and presence on their surfaces insulating layer that

decreases initial heat flux density.
4. Low concentration of inverse solubility polymers can be used as a perfect quenchant for

hardening large steel parts like large bearing rings, large gears for wind power stations, rollers, etc.

5. Accelerated quenching in water solutions of polymers should be interrupted before poly-
meric surface layer at the bottom of a load is dissolved that prevents quench crack formation and

decreases cardinally distortion. For this purpose IQCalc2 software can be used which is available

from Intensive Technologies Ltd, Kyiv, Ukraine.

6. To perform correctly cooling time interruptions, authors experimentally evaluated effec-

tive dimensionless Kondratjev numbers Kn for polymers of inverse solubility depending on their

concentration and size of machine components (Fig. 4).
7. In contrast to existing cooling curves and cooling rates data provided by manufactures,

authors of the paper proposed simplified method of cooling time calculation in water solutions of

polymers to decrease distortion and increase service life of hardened machine components in two

or more times [l3].
8. Further investigations in the field are needed; especially initial process of quenching re-

quires careful investigations to study critical heat flux densities and mechanism of surface poly-
meric layer formation.
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Abstract

The two-parameter method of approximating the sum of a power series in terms of its first three terms of the expansion,

which allows one to obtain analytic approximations of various functions, decomposes into a Maclaurin series. As an approximation
function of this approximation, it is proposed to use elementary functions constructed in the Nth degree, but with a “compressed” or

“stretched” variable x due to the introduction of the numerical factor M (x≡ε∙m, M≠o) into it. The use of this method makes it possi-
ble to significantly increase the range ofvery accurate approximation of the obtained approximate function with respect to a similar

range of the output fragmentofa series ofthree terms. Expressions for both the approximation parameters (M and N) are obtained in

a general formand are determined by the coefficients ofthe second and third terms ofthe Maclaurin series. Also expressions ofboth

approximation parameters are found for the case if the basis function and the approximant function decompose into the Maclaurin

series in even powers of the argument. A number of examples of approximation of functions on the basis of the analysis of power

series into which they decompose are given.

Keywords: approximation of functions, power series expansion, Maclaurin series, sum of a power series, two-parameter
approximation, Newton’s binomial.
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1. Introduction

In the analysis of fundamentally important regularities, from which our understanding ofnew

phenomena develops, the role ofanalytical methods remains extremely high. Their role is also high in

the qualitative determination of the parameters ofcomplex physical phenomena, noted in [l]. There-

fore, various methods ofperturbation theory are so important, which are the main analytical tool for

investigating nonlinear physical and technical problems. It is usually possible to calculate only a few

terms of the perturbed decomposition, usually no more than two or three. The resulting rows often

converge slowly or even diverge. Nevertheless, these several members contain significant informa-

tion, from which it is necessary to extract all that is possible, is summarized in [2].
How important is the approximation method, which approximates not only the values of the

approximating function-basis, but its derivatives, is noted by Russian mathematicians [3] who be-

lieve that in the case of an analytically given function it is often useful to replace a too complicated
mathematical expression with a simpler one, the basic properties of the function are preserved.
Indeed, when approximation of functions is important, not only the accuracy of the approximation,
but also the form and properties of the approximating function is important. This is due to the fact

that often the approximating function must correspond to the physics of the investigated process.

A more accurate reflection of the physics of the process can often be achieved by approximating
the function together with the derivatives. Approximating approximations with a small number of

parameters have become most widespread in practical investigations. Such expressions are more

easily amenable to physical interpretation [3].
Thus, it is very important to develop new methods for reconstructing unknown functions

from small fragments of power series into which they decompose, as well as to search for simple

approximations for complex functions based on the use of their decompositions into Maclaurin

series. Such methods will make it possible to significantly increase the range of their exact approx-

imation, and also to be able to interpret experimental data within the framework of linear depen-
dence in the event that the variable in a complex function is implicitly expressed.

2. Literature review and problem statement

Historically, the first method of accelerating the convergence of power series is the fraction-

al-rational transformation of a variable (small parameter) in the form of an Euler transformation:
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х=ε/(1+ε), [2]. The goal of the Euler transformation is the transfer of the singularity ε=−l to the

point at infinity. Moreover, if there are no other singularities in the complex plane, then the radius

of convergence of the series becomes infinite [2, 4].
From the low-parametric methods of approximation in mechanics, the so-called Shanks

“nonlinear transformation” is rather well known. It consists precisely in approximating the sum of

the power series in terms of its first three terms. The application of the Shanks nonlinear transfor-

mation to the first three terms of the power series ∑=l+аε +bε2+… gives a simple rational fraction

∑=[a+(a2–b)ε]/(a–bε),

which is often a more accurate approximation to the sum ofthe series than its fragment represent-

ing the sum of the original three terms. For example, this sum gives an exact value ifthe series is a

geometric progression (both convergent and divergent) [4].
The problem ofmaximizing the extraction of such information is usually solved by methods

of approximating the sum of a power series (Maclaurin) by analytic functions with respect to the

coefficients of the first terms of the expansion. The most powerful method of approximation is the

Padé method [s−7], in which it is carried out in the framework of approximation by rational func-

tions. However, in many cases [B], the Padé approximation method is unacceptable in principle.
First, when as a basis for approximation it is necessary to use non-rational, and other functions,
for example, trigonometric. Or when in the solution by the method of a small parameteronly a few

terms of the expansion are obtained, the coefficients ofwhich must then receive a certain physical

interpretation.
In cases when the formula approximating the exact expression or the fragment of the power

series into which this expression decomposes, it is sufficient to coincide only the first two deriva-

tives of this function, the most optimal solution is the use of two-parameter approximations of the

sum ofthe Maclaurin series.

In this sense, the most promising method for approximating the sum of a power series in

terms of its first three terms is the Ludanov method [9], which abstract (9B 832 DEP) was published
in the RZh "Matematika" more than thirty years ago (in No. 9, 1984). A method is developed for

two-parameter approximation of the power series ofMaclaurin withrespect to its first three terms

in the form of the Nth power of an arbitrary elementary function y(x) in which the variable x is

written as the product of the argument ε by the parameterM (x=Mε).

3. Methods of research

To solve this problem, a powerful method such as the theory of power series was used in

this paper. According to Euler [4], there are an infinite number of functions, each of which has

an excellent expression for the power series into which it decomposes. Mathematical operations
on functions are equivalent to operations on their power series. Analysis of the combination of

two mathematical operations on power series: the construction of the Maclaurin series in the

Nth power and the introduction of the factor in the composition of its variable (x=Mε), showed

the possibility of obtaining an identical decomposition (in fact of some function) of an identical

fragment from the first three terms of the series of the elementary function thus modified. This

mathematical fact formed the basis for the development of a new method for obtaining approxi-
mate formulas, which in the presence of many advantages has a significant drawback: a not very

large range of exact approximation. But in many practical cases this approximation accuracy is

quite sufficient.

4. Research results

4.1. Approximation of functions that decompose into a power series in the variable x

Let’s consider the general case when, as a result of solving a nonlinear problem, a fragment
of the Maclaurin series is obtained:

∑сiε i=l+aε+bε2+..., (1)
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the sum of which should be approximated as the Nth power of the function f(x) (where x=M∙ε),
chosen on the basis ofadditional considerations (for example, in accordance with the physics of the

described phenomenon).
The expansion of the function y=fNin the Maclaurin series has the following form:

y(x)=l+y′(o)
x

1!
+y′′(o)

2
x

2!
Ус») =N-f(; )5

Let’s express the derivatives y′(0) y′′(o) in terms of the corresponding derivativesof the chosen

function f(x)

N 1′ (5),let’sobtainasystemoftwoequationswithtwounknowns:
f fy N ′

= ⋅ ⋅

functionfchosenas thebasisforthe approximationf'(x)and f"(x) inpoint(0,1): N=(a/f'(0))2-[f"(0-(f'(0))2]/(2b-a2);0 0 x

Aparticularlysimpleexpression for the parameters M and N is in the case when the functionf(x) is usedasthefunctionf (x)=l+x.In addition, the function у (x) is obviously expressed in thex0 0 xx)[ (f N– 1f ) ]ff .
Thefirstandsecond derivatives

in this case take the values f (x)=l, f (x)—0. And

the approx-
= ⋅⋅ +

′′ ′ ′′

y N (3)thecoefficients aandboftheseries(1)tothecoefficientsforthecorresponding powersofthebinomial series:

At the point of expansion x=o for (3) let’s obtain:

(l+M-e) N =l+N-M- - +N-(N4)-M2-+...(9)
N f′

y =

′

⋅

,

) () ()
2

0 00[(NN – 1 ).]f f= ⋅ +
′′ ′′′

⋅y (4)) ((

Taking into account the fact that х=Mε, the series (2) can be rewritten as:

( )
f 1 N f M NN –[ (1 )

! 2!
M]f

1
f

ε
= +⋅ + ⋅ +

ε ε
⋅⋅ ⋅ +

2

() () ()()
N 22

M 0 00

′ ′ ′′ (5)…

Equating the coefficients of the corresponding powers of the variable ε for the series (1) and

(5), let’s obtain a system oftwo equations with two unknowns:

( ) () ()

(0)

2
2

(0) (0)

a MN f
,

b MN/2 Nlf f .

= ⋅ ⋅
′

~~~
~ ~

= ⋅ ⋅ - ⋅ +
′ ′′~ ~ ~~ ~~

(6)

Solving the obtained system of equations for the unknown parameters M and N, we obtain

their expressions through the known coefficients a and b of the series (1) and the derivatives of the

function f(х) chosen as the basis for the approximation f′(х) and f′′(х) in point (0,1):

N=(a/f′(o))2∙[f″(o)–(f′(o))2]/(2b–a2);

M=(f′(o)/a)∙(2b–a2)/[f″(o)–(f′(o))2]. (7)

A particularly simple expression for the parameters M and N is in the case when the function

f (x) is used as the function f (x)=l+x. In addition, the function y (x) is obviously expressed in the

form ofa Newton binomial у(х)=(l+х)N
.Thefirst and second derivatives in this case take the values f(x)=l, f (x)=o. And the approx-

imation parameters take the following values:

M=a∙(l–2b/a2), N=(l–2b/a2)−l . (8)

The same values of the parameters M and N can also be obtained directly, i. e. equating
the coefficients a and b of the series (1) to the coefficients for the corresponding powers of the

binomial series:

(I+M∙ε)N=l+N∙M∙
ε

1!
+N∙(N–l)∙M2 ∙

2
ε

2!
+... (9)
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Here, it should be noted that if the series (1) is a geometric progression (for b=а2), then the

approximation of this sum in the Newton binomial for у=(l+M∙ε)N gives its exact value, as well as

the Shanks nonlinear transformation:

[a+(a2–b)∙ε]/(a−b∙ε)│
a² =b

=(l−a∙ε)−l. (10)

The values of the approximation parameters obtained in this case (b=а2) from (8) are equal
to M=−а, N=−l, i. e. coincide with the parameters of the right-hand side of (10), the exact expres-

sion for the sum ofthe geometric progression.

Example 1

Let’s compare the error of approximation with the developed method with the error of the

well-known Padé approximation method. Let’s consider here an example given in [7], where an

approximation is given of a fragment of the Maclaurin series (i. e., its first three terms) into which

the function y(z)=[ln(l+z)]/z=l−z/2+z2/3−... In [7] three Padé approximations are given: [l/o], [O/1]
and the most accurate of them [l/I]=(l+z/6)/(l+2∙z/3), which gives an error of 1 % for z=l. If the

approximated series is approximated by a new method, for example, within the framework of New-

ton binomial (in this case, the values of the approximation parameters calculated according to

formulas (8): M=s/6, and N=3/5), then let’s obtain the approximate formula y(z)=(l+s∙z/6)−0,6, which

for z=l gives an error of less than 0.3 %. Thus, it is obvious that the method developed in the paper

for approximating the first three terms of the Maclaurin series is more accurate in this case than the

known Padé approximation method.

Example 2

In applications it is often necessary to express the variable of the resulting solution (x) in an

explicit form: x=f(y). This is the case, for example, in inverse problems in the definition ofphysical

properties. However, in many solutions the variable (x) can’t be explicitly expressed, for exam-

ple, if the solution is obtained in the form у=[l–exp(–x)]/x, [lo]. To obtain the explicit expression
for x, let’s use the approximation of the relation y=f(x) in the form of a Newton’s binomial. Using
the formula (8) for y (x), it is possible to obtain the following approximation:

у(х)=[l–exp(–x)]/x≈(l+х/6)−3 . (11)

From the found approximation, it is easy to express the variable (x) in the form:

х=f(у)≈6∙[ 3(1/)– 1y ]. (12)

This approximation has sufficient approximation accuracy in the range (0-2).
And if a more accurate approximation is needed, then for x≥o, it is possible to use double

approximation here and get its approximation by a more complicated function:

у(х)=[l–exp(–x)]/x≈exp(cos x 1- ). (13)

From this approximation, the variable x can be expressed in a more complicated way:

х=f(у)=arccos2(l+lny). (14)

This approximation has not only higher accuracy, but also a wider range of applications (o–3).
Sometimes it is necessary to find an approximation for the function y=x/ln(1–x)−1, which

describes the dependence of the “efficiency” y (x) in the range o≤х≤l. Ifwe use Newton’s binomial

as a basis here, we obtain the following approximation

y≈(l−x/1,2)3.
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4. 2. Approximation of functions that decompose into a power series in the square of

the variable x 2

In a number of cases, when solving nonlinear problems by the small parametermethod, the

result is a fragment of the series in the form of an expansion in even powers of the argument. This

is often the case in periodic processes described by trigonometric functions, for example, cosine:

cos(x)=l–
2

x

2!
+

4
x

4!–
6

x

6!
4 =(m 2•N/24)•[3(N-1)•(f" ) 2 + C ]. (18)

In such cases, the fragment of the series is obtained in the following form:

∑сi
хi =l+aх2+bх4+… (16)

To approximate such series, as a basis, let’s use functions that decompose into a Maclaurin

series with respect to even powers of the argument:

2 4

f
″ ~ ~

~ ~= + ⋅⋅ + ⋅

″

+ ⋅~ ~
+

… (17)
x x2

N i

tion, afragmentisobtained from the first four terms, it becomes possible toestimatetheapprox-imationerror.Thereis also this possibility in the othertwocasesconsideredabove:ifnecessary, obtainanapproximateformulainthecasewhenforanexactfunctiononecan’tobtainanexplicit
) )0 00

f x INf N3N–lf
( )

v

2! 4!

Carrying out in (17) a change of variable х=ε Mand equating the coefficients of the corre-

sponding ε powers of series (11) and (12), let’s obtain the system:

~ )(a MN /2 f′′

~~
~ ~

= ⋅ ⋅ -⋅+′′ ~~~~~~

= ⋅ ⋅

(0)

(

,

2
2 IV

(0) (0)) ( )( )b M N/ 24 3 N 1 f f
.

(18)

Solving the obtained system ofequations for the unknown parameters M and N, let’s obtain

their expressions through the known coefficients a and b of the series (1) and the derivatives of the

function f(х) chosen as the basis for the approximation f′(х) and f′′(х) in point (0,1):

N=(a/f″(0))2 ∙[fiv(0)/3–(f″(0))2]/(2b–a2),

M=2(f″(o)/a)∙(2b–a2)/[fiv(o)/3–(f″(o))2]. (19)

Example 3

If it is necessary to approximate functions that decompose into series in even powers of the

argument, it is very simple to use Newton’s binomial as a basis. In this case, first we need to change
the variable ε=х2

,
and then use formulas (8).

For example, for the cosine function: cos(x)≈(l–х2/3)1,5. The function у=х/arth(x) that

is implicit with respect to x is also expressed in terms of the square of the variable х/arth(x)≈
≈(l–l3x2/15)1/2,6. And for the Bessel function of the firstkind of order zero, the approximation by the

Newton binomial in terms of the square of the variable is very simple: Jo(х)≈(l–x2/8)2
.Amore complicated expression, but less precise, can be obtained by expressing the Bessel

function via the cosine function: Jo(x)≈[cos(x∙ 3 / 2)]2/3. However, in this case it is necessary to use

the general approach (7).

4. 3. Estimation of the approximation error

If, as a result of solving a nonlinear problem, a solution is obtained in the form of a fragment
of a power series of the first three terms of the Maclaurin expansion, then it is obviously impossible
to estimate the error ofapproximate formulas obtained by this method. But if, as a result of the solu-

tion, a fragment is obtained from the first four terms, it becomes possible to estimate the approx-

imation error. There is also this possibility in the other two cases considered above: if necessary,

obtain an approximate formula in the case when for an exact function one can’t obtain an explicit
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expression of the argument, and also in cases of simplification of very complicated formulas by

simple expressions without significant loss of accuracy.

For example, if as a result of solving a nonlinear problem by a small parameter method, a

solution is found in the form of a fragment ofa power series of the first four terms of the Maclaurin

expansion:

2 3
x x x

serieshasthefollowing form:
x 1 ⋅= + ⋅ + +

′′′′ ′′

y y y y (20)whosefirsttermis:R(x)~x 3(f'" |0)-y'" |0))/6+x 4-fIV |0)/24+...(22)1! 2! 3!

then, as a result of approximation for the solution of the problem obtained above, the approximate
formula f(x) (that is, y(x)≈ f(х)), is obtained by the proposed method, which expansion in the power

series has the following form:

x x x
2

Andas aroughestimateof the relative error ofapproximationinthiscase,itispossibleto

3

x 1, ⋅ ⋅= + + + +
…

′ ′′
⋅

′′′f f f f (21)0005.Discussionofresearchresults 3!1! 2!

In this case, as an accurate estimate of the absolute error Δ(x) of the approximation, it is

possible to use the difference of two series R(х)=f(x)−y(x). Since the first three terms of the series

(21) and (20) are respectively equal, the result of the subtraction is also expressed by a power series

whose first term is:

R(х)≈х3(f′′′(o)−y′′′(o))/6+х4 ∙fIV(0)/24+… (22)

As a rough estimate of the absolute error of approximation Δ(x) in this case, it is possible to

use the value of the first term of this series:

∆(х)≈х 3(f′′′(o)−y′′′(o))/6. (23)

A similar result can be obtained in the other two cases mentioned, only then the power series

R(х) will have the following form:

R(х)≈х3(f′′′(o)−y′′′(o) )/6+х4(fIV(0)−yIV(0))/24+… (24)

And as a rough estimate of the relative error of approximation in this case, it is possible to

use the expression:

δ(х)≈х3(f′′′ (o)−y′′′(o) )/[6y(x)]. (25)

An analysis ofthe above approximate estimates of the error in the approximation of func-
tions by the method developed in the article showed that Δ(x) is proportional to the third power

of the variable, that is, х
3 . And to approximate functions that decompose with respect to even

powers of the argument Δ(x), its proportionality to the sixth power of the argument is obvious,
that is, х6

.

5. Discussion of research results

The method for approximating the sum ofa power series developed in the article can also be

used in the case ofapproximation of functions that decompose into a Taylor series, for example, in

the cases when х
(0)

=d, then the power series has the form:

y(x)=y(d)+y′(d)∙(x–d)+y″(d)∙(x–d)2/2+ ... (26)

Normalizing the coefficients of the obtained series (15) by dividing them by the value

of y at the point d: y(d) (obviously, the condition: d: y(d) easily transforms the series (15) into a

Original Research Article:

full paper

(2018), «EUREKA: Physics and Engineering»
Number 2

Mathematical Sciences

77



Maclaurin series. The subsequent sequence of parameter determination in the approximation is

described above.

In this case, the choice of a number of proposed approximants is as follows. It is necessary

to compare the coefficients of the third (or sixth) degree of the variable expansion of the proposed
functions, with the corresponding coefficient for the third (or sixth) power of the variable ε of the

expansion of the original function in a Taylor series. In this case, the criterion for choosing the

approximant is, obviously, the minimum of the relative error of approximation of this coefficient.

6. Conclusions

For functions decomposing into Maclaurin series, a new analytical method for obtaining

approximate formulas in the form of the Nth power of the functions f(Mх), adopted a priori as a

function of the basis of approximation, is developed.
In general terms, expressions for the approximation parameters (N and M) of the approx-

imate formula are obtained from the coefficients of the first three terms of the expansion of the

function; therefore, even a small fragment of the series found as a result of solving the nonlinear

problem by the small parameter method can serve as the initial function.

The developed method can also be used to obtain approximate formulas in cases where it

is impossible to express the argument explicitly from exact functions, and also in cases where it is

necessary to simplify complex formulas by simple expressions without significant loss ofaccuracy.

The error of approximations is analyzed and expressions are obtained for estimating the

absolute and relative error of approximation.
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