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Abstract

The conducted researches aimed to analyze modern models and methods of implementation of the comparative approach in

property and real estate appraisal, to investigateand evaluate their effectiveness, to suggest ways offurther improving the methods

ofproperty valuation.

To achieve this aim, the authors carried out a series of computational experiments on a computer. The essence of these ex-
periments was the comparative evaluation of the cost of test properties based on the following methods: expert evaluation, solving

systems of linear algebraic equations, based on the normalized distances in the space ofpricing factors and the correlation-regression
method. An analysis was made of the influence of methods of digitizing the initial data (pricing factors) on the final cost ofreal estate.

On the basis of the studies, prospective ways and directions for further improvement of the methods ofproperty valuation

are determined.

Keywords: real estate, valuation ofproperty and real estate, digitization of source data, property valuation method, compar-

ative approach in real estate appraisal, real estate value.
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1. Introduction

In conditions of active reformation of property relations, the need for services for valu-

ation of property and propertyrights is regularly growing. The problems of property valuation

related to property alienation, property disputes, the problem of land reform, the formation of

an alternative model of partnership between the public and private sectors, require objective
decisions of the appraisal expertise [l−6]. Accordingly, there is a need to improve the toolkit

of the procedure for conducting property valuation by applying modern mathematical models

and methods to obtain an objective market value of property and to make effective manage-

ment decisions.
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2. Literature review and problem statement

To date, property valuation in Ukraine [7], as in the countries of Europe [s], Australia [6] is

conducted according to 3 main approaches: comparative, profitable and costly, each of which has

advantages and disadvantages (Table 1).

To date, for the valuation of property and real estate, the most common is the comparative

approach, which involves determining the value of the valuated object by comparing the prices of

recent sales of similar properties. The approach is based on taking into account the principles of

supply and demand in the real estate market.

This approach is implemented in 4 stages [7]:
1. Study of the state, development trends and features of the real estate market segment to

which the valuated object belongs.
2. Collection and verification of information about analogical objects, analysis of collected

information.

3. Choosing a method for implementing a comparative approach.
4. Reconciliation of adjusted prices of analogical objects and determination of the value of

the market value of the property being valued.

One of the most difficult stages in implementing a comparative approach in valuation of

property and real estate is the stage of choosing the method of its implementation (stage 3), which

requires the definition of certain scientifically grounded criteria for choosing a particular method.

Therefore, it is important to analyze modern methods of implementing a comparative ap-

proach in valuation of property and real estate, assess the effectiveness of existing methods and

models, and offer the most effective tools for performing valuation activities.

3. The aim and objectives of research

The conducted researches aimed to analyze modern models and methods of implementation
of the comparative approach in property and real estate appraisal, to investigate and evaluate their

effectiveness, to suggest ways of further improving the methods of property valuation.
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Table 1

Comparative analysis ofdifferentapproaches to property valuation

Approach Advantages Disadvantages

profitable

− the cost of the valuation depends on the

profit that the valuated object can generate

− takes into account the market aspect

through the discount rate;

− takes into account the economic aging;
− is universal.

− cumbersome calculations;
− the results are ofa probabilistic nature;

− the difficulty of obtaining information for making
calculations;
− high degree ofrisk;

− valuation subjectivity.

comparative

− a completely market-based method;
− in the total cost reflects the opinion of

typical sellers and buyers;
− allows to take into account the uniqueness
of each object;
− simplicity of interpretation of results.

− does not take into account future expectations;
− dependence on market stability;
− the complexity ofreconciling sales data is significantly

different;−cumbersome calculations;
− the possibility of the absence ofanalogical objects;
− difficulties in gathering the necessary initial

information.

costly

− is based on real assets;
− the only possible for some types of

enterprises;−allows to display the actual costs incurred

by the enterprise [5].

− does not take into account future expectations;
− does not take into account some intangible assets;

− does not take into account the effectiveness ofthe use

of assets;
− the book value ofthe property never corresponds to its

market value.



To achieve this aim, the following tasks are solved in the work:

− to conduct an analysis of methodological approaches to the valuation of property and

real

estate;−to analyze the methods of implementing a comparative approach in the valuation ofprop-

erty and real estate;

− to conduct a comparative analysis of the calculation of the property value on the basis of

expert valuation methods, solving the system of linear equations, the method of calculating correc-
tive corrections based on the normalized distances in the space of pricing factors and on the basis

of the correlation-regression method;
− to carry out computational experiments to investigate the effect of the process ofdigitizing

the original data on the final value of the real estate object when implementing the studied methods.

4. The essence and methods of research of modern methods of implementing a comparative
approach in valuation of property and real estate

4. 1. Object, subject and methods of research

The objects of this research are real estate objects.
The subject of this research is methods for determination of the value of real estate objects

in the framework ofa comparative approach.
Research methods are mathematical and numerical modeling.
The research is carried out in two main directions:

1. Computational experiment on the study of existing methods for implementing a compara-

tive approach in the valuation ofproperty and real estate, the essence ofwhich was the comparative
valuation of test real estate objects obtained by different methods.

2. Computational experiment to study the sensitivity of the methods under consideration

to implement a comparative approach in the valuation of property and real estate according to the

procedure for digitizing the initial data (pricing factors).

4. 2. Investigated methods for implementing a comparative approach in valuation of property
and real estate

Expert method ofdetermining corrective corrections

The simplest and most popular method for implementing a comparative approach in real

estate valuation is the expert method ofdetermining corrective amendments. It is based on making
corrections to the cost of analogical objects for certain pricing factors, by comparing them with the

valuation object. Most often, amendments are introduced to: terms of sale, location, technical con-

dition and others. At the same time, a certain step is chosen, based on the vision of a specific expert.
Most often this step is 5 %. The final value of the valuation object is derived as the arithmetic mean,

modal or median value [2−4, 6].
It is clear that this method is very dependent on the qualification of the expert and the choice

of the calculated step.
The method ofcalculating corrective corrections based on the solution ofa system oflinear

algebraic equations (SLAE)
The method ofcalculating corrective corrections based on the solution of a system of linear

algebraic equations (SLAE) is more substantiated and formalized [6–B]. According to this method,
the value of the property is based on the formula:

m

= +∆∑ (1)V P P
i=l0 i ij

i 1=

where Vo– the value of the valuation object, Pi– the price of the i-th counterpart; ∆Pij – adjustment
of the price of the i-th analogue to the difference in the object ofestimation by the j-th pricing factor.

According to the model (1), it is necessary to compare the object in succession with each of

the selected analogs. As a result, let’s obtain a system of linear equations:
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It is more convenient to find the solution of this system by the matrix method.

The main drawback ofthis method is that the number ofanalogs should exceed by 1 number

of factors. This certainly causes certain difficulties in the implementation ofthis method, related to

the need to search for additional analogues or a reduction in the number of pricing factors.

The method ofcalculating corrective corrections based on the normalized distances in the

space ofpricingfactors
Another formalized method has no limitations on the number of pricing factors and analogi-

cal objects is the method of calculating corrective corrections based on the normalized distances in

the space ofpricing factors [B]. According to it, the definition of the value of the property is carried

out in 4 stages.
Preparatory stage. At this stage, the state matrix M is formed:

~ ~
~ ~

=~ ~
~ ~

~

~ ~ ~

~

xx x

M

01 02 0m

A'<i:=,MiJf • (5)

xx x
n 1 n2 nm

(3)

where nis the number of analogical objects; 0102 0m x ,
x

, ,x… – the object of valuation;
x x x – i-th analogue.

The first stage is the formation ofa matrix ofcongruences

At this stage, let’s form the matrix of comparisons ΔM by subtracting the value of the first

row of the matrix from the corresponding elements ofall subsequent rows:

n 1 n 2 nm,
…

, ,

∆∆∆~ ~
~~∆ =

~~
∆∆∆~ ~

~

~ ~ ~

~

xx x
11 12 1m

M .

xx x
n 1 n2 nm

(4)

ij
x∆ characterizes the difference between the

i-th analogue object and the object of estimation by the j-th factor.

The second stage is the normalization of the matrix ofcongruences

In order to move away from the different units ofmeasurement of the columns of the matrix

ΔM, each element of the matrix is normalized as follows:

( )
ij

ij 2n

iji 1

x

k
.

x
=

∆
∆ =

∆∑
(5)

Thus, each element of the comparison matrix

Thus, let’s obtain a normalized comparison matrix +∆M.

The third stage is the determination ofweight coefficients
On the basis of the matrix +∆M let’s calculate the distance li from the formula:

m

)(
2

= ∆=∑ 1 n.,i ,= (6)i ij

j 1

l kln.

=

,i,

In an n-dimensional Euclidean space, the object of estimation acts as the center of coordi-

nates, and to each analogue object there corresponds a separate point, remote from the center of

coordinates (the object ofvaluation) by the distance li .
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To each quantity l
j .

it is possible to compare the reciprocal quantity i
1

P =

l
i

Thismethodisguaranteedtogivetheresultofthevalueofthevaluationobject, doesnot
which can be

transformed into a weighting coefficient by the formula:

pi
v

i (7)=
factors[9-18].

∑pi

The fourth stage is the determination of the value of the valuation object. Taking into ac-
count the found weight coefficients, the value of the valuation object is determined by the formula:

C

n

= ⋅∑ (8)
i 1

v C
two-factorregression:i i

=

i – the cost of the i-th analogue object.
This method is guaranteed to give the result of the value of the valuation object, does not

exceed the limits of the cost of used analogs.
The advantage of this method is that it takes into account the degree of proximity of the

valuation object to the analogue objects.

Correlation-regression methodfor determining the value ofreal estate objects
If there is a significant amount of information on analogous objects, then it is reasonable to

determine the market value of a real estate object within the framework of a multifactor regression
analysis that allows one to assess the degree of influence on the investigated performance indicator

of each of the factors introduced into the model with a fixed position at the middle level of other

factors [9−lB].

Mathematically, the task is reduced to finding an analytical expression, it would better re-

flect the connection of the factor characteristics with the

where C

resultant:

( )12nYfX ,
X~...,X.= (9)

The most difficult problem is choosing the form of communication. However, taking into

account that any function of many variables can be reduced to a linear form by logarithmation or

substitution of variables, the multiple regression equation can be expressed in a linear form:

,
= + + + + (10)01122 nn

Y a a X a X
...

a X

n

– the factors; аwhere Y – the calculated values of the effective indicator; Хl, Х2, …,
Х

0, а1 ,

а2 ,…аn– the equation parameters.
The equation parameters are calculated by the least squares method. So, in the case of

two-factor regression:

∑ ∑ ∑

∑ ∑ ∑ ∑
∑ ∑ ∑ ∑

Y na a X a X= + +
0 1 1 2 2

2YX a X a X a X X (11)
= + +

1 0 1 1 1 2 12

YX a X a X X a X
2

= + +
2 0 2 1 12 2 2

Each coefficient of the equation indicates the degree of influence of the relevant factor on the

score for a fixed position ofother factors.

In order to identify the relative strength of the influence of individual factors and their

reserves, it is advisable to calculate the partial elasticity coefficients and beta coefficients by
the formulas:

X
a ; a

,

Y

σ
ε= β =

σ

³Xi
i³i

(12)
³

Y
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where – coefficients ofregression at the i-th factor; iX– the average value of the i-th factor; Y–

the average value of the effective indicator; σ
X3

– the standard deviation of the i-th factor; σY– the

standard deviation of the result.

Partial coefficients ofelasticity show how many percent the result on the average will change
with 1 % change of each factor for a fixed position of other factors.

а
і

5. Analysis of the results of a computational experiment on the methods of realizing the com-

parative approach in real estate valuation

In order to valuate and compare various methods of calculating the value of real estate in the

comparative approach, a number of test cases are examined, a fragment of one of which is given below
.

Let’s suppose that it is necessary to evaluate the property (living quarters), which is character-

ized by the indicators shown in Table 2. For comparison, 5 analogical objects are selected, the charac-

teristics ofwhich are also given in Table 2. Let’s assess the value of the object for such pricing factors:

technical condition, location, availability of improvement, the presence ofa parking slot.

According to the expert method of calculating the cost of the valuated object, a standard

step of 5 % was chosen. As a result of the calculations, the following results are obtained (Table 3).

Further, the cost of the same property is calculated using the SLAU solution method. For this

purpose, the initial data were digitized (Table 4).
As a result of the implementation of this method, a solution is obtained in this form (Table 5).
Element V 0 – this is the market value of 1 square. m (for the estimated property –

13362.5 UAH.).
Other elements of the obtained matrix V can be interpreted as follows:

IP∆ =187,5 UAH – correction to the cost of 1 square. m of the property while improving its

technical condition by one point;
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Table 2

Output data on the subject ofvaluation and analogical objects

No. technical condition Location Accomplishment Parking slot
The cost of

1 sq.m, UAH

Valuation object good Central water supply lighting yes

Analogue 1 good Central all the benefits yes 13500

Analogue 2 excellent middle all the benefits yes 13500

Analogue 3 satisfactory middle water supply lighting no 12900

Analogue 4 satisfactory middle lighting yes 12850

Analogue 5 satisfactory Central without accomplishment yes 12900

Table 3

Result of calculation of cost ofvaluated object by a method of an expert estimation

No. Corrective amendments, % Amount of amendments, % Adjusted cost of 1 sq. m, UAH

Analogue 1 0 –5 0 –5 12825

Analogue 2 5 –5 0 –5 12825

Analogue 3 5 0 5 15 14835

Analogue 4 5 5 0 15 14777,5

Analogue 5 0 10 0 15 14835

Object
average 14019,5

median 14777,5



2P∆ =187,5 UAH – correction to the cost of 1 square. m of the property with a hypothetical

improvement in its location by one point;
3P∆=137.5 UAH – correction to the cost of 1 square. m of the property while improving the

improvement;
4P∆=87.5 UAH – correction to the cost of 1 square. m of the property when there is a

parking lot.

In order to reveal the dependence of the choice of the method of digitizing the initial data on

the final cost of the valuation object, a computational experiment is carried out, a fragment of the

results of which are given in Table 6. In the course of the experiment it turned out that the method

of digitizing data in this method affects the final result of the cost. In this case, even corrections

may occur with a negative sign, contrary to the physical meaning of the problem.

Further, the cost of this real estate object is calculated by determining the weight coeffi-

cients based on the normalized distances in the space of the pricing factors. For this purpose, data

are digitized similar to the previous method and calculations are performed. The obtained results

can be interpreted as the value of the object of valuation and the degree ofremoteness of the object
from the analogical objects (Table 7).

To determine the dependence of the choice of the method ofdigitizing data on the final cost

of the valuation object, a computational experiment is conducted to study this method, a fragment
of the results of which are given in Table 8. In the course of the experiment it turned out that the

method of digitizing data in this method also affects the final result of the value of the valuation

object (Table 8).
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Table 4

Initial data for calculating the value of an object by the SLAU solution method

pricing factor Technical condition (TC) Location (L) Accomplishment(A) Park slot (PS)

Ranking

0 Yes

1 Satisfactory outskirts without accomplishment No

2 Good middle lighting

3 Excellent Central water supply lighting

4 all the benefits

Output factors (pricing factors)

Valuation object 2 3 2 1

Analogue 1 2 3 3 1

Analogue 2 3 2 3 1

Analogue 3 1 2 2 0

Analogue 4 1 2 2 1

Analogue 5 1 3 0 1

Table 5

The result ofcalculating the value of the property by the method of SLAU solution

State matrix Inverse matrix Vector of values, UAH

1 0 0 1 0 0,5 0,25 0 –0,25 0,5 13362,5

1 1 –1 1 0 –0,5 0,75 0 –0,75 0,5 187,5

1 –1 –1 0 –1 0,5 –0,25 0 –0,75 0,5 187,5

1 –1 –1 –1 0 0,5 –0,25 0 0,25 –0,5 137,5

1 –1 0 –2 0 0,5 –0,25 –1 1,25 –0,5 87,5
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Table 6

Fragment of the results of the computational experiment on the investigationof the method of SLAU solution

in valuation of the real estate object

Output data
Calculation

result, UAH

Object Pricing factors

Cost, UAH

ТС L A PS

Experiment 1

Valuation object 2 3 2 1

А1 2 3 3 1 13500 13362,5

А2 3 2 3 1 13500 187,5

А3 1 2 2 0 12900 187,5

А4 1 2 1 1 12850 137,5

А5 1 3 0 1 12900 87,5

Experiment 2

Valuation object 3 3 2 1

А1 3 3 3 1 13500 13268,8

А2 5 2 3 1 13500 93,75

А3 1 2 2 0 12900 187,5

А4 1 2 1 1 12850 137,5

А5 1 3 0 1 12900 87,5

Experiment 3

Valuation object 2 5 3 1

А1 2 5 5 1 13500 12900

А2 3 3 7 1 13500 –87,5

А3 1 3 3 0 12900 93,75

А4 1 3 1 1 12850 137,5

А5 1 5 0 1 12900 225

Table 7

Calculation of the value of the property by determining the weighting coefficients on the basis of the

normalized distances in the space of the pricing factors

Object
4

∆∑ , i 1,n=

2

k

j 1

ij

=

1,=i
4

j=lA1

2

i ij
j 1

l k

=

= ∆∑ ,
i 1,n=

p
1

i
=

l
i

p
v

i

i
=

∑ Cost, UAH
pi

А1 1,14 1,07 0,94 0,15 2049,768

А2 1,41 1,19 0,84 0,14 1846,032

А3 0,36 0,60 1,68 0,27 3506,582

А4 0,50 0,71 1,42 0,23 2955,381

А5 0,60 0,77 1,29 0,21 2703,884

Sum 6,17 1,00 13061,65
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Table 8

Fragment of the results of the computational experiment on the study of the method of determining the weight

coefficients on the basis of the normalized distances in the space of the pricing factors

Output data Calculation

Object
Pricing factors

Cost, UAH
Weight

coefficients
Cost, UAH

ТС L A PS

Experiment 1

О 3 3 3 1

А1 3 3 4 1 13500 0,15 2049,768

А2 5 2 4 1 13500 0,14 1846,032

А3 1 2 3 0 12900 0,27 3506,582

А4 1 2 2 1 12850 0,23 2955,381

А5 1 3 1 1 12900 0,21 2703,884

Sum 1,00 13061,65

Experiment 2

О 3 3 2 1

А1 3 3 3 1 13500 0,16 2201,839

А2 5 2 3 1 13500 0,14 1954,778

А3 1 2 2 0 12900 0,33 4207,167

А4 1 2 1 1 12850 0,25 3170,576

А5 1 3 0 1 12900 0,21 2754,347

Sum 14288,71

Experiment 3

О 2 4 2 1

А1 2 4 3 1 13500 0,16 2100,039

А2 3 5 3 1 13500 0,13 1774,683

А3 1 3 2 0 12900 0,25 3251,81

А4 1 3 1 1 12850 0,21 2693,404

А5 1 3 0 1 12900 0,21 2754,347

Sum 12574,28

Next, the cost of the property is calculated using the correlation-regression method (Table 9).

Table 9

Calculation ofthe value ofthe real estate object by the correlation-regressionmethod

Object Х1 Х
2

Y YХ1 YХ2 Х12 Х22 Y2 Х1Х
2

А1 3 4 13500 40500 54000 9 16 182250000 12

А2 4 3 13500 54000 40500 16 9 182250000 12

А3 2 3 12900 25800 38700 4 9 166410000 6

А4 2 3 12850 25700 38550 4 9 165122500 6

А5 2 4 12900 25800 51600 4 16 166410000 8

Sum 13 17 65650 171800 223350 37 59 862442500 44

Average 2,6 3,4 13130 34360 44670 7,4 11,8 172488500 8,8

Determinant Х Determinant Х1 Solution of the system

5 13 17 65650 65650 13 17 а0 а1 а2

13 37 44 171800 171800 37 44 11600 357,9 176,3

17 44 59 223350 223350 44 59 Object cost, UAH

19 220400 13378,95



A computational experiment to investigate the correlation-regression method shows that the

choice of the method of digitizing the initial data practically does not affect the final result of the

cost, which is by far the most significant advantage of this method (Table 10).
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Table 10

Fragment of the results of a computational experiment on the investigation of the correlation-regression
method ofproperty valuation

Experiment 1

Х
1

Х
2

Y YХ
1

YХ
2

Х2 Х
1

2 Y2 Х
2 1

Х
2

О 3 4

А1 3 4 13500 40500 54000 9 16 1,82E+08 12

А2 4 3 13500 54000 40500 16 9 1,82E+08 12

А3 2 3 12900 25800 38700 4 9 1,66E+08 6

А4 2 3 12850 25700 38550 4 9 1,65E+08 6

А5 2 4 12900 25800 51600 4 16 1,66E+08 8

Sum 13 17 65650 171800 223350 37 59 8,62E+08 44

Average 2,6 3,4 13130 34360 44670 7,4 11,8 1,72E+08 8,8

Valuation object, UAH

13378,95

Experiment 2

Х1 Х
2

Y YХ1 YХ2 Х12 Х22 Y2 Х1Х2

О 3 3

А1 3 3 13500 40500 40500 9 9 1,82E+08 9

А2 5 2 13500 67500 27000 25 4 1,82E+08 10

А3 1 2 12900 12900 25800 1 4 1,66E+08 2

А4 1 2 12850 12850 25700 1 4 1,65E+08 2

А5 1 3 12900 12900 38700 1 9 1,66E+08 3

Sum 11 12 65650 146650 157700 37 30 8,62E+08 26

Average 2,2 2,4 13130 29330 31540 7,4 6 1,72E+08 5,2

Valuation object, UAH

13378,95

Experiment 3

Х1 Х
2

Y YХ1 YХ2 Х12 Х22 Y2 Х1Х2

О 4 3

А1 4 3 13500 54000 40500 16 9 1,82E+08 12

А2 5 2 13500 67500 27000 25 4 1,82E+08 10

А3 3 2 12900 38700 25800 9 4 1,66E+08 6

А4 3 2 12850 38550 25700 9 4 1,65E+08 6

А5 3 3 12900 38700 38700 9 9 1,66E+08 9

Sum 18 12 65650 237450 157700 68 30 8,62E+08 43

Average 3,6 2,4 13130 47490 31540 13,6 6 1,72E+08 8,6

Valuation object, UAH

13378,95



6. Discussion of the research results on methods for implementing a comparative approach in

real estate valuation

To date, the main methods that implement a comparative approach in the valuation of property
and real estate is the method ofexpert evaluation, the method ofcalculating correctivecorrections based

on the solution ofa system of linear equations, the method ofcalculating corrective corrections based on

the normalized distances in the space ofpricing factors, and the correlation-regression method.

Comparison of the results of calculations of the value of the object valuation by various

methods has shown that the expert method, as the most subjective, gives the most overestimated

value ofreal estate objects; the method ofSLAE solution and the method of determining the weight
coefficients on the basis of the normalized distances in the space of the pricing factors show a

somewhat understated valuation (Fig. 1).

In addition, the analysis of the results ofa computational experiment on the influence of methods

of digitizing the initial data on the final value of the real estate object when implementing various meth-

ods has shown that the method of calculating corrective corrections based on the solution of a system
of linear equations and the method of calculating weight coefficients on the basis of the normalized

distances in the space of pricing factors essentially depend on the method of digitizing the initial data,
while the correlation-regression method does not exert addiction is without suspended its advantage.

7. Conclusions

Valuation of property and property rights is an important prerequisite for the functioning
and development of civilized market relations. Therefore, the problems associated with the im-
provement ofvaluation and appraisal activity are always topical.

Modern practice of valuation ofreal estate has a significant methodological and calculating
apparatus for making sound management decisions. However, the proposed economic and mathe-

matical models in most are aimed at reflecting the general trends in the development of the real es-

tate market, while the real estate market is characterized by variability and multifactoriness, which

makes it necessary to take into account its stochastic nature in computational models.

On the basis of the research carried out in the work, it can be concluded that today the most

expedient in valuation ofreal estate is the development and improvement ofmethods of correlation

and regression analysis, it allows not only to determine the current market value of real estate ob-

jects, but also to establish investigative causality. Obligations between pricing factors , predicting

qualitative and quantitative changes in the real estate market, is an integral part in making the most

effective management solutions.

The methods and results ofscientific research presented in this work are used in the evalua-

tion ofreal residential and non-residential real estate LLC “Tasador” (Kyiv, Ukraine).
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Fig. 1. The results of calculating the value of the property by different methods
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Abstract

In the course of studies on the problem of restoring hands relief, using the de Bruijn structured illumination, methods of

solving this problem are proposed. This is a method of simple quantitative detection of Hough segments on the skin of the hand, a

method ofqualitative visual evaluation ofthe effectiveness ofthe color palette using the dominant color, and a method of the weight
coefficients of the components of the color palette.

The proposed methods make it possible to quantitatively determine the optimal choice of the color scheme for generating the

de Bruijn bands when illumination ofthe hand, to restore its relief.

The work describes the stages of this study, led from visual observation to a full quantitative calculation of the quality of

calibration illuminations, with the possibility oftheir optimal choice.

In the course of experiments and observations, the requirements for the technical support of research were developed to

achieve the best quality of the images of the hands. Also, the paper presents a high-speed de Bruijn sequence generating algorithm

using Lyndon’s words, which excludes the search for Euler chains or Hamiltonian cycles, for various kinds of de Bruijn graphs. With

its help, the generation of structured light patterns with various color schemes was carried out, with the purpose of furtheranalysis
of their use in 3D reconstruction systems of hands.

Keywords: 3D scanner, image convolution, color scheme, Hough transformations, de Bruijn sequence, Lyndon words, ROI

(Region ofInterest).

DOI: 10.21303/2461-4262.2017.00497 © Yuliia Lymarenko, Dmitry Tatievskyi

1. Introduction

To date, in the problems of scanning volumetric surfaces, many different variants of pat-
terns of structured illumination have been developed. Most often, in practice, a series of changing

pictures (pictures with time multiplexing) and unchanging pictures are used, using various col-

or-coding options.
In the present study, to detect the reliefof the hand, colors with color coding based on M-se-

quences or de Bruijn sequences are used.

De Bruijn sequence of order m in the alphabet of n symbols is a circular sequence of

length n^m that contains any substring of length m only once. This sequence is used, in particular,
in systems for recording 3D objects in real time (3D scanners) using structured illumination.

The aim of research is studying the behavior of the de Bruijn bands on the hand, with the

possibility of choosing the optimum color palette for structured illumination using the weighting
method. This will allow the most qualitative restoration of the three-dimensional reliefof the hand

for further use in 3D scanning systems, in particular, in systems for recognizing gestures. Since, as

a result of correctly selected color sets in the illumination patterns, minimal mutual influence of the

components of the entire color scheme is provided and overall recognition accuracy is increased.

The main task of the image processing algorithm is determination of the correspondences
between points on the registered image, and points on the illumination pattern. The result of the

work of algorithms is a cloud of points in three-dimensional space, on which a three-dimensional
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visualization of the surface ofan object is constructed. The structure of the processing algorithm is

determined by the type ofused template [l, 2].
The implementation of the illumination used in the work is carried out using the Lyndon

words, since there is a direct link between the de Bruijn sequences and the Lyndon words. The soft-

ware implementation uses recursive and iterative algorithms to generate such words (roughly the

same performance). The result of the work is the generation ofa pattern ofstructured illumination

for the tested color schemes [3, 4].
In many image processing systems, it is necessary to solve the problems of searching or

identifying objects ofa given form: straight lines, circles, ellipses, etc., in real time [5, 6]. Therelief

of a given surface in real time can be obtained only using pictures of structured illumination with

spatial or color coding, which can’t be achieved with the use of pictures with time multiplexing.
In the course of the study, color coding was chosen. So, as a criterion of optimality of

the color scheme of illumination, the number of detectable objects (color segments) on the hand,
obtained with the help of Hough transforms (HoughLinesP function from the OpenCV library)
was chosen. Obviously, such criterion is not optimal, since the effectiveness ofusing the selected

illumination is determined visually - these are segments of a certain color unfilled by Hough seg-
ments. Therefore, it was used as an auxiliary, when choosing the initial color schemes, for further

quantitative analysis [6, 7].

Thus, a method was developed for calculating the weight coefficients of colors and their

percentage losses, described in detail in the study. The application for the study is implemented in

the C# programming language in the Microsoft Visual Studio 2015 environment, using the Emgu-
CV library (OpenCV for .NET).

At the moment, working with the OpenCV library is well documented, there are many ex-
amples and practical advice [7, B].

The practical value of this research consists in the possibility ofchoosing the optimal color

scheme of structured illumination, for the most effective investigation and restoration of the relief

of the hand.

2. Review of the problem state

Detection and analysis ofbands of structured illumination by color is an accurate and simple

way of obtaining image depth (surface relief) [9−l3].
There are many color patterns developed for the rapid identification of the reliefof the object

under study, achievable in one video frame.

Structured illumination methods used in modern 3D scanners and suitable for real-time

operation use finite color sequence templates. To increase the resolution of the resulting point cloud

(the quality of the result), an increase in the number of unique subpatterns in a single projection
pattern is required [l4, 15].

Fig. 1 shows the de Bruijn sequence pattern based on the RGBCMY color alphabet, with a

length of a non-repeating subsequence of 3.
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Methods for generating de Bruijn sequences, using various algorithms, are widely repre-

sented in many sources [l6–lB].

Fig. 1. De Bruijn sequence of216 characters in length (color bands)



Color coding uses only one picture. The position of each pixel, uniquely, is encoded by the

color value of the given pixel and several of its “neighbors”. When creating a color-coded picture,
it is tend to get the minimum size of the neighborhood (the number of “neighbors”) of the pixel

required to uniquely restore, and the minimum number of different colors (to increase the reliabil-

ity of determining each color). It is precisely these properties that the M-sequences or de Bruijn

sequences have realized in the study using Lyndon words [l9].

3. Materials and methods

In accordance with the logic of scientific research, the research methodology is developed.
It is a complex of theoretical and empirical methods, the combination ofwhich makes it possible
to study, with the greatest certainty, the object of behavior of the de Bruijn bands of structured

illumination on the hand (the specific structure and color of the skin) in order to select the optimal
color scheme for restoring its relief.

In the course of solving the problem, studying the behavior of the de Bruijn bands on the

hand, a number of methods have been applied that made it possible to comprehensively study the

investigated problem, all its aspects and parameters. Among them let’s select methods of theoreti-
cal research (abstraction, analysis and synthesis) and empirical research.

The empirical study consisted in observing the investigated object, without being influenced

by the observer, under various conditions of illumination and background. In the end, this led to

the conclusion that it was necessary to use an absolutely black color for it, which made it possible
to improve the contrast as much as possible.

In the course of the experiments, a 3D scanning machine was used. The choice was made in

favor of a mini projector Samsung HO3 (South Korea) and web cameras Logitech HD Pro 920 (Chi-
na). The use of devices provides both the most acceptable illumination of the investigated object,
and the excessive resolution of the resulting video frame in the process of video capture.

Experiments with the resulting set of images, OpenCV tools, allowed to choose the optimal

parameters and threshold values for maximally complete and high-quality processing. Below are

the values of such parameters. Accordingly, the modeling method was used to create and study a

copy (model) of the object that imitates the original. A comparison method was also used, which,

at this stage, allowed to abandon the use of some color schemes.

4. Experiments
The developed Windows application allows to load images ofa hand made in approximately

the same conditions (the known corners of the projector-camera system, the distances between

them) with different illumination (color scheme).
To obtain the maximum number of Hough sections, empirical studies were conducted,

during which the optimal set of tools that exist in the OpenC V library was determined. For Hough
transformations, threshold values were used, specially selected for the existing set of images.

Initially, the image is smoothed (or blurred) using the Gaussianßlur function, which blurs by
calculating a convolution of an image with a discrete Gauss core with standard deviations equal to

sigmaX and sigmaY along the Ox and Oy axes respectively (the deviations are 2).
It should be noted, without going into details and terms, that when calling this function, a

restriction on the parameterkSize is imposed (empirically selected value = 3). The width and height
of the core must be positive and odd, or zero ifthe core size is determined from standard deviations.

Also, a median filter with a core size of kSize=7 is used.

The threshold values for the Kenny boundary detector are empirically chosen. The discrete

Sobel differential operator, which calculates approximate values of derivatives of different orders

for the brightness function of pixels, uses a second-order derivative ofX (in Y, there is no need to

differentiate, since vertical and close segments are detected).
Detection of segments is performed using the application’s public LineSegment2D GetVer-

ticalLines (Bitmap bmp) method, which calls the library function Cvlnvoke.HoughLinesP. Basic

operations of working with images are described in many sources, and do not require additional

explanations [2o].
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Thus, the algorithm for processing the original image can be represented by the block dia-

gram fragment in Fig. 2.

The GetVerticalLines method defines a set of vertical lines in the image, using the optimal

empirical parameters transferred to the designer, for filters and boundary detectors.

Some fragments of the text application are shown in Fig. 3.

It should be noted that the developed application is able to detect hand with the help ofexist-

ing trained Haar cascades used in pattern recognition. For more accurate localization of the hand,
it is possible to select ROI (the area of interest) with the help of mouse.

5. Results

The results of detecting segments on the hand, using the Hough transforms for various de

Bruijn illumination (black segments), are shown in Fig. 4, 5.
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Obtain a black and white image

Apply filters

CvInvoke.GaussianBlur

CvInvoke.MedianBlur to it

Call the Sobel differential

operatorCvInvoke.Sobel

Use the Canny edge detector

CvInvoke.Canny

Call the Hough transformation

CvInvoke.HoughLinesP

Fig. 2. Algorithm for processing the original image

Fig. 3. Fragment of the test application



The visual analysis allows to leave just these palettes for further research.

6. Discussion of research results

The essence of the approach is the determination of the dominant color from the illumina-

tion palette on the skin of the hand.

The illumination palette on the skin of the hand is shown in Fig. 6.

By ROI scanning (in this case, the area of the hand), let’s analyze the color composition of

each pixel and determine the dominant color, for example, for red color. The algorithm for the ROI

scanning of the hand region is shown in Fig. 7.

Also, with the formation of lists of pixels for each color from the illumination panel, let’s

determine their number to calculate the specific weighting coefficients.

For visual control, the dominant color is displayed in “clean” color. The definition of the

dominant color of the RGB illumination in quantitative terms is shown in Fig. 8.
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Fig. 4. De Bruijn RGB illumination

Fig. 5. De Bruijn CMY illumination (Cyan-Magenta-Yellow)
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Weighting factors for RGB illumination are presented in Table 1.

Fig. 6. RGB palette of the de Bruijn sequence

If(color.R > color.G

yes no

&& color.R>

сolor.B)

Red color?

++redCount;
colorXY.X = i;
colorXY.Y = j;
colorXY.Color=Color.

Red;
redXY.Add(colorXY)

Similarly let’s define

other dominant colors

Fig. 7. Algorithm for ROI scanning of the hand area

Table 1

Weighting factors for RGB illumination ofthe hand

Color shade Coefficient

Red (Kr) 0,64

Green (Kg) 0,09

Blue (Kb) 0,27



Weighting coefficients are displayed in the Statistics field of the application. This approach
does not require the use of the OpenCV library. The illumination of the de Bruijn sequence, based

on the CMY color alphabet (cyanmagenta-yellow) is characterized by the fact that this set of colors

is completely filled with 2 bytes and one zero, respectively, the determination of the color domi-

nant, for example, for yellow:

if (color.R > color.B && color.G > color.B)

The result of determining the color dominant (magenta) and the weighting coefficients for

this palette are shown in Fig. 9.

Table 2 shows the weighting coefficients for CMY illumination.
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Fig. 8. Determination of the dominant color of RGB illumination in quantitative expression

Fig. 9. Determination of the dominant color of the CMY illumination



The mutual influence of colors entering the palette can be investigated by choosing the ap-

propriate ROI (in the limit of a single color band). Fig. 10 shows that the color shade ofmagenta, in

practice, is not subject to such influence.

In the RGB palette, let’s observe the largest loss in color – green in the neighborhood with

the red. The study of color loss using ROI selection is shown in Fig. 11.

Computer Sciences

Original Research Article:

full paper

(2017), «EUREKA: Physics and Engineering»
Number 6

22

Table 2

Weighing factors for CMY illumination of the hand

Color shade Coefficient

Cyan (Kc) 0,22

Magenta (Km) 0,65

Yellow (Ky) 0,13

Fig. 10. The mutual influence ofCMY illumination colors

Fig. 11. Investigation of color loss by choosing ROI



In the course of further research, in order to obtain accurate quantitative indicators of the

behavior of different colors of a certain pattern on the skin of the hand, it is suggested to perform its

pictures on a black background – to accurately detect the hand, by clipping the background pixels.
Calculation of quantitative indicators of losses and color acquisitions that make up the pal-

ette is based on the idea of filling with pure colors. Applied palette with a given ROI ( black back-

ground) allows to use the threshold value to cut it.

These indicators are implemented by the method private bool IsHandColor (Color color, int

threshold)

{
return !(color.R < threshold && color.B < threshold && color.G < threshold);
},withthe possibility of setting threshold (the threshold value for the component colors ofthepalette)

with the possibility ofsetting threshold (the threshold value for the component colors of the palette)

parameters in the application, as shown in Fig. 12.

The whole process and the general view of the used application is shown in Fig. 13.

In this case, the calculation of the necessary parameters looks like this:

Weighting coefficients:

Kc = 0,5880984

Km = 0,2836871

Ky = 0,1282145

Weighting coefficients:

Kc = 0,4807465
Km = 0,3814434

Ky = 0,1378101 Colors(+/-)

Cyan: – 18,25408%

Magenta: + 34,4592%
Yellow: + 7,484046%
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Fig. 12. Filling of the hand with the dominant colors of the palette (CMY)



The results of changing the palette color on the skin of the hand for the color RGB scheme

are shown in Fig. 14.

Analysis ofcalculated coefficients and percentage values demonstrates their greater disper-
sion for this scheme, in comparison with CMY illumination.

In Fig. 13,14 it is possible to see the absorption of green and blue colors in red in RGB illu-

mination, as well as yellow and cyanic magenta (CMY).
The processing of the file statistics for each palette gives the results shown in Table 3,4.
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Fig. 13. Change of the palette colors on the skin of the hand (CMY)

Fig. 14. Change of the palette color on the skin of the hand (RGB)



Thus, changes in the color of the illumination on the hand indicate that the color loss in the

CMY illumination is less (do not exceed 15 %), for RGB illumination they are more than 25 %.

7. Conclusions

1. A review of the existing complexes of theoretical and empirical methods is performed, the

combination of which makes it possible to study the object under study with the greatest certainty

by analyzing the behavior of the de Bruijn bands of structured illumination on the hand, in order to

select the optimal color scheme for restoring its relief.

2. To obtain the maximum number of detectable Hough segments, empirical studies using a

3D scanner are carried out, during which the optimal set of tools that existed in the OpenCV library
is determined. For proper Hough transforms, empirically selected threshold values are used.

3. As the statistics on color loss gradually accumulated, and the results were fixed, we can

make an unambiguous conclusion in favor of using CMY illumination for the hand, which is opti-
mally suitable for these purposes.

The obtained results help to choose the optimal color scheme of the structured illumination,
in order to most effectively illuminate the hand to restore its relief. There is also a wide opportunity
for experimenting with all sorts ofother color schemes for such illumination. It should be noted that

in many cases the advantages of such scheme can be assessed by visual analysis.
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Abstract

The approach to the creation of computer facilities for the automation of the technical maintenance ofproduction equipment

(TMPE) at industrial enterprises (IE) is outlined. Meaningful and formal statement of the problem of forming solutions for iden-
tifying and eliminating collisions that arise when delivering spare parts and components for TMPE are presented. The method of

formation of coordinating decisions on maintenance with spare parts and accessories for carrying out TMPE at IE is described. The

organization of intellectual support of formation ofcoordinating decisions by recognition ofpotential collision in the TMPE process

is offered. This procedure involves checking the real existence of the collision and issuing a coordinating decision. In this case, the

decision is formed in the event ofa disagreementbetween the need for spare parts and components for the TMPE maintenance, with

their availability in the PP warehouse. The ways ofsoftware implementationof this method in the environment ofmulti-agent system

are considered. In particular, the description of the multi-agent system developed during the prototype research is given. The proto-
type is implementedusing CORBA technology, in accordance with DSTU ISO/ EC 2382-15:2005. The calculation of the efficiency of

the application ofthe developedcomputer tools in production is shown. To assess the quality of the system, a sliding control method

based on leave-on-out cross-validation (LOOCV) is applied.
Keywords: maintenance, production equipment, industrial enterprise, spare parts and components, collisions; intelli-

gent agents.
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1. Introduction

Currently, the effectiveness of business processes in various areas ofmaterial production is

largely determined by the failure-free operation ofproduction equipment. This fact determines the

relevance of tasks related to computer support for the supply of industrial enterprises (IE) spare

parts and components for technicalmaintenance ofproduction equipment ( TMPE). Issues related

to the use of information technologies and systems for IE automated management are devoted to a

significant number of publications, for example [l−7]. The activity ofmodern IE takes place under

very dynamic conditions, therefore, the efficiency oftheir operation largely depends on the overall

technical state of the production equipment, minimization of failures, and also the efficiency of

the processes of restoring the working condition of machines and mechanisms. The abovemen-

tioned necessitates the timely ordering of spare parts for the timely TMPE. Significant achieve-

ments in this direction have been achieved by research centers of such developers as Dassault
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Systemes (France), Siemens PLM Software (Germany), Unigraphics (USA), etc. Along with this,
the specificity of IE functioning does not allow directly using the corresponding standard means

of automation of TMPE processes. Therefore, there is a need for further research on methods and

tools for informational support ofIE management processes, in terms ofensuring the proper technical

condition ofproduction equipment, with a view to developing special applied information technology.
Thus, at the present time there is a scientific and applied problem, the essence of which is increasing
the efficiency ofIE production by ensuring the reliability ofproduction equipment by developing and

implementing information support technology for providing spare parts and components for TMPE.

The aim of research is development of an approach to improving the efficiency of IE func-
tioning by creating a technology for informational support of TMPE processes based on special
data processing and knowledge tools. The application ofthis approach in the process ofcomputer-
ization of logistics processes will make it possible to reduce the risks of failures and downtime of

production equipment.

2. Materials and Methods

Let’s imagine formally the process of providing spare parts and components G of a certain

piece of industrial equipment S to the IE with a set ofobjects:

D D I

S S S DA
G A
£2S-setofmaintenanceoperations indices forapieceofequipmentS;

D
D={di ,d2,...,dm},rn=1,N d - the nomenclature ofallpartsforthemaintenanceofpro-

C
Gs-setofpartsindicesin a piece of equipment S;

I
Cs = {c x

},XCeC E - componentsuppliersfromthesetDs,CsczC;
= (1)

where {}S rS Aa, r = ∈Ω – set of all routine maintenance operations for a piece of equipment S;

{} S 1 2n A A,A a, a ~..,
a , n 1,N⊂= = – set of all operations for the TMCE in the IE;

SΩ – set of maintenance operations indices for a piece ofequipment S;

of

a piece of equipment S, there are mappings A° :D s — » A s , C D :D s — » C s , and these mappingsSt S
D d
Statement 2. The mapping

A 1 :I
A —> A

s, by virtue of the specificsof themaintenance pro-
t= ∈σ – set of parts and accessories for a piece ofequipment S, SD D⊂;

{ }1 2mDDd,d~..,
d , m 1,N= = – the nomenclature of all parts for the maintenance of pro-

duction equipment in an industrial enterprise;

Sσ – set of parts indices in a piece of equipment S;

AI – set of components for maintenance of a piece of equipment S;

{ }S x C E
C c

,
X C

⊂

= ∈ – component suppliers from the set SD, SC C⊂;

{ }1 2rCCc,c ~..,
c

,
r 1,N= = – set of all suppliers of spare parts and components for produc-

tion equipment at IE;
D D I

A
case,is separated(andaccordingtotheindividual scenario),alsosignificantlydependsonthesitu-
C

,
A

,

,
C

,
A – corresponding relations on sets

S S DAD,A, C ,
I .

Statement 1. For any technological operation iSSa A,i ∈ ∈Ω of the maintenance process

of a piece of equipment S, there are mappings
D

S S
A : D A→

,

D

S S
C : D C→

,
and these mappings

are surjective (for example, for each element of the set SA there exists an element of the set SD or

1

S
f (A )−

≠ ∅).
Statement 2. The mapping I

A

A S
A : I A→

, by virtue of the specifics of the maintenance pro-
cesses of the production equipment, is bijective.

The proofs of statements 1 and 2 follow directly from the existing principles of the organi-
zation ofTMPE at lE.

The above formal description of the TMPE process is idealized, since in real production
conditions there are often factors that impede the fulfillment of all the requirements of the techno-

logical regulations.
As a result of the study, the most common collisions in the implementation of the TMPE are

identified, from which a representative set was formed, covering practically all possible mismatch-

es. In this case, all collisions (and their characteristic features) arising in the process of mainte-
nance are proposed to be divided into two groups:

1) determined and resolvable in the automatic mode;

2) insoluble in automatic mode.

The resolution of situations classified as insoluble in the automatic mode, in each individual

case, is separated (and according to the individual scenario), also significantly depends on the situ-

ation itself, and requires direct decision-making by production managers of different levels.
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Production situations, which can be attributed to the first group, can be resolved automati-

cally, using the technology of intelligent agents. To develop the nomenclature of agents, it is neces-

sary to acquire knowledge about the subject area “Material and technical support of the technical

maintenance of production equipment”, the presentation of this knowledge in the form of sets of

characteristics, as well as types ofcoordinating decisions. Knowledge of the formation of these sets

can be obtained both by analyzing existing precedents, and by acquiring the knowledge ofexperts.

Consequently, the work of the coordinator is reduced to the selection of the required version of the

coordinating decision, provided that the requirements imposed by the maintenance regulations for

spare parts and components for each particular unit of production equipment are met. Based on the

above considerations, it is advisable to limit the nomenclature of intelligent agents for automatic

identification and resolution of collisions in the TMPE process, limited to two types – agent-rec-

ognizers and coordinating agents. The structure and functions of both types of agents are similar,

only the filling of their knowledge bases is different, therefore, it becomes possible in future, with

algorithmic and software implementation, to unify these decision blocks and the whole system as a

collection of typical fragments that differ only in the filling ofknowledge bases.

For the formation of a knowledge base, standard methods for acquiring knowledge can be

used, both in existing solutions (TO ), using them as a training sample, or using methods ofextract-

ing expert knowledge.
Intellectual support for the formation ofcoordinating solutions is in recognition ofpotential

conflicts, verification of the real existence of a collision and issue a coordinating decision in the

event of a non-coordination of the need for spare parts and components for the TMPE and their

availability in the warehouse of the enterprise.
Let’s denote by { }12 11Y y,y~..,y= the set of all possible collisions in the TMPE process.

Since in the automatic mode only a part of the collisions can be eliminated, the set Y is divided

into two subsets,
~

Y solvable and
~ ~ ~ ~

Y Y Y,YY=∪ ∩ =∅.

The method of forming coordinating solutions for the provision of spare parts and compo-

nents for TMPE processes is the following orderly set ofprocedures:
a) For each of the maintenance operations SG ofa piece of equipment S, highlight (using a

mapping HK ) the signs ofpotential collisions
K

H D
H : K H⊆ and form a conflictable set of opera-

tions from the elements of the set SA;

b) Determine the type of each potential collision. Form two subsets – signs of solvable
the set A s ;

HK
and insoluble HK− collisions in an automatic mode. For unsolvable collisions, execute a request to

the user to form possible coordinating decisions;

c) For each soluble collision from

~

Y– insoluble collisions. In this way

Thismethodwillallowtoidentifypotential conflicts on the basis of components included

HK,
determine the spare parts and components required

for the TM (the subset 1 *

S H
D f (K )−

= as the complete prototype of the signs of solvable collisions);

d) By analyzing the appropriate link in the logistics supply chain DC, identify the supplier
DC of each spare part (or component) involved in the collision and the corresponding resolver;

e) Establish the necessary restrictions TO for the requirements of the TM operation from

the set SA ;
f) verify the real existence of a collision by executing a query to the appropriate resolver

(determine the truth
O

i j
P (O ) P=);

g) In the case of a conflict (if O

i j
P (O ) P≠ ), determine the method of its resolution on the

existing a priori created knowledge base for the resolution of typical collisions;

h) Form a coordinating solution (from the elements of the set TO) for each identified conflict

and record this decision in the repository of use cases.

This method will allow to identify potential conflicts on the basis of components included

in the assembly and the requirements of the regulations, and in the event ofsuch collisions, to form

coordinating decisions that will eliminate the probable future mismatch and ensure the TMPE in

accordance with the technological regulations.
For the software implementation of the multi-agent system, in the course of research,

a protocol was developed for the interaction of agents. Based on the method described above,
an automaton model of a typical fragment of the multi-agent system for making coordinating
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decisions is constructed in the implementation of the TMPE in notation of hybrid models [7]

(Fig. 1).

3. Еxperimental procedures
To illustrate the hybrid automaton approach to the synthesis of intelligent agents for the

automatic formation of coordinating solutions for TMPE, a research prototype of the multi-agent
system (MAS) based on the FIPA platform was developed.

Input data: current (actual at a certain point in time) values of variables defined for the do-

main in the form of a data exchange file; rule ofreflection ofvariables in the form ofrules (entered
in the database of the rules of the agent).

Results of the agent’s work: any changes in the current state of the object, obtained from

the monitoring system or from other sources in the form of a change in the current values of the

variables, are directly reflected in those functional elements of the MAS that are able to constantly
operate with current data.

Agent operating modes:

1. Filling in the rules base and setting up the work parameters (including the connection of

specific subsystems) − Fig. 2.

2. Autonomous operation in the selected mode (continuously or on request).
Fig. 2 shows the screen form of the interface part of the MAC, where:

− db_equipment.mdb, dmetal.mdb, DB.mdb − databases containing predicates of knowl-

edge bases of the corresponding decision support subsystems (maintenance of equipment for sheet

and bulk stamping and surfacing);
− change.csv − file with the current values of the object variables (obtained from the moni-

toring system);
− rules.mdb − knowledge base in the form ofrules, which is used to update the current state

of the monitoring object in the knowledge bases of the MAS subsystems.
The operation of the system is reduced to the following:
1. Reading the file with the current data from the exchange directory (having determined the

presence of this file beforehand).
2. Syntactic analysis of the read file, deleting comments, possible errors, reading commands

(while still under development), obtaining data about the current state (the format is coordinated

with the monitoring system), recording them in the internal format of the agent.
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3. Processing of each data record of the current state consists in changing predicates of the

knowledge bases of the corresponding subsystems and is performed on the basis of the rules that

fill the agent’s database (thus, the data is completely independent of the code and the flexibility of

configuring the agent for a specific knowledge base). During the output, it is possible to reflect the

change of one parameter in several knowledge bases, and also reflect changes in several parameters
in one database at once. Procedure of the agent in this step:

− definition of the subsystem in which the current state is updated;
− search for the necessary database (as a structural component of the knowledge base of the

corresponding subsystem);
− identification ofa variable object in the database;
− performing the necessary actions on the object (update, add, delete);
− recording of each update in the general database of the current state, indicating the date

and time of data receipt (forming a database of the current state with the history of changes);
− recording the results of actions in the report file (Fig. 3);
− in case of a call on the request of the program that performs monitoring, send this message

to the program about the results of processing the received data.
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Logically, the system ofreflecting the current state is a community of agents, each of which

serves a certain decision-making subsystem.
For the sake of ease of administration in the prototype of the system, all agents are struc-

tured in the form of threads of one application that performs all of the above actions. There is a

possibility to start simultaneously several processes that process data (with increased load per

module), as well as separate the agent into several modules, to ensure the functioning ofsubsystems
on physically different platforms.

When developing the system, a prototype was also implemented based on the CORBA

technology, which is prescribed by DSTU ISO/lEC 2382-15:2005 for the construction of distrib-
uted systems.

The quality of the coordinating decisions generated by the MAS prototype was evaluated on

scenario examples for training and testing the system (rules for the training and predicates for the con-

trol sample), and a comparison was made with the results of solving these situations by several experts.

Quality was determined by the general error of making the wrong decision, obtained by

weighted averaging of the errors of the first kind (unrecognized situations) and the second kind

(situations classified as collisions, but not so).
To assess the quality of the system, the sliding control method [B] was applied, namely, a

leave-on-out cross-validation (LOOCV).
Analysis of the cost statistics for the occurrence of errors of the first and second kind (ac-

cording to the training sample) shows that the costs of correcting the wrong solution for the errors

of the first and second kind are P(y 1)73 %= + = and P(y 1)27 %= − =,respectively (if we take

the sum of these costs for 100 % for the same situation), so losses from an unrecognized collision

are much greater than losses from a “false” collision (provided that the decision to eliminate it is

taken, that is, the process of TMPE will be changed in some way).
Since the errors are not equal, to estimate the total error of the system it is necessary to take

the weighted values oferrors of the first and second kind with weights 0.73 and 0.27 respectively.
For testing, a sample was made of 30 typical precedents that occurred in the statisticsof fail-

ures ofproduction equipment at a typical printing enterprise for 2015 [9−l2]. With the involvement

of experts for each case, the training rules that were used for modeling were identified, as well as

the predicates that were used as the initial ones for testing at each step of the partition.
To compare the simulation results, these situations were proposed to two experts (IE tech-

nologists with at least 10 years of experience). Summary results are presented in Table 1. (the
weighted error was calculated using the previously mentioned error weights of the I and II kind).

It can be seen that the rules existing in the prototype of the MAS allow to form solutions, the

probability of error in which is at the level of 16 %, which corresponds to the value of the expert’s
error. It can also be concluded that the quality of the system is determined by the quality of knowl-

edge base training, which it uses to recognize and resolve potential conflicts. Thus, by increasing
the sample size, or by conducting additional sessions of extracting expertknowledge, it is possible
to finish improving the quality of the system.

According to the available statistics on the costs ofrepairing the rejection during the TMPE

implementation, types ofrejections were identified, which are determined by collisions recognized
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Table 1

The results of modeling the process of forming coordinating decisions

Expert 1 Expert 2 MAS Expert 1, % Expert 2, % DSS, %

Missed collisions

(error of the first kind)
7 3 4 23,33 % 10,00% 13,33 %

Excess collisions

(error ofthe second kind)
4 3 7 13,33 % 10,00 % 23,33 %

Weighted error 20,63 % 10,00 % 16,03 %



automatically in the MAS. The level of costs for repairing the marriage relativeto direct material

costs, as well as the ratio of the costs of repairing the rejection by species is shown in Fig. 4. An-

alyzing this graph, it is possible to say that the average cost ofrepairing the rejection by situations

that are recognized by the system is about 44 %. Therefore, taking into account the general error in

the system operation, as the probability of obtaining the wrong decision equal to 0.16, it is possible
to predict the possibility of reducing the costs associated with correcting rejects during assembly
by an average of44 %*0.16 = 37 %.

As a basis for the preparation of training and control samples were taken: technological

regulations for the TMPE in a typical printing company; processes ofmaintenance ofspecific units

of production equipment, as well as relevant statistics on costs that arose due to collisions related to

the lack ofspare parts and components.

5. Discussion

The main advantage of the presented approach is the joint application of hybrid models for

the formal representation ofproduction situations with multi-agent technology for software imple-
mentation of decision support tools.

The disadvantage of the approach is a rather narrow class of manufacturing enterprises, for

which the expediency of its application is obvious a priori.
Further research should be conducted in the direction of improving the composition and

functionality of the proposed multi-agent system.
The presented theoretical and applied results make it possible in the future to create a meth-

odology for organizing information support for the subsystem ofmaintenance ofproduction equip-
ment for a wide range of industrial enterprises. The developed prototype of the multi-agent system
for the formation of coordinating solutions for the provision of spare parts and components for the

maintenance ofproduction equipment can be integrated into the information management system
of the ERP level.

6. Conclusions

The approach to the creation of computer means for the formation ofcoordinating solutions

for the provision of spare parts and components for the maintenance of industrial equipment at

industrial enterprises is considered. It is proposed to automate the process ofrecognizing and elim-
inating collisions that arise in the supply of spare parts and components, by developing a software

environment that supports the life cycle ofa community of intelligent agents. The nomenclature of

agents is described and a hybrid model of their functioning is presented.
The efficiency of the developed means is estimated using the method of leave-on-out

cross-validation. (LOOCV). As a result of the simulation, a total error level of about 16 % is ob-

tained, which will, on average, reduce the unproductive costs in the TMPE process by 37 % (ac-
cording to statistical data on specific types of solvable collisions).
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Abstract

The ways of improving the design of ship openings with the implementation of a method for reducing the intensity of the

exit of flue gases through an opening (doors, hatches) of the emergency premise of the ship are considered. The output of flue gases

from the emergency premise is proposed to be controlled by the control of gas-air currents with the help of a system ofjet water-gas

ejectors. Ejectors are equipped with devices for collecting flue gases from the emergency premise ofthe ship and the collectors of the

output ofthe vapor-gas mixture back to the emergency premise.
In case of fire, in the shortest possible time, a high temperature rises in the area of exit from the emergency premise of the

ship and a large amount of smoke spreads along the corridors and premises of the ship. These factors require immediate sealing of

the emergency premise, which limits the operational access of emergency teams to combat fire.

The considered air suppression methods in the ship’s aperture and devices for their implementationcontribute to screening of

heat energy and localization of flue gases in the emergency premise without its sealing to ensure prompt access of emergency teams.

Keywords: jet water-gas ejector, ship openings, design methods, operational access.
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1. Introduction

Ship’s openings on the ship are designed for communication between adjacent premises or

for access to the open space of the deck. Closure of the openings is provided by doors and hatches,
which are installed in the ship’s protective fences (partitions, decks). Specificity of the use of ship’s

openings puts forward a number ofrequirements for them, concerning the selection ofmaterials for

their manufacture, their reliability, strength, quality.
At present, the design of the openings is carried out according to the methods providing for

the fulfillment of the requirements for fire safety of the ship [l].
One of the most important requirements for ship openings (their closure) is their fire resis-

tance and the ability to respond to emergency situations, namely the closing speed and the quality
of localization of the consequences of fires [2]. Concerning ship fires, this amounts to sealing the

emergency premise [3–s]. However, the accumulated experience in combating ship fires shows that

during a period between the onset ofa fire ( ignition and the onset of formation ofcombustion prod-
ucts) and the moment of sealing, a significant part of the high-temperature flue gases through the

openings go beyond the emergency premise. At the same time, the sealing of this space excludes

the operational access of fire brigades.
From the foregoing it follows that in a complex of tasks ofproviding ship fire protection, an

important task is maintaining of openings in the open state while simultaneously preventing gas

exchange with adjacent premises. Therefore, the applied scientific and technical task of developing
methods for designing ship openings with the suitability of gas exchange in case of fire without

their closing is relevant.
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2. Literature review

Attempts to protect ship’s openings from smoke and high temperatures have been done

repeatedly. Thus, on ships of relatively large displacement [6–B], the ladders in the energy com-

partments (EC) of ships to equip dangerous consequences of the fire are equipped with stationary
systems of irrigation of the space at the ladders from the lower sites of the EC. This allows to

protect personnel, evacuated, at least from the heat impact. The main disadvantage of the system
of irrigation of ship’s ladders is the possibility of spreading flue gases through an open aperture

beyond the emergency EC on other premises of the ship.
Another known means of reducing the intensity of smoke and toxic gases outside the emer-

gency premise is the rotary curtains, which are irrigated with seawater [9]. Such devices have in

their composition two parallel П-shaped collectors with centrifugal-jet sprayers, which are located

parallel to the ship’s aperture, one along the perimeter of the opening and the second outer one.

Between the collectors on the swivel bars, which can rotate around the longitudinal axis, curtains

are fixed that are irrigated when feeding seawater. The disadvantage of this technical solution for

ships of small displacement, where small ECs have a large amount of electrical equipment, is the

threat of the failure of this equipment as a result of its irrigation.
General issues of fire protection on marine facilities, and in particular on cruise ships and

military courts, are discussed in [lo–l2].
The application of special passive materials, in particular synthetic fibers, to reduce the risk

of fire is considered in [l3].
Application of systems based on jet gas and water ejection systems ( JGWE) can be an effec-

tive solution to decrease the intensity of the spread of hazardous fire factors while simultaneously
preventing the drawbacks ofusing open irrigation systems [l4].

The aim of the article is improving the design of the fire-fighting system of the ship by ap-

plying the system of local air support, formed by the flow ofvapor-gas-air mixture directed to the

emergency boat compartment, using jet gas-water ejectors.
To achieve the aim, the following tasks must be solved:

– to establish the regularities of the formation of an air curtain at the doors of the projected

ship in the control of gas flows in the flow section;

– to formalize processes of formation of an air curtain, at which the output ofhigh-tempera-
ture flue gases from the emergency premise of the ship will be reduced without its sealing.

3. Principles of operation of a jet water gas ejector
JWGE is a sparkless driver for the flow of working fluid (water). When the working fluid is

supplied to the multi-jet nozzle under pressure, there is a discharge on the input part of the housing

(elector). Due to the discharge of the gas-air medium, it is squeezed inside the body. After interact-

ing with the droplets of the micronized liquid, the gas-liquid mixture moves from the inlet to the

original (separator with the outlet). The interaction of the gas-air mixture with the droplets of the

working fluid is based on the processes of heat and mass transfer, as a result of which a purified,
moistened and cooled gas-air mixture is formed at the housing outlet. At the same time, the spent

working fluid is discharged into the drain opening.
In experimental and theoretical studies, it is established that JWGE is an effective tool for

reducing smoke concentration in an emergency premise [ls]. Solid soot particles, when interacting
with droplets ofworking fluid, “stick”on the drops and are removed from the premise together with

the spent working fluid.

Minor modernization of the exit part of the JWGE series of experimental studies allows to

obtain a number ofresults that allow to propose a new method offire extinguishing [l6]. The method

is based on ejecting combustion products from the top of the premise, cooling and moistening of this

medium, deposition of large and small aerosols on a highly developed heat and mass exchange surface

and the withdrawal of the resulting inert mixture into the lower part of the premise from the periphery
to the center. This is achieved by mixing the gas-air environment of the emergency premise, reducing
the volume concentration of oxygen, isolating it from the source of combustion and extinguishing the
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fire. Thus, the placement of JWGE on transverse bulkheads makes it possible to realize a method for

localizing and extinguishing a fire in a premise with openings without sealing them.

When applying this method, several effects are simultaneously achieved:

– decrease in the temperature in the volume of the emergency premise and the gas-air mix-

ture is introduced into the premise;
– selection of heat from the fire;

– reduction of oxygen concentration in the volume of the emergency premise;
– formation of a gas-air medium cooled with increased moisture content in the volume of

the premise;
– low permeability for the radiant component of the heat flux from the source due to the

presence of a water spray vapor.

Also, when placing JWGE on transverse bulkheads and during their operation in an emer-

gency premise, the following processes occur [l6]: flue gases are intensively withdrawn from the

upper part of the premise, the excess pressure is reduced and the flue gas output is reduced through
an opening in an adjacent premise; An inert mixture is injected into the lower part of the premise,
giving a decrease in the intensity ofair sucking from the adjacent premise through an open aperture.

Consequently, this method allows to obtain the effect of “artificial sealing”, i. e., a decrease in

the gas exchange rate with open apertures. This effect allows to fight fire in the compartment when

the bulkheads are open, in particular, unhindered to enter the fire brigade in the compartment.

However, to this day, only the design solutions of JWGE intended for use in the volume

( located in the middle) of the emergency premise were considered and investigated.

Disadvantages of the methods ofconsidered design and devices are the following:
– the method of equalization of local static pressures is ineffective for openings located

in horizontal floors (decks) of ships and does not exclude the exit of high-temperature flue gases

through an open hatch to the premises located above the emergency premise;
– the device is not effective enough to form a retaining stream;

– the complexity of practical implementation, since the design solutions have sufficiently
large overall dimensions;

– large overall dimensions make it difficultto install them in the ship’s premises, and equip-
ment that ensures operation of the ship as intended.

Thus, it is obvious that the design of JWGEs needs to be improved to be installed in the

openings of the premise in order to shield thermal energy and localize flue gases in these premises
without their sealing to ensure prompt access of emergency teams.

Moreover, when developing structural solutions and equipping them with ship openings,
it is necessary to provide their various applications in both vertical fences (doors) and horizontal

floors (hatches).

4. Theoretical foundations of the functioning of jet water-gas ejectors as sources of local air

supply in emergency premises of ships
Constructive solutions for providing ship openings with the systems of local air supply for

the purpose of “artificial” localization of flue gases in these premises (without their sealing) can be

realized in the form ofstationary smoke protection systems (Fig. 1). The structure and operation of

such complexes are considered in detail in [l7, 18].
Fig. 1 denotes: 1 – separator; 2 – directing branch pipe; 3 – JWGE body; 4 – multi-jet nozzle;

5 – pipeline ofworking fluid; 6 – yield of the inert mixture; 7 – motion of the gas phase in the body
of the jet water-gas ejector; 8 – directing branch pipe of an entrance part; 9 – air intake; 10 – system
for removing spent working fluid; 11 – flue gases; 12 – JWGE; 13 – ship’s opening.

To confirm the efficiency of the proposed methods of smoke localization and shielding of the

heat flow in the emergency premise area, theoretical studies [l7–l9] are carried out. The content of

these studies stems from the statement that gas exchange is mathematically described by the equa-

tion of the material balance of the gas phase for a premise with opening [2o]:

W G

dV G – G
ρ

m

d
= + ψ ,

τ
(1)
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where mdV
d

ρ

τ

– the change in the mass of the gas over the time interval, kg/s; GW, GG– mass flow

of air and gaseous combustion products through the opening, kg/s; y– the mass combustion rate

of the material, kg/s.

The problem of reducing gas exchange through an open aperture during a fire in the first

approximation reduces to the search for conditions under which the first and third terms of equa-

tion (1) tend to zero. That is, equation (1) can be written in the form:

mdV
,d

ρ
= ψ

τ
(2)

which corresponds to the conditions for the development of fire in the absence of gas exchange with

the environment (airtight premise).
During the theoretical studies, simulated zone modeling of the JWGE operation in the open-

ings of the emergency premise is performed, for which the 2D hydrodynamic tasks of the JWGE

operation in a semibounded volume are solved and the interband gas exchange equations in the

emergency premise are compiled [l7, 19].

During the simulation, the development of fire in the ship’s premises, isolated from the ad-

jacent premise by metal structures with opening (door – in one version and emergency hatch in the

second one), with uneven distribution of the fire load and limited heat and gas exchange with the en-

vironment are considered. In the vicinity of the openings, the JWGE is installed to provide shielding:
– flue gases due to their localization in the volume of the emergency premise with simulta-

neous precipitation;
– radiation of thermal energy due to the processes ofheat exchange between the gas phase,

eccentricity and dropping flow.

The second task of theoretical studies is determination of the dependence of the distribution

mechanism of the velocity fields of the air-gas medium on the cutoffof the opening on the parame-

ters and JWGE operating characteristics, the initial characteristics of the gas-air medium,
It has been established that during the flow of flue gas through the opening, two thirds of the

opening is operated to exit the flue gas to an adjacent premise, and one third to the inlet of fresh air [2o].
The velocity of the flue gas flow is described by the equation [2o]

ρ ρ–

v 2gh
a 2

=

ρ
,

a

(3)

where rа – density of air at height h, kg/m3.
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According to the law of Mendeleev-Clapeyron

p2=ρ2T2R,

where Т
2

- the average temperature, K; R - the universal gas constant, R
m
»300J/(kg×K).

Then expression (3) can be reduced to the form

–TP TP
2a a 2

v 2gh
T P

= (4)theplaceattheJWGEoutlettheinertpremisewillbesuppliedtotheemergencypremisewithan

2 a

The volume flow of flue gases and the inflow of air through the opening are described by
the equations [2o]

Qg =Qsum + Q in * ( 7 )
gh ,

T P
= = (5)Q 23 hb v 23 hb 2

TP TP

g oo oo o

2a a 2

2 a

premise,thegasexchangeratedecreases with increasing temperature inthis premise.
gh ,

T P
= = (6)Q 13hb v 13hb 2

TP TP

i oo oo o

a 4 4 a

a 4

– the volume flow offlue gases and air inflow through the opening, (m 3).
But when installing in the opening of the operating JWGE, the process of distribution of

flue gas flows from the emergency premise and air from the adjacent one occurs. In the part of the

opening that is equipped with JWGE air intakes, the flow will move towards the elector, and in

the place at the JWGE outlet the inert premise will be supplied to the emergency premise with an

enriched inert mixture instead of air.

Therefore, for JWGE operation, the second variant of expressions (5) and (6) will have

the form:

Qwhere Qg, i

Qg= Qsum+ Qin, (7)

Qi
= Qar+ Qout, (8)

where Qsum– volume flow of flue gases entering the volume of adjacent premises, m3/s; Qar– vol-

ume flow of air entering the volume of the emergency premise, m3/s; Qin, Qout– volume rates of the

incoming and outgoing parts of the JWGE case, m3/s;
The quantities Qinand Qout depend only on the JWGE design productivity and in expres-

sions (7) and (8) they will be constant, and the Qg and Qivalues will depend on the intensity of the

fire development in the emergency premise. In this case, the expressions (7) and (8) are valid for the

time instant τ=o, when Qgand Qi have the maximum value. Then, as smoke gases enter the adjacent
premise, the gas exchange rate decreases with increasing temperature in this premise.

Assuming Qg= max, and Qin= const, the shielding of the flue gases of interband gas ex-

change between the emergency and adjacent premise with the acting JWGE in the opening is

considered:

Qg = Qsum– Qin» 0, (9)

Qi= Qar+ Qout. (10)

So

Qsum» Qin. (11)
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Qar » Qout. (12)

The development of proposals for the structural arrangement of the implementation of the

air backing method in the aperture and the theoretical justification of the JWGE operation process-

es in the opening of the emergency premise makes it possible to develop methods for designing ship

openings using the systems of local air supply, namely:
– a technique for predicting the process ofreducing the intensity of smoke entering adjacent

premises when using a jet water-gas ejector;
– a technique for calculating the JWGE design parameters.

5. Conclusions

To achieve the research objective, a review and a critical analysis of design methods for

combating the spread ofsmoke on ships in the event of fires are performed and their disadvantages,
namely, the exit of high-temperature flue gases through an open aperture to an adjacent premise,
and the creation of conditions for the failure of the ship’s electrical equipment.

The regularities of the formation of an air curtain in the doors of a projected ship are deter-
mined by controlling the gas flows in the flow section. Formation of the air curtain, obtained by

selecting a part of high-temperature flue gases in the JWGE case, their heat-exchange treatment

and withdrawal back into the flow, is formalized. This, in turn, makes it possible to formulate con-

ditions for the design of ship’s apertures with the use of systems of JWGE-based local air supply,
in which the output of high-temperature flue gases from the emergency premise of the ship will

decrease without its sealing.
The obtained results substantiate the development of the method of design ofship openings

using the system of local air supply that is formed by a flow ofvapor-gas-watermixture directed to

the emergency ship’s compartment. This serves as a theoretical basis for improving the design of

the ship’s fire safety system using jet water ejectors in the openings of emergency premises for the

purpose of shielding the thermal energy and localizing flue gases in these premises without sealing
them to provide prompt access for emergency teams.

To confirm the theoretical conclusions of the study, a number ofpractical tests were carried

out in 2012 in the volume of the research work “Development ofrecommendations on the use ofjet

water-gas ejectors for reducing gas contamination of ship spaces during a fire”, “Tambur-2” cipher.
Conclusions ofpractical tests indicate that the placement of the JWGE system in the opening of the

emergency premise:
– is an effective means ofreducing the intensity of smoke entering adjacent ship space;

– allows to change the motion direction of flue gases, thereby ensuring their effective shielding.
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Abstract

The effectiveness of fundamental and applied research is realized in the field oftechnological and hardware solutions, it al-

lows creating a new generationof food products whose quality indicators go beyond those typical of the traditional assortment. This

to a certain extent applies to the fat and oil industry.

An important scientific and at the same time practical result is the proposal to consider the encapsulation process not only
from the technological point of view. This requires a scientific approach both in the choice of the components of the food system,

and in the realization of their properties under the prevailing conditions. From a practical point of view, this determines the given
technical and constructive solutions.

To date, there is no theory and practice of extrusion of two fluids through the “air” technological medium, one of which is

flowable oil content, and the other is a solution of the ionotropic polysaccharide. There are no scientific and technical principles for

the formation of the physical formofthe capsule, as well as industrial devices for their production. Food technologies with the use of

fat-and-oil raw materials encapsulated are not revealed, and information on the effect ofa new food formof fat-and-oil raw materials

on the formation ofproduct quality indicators in the technological flow and during storage is not generalized.

To obtain a controlled technological process for the production of fat-and-oil encapsulated raw material, it is important to

provide laminar flow of ionotropic shell-maker and fat-and-oil raw materials along the product line of the encapsulation device.

This is possible under the condition ofspecial constructive maintenance of the process of capsule formation ofthe “fat-and-oil raw

materials – ionotropic shell-maker” system. This served as the basis for determining the physical parameters of the formation of a

thermostable capsule. It is proved that the formation of a final capsule with internal contents of fat-and-oil raw material is possible

under the condition ofan individual design of an extrusion head and a capsulation device that ensure the circumferential rotation of

the capsule in the laminar flow of the receiving medium. This allows to form capsules with given organoleptic, commodity, techno-

logical properties and the like.

Keywords: capsule formation process, sodium alginate, calcium alginate, extrusion head, device for encapsulation.
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1. Introduction

The strategic measures of food safety formulated in Ukraine, the growth in the volume of

food production and the improvement of the structure of nutrition can’t fully resist the vectors of

the influence of the world economy on the trends in the development of food markets [l]. This is

prompted by the pronounced dependence ofUkraine on the import ofa huge number of food prod-
ucts and related products for the creation of food systems. This applies, in particular, to products
with pronounced functional and technological properties, which is manufactured with the use of

structure-forming agent, foaming agents, emulsifiers, etc. [2]. The use of such food systems allows

to quicklyenter the Ukrainian market ofproducts in the presence of technologies ofmodern meth-
ods of food production. But this leads to absolute dependence in the food sphere and, as a result, the

need for forced “copying” of technologies that are built on such principles.
In our opinion, the only opportunity to resist the importation of food systems and technolo-

gies in the Ukrainian market is the development ofnew technologies with high added technological
value. Such technologies, as shown by marketing research, include technology of encapsulation of

food products and systems in edible shells based on polysaccharides that can be called as encapsu-

lation of fat-and-oil raw materials [3].

Capsule formation is inherently a transition of homogeneous or microheterogeneous polymer

systems with a freely dispersed gel-free state of the gel, a non-flowing two-component system. This

system is formed by molecular dispersion of a low molecularweight liquid in a polymer, between which

chains there are transverse bonds. The driving forces of such processes are the presence of physical,
chemical or simultaneously present physical and chemical potentials and energy interactions.

Common to the known processes of capsule formation ofhydrophobic substances is the use

of film-forming materials (shell-maker). The basis of this process is the conclusion of substances in

the shell that performs the function of disconnecting the components from each other and isolating
them from the external environment. This is achieved by phase liquid-liquid separation, polymer
crosslinking, polycondensation and polymerization at the interface. The consequence of these pro-

cesses is the formation of capsules, which are two-phase systems and consist of a shell, preferably
solid or gel-like, and internal contents that can be in any aggregate state. But the distinguishing fea-

ture of all methods of encapsulation is the thermodynamic incompatibility of the internal environ-

ment and the shell-maker, which are traditionally represented by the unipolar non-mixed liquids.

Encapsulation of multi-polar liquids in food technology is a complex technological process.

As a rule, this process is reduced to extrusion of a compound mixture with hydrophilic proper-

ties (“water”) to a hydrophobic medium (“fat and oil raw materials”). In this case, “hot water” is

understood as a hot solution of thermotropic gelling agent, which after dosing enters a cooled hy-
drophobic by the properties phase, where there is an unauthorized formation of the structure with

the appearance of the “oil (internal component) – water (gelling agent) – oil (forming medium)”
technological system. But because of the difficulties in ensuring the stability of the process of cap-
sule formation, this method leads to a complication of the technological process. This facilitates

the extraction of substances into the forming medium with the adjustment of its properties, which

results in an increase in the relationship of “water” to the forming medium – “oil” with a disruption
in the stability of the process. This necessitates the utilization of the used oil or its purification, the

washing of the product made from the oil, significantly limits the spectrumof substances that can

be encapsulated, requires strict control of temperature conditions, increases the cost of the final

products. An additional restriction on the use of this method is the requirements for “oil” (internal

contents): it must consist of triacylglycerides and do not contain fat-soluble surfactants, which in-

clude phospholipids of fats and oils.

The first developed and thoroughly studied encapsulation technologies were methods based on

the use of gelatin as a film-forming material. It, upon cooling, forms gels with the binding of a consider-

able amount ofmoisture and is capable of forming a hard shell of the shell on the surface of the capsules.

[4] Providing a limited wetting of the capsule material (fat-and-oil raw material) of the film-forming
materials (gelatin solution) during the encapsulation, droplets are formed. As a result of the action of

the surface forces, the capsules acquire a spherical shape, the surface of which is enveloped by the shell-

formed material, which is incompatible with the contents ofthe capsule. [s] From the physical and chem-
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ical point ofview, it is the limited ability to mix reactants that ensures the formation of a clear interface

that prevents the spreading of the film-forming material over the surface of the droplets [6].
In the literature [7] it is indicated that the formation of gelatin capsule shells in practice is

most often carried out by cooling them in solutions of nonpolar substances (oil). The purpose of

this is dissolution prevention of the capsule shell. The mechanism ofphase transformations of the

gelatin solution consists in changing the conformation of the polymer macromolecules upon cool-

ing and forming a spatial grid of the gel, which is stabilized by hydrogen bonds, hydrophobic and

other intermolecular forces. Due to the transition of the system from the liquid to the solid-state, a

gel-like capsule shell forms and a spherical shape is fixed.

Unfortunately, the spectrumof substances that can be encapsulated in gelatinous membranes

is limited by their polarity, and the capsules themselves have a high lability to the effect of tempera-

ture-they are not thermostable, which is due to the gelatin’s property ofpassing into the solution.

The majority of encapsulation technologies are based on the implementation of the principle
of thermodynamic incompatibility of components of shell-maker and encapsulant. To encapsulate

hydrophobic substances, including fat-and-oil raw materials, use polar solutions ofpolymers capa-

ble under certain conditions to controlled film formation, that is, the formation of the capsule shell.

The indicated principle is the basis for the implementation of encapsulation processes and is based

on surface phenomena occurring at the interface between phases ofnon-mixed liquids [B].
When using ionotropic poly-saccharides, for example, sodium alginate (AlgNa) as a refer-

ence, there is a need to co-axially extrude, according to the pipe-in-tube principle, a solution of

the shell-maker (outer tube) and the hydrophobic substance (inner tube) into the forming medium

through air in the state of the formed quasi-stable capsules. Upon entering the receiving environ-

ment, chemical potentials are realized and the capsule acquires a commodity state in texture.

The scientific and technical prerequisite for the realization of the direction of encapsulation
of food products is the systematic research of the authors [9−ll], thanks to which scientific bases

of encapsulation based on aqueous solutions have been created. There are no system studies with

the purpose of scientific justification of the technology ofencapsulation of fat-and-oil raw materials

and products with their use.

In connection with the foregoing, the scientific substantiation and development of the princi-
ples of constructive provision of the process of capsule formation of the “fat-and-oil raw materials –
ionotropic shell-maker” system as an obligatory condition for providing a controlled technological

process with obtaining products of specified quality is relevant.

2. Materials and Methods

In the framework of the study of the structural supportof the capsule formation process of the

“oil and fat raw materials – ionotropic shell-makers” system, as a subject ofresearch, a device with

two-tube extrusion heads is chosen according to the “pipe-in-pipe” principle (Fig. 1, a). Also, the

subject of research is encapsulated food products with internal contents of fat-and-oil raw materials.

The photographic image of the investigated samples is shown in Fig. 1, b.
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3. Results

Development and implementation of the principles of encapsulation of fat-and-oil raw ma-

terials coincides with the world trends in the development of the food industry. According to these

trends, the improvement in the structure of nutrition, along with other factors, is determined by the

technological stability of oils, fats in time and extended shelf life due to ensuring their intactness

with the external environment.

From the practical point of view, the preparation of encapsulated food lipids is achieved by
simultaneous coaxial vertical extrusion according to the pipe-in-pipe principle, where an aqueous solu-

tion ofAlgNa is fed through an outer tube, and oil, fats or mixtures, lipid-based extracts are fed along the

outer tube. A method for the capsule formation ofhydrophobic substances is developed and the technical

solutions for obtaining capsules with internal hydrophobic contents is patented [l2, 13].
To ensure a stable process of obtaining encapsulated food lipids, it is important to organize

laminar flow of shell-maker and lipids through the product line of the extruder head. Also, it is nec-

essary to ensure the physical formation of quasi-stable capsules during its detachment from the head

with a uniform and symmetric distribution of lipid content relative to the center of the capsule by a

distribution of lipid content and shell-maker. Ensuring the formation of a physically correct shape
and uniform distribution of shell-maker on the surface of the encapsulant is a complex technological
and constructive task because of the different density (ρ, kg/m3) of shell-maker and internal contents.

This is the reason for the appearance of defects quasi-stable droplet capsules, which are manifested in

the case of the lower bridging of the shell-maker with simultaneous loss of thickness in the upper and

lateral parts of it. The appearance of physical disproportion of the capsule leads to a complication of

the technological process: a decrease in the quality of the finished product.
Elimination of the revealed physical disproportions during the formation of the droplet capsule

is achieved by using a specially designed head with a controlled movable inner tube of the product

pipeline. This allows to monitor and adjust the thickness of the horizontal walls of the capsule.
According to the technical plan, the dose-drop is formed in the air, and then a dose-drop is

formed through the air and is supplied to the forming medium, in which the capsule formation pro-

cess is completed. The cross-sectionof the extrusion head of the device for providing a dose-drop-
let formation is shown in Fig. 2.

In this case, the flow of two liquids proceeds in a continuous flow that obeys the Bernoulli

equation for the continuity ofjet flow [l4].
It has been established that, with justified parameters, the leakage of both liquids and the

homogeneity at the outlet 3 and the nozzle will be constant values. This makes it possible to calcu-

late the conditions for a monodisperse controlled rupture of liquids by jet extrusion to droplets with
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constant dimensional characteristics and the phase relationship within the process flow of capsule
formation and one batch.

The analysis of Fig. 2 allows to evaluate the principles of action that are placed in the design
of the extrusion head for encapsulation and the possibility of regulating the physical symmetry of

the shell-maker and the encapsulant. By lowering or lifting the nozzles, the thickness of the hori-

zontal shell parts is quasi-stable capsules. In the lower part of the head there is a confuser 2 with

an outlet 3, and the confuser 2 is removable from the lower part of the body 1. The inner content

feed pipe 4, which is connected on its one side to the body 1 and, on the other, to an intermediate

unsealed seal a container for internal contents 5, with which the internal contents enter the inner

content feed pipe 4. The supply branch of the shell-maker 7 is connected to an intermediate un-

sealed container for shell-maker 8. The supply of the shell-maker 7 contains a flow control valve of

the obturator. The orifice 10 is located coaxially with the outlet 3 and is mounted above it, with the

possibility ofadjusting the distance between the orifice 10 and the outlet 3. This design solution is a

feature of the extrusion head and comes out of the physical laws, density (ρ) of the encapsulant and

gellant, which results in the formation of a “one-sided” capsule, it is possible to compensate by the

position of the orifice 10 to the outlet 3. Also, the orifice 10 is installed with the possibility of re-
moving the contents of the inner content feed pipe 4. In the upper part of the body 1 is a detachable

cover 11. Inthe cavity of the body 1 above the branch of the supply ofshell-maker 7 are located: the

first lower stop 12, adjacent to the inner surface of the body 1, the second upper stop 13, which ad-

joins to the outer surface of the supply port of the inner contents 4 and a spring 14 which is clad on

the inner content feed pipe 4 and is located between the first lower 12 and the second upper stop 13.

The fixing means 15 of the inner content supply pipe 4 in the body 1 is made in the form of a locking
screw located in the upper part of the body 1. The gasket is 16, which the spring 14 presses against
the first lower stop 12. At the top of the intermediate unsealed container for internal contents 5 a

lateral branch 17 is located, and a lateral branch 18 is located in the upper parts of the intermediate

depressurizedcontainer for shell-maker 8. Also, the container for internal contents 5 also contains

a cover 19 with the pipe 20 and depressurized orifice for internal contents 5 contains a cover 21 to

the nozzle 22. Inlet nozzle 4 comprises internal contents lateral projection 23.

The design and the hydraulic circuit for feeding the extruder head provide spontaneous con-

trolled monodisperse dissolution of liquids in the form of a sphere. The capsules pass through the

air into the receiving formation medium of the Ca 2+ solution.

4. Conclusions

Today, the direction of encapsulation of various raw materials is very relevant in the food

and pharmaceutical industry, as evidenced by the numerous scientific studies in the world on this

issue. The use of ionotropic polysaccharides allows essentially new properties to be provided to hy-
drophobic food systems. They provide the production oftraditional oils, fats, mixtures in a dosage
form and in an independent edible pack. This allows to ensure the perception of lipid raw materials

as a product with fundamentally new properties that can change the structure ofmany technologi-
cal processes. The method for obtaining seamless capsules with internal contents of fat-and-oil raw

materials is substantiated, which made it possible to determine the physical parameters of the for-

mation ofa thermostable capsule. It is established that the formation ofa final capsule with internal

contents of fat-and-oil raw material is possible under the condition of individual structural support
of the operation of the extrusion head and the device for encapsulation, the design of which ensures

the rotation of the capsule around its axis. This allows to obtain a stable controlled technological
process. It has been established that circumcision of the capsule rotation in the laminar flow of

the receiving medium allows the formation of capsules with prescribed organoleptic, commodity,

technological properties and the like.

Provision of technological and physicochemical stability of fat-and-oil raw materials will

meet the growing demand for food products with their use. The new consumer form of a seamless

capsule will allow developing both a fundamentally new assortment ofculinary products and new

technological principles for obtaining food products. The relevance of such research is increasing
in connection with the possibility ofusing new data in the theory and practice of special types of
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nutrition by the controlled release of the inner contents of capsules in the zones of the gastrointesti-
nal tract, as well as in adjacent branches of activity related to human health - medicine, pharmacy,
microbiology and other.

Design solutions for devices for encapsulation are developed, carried out experimental de-

velopment is the basis for developing a technological scheme and justifying the parameters of the

technological flow of production of fat-and-oil encapsulated products and, accordingly, adaptation
of the new technology in real industrial conditions.
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Abstract

In the paper some unusual processes are considered during quenching such as self-regulated thermal process when metallic

probe is covered by insulating polymeric layer, oscillation of temperature in surface layers of probe, creation a “shoulder” when

quenching in polymer solution, possibility to perform austempering process just in cold liquids. Above mentioned processes build

a basis for the new intensive quenching technologies and can bring a great benefit for heat treating industry when further carefully

investigated. It is shown that initial temperature gradients, which cannot be governedby classical law of Fourier, can be tested by
Liscic/Petrofer probe, etc. The paper discusses how organize such international investigation to satisfy contemporary practical needs

and solve unsolved problems ofscience in the field of quenching. Also, the results of investigations can be used for software design-

ing and cooling recipes development during quenching steel parts in liquid media. It makes a great progress because at preset time

only cooling curves and cooling rates are available that are used for comparable purpose and cannot be used for recipes development.

Keywords: self-regulated thermal process, coating, temperature oscillation, initial temperature gradients, modified law of

Fourier, database development.

DOI: 10.21303/2461-4262.2017.00495 © Nikolai Kobasko, Bozidar Liscic

1. Introduction

For the first time Liscic/Nanmac probe and intensive quenching processes were discussed to-

gether at the international conference on Heat Treating Processes held in Kiev in 1988. Prof. Liscic

introduced to the audience his Liscic/Nanmac probe with three tiny thermocouples which were

instrumented on the surface of 50 mm probe made of AISI 304 stainless steel, at the distance

1.5 mm below surface and in the center of probe which was 200 mm long. The probe was produced
in collaboration with the American company Nanmac Corp., Holliston, MA [l]. Investigators deal-

ing with intensive quenching processes were exited by Liscic/Nanmac probe since they realized

that the probe was an excellent tool for careful IQ processes investigations. At present time simi-

lar Liscic/Petrofer probe is available [2]. The matter is that alloy and high alloy steels are quenched
in oils without interruption the cooling process. Furthermore, research institutes and universities

are developing new expensive alloy steels to be slowly quenched in oils to prevent crack formation

and decrease distortion.

Due to enthusiastic work oftwo companies IQ Technologies Inc., Akron, USA and Intensive

Technologies Ltd, Kyiv, Ukraine, it has been established and introduced into the practice the next

three main achievements of intensive quenching phenomena which are [3]:
- an Intensive Quenching (IQ) reduces significantly distortion and prevents crack formation

during hardening of steels;
- decreasing alloy elements in steel increases service life of steel components when they are

intensively quenched;
- alloy and high alloy steel can be intensively quenched by plain water or water solution of

optimal concentration ifcooling is interrupted at proper time.
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Due to these discoveries, situation in heat treating industry cardinally changed. Standard

Inconel 600 probe is not more useful for controlling and maintaining quality of IQ processes [3–7].
The most suitable, at present time, is Liscic/Petrofer probe [2] which has to be widely used in heat

treating industry. The aim of the current investigation is to show the possibility of using Liscic/Pet-

rofer probe for liquid quenchants database development and accurate experimental review of dis-

covered self-regulated thermal processes.

2. Conventional quenching versus IQ-2 and IQ-3 processes

As known, alloy and high alloy steels are quenched in oils or high concentration ofpolymers
to prevent crack formation and distortion. As a rule, cooling in oils continues to bath temperature
that is why heat transfer coefficients are not a big problem and standard Inconel 600 probe is a good
tool to obtain cooling characteristics for maintaining oils within the specks quality [4]. Low distor-

tion and elimination crack formation can be achieved by applying intensive quenching too [3]. The

matter is that during intensive quenching, a martensitic structure forms quickly and uniformly in

the part surface layer creating high current surface compressive stresses which act as a die mini-

mizing part distortion and preventing part cracking [3].
Two IQ processes are currently used in heat treating practice: a batch IQ process and a

single-part processing IQ method. When using the batch IQ process, known as IQ-2 method, parts
are quenched in batches in IQ water tanks. When using the single-part processing IQ technique

(known as IQ-3 method), parts are quenched one by one in high-velocity IQ units. Note that the

IQ-2 process is a two- or three-step quenching method. The first step ofcooling takes place in agi-
tated water solution and is interrupted at a certain moment of time when the core of the parts being
quenched is still hot. The parts are then cooled in the air during the second step ofquenching. The

part’s martensitic layer is self-tempered by the heat coming from the part core. If necessary, the

load can be brought back into the quench tank for the completion of the quench. This technology
needs special recipes development where heat transfer coefficients are used to calculate correctly
time of interruption. The essence of IQ-3 process consists in interruption intensive cooling when

at the surface of steel parts maximal compressive stresses appear and optimal quenched layer is

formed. To investigate properly both intensive quenching processes, Liscic/Petrofer probes can be

successfully used.

3. Austempering process in cold liquids
In this paragraph an austempering process in cold liquids, developed in Ukraine, is consid-

ered [B, 9]. The idea is very simple and understandable. When quenching in optimized cold liquid,
surface temperature of steel part drops immediately close to saturation temperature (Table 1) and

maintains at this level relatively a long time until transient nucleate boiling process is finished

[3, 10]. The reason of such behavior is inequity nbconv α » α and is called self-regulated thermal

process [lo]. The duration of self-regulated thermal process is calculated from the equation (1) [11]:

2

nb F
Dk

a

τ = Ω
senceofaustemperingprocessconsistsininterruptionofcooling at the end of boiling mode and imme-

Here nbτ is duration of transient nucleate boiling process in sec; Ω is parameter depending
on Biot number during convection when initial austenitizing temperature is fixed at 850 oC; Fk is

form coefficient; D is size of steel part in m; a is thermal diffusivity of a material in m2/s. The es-

sence ofaustempering process consists in interruption ofcooling at the end ofboiling mode and imme-
diate transferring product to tempering at the temperature T

sf>MS. Also, during transient nucleate boil-

ing process T
sf>MS. There are three major approaches allowing fulfilling austempering in cold liquids:

- use high concentration of water solution to increase boiling point to martensite start tem-

perature MS;

- use pressure to increase boiling point of water to martensite start temperature MS;
- use polymer of inverse solubility which creates insulating layer on the surface of steel

parts and maintains surface temperature at the end ofnucleate boiling at the level T
sf>MS .
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The most simple and reliable austempering process in cold liquid is the third approach. Its

disadvantage is decreasing cooling rate during nucleate boiling due to surface insulating layer.
When film boiling is absent, surface temperature ofsteel parts drops almost to boiling point

of liquid (Table 1).

As seen from Table 1, surface temperature of 6.35 mm – 63.5 mm spheres drops 875 oC to

150 oC practically for the same time that is very important when developing austempering process-

es in cold liquids. Also, Table 1 shows that film boiling is completely absent.
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Fig. 1. Cooling curves measured by the Liscic/Petrofer probe quenched in liquid media:

(a) inan accelerated mineral oil of 50 oC, without agitation; (b) in a polymer solution of 35 oC,
with agitation [2])

50

Table 1

Time required for the surface of steel spheres of different sizes to cool to different temperatures when

quenched from 875 oC in 5 % NaOH-water solution at 20 oC and moving at 3 feet per second (0.914 m/s),

according to French [12].

Average size
Time, Sec

700 oC 600 oC 500 oC 400 oC 300 oC 250 oC 200 oC 150 oC

6.35 mm 0.027 0.037 0.043 0.051 0.09 0.15 0.29 0.69

12.7 mm 0.028 0.042 0.058 0.071 0.11 0.15 0.26 0.60
25.4 mm 0.033 0.042 0.055 0.074 0.13 0.21 0.35 0.82

63.5 mm 0.023 0.039 0.065 0.093 0.14 0.19 0.32 0.59



As seen from Fig. 1, Liscic/Petrofer probe depicted very unusual behavior of temperature
in surface layer of the probe when quenching in polymer solution [2]. Initially temperature in this

area drops smoothly to 500 oC and then creates a “shoulder” where temperature maintainsat the

level approximately at 450 oC. More information is provided in Table 2.

Moreover, temperature within the created “shoulder” oscillates extensively at the beginning
of it and oscillation stops at the end of “shoulder” [2]. Author [2] didn’t explain such interesting
behavior. It can be explained by self-regulated thermal process taking place during transient nu-

cleate boiling mode [lO, 11]. The matter is that during quenching in water solution of polymers on

the surface of steel parts or probes a polymeric coating is formed as shown in Fig. 2. Transient

nucleate boiling process in this case takes place on the surface of the coating. Since polymeric
water solution is agitated, the thickness of the coating varies versus time. As known, cooling rate

depends on thickness of the coating and thermal conductivity of polymer and can be calculated

using equation (2):

aKn
v TT .= −

~ ~δ λ
+~ ~λ~ ~

( )m

12 K
R

coat

(2)

Here v is cooling rate in oC/s; Kn is Kondratjev number; a is thermal diffusivity in m2/s;
δ is thickness of insulating layer; R is radius in m; λ is thermal conductivity of metal in W/mK;
coatλ is thermal conductivity of coating in W/mK; K is Kondratjev form coefficient in m 2; T is cur-

rent temperature; T
m

is bath temperature.

Varying a thickness of the polymeric coating is a reason for temperature oscillation.

Author [l3, 14] investigated effect of polymeric coatings on initial heat flux density and tem-

perature fields within the metallic section of the probe. Polymeric coating decreases initial heat

flux density and by this way eliminates film boiling [l4]. Also, as it was shown by author [l4],

coating increases the surface temperature of the probe during self-regulated thermal process

and by this way delays martensitic transformation during transient nucleate boiling process

(Fig. 2). Such unusual behavior can be used to perform austempering processes just using cold

liquids [B]. It should be also noted that coating decreases temperature gradient between the

core and surface metallic layer approaching the cooling in oils. For example, during quench-

ing in oil (Fig. 1, a)) at a time 60 seconds temperature difference between surface and core is

100 oC when at a distance 1 mm from the surface temperature is 400 oC. The same difference is

observed during quenching in water polymer solution (Fig. 1, b)). Thickness of the polymeric
layer is controlled by concentration of polymer in water. The above consideration shows that

the great possibilities of polymers are not explored for 100 % yet. Further investigations are

needed which can be performed using Liscic/ Petrofer probe.
The summarizing differences between standard Inconel 600 and Liscic/Petrofer probes are

provided in Table 3.

Table 3 shows that along with Inconel 600 probe the Liscic/Petrofer probe should be used

for testing liquid quenchants.
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Table 2

Surface and core temperature versus time when quenching in a polymer solution of 35 oC

Time, s 0 1 10 20 30 40 60 100

T
sf,

oC 855 850 470 445 445 430 412 280

T
core,

oC 855 850 840 770 675 600 500 370
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Table 3

Summarizing differences between standard Inconel 600 and Liscic/Petrofer probes

Inconel 600 standard probe with one

thermocouple at the core

Liscic/Petrofer probe with three

thermocouple
Comments

It is impossible to investigate self-regulated
thermal process

The Liscic/Petrofer probe with

accurately instrumented three ther-

mocouple provides accurate surface

temperature behavior during boiling

processes.

The Liscic/Petrofer probe allows deter-

mining both real HTCs and effective

HTCs. Inconell 600 probe provides only
effective HTCs for small diameter.

Due to small diameter, the initial heat

flux density during immersion the Inconel

600 probe into cold liquid is almost four

times larger as compared with the Liscic/

Petrofer probe resulting in differentkinds

of film boiling.

In many cases film boiling is absent

that allows generalization of experi-
mental data.

Film boiling, especially local film boiling,
is undesirable since it is a reason for

big distortion and non-uniform surface

hardness.

It is impossible to investigate accurate-
ly initial processes taking place during
immersion steel parts into liquid quenchant.

Provides initial temperature gradients
during immersion probe into liquid
quenchant.

The initial phase of cooling in liquid
quenchants is the most important since it

dictates the futurehistory ofcooling.

Many big companies provide cooling
curves and cooling rates of standard probe
obtained during its testing in their liquid
quenchants. It is nothing to do with such

data since in many cases they are far from

real steel parts quenching.

In average it provides realistic data

taking place during quenching in

liquid quenchants.

Based on Liscic/Petrofer probes, it is pos-

sible to modify correlation between dura-

tion of transient nucleate boiling process

and size, formand thermal properties of

solid material and liquid.

Due to simple approach in cooling curves

and cooling rate obtaining, it looks like

customers save time and money when using
standard Inconel 600 probe.

Due to more complicated approach,
when testing Liscic/Petrofer probe,
it looks like customers need to invest

some additional money for testing real

processes.

In fact, customers don’t use 100 % possi-
bilities of their quenchants and sometimes

are losing money and effectiveness.

It is impossible to investigate fundamental

initial processes during quenching of steel

parts heated to high temperatures.

It is possible to investigate fundamen-
tal initial processes during immersion

of steel parts into liquid quenchants.

Classical heat conductivity law ofFourier

doesn’t work properly during immersion

ofheated to high temperature steel parts
into liquid quenchant.

There are nowadays in the world sever-
al thousands ofsmall standard Inconel

600 probes in use.

There is only one place (the company

PETROFER) which has the Liscic/

Petrofer probe and uses it for own

experiments.

Unfortunately, it is impossible to investi-
gate self-regulated thermal process using
standard Inconel 600 probe.

Standard Inconel 600 probe (12.5 mm in

diameter and 60 mm long) is useful for

laboratory tests ofdifferent oils or polymer
solutions to compare their cooling ability,
when testing a new delivery or developing
a new sort of quenchants, as well as for

monitoring of a quenching bath in respect
of its deterioration.

The experimental data obtained by
Liscic/Petrofer probe are nearer to

industrial processes.

The probe of small diameter generates

more easily film boiling due to higher
initial heat flux density. As a result, the

heat extraction dynamic from this small

Inconel 600 probe (surface heat flux) is

totally different from those at quenching
real parts.

No information on temperature field

through the section of a probe.

Ability to measure and record the

quenching intensity of all different

kinds of liquid quenching media

(including salt-baths at elevated

temperatures), in different quenching
conditions and at different quenching
techniques (conventional quenching,
intensive quenching, delayed quench-
ing, martemperingand austempering).

The Inconel 600 probe cannot be used for

investigatingmartempering and austem-
pering processes.



4. Fundamentals to be widely and carefully investigated during initial process of quenching
It is generally assumed that during quenching ofheated to 800-1000 oC steel parts, the three

heat transfer modes always take place: film boiling, nucleate boiling and convection. This belief

is based on classical Fourier’s law which predicts an infinity heat flux density during immersion

heated to high temperatures steel parts into the cold liquid. In fact, initial stage of quenching is

governed by the modified Fourier law [ls] which is written as:

= −λ∇ − τ

T
q T

∂

r

∂τ
and thatmeansabsenceof filmboiling at all. Thisisatheoreticalconclusion. Practically, prior

Here qis heat flux density in W/m2; λ is thermal conductivity in W/mK; T∇ is temperature

gradient; rτ is constant of a time in sec; T is temperature in oC or K.

The modified Fourier law generates hyperbolic heat conductivity differential equation
which was widely considered and solved by authors [l6–l9]. According to hyperbolic equation,
initial heat flux density is finite value which can be less than the first critical heat flux density
and that means absence of film boiling at all. This is a theoretical conclusion. Practically, prior
to startboiling process in cold liquids, a boundary layer heated to saturation temperature must

be formed first. During this short time of forming boundary layer the surface temperature of

probe or steel part drops immediately almost to saturation temperature and then maintains

relatively a long time at this level. Experimental evidences of such phenomena were provided

by French in 1928 (Table 1).

5. Discussion

Contemporary hardening processes require optimization liquid coolants to eliminate com-
pletely local and full film boiling processes. Optimization goes through maximizing critical heat

flux densities. It means that DATABASE concerning different kinds ofquenchants should include

critical heat flux densities as the characteristics ofa liquid. Further heat transfer coefficients should

be evaluated depending on forms and sizes of steel parts. For this purpose Liscic/Petrofer probes
of different sizes and forms should be prepared which is rather costly procedure. To fulfill such im-

portant task for the practice, the big companies should be as sponsors which are greatly interested

in such DATABASE. To make simplified calculations, the DATABASE should provide Kondratjev
numbers Kn as shown in Fig. 3.
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polymeric surface layer
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More information on DATABASE development and testing liquid quenchants, one can find

in publication [l9, 20]. Cooling characteristics ofpolymers are discussed in Refs [2l, 22]. It should

be noted that experimental data obtained by testing Liscic/Petrofer probe provide accurate results

of calculations during solving inverse problem which is currently highly developed and used in

practice [23, 24]. Along with the database development, the Liscic/Petrofer probe can be used by
engineers to investigate deeply and widely self– regulated thermal phenomenon which is the basis

for performing austempering processes in cold liquids. This new direction in heat treating industry
is very promising and can bring exceptionally benefits to big companies in the world which is cur-

rently firstpatented in Ukraine [B]. Authors hope that many scientists in the world will be interested

in investigation theoretically and experimentally the discovered self-regulated thermal process. It

makes sense to startsuch investigations via the EC projects to involve big companies in Europe.

6. Conclusions

1. During quenching in water polymer solution the self-regulated thermal process on the

coated surface is observed resulting in creation a temperature “shoulder” in the surface layers of

a probe or quenched steel parts.
2. When carefully investigated, the polymers can be used to perform austempering process-

es with the use of cold polymeric solutions.

3. Oscillation of temperature in surface layers during quenching in polymers is explained by
varying the thickness of a coating.

4. Insulating coating on the surface ofprobe or steel part increases metallic surface temperature
of steel part or probe delaying martensite transformation during transient nucleate boiling process.

5. Liscic/ Petrofer probe is an excellent tool for investigation listed in 1-4 processes and can

be used for testing the modified heat conductivity law of Fourier.

6. Liscic/Petrofer probe can be used also by engineers to investigate deeply and widely
mentioned self-regulated thermal phenomenon during quenching in water and water salt solutions

which is the basis for performing austempering processes in cold liquids.
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Abstract

The state of the problem of stabilizing the structure, improving the quality and properties of structural alloys is studied. To

solve the problem, it is proposed to modify melts of low-alloyedalloys with nanodispersed compositions obtained by plasma-chemi-
cal synthesis. Process technological parameters are developed. Nanopowders of carbide and carbonitride class SiC and Ti (C, N) with

a size of 50...100 nm are obtained. The crystallographic parameters ofthe nanocompositions and the specific surface are determined,

and the dependency curves are plotted. The macro- and microstructureofstructural steels and alloyswas studied before and afterthe

modification. A significant (in 2...3.5 times) grain refinement and stabilization ofthe alloy structure as a result of nanopowder modi-
fication of titanium carbonitride have been achieved. Thermodynamic calculations of the dimensions of crystalline seeds during the

crystallization ofsteels and alloys are carried out. A complex criterial estimation ofthe efficiency ofnanodispersed compositions in a

steel melt is proposed. The features of crystallization and structure formation of modified structural steels are studied. The obtained

results are oftheoretical and practical importanceforproduction of critical parts from structural steels and high-quality alloys.

Keywords: structural steel, aluminum alloy, nanodispersed compositions, plasma-chemical synthesis, crystallization, structure.
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1. Introduction

The field of study of nanodispersed materials is the most rapidly developing in modern

materials science, since the production of finely dispersed structures contributes to a fundamental
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improvement in the complex properties of structural steels and alloys. The development of nan-

otechnology is based on the use of physical-mechanical and surface properties of powder mate-

rials [l]. The main reason for the appearance of special surface properties of nanomaterials and

nanosystems is the high specific surface area and energy activity ofnanoparticles. Also, one of the

main reasons is the role of size effects, which manifests itself both in individual nanoparticles and

in nanosystems [3]. All this is reflected in the mechanisms of ordering of nanomaterials associated

with the patterns of changes in their structure and physic-mechanical properties [2–6].
The acquisition of new nanomaterials is inextricably linked with the development of nano-

technologies, which provide the solution of the following problems [4, 6]:
– obtaining materials with a given structure and properties;
– study of the features of the surface properties and structure of nanodispersed composi-

tions that contribute to hardening of structural materials.

2. Literature review

It is noted in [7, 8] that currently used structural steels and alloys do not provide the required
durability ofmachine parts, since they have insufficient strength properties. In the technical litera-
ture [9, 10], ways to improve the quality and properties of steels through optimization of composi-
tion, microalloying, thermal and thermomechanical processing are considered. The most effective

way ofobtaining a disperse structure and a high level of strength is modifying [9]. There are several

theories of modification, but none of them describes the process completely. Nanodispersed com-

positions have been used as modifiers of steels and alloys [lo–l3]. The disadvantage of the work

on the modification of structural steels and alloys with nanodispersed compositions is the lack of a

comparative evaluation of different methods for obtaining nanocomposites and the thermodynamic

analysis of the existence of nanoparticles in the melt.

The aim of the work is refining the grain and stabilization of the structure of structural steels

and aluminum alloys by treatmentwith nanodispersed compositions. This will improve the quality
and strength properties of structural alloys, ensuring the required durability of machine parts.

Objectives of the research:

– to choose a method for obtaining nanodispersed compositions;
– to study the granulometric composition and parameters of refractory nanocomposites of

the carbide and carbonitride class;
– to conduct a thermodynamic analysis of the crystallization of melts with nanoparticles;
– to study the structural features of steels and alloys modified with nanocomposites.

3. Materials and Methods

The materials of the study are structural low-alloy steels 09Г2С and 09Г2ФБ, these grades
of steel are most widely used for the manufacture ofparts and building structures, pipe products,
as well as aluminum alloys Al-Mg for welded structures. To obtain nanodispersed powders of the

fraction of less than 100 nm of pure metals (Ti, Cu, Si), their mixtures and refractory compounds
(Ti (C, N), SiC), a high-frequency plasma chemical synthesis device is used [l3–l6]. The techno-

logical process ofplasma-chemical synthesis is developed, which includes the following stages:

– preparation ofraw materials;
– generation of a plasma jet;
– plasma-chemical synthesis;
– capture of the target product.
Titanium and silicon carbide powders (100...300 μm), obtained from waste from met-

allurgical and silicon-polymer industries, are used as raw materials. After drying, the powder

components are mixed, loaded into the cylinders of a powder feeder, which ensures degassing
of the mixture of powders and pneumo-transportation to a slice of the plasma torch [l3, 17]. The

granulometric composition and parameters of nanocompositions are studied by X-ray diffrac-

tion analysis and electron microscopy [4]. The structure of steels and alloys is studied by light

microscopy [s].

Material Science

Original Research Article:

full paper

(2017), «EUREKA: Physics and Engineering»
Number 6

57



4. Discussion of research results

Nanodispersed compositions are prepared by the method of plasmochemical synthesis.
A high-frequency plasmatron with gas discharge stabilization was used to generate the plasma

[l2, 13]. In connection with the high ionization potential of nitrogen in the plasma torch, an argon

discharge is created by means of an electric pulse of high voltage from a tungsten ignition needle.

At the time of the electric discharge, an avalanche-like ionization ofargon takes place. Then nitro-

gen enters the discharge chamber, and the supply of argon ceases. Cooling of the outer surface of

the chamber is done by a directed air flow.

Synthesis of nanodispersed titanium boron nitride Ti (C, N) is based on the interaction of

titanium, nitrogen and carbon vapors. A mixture of the initial powders is introduced into the zone

of the nitrogen plasma flow with an average mass temperature of5500...7500 °C. At the same time,

heating, melting, evaporation of powders and their chemical interaction take place.
At the exit from the reactor, the temperature of the gas-powder flow is 1200...1400 °C. For an

intensive reduction in the flow temperature, a heat exchanger system was used that provided a flow

temperature of 100 °C at the outlet. From the heat exchangers, the cooled stream enters the trapping
chamber, where the nanodispersed target product settles in the bag filters.

To obtain Ti (C, N) from metallic titanium, an effective heat carrier is necessary, as inert as

possible with respect to the constituent elements. One of the features ofplasma-chemical synthesis
is the short-term interruption of the reagents in the reaction zone and the lack of the opportunity, in

connection with the short duration of the process, to ensure a high degree of conversion of the raw

material into the target product. Argon is used as coolants, which is used to ignite the plasma and

nitrogen – to produce nitrogen plasma. The experiments are carried out in the following techno-

logical regime: anode power 72 kW, flow ofplasma gas 8.5 m3/g, flow of transporting gas 3.0 m3/g.
The mixture of the initial powders had the composition, % by mass: titanium – 60, nitrogen – 40.

Sampling for analysis is conducted from the reactor walls. X-ray phase, electron micro-

scopic analysis and determination of the specific surface area ofnanopowders are carried out. The

specific surface is determined from thermal desorption ofargon by chromatographic method [lo].
The chemical composition ofnanocompositions used as modifiers is given in Table 1.

The generalized results of crystallographic and dimensional topological studies of nanodis-

persed compositions are given in Table 2.
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Table 1

The chemical composition ofsynthesized nanodispersed compositions

The formula

for compound

Content of elements,% wt.

Si C N Ti

SiC 60–65 30–32 – –

TiC – 18–21 – 76–80
TiN – – 20–23 75–78

Ti(C,N) – 15–17 19–22 60–65

Table 2

Crystallographic and dimensional-topological parameters ofnanodispersed compositions

The formula

for compound
Crystal
system

Phase type
Lattice period, Å

Density,
kg/m3

Melting point
(decomposition), °С

Dimension, Specific
surface, m2/gа с nm

SiС Hexagonal Intrusions 3,080 10,04 3220 2830 55,0 15,5

TiС Cubic Intrusions 4,319 – 4920 3140 80,0 14,0

TiN Cubic Intrusions 4,243 – 5430 2950 70,0 11,0

Ti(C,N) Cubic Intrusions 4,256 – 4950 3120 86,0 14,0



The transition of the material to the nanodispersed state with a decrease in particle size

sharply increases the adsorption and catalytic activity of the system, since the surface fraction

with respect to the total volume of the particles increases significantly. A sharp increase in surface

energy in the transition of particles to the nanodispersed state and a change in the thermodynamic
conditions ofphase equilibria lead to the appearance in them of phenomena such as high-tempera-
ture superconductivity, a super-magnetic and amorphous state [l9–2l].

The most important task in the process of obtaining nanodispersed modifiers is to maintain

a clean surface that provides a large adsorption and catalytic activity. Only in this case the particles
introduced into the melt will play the role ofactive centers of crystallization.

The preparation ofnanodispersed compounds (Ti (C, N), TiC, TiN, SiC) by the method of

plasma-chemical synthesis is caused by high rates of volumetric condensation of the gas-flame
flow, which already at the stage of formation leads to an unstable state of nanodispersed particles:

– nanodispersed powders are characterized by smaller parameters of the crystal lattice in

comparison with massive samples of the same alloy;
– different types of amorphous formations take place;
– there is a decrease in the lattice parameters of particles from the center to the surface due

to the maximum compression of the surface layer, which causes an inhomogeneous distribution of

components and phases along the radius of the particle.
Dispersion ofnanoparticles largely determines the properties of a dispersednanosystem and

is quantitatively characterized by linear dimensions and the specific surface area of the particles.
The specific surface S

s

is expressed by the equation:

s= Sl–2/γV, (1)

where Sl–2 – the interphase surface between particle 1 and medium 2; γ – the density of the nano-

dispersed particle; V – the volume of the nanodispersed system.

Fig. 1 (curves I–3) shows the change in the specific surface with a decrease in the sur-

face of particles from coarsely dispersed particles (more than 105 nm) to systems of molecular

degree of dispersion (less than 10 nm). Curves I–3 have the form of hyperbolas. In the region
of coarsely dispersed systems, the curves asymptotically approach the abscissa axis. In the

region of the nanodispersed system (NDS), the curves rise sharply. Owing to the large specific
surface area ofnanodispersed systems, adsorption and surface phenomena are of great impor-
tance for them, while the behavior of coarsely dispersed systems is mainly determined by bulk

properties [ls].

S

Curve 4 (Fig. 1) characterizes the dependence of the surface energy (SE) on the particle dis-

persion. It is seen that as the dispersion increases, SE in the region of the nanodispersed system in-

creases. When the particles pass into the nanodispersed state, a sharp increase in the specific surface

energy and a change in the thermodynamic conditions ofphase equilibria occur. These processes lead
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to the appearance in nanodispersed systems ofphenomena such as high-temperature superconductiv-

ity, a super-magnetic state, and a shift in the temperatures ofphase transformations [l6–lB].
The process of structure formation of 09Г2С and 09Г2ФБ steels modified with nanodis-

persed compositions based on Ti (C, N), as well as an aluminum alloy of the Al-Mg system modi-

fied with silicon carbide SiC, is studied.

Nanoparticles commensurate with the crystallization centers have a high adsorption capac-

ity and therefore nucleation in the crystallization of the primary phase (in this case, the shell) on

their surface is highly probable. The formation (particle-shell-melt) will be stable, since the free

energy ΔF of this system decreases [22].
If there is a refractory nanoparticle in the melt, the formation of a solid shell of the prima-

ry phase on its surface will be the same as in the formation of the center of the new phase. The

change in the total free energy ΔF depends on the sum ofthe changes in the volume and surface

free energies:

∆F = ∑ ∆Fv + ∆Fs, (2)

where ∆F are the change in the volume and surface free energy of the system.

By changing the ratio of volume and surface free energies, nucleation of the primary phase
on the nanoparticles present in the melt is facilitated, and proceeds with decreasing total free ener-

gy. While the formation of seed in an unmodified melt requires energy expenditure and becomes

thermodynamically unprofitable.
The presence ofa large specific surface area of the nanoparticle makes the process of nucle-

ation of the solid phase on their surface thermodynamically advantageous in the absence of such

tendency for decay. Such sections of the solid phase, when the melt is cooled to the crystallization

temperature, win in competition with spontaneously or heterogeneously arising seeds. As a re-

sult, the size of grains in castings from modified steel and alloys is determined by the amount of

nanoparticles: the more of them, the more dispersed grain.
Thus, the role of nanodispersed particles is reduced to the creation of additional artificial

crystallization centers in the melt. In this case, they must be commensurate with critical embryos
for mass input to produce a finely dispersed structure of steels and alloys.

Theoretical and experimental studies have shown that in order to achieve a finely dis-

persed structure of steels and alloys, it is necessary that in the melt there should be at least

105...108 pieces/cm3 of crystallization centers with a size of 20...40 nm, which corresponds to

0.08...0.15 % of the introduced nanodispersed Ti (C, N) and SiC.

The investigated steel after modification is characterized by a smaller (in 2.0...3.5 times)
austenite grain and a dispersed homogeneous ferrite-pearlite structure.

and ∆F
sv

5. Conclusions

The obtained results are used in the development of technological recommendations and

instructions for modifying low-alloy steels and aluminum alloys with refractory nanocomposites
of the carbide and carbonitride class.

The preparation ofnanodispersed compositions by the method ofplasma-chemical synthesis
is proposed. The technological process and optimal parameters of the temperature regime for ob-

taining nanopowders in nitrogen plasma are developed. The chemical composition of the obtained

powders, crystallographic parameters and physical properties are given. The sizes of Ti (C, N)
TiC, TiN and SiC powders, their specific surface area and specific surface energy are calculated.

Conditions for the thermodynamic stability of the system are established under which nanoparti-
cles are the centers of melt crystallization. The grinding of the grain of 09Г2С and 09Г2ФБ steels

and aluminum alloys of the Al-Mg system is achieved as a result of modification in 2.0...3.5 times.

Based on the research results, a technological instruction is developed and recommenda-

tions are given to industrial enterprises for processing steels with nanodispersed modifiers.

The authors plan to expand the range ofstructural alloys ofvarious alloying systems, as well

as improve the parameters of the technological process ofmodification.
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Abstract

Modern European and Scandinavian countries have advanced very far in the development and application of alternative

energy sources. The goal of all modern developments is quality improvement and reducing production costs. The precedent of in-
creasing tariffs for utilities is one of the main problems, so there is a need to create non-volatile, autonomous systems that will be

controlled and managed remotely. The creation of combined systems that can operate remotely and independently of direct energy

resources will lead to a significant increase in the level ofprotection from the instability of temperature fluctuations and differences

in the electrical network.

The present invention relates to heat engineering, in particular to methods and apparatus for generatingheat generated dif-

ferently from combustion offuel, and can be used in a heating and hot water supply system for residential and industrial premises, as

well as for preheatingand improving the rheological properties of oil and petroleumproducts. The presence of sensors in this system

allows to monitor, regulate and signal its status, and also allows to set the necessary parameters.

Keywords: hydrodynamic unit, refrigerant, thermal coefficient, truncated cones, hydrodynamic cavitation reactor.
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1. Introduction

The urgency of developing and creating promising sources of power supply for autono-

mous electricity consumers has long been recognized in many industrialized countries. The limited

availability of fossil energy sources, as well as the current situation withrising prices for hydrocar-
bon fuels along with the exacerbation of the environmental situation, are the factors that stimulate

the introduction and use of renewable natural resources in the production of electricity. The main

consumers of all types of energy and energy carriers are enterprises, and an indispensable part of

any enterprise is its energy economy. It is a collection of generating, converting, transmitting and
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consuming power plants, through which the enterprise supplies all necessary types ofenergy to the

enterprise and uses it in the production process. In addition, the energy sector includes automatic

control devices and systems with their information support, non-power plants, buildings, facilities

and resources that ensure reliable and economical operation of the company’s energy, as well as

electric lighting, heating and fuel supply.
The presence of consumers (small towns, villages) located in areas isolated from existing

energy networks, or supplied with electricity, for various reasons with interruptions require the or-
ganization ofautonomous power supply. Let’s consider systems in a differentiated form. The first is

the heating system of dwelling. The heating and cooling system of a dwelling is exactly that branch

of engineering support for buildings, in which the principles of “intelligent building” or “smart

house” were first introduced, since this is the main item in the cost of building maintenance. Ex-

pensive equipment and installation should be designed for a rather long time to failure. The heating

system should itself correct the temperature in the house, reacting to a cooling or thaw. Given the

temperature outside the house, the system must regulate the operation of all heating elements so

that the room temperature remains as comfortable and optimal as possible. A heating system with

built-in intelligence will significantly save money.

Let’s consider an example of a heat pump: one liter of water with a temperature of 1 °C is

approximately 4.192 kJ of heat. The same energy in 4.192 kJ will have 100 grams ofwater, but with

a temperature of 10 °C. The fact that the heat pump provides hot water with a temperature of60 °C

does not mean that it simply heated it with electricity by 50 °C. The heat pump spends electricity
only on compression and heat transfer, and itselfis warm − free. Thus, heat pumps produce 10 kW

of heat, consuming 1.5−2.5kW/h of electricity.
And in practice it looks like this: underground water is below the ground. The temperature

of such water is stably high – about 10 °C. After the heat pump does its work (compression), the

water temperature at the outlet in the heating circuit will be already 60 °C. It should be noted that

the water itselfcan’t be compressed. The mediator (freon) is compressed, which is sensitive to tem-

perature. It will easily take heat from the groundwater through the evaporator (from about 10 °C

through the freon loop it will be selected about 4 °C) and also gives the received heat to the heating
circuit through the condenser. [l] That is, the principle of the heat pump is the reverse Carnot cycle,
and when the heat pump is operating for conditioning − the Carnot cycle itself. In the case of a

failure of the heating equipment due to a malfunction or power failure, the system will inform and

stop the functioning of the faulty components, but this can be avoided.

The second system is an autonomous power supply system. The problem of energy con-

sumption has been and will be relevant at any time. Adding several autonomous energy sourc-

es (for example, solar panels, windmills) and battery to the system increases the stability of the

system. The production ofphotovoltaic cells and solar collectors develops in different directions.

Solar batteries come in various sizes: from embedded in micro calculators to roof-topping cars

and buildings. The sun is an environmentally friendly source of energy that does not pollute the

environment. The operation of solar panels does not lead to greenhouse gas emissions or waste gen-
eration, solar energy is inexhaustible, unlike traditional fuels, solar panels after installation require
minimal maintenance and produce energy without human participation, among other advantages
of solar batteries is worth noting the long life time. It is 25 years or more without degradation of

performance. And the use of solar energy is subsidized by the state. For example, in France, for

installation of the battery at home, up to 60 % of the cost is reimbursed.

The need to install a windmill near a private house can arise in two cases − if there is no

centralized power supply at all or it leaves much to be desired, or you decided to save considerably
on paying for electricity. The wind is an ecologically clean, endless source ofenergy that humanity
has enjoyed for thousands of years. Trends in the development of technology unequivocally point
to the prospect of using a variety of alternative sources for the full or partial supply of electricity
and heat to the house: solar panels, wind generators, thermal convectors and new efficient materials

for thermal insulation.

According to this work, a system analysis of existing units is conducted and methods of their

improvement for creating a certain set of systems are considered. This unit refers to equipment for
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heating residential and industrial buildings. The compression heat pump comprises an evaporator,

a compressor, a condenser, a throttle valve and a liquid separator. The evaporator and the condenser

are made in the form of shell-vortex heat exchangers containing supply and discharge nozzles of

the working agent and supply and discharge branch pipes, respectively of low potential coolant and

high-potential heat carrier, a cochlear-shaped manifold with a guiding apparatus and end walls, and

the casing is installed on the outside.

Another unit relates to heat power engineering [2], in particular, to heating installations, hot

water supply for small production facilities, individual houses and individual structuresusing low-po-
tential natural heat sources, domestic wastewater and otherheat waste. The method for utilization of

low-potential waste water is realized using a heat pump and an external heat exchanger placed inside

the hollow column of the airlift submerged in sewage. This makes it possible to utilize the low-po-
tential heat of sewage that has been unclaimed until recently, in enormous quantities continuously
sent to the sewage networks ofmegacities, small towns and workplaces. At the same time, due to this

property of the refrigerant used in heat pumps, as its ability to evaporate at a temperature of 3−5 °C,

they can utilize the heat ofwaste water with a temperaturenot exceeding s−B °C [3].
The heat supply method is considered, which included supplying water for heating to the

system, heating water with a single heat pump and delivering the heated water to consumers. To

improve the efficiency of the transformation of thermal energy, different methods are used. For

example, in the method for achieving the maximum heating coefficient of a heat pump according to

the patent [4], the coolant of the heat pump is selected to be liquid so that its critical temperature is

close to or equal to the temperature of the cooled medium.

A heat supply method is known which includes supplying water for heating to the heat pump

system of the system, heating the water with it and delivering the heated water to consumers. The

heat pump system consists of heat pumps, each of which is used as a stage of consecutive water

heating. [s] The disadvantage of this method is the organization of the operation of this unit in

terms of the heat-transfer cycle, which is close to the quadrilateral Lorentz heat pump cycle. Such

cycle, while providing energy savings, but increases the payback period to a value that exceeds the

period of economic feasibility, with an increase in capital costs. Thus, the regime of the known

heat supply method with such stepwise heating of water does not ensure a positive technical and

economic result when it is realized. When using this method of heat supply for heating, the oper-
ation of the stepped heat pump system proceeds with large throttle losses of the working fluid in

the heat pump circuits, the more the condensation temperature of the working fluid, the greater the

throttling losses that can’t be eliminated constructively. The disadvantage of this unit is the impulse
with the intervals equal to the time of the working cycle, the supply ofheat to the heated medium

and the inability to use the gas work during its expansion.
The closest is the known heat exchange unit [6] comprising a heat pump including a com-

pressor connected to the compressor heat exchange cavity in which two heat exchangers are ar-
ranged: the first heat exchanger is connected to a heat exchanger for performing heat exchange with

the external medium and the second heat exchanger is connected to a heat exchanger to perform
heat exchange with the consumer. Chlorides are used as a working substance. To move the com-

pressor piston, when compressing the working substance of the heat pump, a hydraulic system is

used to supply the working fluid under pressure to the compressor over-piston cavity and the drains

of the working fluid from the compressor over-piston cavity. In this heat exchanger, there is no

expenditure of energy to push the working medium through the heat exchange circuit of the heat

pump, which reduces the energy costs when the heat pump operates.
The aim of this research is development of an efficient source of energy supply, which is a

set of systems generating, converting and consuming energy devices, through which the supply of

objects with the necessary energy, with further remote control.

2. Methods

The main direction of improving heat exchange systems using heat pumps is an increase in

the thermal coefficient: the ratio of the amount of heat (cold) transferred to the consumer, to the

energy costs for the heat pump operation.
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Therefore, another similar heat exchanger for water heating, containing a closed loop filled

with a working substance, is investigated. It includes a compressor for compressing the working
medium, a heat exchanger for performing heat exchange with consumers, connected to the com-

pressor outlet, a throttling device at the outlet of this heat exchanger and a heat exchanger-evapo-
rator for performing heat exchange with the external environment [7]. This heat exchange system

uses the classic heat pump scheme. A high heating coefficient is achieved by using the swinging in

the heat pump of the working substance through a closed circuit, which leads to an increase in the

energy consumption for the operation of the heat pump.

Cavitation phenomena, consisting in the formation of local regions in the liquid in which

steam-gas caverns are separated and subsequently destroyed, are the result ofa fast-flowing process

of vapor condensation and collapse of bubbles accompanied by high-frequency hydraulic shocks

and high pressure drops in the local area [B].
A hydrodynamic cavitation reactor was studied [9], containing a pipeline in the form of a

Venturi pipe, a honeycomb rectifier and cavitators installed in the flow chamber of a Venturi tube.

The cavitators are mounted on the axial rod in three rows and are disks or cones serving to turb-

ulize the flow of liquid and the formation of caverns on the rear side thereof. When “collapse” the

cavities in their volume, the pressure and temperature increase, which acts on the properties of the

treated liquid. Disadvantages of the known device: cavitators have almost no effect on increasing
the fluid velocity and, therefore, on reducing the pressure in the liquid, which reduces the intensity
of liquid heating and the efficiency of the device will be negligible.

Unit in which, in order to increase the temperature of the liquid heating, an insert is also

used, made in the form of a perforated partition installed in the injection pipe. When liquid passes

through the channels of the septum, toroidal cavities (cavitation bubbles) are formed in the liquid,

pulsating at the outlet of the jets along their periphery. In the caverns, electric discharges occur with

a high frequency, the energy ofwhich, when the caverns “collapse”, turns into a thermal one, which

generates heat in the liquid. The disadvantage is the absence of cavitation in the entire volume.

The device is considered to consist of inlet and outlet nozzles and a cavitator installed in the

connecting flanges. In the cavitator, along the concentric circle, channels are formed that expand to

the outlet of the liquid. At the entrance to the cavitator there is a reflective cone, which narrows the

living section of the inlet branch pipe, entering the inlet, where the liquid increases and the bubbles

collapse with the heat release. The disadvantages are: low activity of the cavitation process and a

small volume of cavitation zones.

The invention, relating to cavitation generators for dispersing gas (vapor) into a liquid has

been investigated. Cavitation bubbles with an energy reserve of up to 100 kcal/kg under conditions

close to normal, move through the liquid to the treated surface. The surfaces initiate the collapse
of the vapor bubbles and, by giving their energy higher than the binding energy in the liquid and in

the crystal lattice, lead to rupture of the surface of continuity in the liquid. The disadvantage ofthis

device is the lack of localization of the place where cavitation caverns originate.
The closest to the technical solution is the hydrodynamic cavitation reactor, which contains

a flow chamber with a cavitator installed inside the inlet and reactive components. [lo] The disad-

vantage is the low efficiency and the cavitation degree of the flow.

3. Results

Increasing the efficiency and degree ofcavitation of the coolant is achieved by intensifying
the process at the interface between phases due to the kinetic energy of the interaction of the fluid

flow and the cumulative effect of the collapse of the strings. [ll]
Fig. 1 schematically shows a hydrodynamic cavitation reactor.

Reactor contains: a branch pipe of the inlet 1 ofthe second coolant flow; cover 2; flow chamber 3;

cylinder 4; converse truncated cones 5; caverns of collapse 6; nozzle 7; divider 8; separating perforated
baffle 9, which serves as a support for the divider; diffuser 10; the outlet pipe of the total flow of the heat

carrier 11, consisting of the first and second flows; the inletpipe of the firstheat transfer medium 12. The

circulating heat pump 8 passes the heat transfer medium to the separator 9, in which the first flow is

directed to the branch pipe 12, and the second flow is directed to the branch pipe 11 (Fig. 1).
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Fig. 2 shows a laboratory installation for investigating the input and output parameters of

the test system.

To move the liquid through the pipes a pump is provided at the entrance of the laboratory
unit. Water entering the plant passes through the compressor, where compression and movement

of refrigerant vapors occurs, as in refrigeration plants. When the vapor is compressed, not only
the pressure but also the temperature increases. After the compressor, the compressed refrigerant
enters the condenser, where the compressed gas is cooled and converted to liquid, then the liquid
flows through the throttling device to the evaporator (where its pressure and temperature decrease),
where it boils, passes into a state of gas, thereby taking heat from surrounding space. After this, the

refrigerant vapor is returned to the compressor to repeat the cycle. Thus, at the outlet, water will

have a temperature much higher than at the inlet, which ensures the heating of the radiator. [l2]
Then the used and temperature-lowering liquid passes through the throttle to create a hydraulic
resistance to the flow of liquid. Additional hydraulic resistance is created by changing the fluid flow

cross-section. By changing the hydraulic resistance, a necessary pressure difference is created,
which leads to an even greaterreduction in the flow temperature.

4. Discussion

The developed systems complex allows to heat and cool rooms regardless of the source of

the centralized power supply, and the addition of a hydrodynamic cavitation reactor provides the

system with greater efficiency.
The hydrodynamic cavitation reactor (Fig. 1) operates as follows. The first flow along the

branch pipe 1 is fed to the cylinder 4, where the reverse truncated cones 5 are installed, which by
their horizontal and inclined surfaces form the “caverns” of collapse 6. The horizontal surfaces of

the truncated cones act as a brake element in the form ofannular projections, in the course ofwhich
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n cavities (caverns) are formed [l3]. The heated stream is forced into “cavities” and, falling into

the zones of their closing due to flow turbulence and the presence of a large number of cumulative

microstructures formed during the collapse of cavitation bubbles is subjected to the formation of

elevated temperatures. In this case, the nozzles formed by the conical surfaces provide the condi-

tions for the appearance of a “secondary” high-speed jet of the nozzle 7.

At some distance from the end surface of the nozzle 7, the hollow conical shell of the liquid
jet at a velocity v

0
collapses and a secondary high-velocity jet ofradius r

0
is formed. At the moment

of the collapse of the flow of the working medium, the velocity of the secondary high-velocity jet
increases by approximately an order of magnitude with respect to the velocity vO, which follows

from the hydrodynamic theory of jets [l4].
Further, the secondary high-velocity jet is directed to the divider 8. Attention was drawn to

the place of impact of the jets with a flat surface and the appearance of so-called “wings” – struc-

tures resembling the feather of an arrow. It is energetically more expedient to implement a collision

with a curved surface and achieve a high level ofnavigation. In addition, the obtained mixture of the

first and second flow coolant passes through the separating baffle 9, passes the diffuser 10, and is

discharged through the outlet pipe 11. The efficiency of the heat exchange capacity on the surface of

the smallest drops is further enhanced by the Thomson effect – the influence ofsurface tension forces.

At the moment of the bubble disappearance (at the moment of its collapse), the kinetic ener-

gy is transformed into collision energy ofelementary particles. The energy released when a bubble

collapses is several orders of magnitude higher than the binding energy of elementary particles
(nucleons) in the nucleus. As a result of the collision of the nuclei of the claimed method, the energy

released between the elementary particles is converted into thermal energy in the liquid and it is

withdrawn from the processing zone of the hydrodynamic cavitation reactor.

v
c

5. Conclusions

The result of this work is development and testing of an experimental laboratory unit. The

analysis of the existing developments of autonomous power supply systems and the characteristicsof

the produced equipment revealed the main trends in the development of this area, to form a promising
direction for the practical implementation of the unit itself to take readings from the sensors.

The strong side of this research is the positive effect obtained from reducing the energy load

on the compressor. The same decrease in the throttle losses of working heat in the heat pump cir-

cuits is achieved at medium condensation temperatures. The increase in the thermal coefficient of

the whole unit takes place in a hydrodynamic cavitation reactor, which is considered by the second

power plant, which is very important for heating houses, cottages and, in particular, for preheat-
ing and improving the rheological properties ofoil and petroleum products [ls]. The weak side of

research is the collection of results for the further development of the mathematical model of the

heating installation. To assess the adequacy of a mathematical model, the collection of readings
from sensors varies depending on the temperature of the external environment, which requires
more detailed observations depending on the time ofyear and the desired temperature in the room.
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