
Metallurgical and Mining Industry2 No.11 — 2016

Editorial board

Andrey Pikilnyak
Editor-in-charge

PhD, Senior Researcher at the Scientific and

Research Section, 

Kryvyi Rih National University, 

Kryvyi Rih , Ukraine

Aleksander Sladkowski
(Engineering Science, Machine building)

Prof., Dr.habil.

Gliwice, Poland

Michael Gasik
(Materials science)

Dr.Sci.Tech., Dr. Tech. Professor

Aalto University Foundation

Finland



3Metallurgical and Mining IndustryNo.11— 2016

Editorial board
Aissa Ben Selhoub

(Ecology)

PhD in Ecology and Environment Protection,
Dnipropetrovsk State Agrarian and Economic University.

Senior researcher at the Laboratory of Valorization of 
Mining Resources and Environment

Mining Department,
Badji Mokhtar University,

Annaba, Algeria.

Ali Ismet Kanli

(Geophysical Engineering)

Ph.D. of Geophysics,

Deputy Head of Dept.

Istanbul University, Faculty of Engineering,

Department of Geophysical Engineering

Istanbul, Turkey

Michael Gasik
(Materials science)

Dr.Sci.Tech., Dr. Tech. Professor

Aalto University Foundation

Finland

Marina Suryakova
(Engineer Pedagogics)

Candidate of Psychological Scienses,

docent of pedagogics department of 

National Metallurgical Academy of Ukraine 

Dnipropetrovsk, Ukraine 



Metallurgical and Mining Industry4 No.11 — 2016

Editorial board
Suleiman Rakhmanov

(Rolling, Pipe and Tube Production, Die Forging, 
Engineering Science)

Senior lector

National Metallurgical Academy of Ukraine

Dnipropetrovsk, Ukraine 

Aleksandr Galkin
(Mining Production)

D.Sc. in engineering

Senior researcher, professor

National Mineral Resources University

Saint-Petersburg, Russia

Aleksei Fomin
(Machine Building)

D.Sc. in engineering,

Associate professor

State University of transport economy and 
technologies

Kyiv, Ukraine



5Metallurgical and Mining IndustryNo.11— 2016

Editorial board

Yuriy Kostiv
(Information Technologies)

Ph.D. in Engineering Science, 

National University Lviv Polytechnic

Lviv, Ukraine,

Vladimir Shatoha 
(Blast-Furnace Practice)

D.Sc. in engineering, professor, 

National Metallurgical Academy of Ukraine

Dnipropetrovsk, Ukraine 

Oleg Taraevskyy 
(Corossion protection of metals)

PhD in Technical Sciences 

Associate professor of Transport and storage of oil 
and gas Department

Ivano-Frankivsk National Technical University of Oil 
and Gas

Ivano-Frankivsk,  Ukraine



Metallurgical and Mining Industry6 No.11 — 2016

Editorial board

Vladimir Shapovalov
(Material science)

Professor, D.Sc. in engineering,

MER Corporation

Arizona, USA

Sergiy Belodedenko
(Engineering design)

D.Sc. in engineering, professor

National Metallurgical Academy of Ukraine

Dnipropetrovsk, Ukraine

Valeriy Balakin 
(Material sciense, Constructional design)

D.Sc. in engineering, professor

National Metallurgical Academy of Ukraine

Dnipropetrovsk, Ukraine 



7Metallurgical and Mining IndustryNo.11— 2016

Editorial board



Metallurgical and Mining Industry8 No.11 — 2016

Automation

Algorithmic software of the automatic risk management system on 
offshore drilling platform with a high level of automation

Zhilenkov A. A.

Associate Professor of Department of Control Systems and Informatics,
Candidate of Technical Sciences

Saint Petersburg National Research University
of Information Technologies, Mechanics and Optics

Saint-Petersburg, Russia
zhilenkovanton@gmail.com

Abstract
Offshore drilling platform is a complex object that includes an integrated automation system, each 
element of which is the source of the risk of emergency situations occurrence. These elements 
include primary transducers such as sensors, actuating devices and the systems of automatic 
control and regulation, due to their potential possibility of incorrect response to emerging operating 
conditions. Implementation of these risks can lead to catastrophic consequences. An algorithm for 
risk management as an add-on centralized automatic management system of the drilling platform 
was proposed to minimize the risks and their consequences. The algorithm includes the identification 
of risks, their analysis, prioritization, risk management planning, the process of managing and 
monitoring the risk metrics, according to which the assessment of the quality and effectiveness of risk 
management is carried out. Planning of risk management includes the processes determining ways 
to manage, search for ways to reduce the risks, risk documenting and risk metrics. The algorithm is 
based on the analysis of scientific publications dedicated to the description of emergency situations 
on drilling platforms: their causes, course and consequences; database of design offices, as well as 
the author’s own research conducted at several drilling platforms operating in the Black Sea shelf.
Key words: OFFSHORE DRILLING PLATFORM, AUTOMATIC CONTROL SYSTEM, 
TECHNOLOGICAL PROCESS, RISKS, SYSTEM ANALYSIS, PROACTIVE CONTROL, 
IDENTIFICATION

Introduction
The appearance of an emergency on an offshore 

drilling platform with a high degree of probability 
can lead to catastrophic consequences. Over the last 
thirty years the history counts about fifteen largest in 
scale accidents on offshore drilling. It is referred to 
the tragedies in which the number of human casual-
ties has reached several hundred and the amount of 
oil poured into the ocean has reached to tens of thou-
sands barrels and contaminated surface area has been

thousands of square kilometers. So, 168 people from 
224-men team died due to an accident on «Occi-
dentalPetroleum’sPiperAlpha» platform in 1988. In 
1979, as a result of the accident on a platform near 
the coast of Mexico about 30,000 barrels of oil were 
thrown out in the sea. In 2009, the accident at the 
«Seadrill’sWestAtlas» platform led to the contami-
nation of 2300 square miles of the sea area near the 
coast of Indonesia. And these are only the most se-                                                                                                    
rious accidents the damage from which was calculated

mailto:zhilenkovanton@gmail.com
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in each case by billions of US dollars. This article 
reflects some of the results obtained in the course of 
work on the study of risk management problems on 
offshore drilling platforms.

The concept of risk implies the possibility of a dif-
ferent kind of losses or damage that will occur as a 
result of the continuation of a current action or script 
of the process development. Risk is a function of two 
parameters: the probability of an undesired event oc-
currence and the scale of the consequences caused by 
it (damage). The losses include financial damage, loss 
of time (simple), loss of productivity, etc. The risk 
is a kind of harbinger of the problem, its reminder, 
the probability that in a given point of time of system 
functioning the set goals may not be met by existing 
resources and operations. In a complex system  re-
ducing the risk to zero is impossible, but it is possible 
to manage it.

Sources of risk in the automation system of 
drilling platforms 

Modern offshore drilling platforms are complete-
ly self-contained objects, which from the automation 
point of view consist of many complex subsystems 
that have their own local and central management for 
the entire system. In fact, each of these subsystems, 
starting from elementary sensors and ending with 
central control units, is a set of critical components or

potential sources of unwanted scenarios of processes 
in the system and its defects. 

Management systems of modern drilling platform 
are interlinked and have the Control Center:

- drilling operator chair with monitoring tools and 
manipulators;

- place of the remote control and management, 
located in the office of the drilling platform-owning 
company;

- place of the remote control and management, 
located in the office of the manufacturer of the auto-
mation system company  installed by the customer on 
this drilling platform.

All major subsystems are interconnected by a 
computer network. The subsystems themselves have 
local software and ensure the implementation of con-
trol over drilling platforms elements by algorithms 
embedded in programmable logic controllers.

Operator working in a chair of a drilling operator 
or at one of the remote control places in the coastal 
offices has access to the settings and monitoring the 
status of each of the subsystems. For example, Fig. 1 
shows a window for monitoring the state of the drill-
ing mud control subsystems. By clicking on one of 
the displayed items the detalization window appears 
displaying the status of the elements of the selected 
subsystem.

Figure 1. Software window of status monitoring of the drilling mud control subsystems
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Presented software interface was shown for the 

possibility of estimation the amount of information 
on the automation subsystems status that must be 
controlled by the operator during drilling, in addition 
to monitoring the parameters of the drilling process 
and the effective management of this process. The 
settings window shown in Fig. 1 describes only sub-
system 1. Each subsystem has the similar individual 
subsystem settings in general and the plurality of its 
components in particular.

Risks associated with incorrect settings of sys-
tems

The analysis has shown that one of the most fre-
quent causes implementation scenarios of risk zone 
is the process of setting up the subsystems and their 
components by the operator, engineer and according 
to control and measuring apparatus and automation 
or by other members of supervisors staff. Moreover, 
a specific reason can be distinguished, i.e. the deli- 
berate removal of warnings or alarms provided by the 
software. In the process of drilling rig operation, a 
lot of emerging warning messages are related to the 
necessity of various types of sensors testing. Some 
sensors break down; the other part requires periodic 
calibration. The automatic control system generates 
reports for each of the sensors in the general registry 
of errors and warnings, and further indicates a fault 
in the appropriate system control window, where the 
problematic sensor is installed.

Modern control systems are used in the drilling 
platforms due to its flexibility, implying the possibili-
ty of upgrading the drilling rig hardware. They allow 
setting of all alarm threshold set values.

Under these circumstances, risk of emergency 
conditions is associated with reaching the alarm va- 
lue of certain controllable parameter. But, as practice 
shows, the risk is transformed into a real emergency 
situation when the staff intentionally removes the sig-
naling (in some cases, automatically blocking certain 
operations of drilling to eliminate the causes of the 
alarm), changes (overestimates) of  the alarm set val-
ues so that signaling is no longer triggered without 
eliminating the cause.

The second typical reason of risk increasing is a 
forcing of the sensor readings. When, in response to 
the warning about the incorrect functioning of a par-
ticular sensor, the staff forcibly changes the value of 
its output signal in the program settings producing a 
kind of false calibration. The process is similar to de-
scribed above process, but it corrects the value of the 
controlled variable instead of the set values.

These actions are not always deliberate. History 
provides the disaster on drilling platforms, caused by 

an error of sensor calibration.
Risks associated with the incorrect response to 

the warning
The authors have carried out the analysis of a large 

volume of reports on identified errors and warnings 
generated by the centralized management system for 
a number of eight-hour shifts of drilling operator. On 
the basis of the analysis the following conclusions 
were made:

- generated reports on error and warnings on all 
studied offshore drilling platforms do not meet the re-
quirements of the industry standard [1] in terms of the 
frequency of warnings on the operator’s screen;

- the prioritization when warnings is absent;
- the warnings are excessive and mostly uninform-

ative.
Analysis has shown that the main problem in 

terms of prevention of the unwanted scenarios for the 
processes development in a complex control system 
of the drilling platform is a large amount of warnings 
provided to operator by the software. Every 10-12 
seconds the operator receives a new error warning. 
Taking into account that the operator during this time 
controls processes related to well drilling by carrying 
out the monitoring of numerous parameters and de-
ciding on further action, to assess adequately the con-
tinuous stream of warnings is impossible. Moreover, 
to identify in dozens of minor warnings the only error 
that can lead to catastrophic consequences is also im-
possible. Studies have shown that even explicit in its 
critical level errors in the stream of warnings of such 
intensity are elementary lost without reaching the                                                                                       
operator’s attention [2-5].

Considering that during one shift a number of 
warnings provided to the operator amounts in thou-
sands, to find warnings indirectly indicating the risk 
of a critical error is virtually impossible.

This situation is compounded by the fact that out 
of all available options for sorting of the accumulated 
warnings is not possible to sort errors and warnings 
according to the priority.

Thus, firstly the risks of adverse scenarios occur-
rence as a result of “lost” warnings in excess informa-
tion should be defined.

Further, studies have shown that the majority of 
alarms noticed by staff are actually ignored. In the  
existing control and monitoring systems the alarm 
signal may be delayed or the operator can confirm 
that he has received a signal.

Thus, the operator can confirm the receipt of an 
alarm signal, but does not take measures to eliminate 
its causes. Often this is due to the unawareness of the 
causes of the alarm and, as a consequence, it is impos-
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sible to predict possible catastrophic consequences in 
the case of ignoring its causes.

Risk management
 In the larger systems, it is impossible to predict all 

the possible options for the processes development. 
But it is possible to name the main reasons for the 
development or actualization of risks: lack of infor-
mation, lack of time and mismanagement.

According to the objectives considered by the               
authors, risk management requires the establish-
ment around the target system at risk of proactive or                 
reactive environment (but with higher reaction rate) 
of decision-making, which is able to continuous iden-
tify (predict) in real time the possibility of occurrence 
under these scenarios conditions of the events leading 
the process into error.

Further, it is necessary to determine which of the 
identified risks have the highest priority. Based on the 
assigned priorities, it is necessary to implement the 
decision-making according to on undertaken measures 
capable to prevent the identified undesirable scenario 
of possible course of events.

The task of creating a risk management system 
brings us to the problem of risk management stra- 
tegies development, determination of risk manage-
ment processes and, consequently, the development 
of methods, techniques and data support tools on the 
risk management processes.

The difference of mentioned proactive risk ma- 
nagement from reactive is that when the reactive 
management fighting with erroneous scenario begins 
at its culmination, which can be compared with the 
methods of firefighting, unlike the methods of fire 
occurrence prevention methods corresponding to 
proactively control philosophy. When proactive man-
agement special focus is not only on the development 
of plans for  prevention of the emerging undesirable 
scenarios, but also on the methods of early identifica-
tion of the latter and their effective prevention by all 
means available prior to the scenario has begun to de-
velop, and its consequences have begun to acquire the 
critical scale. Therefore, the proactive nature reaction 
is more desirable.

Figure 2 shows the structure of the risk manage-
ment process. It consists of five main functions:

- identification of risks;
- analysis of risk;
- prioritization of risks;
-  planning of measures to reduce or prevent the 

risks development;
- implementation of measures to reduce or prevent 

risks;
- control of measures taken and the monitoring of 

the system state subjected to preventable risk (tracking 
for risks metrics).

Figure 2. Structure of the risk management process

Identification of risks
For the effective risk management, firstly, it is 

necessary to ensure their identification. During pro-
active risk management, the identification should be 
performed prior to actualization of unwanted deve- 
lopment scenario of the risk identified, i.e. at an early 
stage.

In the present study, a main class of considered 
risks was industrial risks, namely the risks of viola-
tions of technological processes. In turn, according to 
the results given above, these risks can be classified 
by the following main components [6-9]:

- risks associated with the human factor, i.e. with
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incorrect management, equipment and software set-
ting;

- instrumental risks (hardware and software) are 
the risks that are associated with the occurrence of                     
incorrect operation of the software or hardware (usually 
sensors);

- technological risks are risks associated with the 
occurrence of incorrect reaction of the management 
system (automatic or human operator) to the changed 
conditions.

Since the structure of the system, which risks are 
supposed to control is known, and its normal func-
tioning criteria are determined quite definitely [10; 
11], it is possible to create a basis for risks characte- 
ristic at the stage of its design complementing it during 
the system operation by unaccounted but arise in its 
work and identified risks.

Conclusions
On the basis of the proposed algorithm it is pos-

sible to create a supervisor -system integrated with 
a central drilling rig management system that will 
not only minimize the influence of the human factor 
in the control of warning signals and processes of                                          
information confirmation about emergency condi-
tions, but also to identify the risks created under the 
given conditions in various subsystems of equipment 
and, consequently, to control them.

     References 
1.  ISA 18.2: Management of Alarm Systems for 

the Process Industries, Int’l Soc. Automation, 
2009.

2.  Pereyra Marcelo (2016) A Survey of Stochastic 
Simulation and Optimization Methods in Signal 
Processing . IEEE Journal of Selected Topics in 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.J. -M. Renders.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.S. P. Flasse.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=485836&newsearch=true&queryText=OPTIMIZATION METHODS 
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=485836&newsearch=true&queryText=OPTIMIZATION METHODS 
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=485836&newsearch=true&queryText=OPTIMIZATION METHODS 
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=3477
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=3477
http://dx.doi.org/10.1109/3477.485836
http://www.sciencedirect.com/science/article/pii/S2405535215000613
http://www.sciencedirect.com/science/article/pii/S2405535215000613
http://www.sciencedirect.com/science/article/pii/S2405535215000613
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Marcelo Pereyra.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7314898&newsearch=true&queryText=OPTIMIZATION METHODS 
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7314898&newsearch=true&queryText=OPTIMIZATION METHODS 
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7314898&newsearch=true&queryText=OPTIMIZATION METHODS 
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4200690


13Metallurgical and Mining IndustryNo.11— 2016

Automation

Automatic control of the ore suspension solid phase parameters

Andrey Kupin 

D.Sc. in engineering, Professor, head of Computer 
networks and installations department, Kryvyi Rih 

National University, Kryvyi Rih, Ukraine

Natalia Morkun

PhD, Associate professor of Economic Cybernetics and 
Project Management Department

Kryvyi Rih National University, Ukraine

Abstract
Method of automatic control of ore suspension solid phase parameters, which comprise the forming 
of gamma rays and low-frequency volume ultrasonic waves in the ore material suspension flow, 
measurement of the intensity of gamma radiation and low frequency volume ultrasonic waves, is 
presented.
Keywords. ULTRASOUND, AUTOMATIC CONTROL, ORE, SUSPENSION, SOLID PHASE, 
GAMMA RAYS

The invention relates to acoustic measurements 
and can be used for automatic control of the main 
characteristics of the ore solids in suspension, in 
particular the concentration of solids, its size distri-
bution and the useful component disclosure degree. 
The closest technical solution, which is selected as a 
prototype, is a method of automatic control of the ore 
suspension solid phase parameters [1]. The disadvan-
tage of this method is that the Love waves intensity in 
the measuring chamber wall, which contacts with the

controlled medium flow varies according to condi-
tion of the metal film on the measuring chamber wall, 
which is in constant contact with the ore suspension 
abrasive medium. Wear and removing of the metal 
film leads to ambiguity of measured values, which 
are determined according to the parameters of the ore 
suspension solid phase. Thus, the known method re-
quires constant monitoring and determining the state 
of metal film on the wall of the measuring chamber, 
and is impossible in the existing production. This fact
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leads to errors and, consequently, reduces the stability 
and reliability of measurement results. The object of 
the invention is to improve a method of ore suspen-
sion parameters automatic control by increasing the 
stability and reliability of measurement results [2-4].

The problem is solved by the method of automatic 
control of the ore suspension solid phase parameters, 
which comprise the forming of ore suspension ma-
terial flow and the reference fluid in the measuring 
chamber, periodic influence of ultrasonic vibrations 
on suspension flow, formation of high frequency 
volume ultrasonic waves in the ore suspension flow, 
intensity measurement of high frequency volume                  
ultrasonic waves, which have passed a fixed distance 
in the presence of reference liquid and ore suspen-
sion flow in the measuring chamber in the periods of 
ultrasonic oscillations influence on suspension flow, 
and in case of its absence, and calculation of meas-
ured values ratios, according to which the parameters 
of ore suspension solid phase are determined [5-9]. 
According to the invention, gamma radiation and low 
frequency volume ultrasonic waves in the flow of ore 
material slurry are formed, the intensity of gamma ra-
diation and low-frequency volume ultrasonic waves 
is measured. 

The method is implemented as follows [10-11]. 
Firstly, the reference liquid (water) is fed into the 
measuring chamber. Gamma radiation in the measu- 
ring chamber is formed, and passes a fixed distance 
in it. The obtained result is attenuation of the gamma 
radiation intensity. This result is reference (basic). In 
operation condition, the ore material suspension flow 
in the measuring chamber is formed. Gamma radia-
tion, which passes a fixed distance in the measure-
ment chamber in the presence of ore material suspen-
sion flow, is formed. The attenuation coefficient of 
gamma radiation, which passed a fixed distance in ore 
suspension material flow, is determined by expression

(1 ) W W S SW Wµ ρ µ ρ µ= - +

where μw and μs are the mass attenuation coeffi-
cients of water and suspension ore material respec-
tively;pw and ps are the density of water and suspen-
sion ore material particles respectively; W is the vo- 
lume fraction of ore particles in suspension.

The intensity of gamma radiation, which passed 
a distance l in ore suspension material flow, can be 
presented as follows

(1)

[ ]{ }lWWII SS µρµρ +--= WW0 )1(exp , (2)

where I0 – is the intensity of gamma radiation in 
the absence of ore material slurry in measurement 
chamber.

If water is present in the measuring chamber, the 
intensity of gamma radiation will be determined by 
the formula

( )*
0 W WexpI I lρ µ= - (3)

Considering (2) and (3), the intensity of gamma 
radiation can be represented as

(4)

This value does not depend on the particle size of 
solid phase i.e. ore slurry material, and is determined 
only by the slurry solid phase concentration and its 
particles density. According to the proposed method, 
the value Sr for the gamma radiation is formed

*

ln [( ) ]S S W W
IS AW l
Iγ ρ µ ρ µ= = - (5)

where A – is the proportionality coefficient.
This expression shows that the density of the con-

trolled medium, which depends on the ore suspension 
solid phase concentration and its particle density is 
determined by logarithm of intensity ratio of the gam-
ma radiation in the presence of water flow and ore 
suspension in measuring chamber. Similarly, the val-
ue S1 is determined for high frequency and S2 for low 
frequency volume ultrasonic waves, which passed a 
fixed distance through the flow of water and ore sus-
pension. Accordingly, the value S1 is determined by

1
1

1

ln
( )

vol
w

v

IS
I z

=
< >

(6)

where 1
vol
wI - is the intensity of high frequency vo- 

lume ultrasound waves, which have passed a fixed 
distance z through the flow of water; and >< )(1 zIv

- for 
ore suspension flow. Thus, the value S1 is determined 
by the logarithm of intensity ratio of high frequency 
volume ultrasound waves, which have passed a fixed 
distance z through the flow of water and ore suspen-
sion.

For this

,

.

1 1 1
0

( ) exp ( , ) ( )
mr

vol
v w

WzI z I v r F r drσ
 

< >= -  ℵ 
∫ , (7)

where
 

3

0

4 ( ) ;
3

mr r F r drπ
ℵ = ∫ F(r) – is the function

 
of the solid phase particle size distribution in the ore 
suspension r; rm – is the maximum solid phase par-
ticle size in the ore suspension; σ (v1r) – is the cross 
section of high frequency volume ultrasonic wave             
attenuation of frequency v on the particle of size r. 
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The value σ (v,r) for any frequency volume ultra- 

sonic waves is determined by the sum of the absorp-
tion cross-sections σs (v ,r) and scattering σc (v ,r) of 
ultrasound

( )( , ) ( , ) ,c sv r v r rσ σ σ ν= + (8)

In high frequency region (v1≥5�106) the ultrasound 
attenuation is caused mainly by scattering of ultra-
sonic waves on the solid phase particles: σ1 (v,r)≈ σc 
(v1 ,r). Therefore, the signal, which is generated at fre-
quency v1 ≥ 5�106 Hz will be determined by the size 
and concentration of ore slurry solid phase particles. 
Thus, value S1 depends on the ore suspension solid 
phase particle size and its concentration W

1 1
0

( , ) ( )
mrWzS v r F r drσ=

ℵ ∫ (9)

In the low-frequency region v2 ≥ 5�105 Hz the ul-
trasound attenuation is caused by viscous inertial ef-
fects: σ (v2,r)≈ σs (v2 ,r). Therefore, the signal, which is 
generated at a frequency v2 ≥ 5�105 Hz will be propor-
tional to the concentration of the ore suspension solid 
phase and independent of its particle size.

Accordingly, the value S2  is determined by the ex-
pression

2
2

2

ln
( )

vol
w

v

IS
I z

=
< >

(10)

For this

2 2 2
0

( ) exp ( , ) ( )
mr

vol
v w

WzI z I v r F r drσ
 

< >= -  ℵ 
∫ (11)

Thus the value S2 depends on the concentration W 
of ore suspension solid phase and does not depend on 
its particle size:

2 2
0

( , ) ( )
mrWzS v r F r drσ=

ℵ ∫ (12).

,

If we divide (6) by (10), we can obtain a value S, 
which depends on the ore suspension particle size

1

2

SS
S

= (13).

Measurement of the useful component content can 
be reduced to the determination of specific weight (den-

sity) of solid phase particles, which are located in 
the ore suspension. In the measuring chamber sec-
tion, where the value S is determined, the flow of 
enriched material suspension is periodically exposed 
to high intensity ultrasonic waves. Due to the radia-
tion pressure and acoustic flows, there is a displace-
ment of ore suspension solid phase particles from the 
trajectory of their normal movement in the flow in 
the direction of high-intensity ultrasonic oscillations                                             
influence. Displacement of ore suspension solid phase 
particles leads to their redistribution by size and con-
centration in the high intensity ultrasonic oscillations 
influence zone. The value of this redistribution for the 
same particle size is determined only by the mineral 
composition (the ratio of the useful component and 
gangue) and specific weight (density) of each compo-
nent. For solid phase particles of the same size, which 
are crushed to a particle size of useful component                                                                                               
inclusions, the value of the displacement is propor-
tional only to their specific weight. Thus, the change 
value of S parameter under the high intensity ultra-
sonic oscillations influence depends on the useful 
component content in the ore suspension solid phase 
fractions of various size. According to the proposed 
method the value  Sr is determined as

B

B
r S

SSkS 0
1

-
= 	 (14)

where Sв – is the measured value S in the presence 
of high intensity ultrasonic oscillations influence; S0 - 
is the measured value S in the absence of this influence;  
k1 - is the proportionality coefficient. 

To obtain a signal which depends on the useful 
component content of ore suspension solid phase 
fractions of corresponding size, i.e. disclosure of use-
ful component, the ratio of Sк is calculated

r
K S

S
kS γ

2= (15)

All or only certain size classes of the crushed ma-
terial i.e. a certain solid phase size fraction can be 
displaced in the measurement zone by increasing the 
intensity of ultrasonic oscillations from zero to a cer-
tain value and with ore suspension constant flow rate.
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Thus, the value SК, which is calculated at a certain 
ultrasonic oscillations intensity in the ore suspension 
flow determines the density of solid phase particles or

useful component concentration in ore suspension 
solid phase fractions of appropriate size. 
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Conclusions
Since all calculations are made on the basis of 

measurements relative to characteristics of the refe- 
rence material, the obtained results are protected from 
various disturbing factors, which reduce the accuracy 
of measurement parameters of ore suspension solid 
phase. 

Thus a method of ore suspension parameters au-
tomatic control allows to increase the stability and 
reliability of measurement results of ore suspension 
solid phase.
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Retrofitting of the living spaces located in the old 
city, which in most cases are of historic value and 
create the architectural signature of the city centre, is

 definitely a significant problem of the present day. 
The urgency of this problem is explained by the ne-
cessity for us to meet the conditions when we need to
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maintain architectural integrity of the historical buildings 
and at the same time to adapt their constructions and de-
signs for the modern conditions of operation.  The main 
reason, why retrofitting is demanded, is that the existing 
old buildings with timber floors designs do not meet the 
contemporary conditions. Moreover, due to long years of                                                                                                                                
operation, the timber floors are usually in dad conditions 
and require substitution as they cannot withstand under new                                                                                                                                 
increased operational loads. One of the methods to re-
furbish such buildings is to erect embedded systems 
while preserving their closure constructions (Figure 1). 
The retrofitting works have the specific feature: they are 
carried out under conditions of dense urban area and, 
in particular, within the historical centres, therefore the 
very limited area of the construction site is their characte-                                                                                                 
ristic.

Figure 1. House retrofitting with embedded systems:

1 – existing closure constructions; 2 – embedded system 
foundation; 3 – embedded constructions

This crucially affects the opportunities to apply 
the building machines and cranes on the site. More-
over, the work of a crane under these conditions in 
some cases demands the relief of traffic or even traffic 
interruption within the neighboring areas for a long 
period of time and in other cases the use of cranes 
is absolutely technically impossible. This makes 
builders eliminate the use of assembled reinforced 
concrete structures but apply monolithic reinforced 
structures as embedded carcass work.  However, the 
operations with monolithic reinforced structures are 
also performed with cranes because they lift reinforcing 
carcass and formworks. One of the techniques, which 
allows us to reject cranes completely for embedded 
constructions, is the method of floors lift [1].

Based on the fact that the problem of old buildings 
retrofitting  for living spaces and premises is very topi-

cal, a big number of papers have recently been pub-
lished on this theme in Russia and Ukraine [2 – 6] as 
well as in other countries [7 – 15]. The publications 
[2 – 6] discuss the specific features of old buildings 
retrofitting, problems of building machines operation 
within the tight building site and compare application 
of reinforced concrete structures assembly versus 
monolithic reinforced structures. The above authors 
conclude that old building retrofitting with the tech-
niques of floors substitution and embedded constric-
tions enables us to sustain the architectural face of the 
city and meet the new requirements for building oper-
ation. The other papers are devoted to the case studies 
on retrofitting [7 – 9], reinforcing the constructions of 
the historical buildings [10 – 12] and general prob-
lems of older buildings retrofitting [13 – 15].

Despite a big number of publications devoted to 
the above stated problem, there is still no solution 
how to obviate completely the use of cranes while ret-
rofitting old buildings though this permits us to ease 
building works organization on a small construction 
site and to exclude intervention into traffic on the 
nearby roads. This issue is still open for discussion. 

The presented article aims at the contributing to 
the problem under discussion by reaching the tar-
gets as follows:1) to analyze the specific character of 
floor lift technique within the method of embedded 
constructions erection for both living spaces and pre- 
mises retrofitting; 2) to outline the advantages of the 
mentioned technique over the other ones. 

As it has been stated [1], floor lift technique in 
building carcass multi-storied houses with monolithic 
reinforced concrete framing or assembled and mono-
lithic one is based on development of the floor on the 
ground surface or on panel floor, over the substructure 
of the whole panel floor arrangement. After placing 
the panel floors and obtaining the required hardness 
of the concrete, the panels are lifted against the previ-
ously settled columns by the hoist means in the posi-
tion designed by the project. This technique consists 
of the following order of works to be performed: 1) 
construction of the substructure by the conventional 
methods, which demand the foundation construction 
for the columns, mounting of the underground parts 
of the columns, arrangement of underground parts of 
the closure structures, etc.   (Figure 2); 2) installation 
of stiffening core to ensure the steadiness of the house 
both transversely and longitudinally;  stair enclosures 
and lift shafts  are, as the rule, located within the stif- 
fening cores; 3) mounting or installation of the mo- 
nolithic columns of the first tier; 4) arrangement of all 
the panel floors within the building lines to cover all 
the building area or the bay;  5) after the concrete pad
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with the panels is hard enough, the panels arrange-
ment is lifted by into the intermediate position, these 
operations are carried out by means of the hoists fixed 
against the columns; 6)  mounting or installation of 
the next column tier, shift of the hoisting means and

lift of panel floors; 7) after all the floors are lifted 
and set into the positions required by the project, the 
hoists are removed,  the builders construct the roof,  
mount the closure structures, and perform all the ge- 
neral and decoration works.

Figure. 2. Building by floor lift technique:

1 – stiffening core; 2 – foundation; 3 – columns; 4 – packages of panel floors

Among the advantages of the above-described 
technique, one can single out the shorter period of 
cranes operation (in some cases their elimination), 
greater reduction in the construction site area and 
freedom of engineering solution choices on de-
signs and constructions owing to the absence of the 
load-bearing walls.

This technique was initially developed for build-
ing new houses and had not been considered as one 
for retrofitting of refurbishing. 

However, the analysis on the technique advanta- 

ges implies that its use for retrofitting and refurbish-
ing  with the approach of embedded systems erection 
would enable the works to be carried out within the 
area limited by the conditions of dense urban dis-
tricts.  The floor lift technique with its feasibility to 
eliminate the cranes permits the reduction in the site 
area nearly to the room of the house under construc-
tion. Thus, there is no need to impose the traffic relief 
or interruption, to ban the pedestrian movement or to 
interferer with operation of the nearby houses.

Figure. 3. Layout of the embedded carcass. Floor lift technique at the stage of concrete placing for the panels floor:

1 – existing walls; 2 – foundation for the embedded carcass; 3 – columns; 4 – panel floor arrangement

We find it reasonable to describe the work organi-
zation structure when we apply the floor lift technique

for retrofitting:
1) dismounting of the house internal constructions: 
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performing this works, one should strictly observe 
the sequence requirements of the dismount maps; 
strengthening of closure constructions are to be car-
ried out if necessary; 

2) ground processing for the embedded construc-
tion foundation, and installation of monolithic foun-
dations for the embedded constructions. The concrete 
mixture could be prepared on the site and supplied 
by a concrete pump, set within the house area. As 
the concrete is hard enough, waterproof sealing of 
foundation and back filling with compacting are per-
formed. The operation of concrete pad placing into 
the underground part of the house is the operation on 
requirement or optional; 

3)  installation of the monolithic columns of the 
first tier. The formwork and the reinforcing carcass 
are lifted from the scaffold while the concrete mixture 
is supplied with the pump; 

4) installation of monolithic floor plate over                     
underground house part; concrete is supplied from the 
single point and introduced into the formwork with 
the pump, located at the external part of the house;

5) after the concrete plate becomes as hard as re-

quired, all the panels of the arrangement are places on 
it, in a way of one panel after the other one (Figure 3); 
the panels are separated with the distributing layer; 

6) as the concrete hardens more to the required 
value, the scaffold, the formwork, the reinforcing 
carcass and a light pump are placed on the last panel 
with the objective to perform concrete works for the 
next  column tier; 

7) the hoists to lift the panel arrangement are 
mounted on the first tier column heads[1]; the pan-
els are lifted into the intermediate positions and fixed 
(Figure 4); 

8) concrete works of the second column tier; 
9) the lifting is not continued until the column 

concrete is not hard as demanded; the last two steps 
of the described procedure are repeated again before 
we complete the concrete works for the last column 
tier; at the final stage, the joints between the columns 
and panels, the ones between the panels and enclo-
sure constructions are filled and the concrete pump 
is removed by the crane. The surface cover, internal 
works and decoration works are carried out with the 
conventional techniques.

Figure 4. Embedded carcass installation with the floor lift technique (Concrete procedure for the second column tier):

1 – existing walls; 2 – foundation for the embedded carcass; 3 – columns; 4 – panel floor arrangement; 5 – scaffold; 6 – 
column formwork

The above described work procedure evidences 
that the technique proposed in the current articles 
enables us to minimize crane operation during the 
retrofitting of old buildings. This enhances building 
planning scheme ratio up to 60 – 80% while the 
conventional techniques possess the ratio of 10 – 
40%. The method we propose excludes installation 
of the formwork for panel floor arrangement and the

supports to bear it owing to the possibility to use the 
panels priory made with concrete as the formwork 
for the following ones. Thus, the drastic decrease in 
labour hours is achieved with the operations on panel 
floor. 

However, the use of the lift technique under 
conditions of embedded systems erection foresees 
manual works for column formwork assemble, instal-
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lation of reinforcing carcasses into the formwork as 
well as mounting and dismounting of the scaffold and 
the hoists.

Conclusions
The floor lift technique proposed in the current   

article foresees installation of carcass type embed-
ded systems made from monolithic reinforced con-
crete and could be applied for retrofitting of the living 
spaces and premises. The rationality of this technique 
application becomes obvious after economic compa- 
rative analysis versus the other techniques used under 
the similar conditions. 

The floor lift technique allows almost complete 
elimination of the cranes to be applied on the site 
and significant (50%) reduction in construction site 
area as compared against the techniques which use 
the cranes for embedded construction erection.  Ret-
rofitting work with the floor lift technique does not 
interfere into the traffic of the nearest areas and per-
mits the construction operations under conditions of 
the dense urban districts.

One of the criteria to make the described tech-
nique feasible is the presence of the stiffening core 
in the house. The walls of stair enclosures, which are 
left untouched by reconstruction and does not under-
go dismounting, could serve as the stiffening core.
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Work safety psychology is a branch of psycholo-
gy that studies the psychological causes of accidents                
occurring in the course of work and other activities and 
develops psychological methods to improve safety. The

objects of research are mental processes (perception, 
attention, memory, etc.), which are generated by hu-
man activities and affect the mental state of a person, 
personality characteristics and its safe behavior during
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the work.

The properties and characteristics of psyche and 
consciousness play an important role. The factors 
determining the nature of human work activity are 
physical activity, the amount of nervous and emo-
tional stress, rhythm, pace of work, its monotony, the 
volume of perception and processing of information, 
etc. The mental condition namely the existence of 
conflicts, weariness, exhaustion, illness, dependence 
on drugs, alcohol, nicotine, particularly of the human 
psyche have a special influence on the person labor 
safety. 

Analysis of occupational injuries shows that the 
main cause of injuries and death of people in the 
workplace is a bad mental state of workers while per-
forming work duties.

The activities for the prevention of occupational 
injuries are important to ensure reliable and uninter-
rupted production process. Stop of production for 
various reasons is now frequently encountered and 
leads not only to a sharp decrease in labor productivi-
ty, production losses, but also to a sharp deterioration 
in the physical and psychological health of the staff, 
it gives rise to various kinds of errors in the work, 
stress state, increases the risk of accidents and inju-
ries. Such production is accompanied by significant 
mental stress, disruption of the normal work rhythm, 
disputes of workers with their colleagues and the 
leadership of the enterprise [1].

On this basis, in conditions of instability of pro-
duction, along with safety condition of equipment, 
working environment and measuring devices, consi-                                                                               
derable attention from the leadership of the enterpris-
es structural divisions should be given to improve the 
reliability of the human factor in “man - machine - 
environment” system [2, 3]. It is necessary not only 
to improve the quality of staff training and briefing on 
the labor safety and first of all to carry out the proper 
psychological work in order to bring up the psycho- 
logy of safe work in workers conscience, when they 
will be able to evaluate every step and every action 
from the point of view of its safe performance in 
compliance with state standards.

Before the accident, usually some kind of dange- 
rous situation occurs when the person can understand 
the approach of such a case and can take necessary 
measures to prevent it. The inability of man to realize 
the dangerous situation in time and to take adequate 
measures leads to accidents and crashes. A person 
should envisage the development of the manufacturing 
process and his behavior, to realize in time the dan-
gerous situation and prevent accidents. Sometimes 
these cases are considered as a consequence of inade-

quate behavior of the person in a dangerous situation.
The safety human behavior on the production de-

pends on the following factors:
- state of unconditioned reflexes, which people 

unconsciously use respond to various dangers that 
threaten his organism (e.g., automatic hand moving 
away from a hot object);

- psycho-physiological qualities of man, which 
appear in its sensitivity to the signals of danger, its 
high-speed response capability to these signals, in 
the emotional reactions of danger when determining 
a dangerous situation and responding to it. The emo-
tional, mental and physical condition effects on the 
human behavior. Thus, the state of anxiety sharpens 
the sense of danger and the state of weariness reduces 
the human ability to identify and counteract the dan-
ger;

- professional qualities and experience of the per-
son, i.e. knowledge of the profession and safety rules, 
life experience;

- motivation to safe work, compliance of techno-
logical processes performance.

Sometimes the motives of some benefits (time 
savings, increased production) exceed the safety 
performance motives. The workers should be mo- 
rally and materially encouraged to comply with the 
requirements of work safety and state standards to 
increase their motivation. The costs of such encour-
agement justify the prevention of accidents. This will 
make safe work financially profitable. A worker will 
earn more not only due to the productivity of labor, 
but also due to the fact that he works safe according 
to the instructions. And it is important that every vio-
lation of normative documents on labor safety should 
not be unnoticed, all employees should be aware that 
any violation of the instructions will be punished.

Motivation of the worker to safe labor increases 
when they notice that there is a strict control over the 
compliance with safety regulations in the company. 
The employees are financially and morally encouraged 
for the high safety conditions. The condition for bo-
nus payments should be work without injuries and 
accidents. The executives of the enterprise units from 
the material incentive fund can be paid a reward only 
under the condition that at the sites and services, 
which they head, there are no injuries and violations 
of labor safety requirements and the means of indi-
vidual and collective protection, equipped with me- 
dical kits, etc are available.

Management of the enterprises should abandon 
the principle of “production and safety separately”, 
and move on to the principle of “production in safety 
conditions”, when safety becomes a means of achieving
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efficiency. The labor safety policy should be directed 
to the collective search for ways to prevent accidents. 
Each in its place should make proposals in this direc-
tion. The mental attitude aimed at safety should be 
created in the stuff.

Psychological processes of human labor activ-
ity and work safety are characterized by a number 
of basic types of mental activity (sensation, percep-
tion, attention, etc.). The worker receives information 
from several sources of irritation simultaneously by 
different senses. This is a perception process. Time of 
perception by different senses reaches the second and 
more. It is important for the worker to know which 
objects he should watch over very carefully during 
the production process [4]. 

The concentration of attention can be caused by 
external factors (noise, light). This is unconscious 
concentration of attention. The conscious concen-
tration, which is carried by the second signal system 
(speech, thinking, etc.), is of great importance. The 
unconscious concentration of attention may cause 
distraction from the main work and can lead to an 
emergency situation. At the same time, the person is 
able to divide the mental processes, for example, to 
do the work automatically and think about something 
else. However, work will be safe under condition that 
the worker at any time is able to connect a second 
signaling system for the adoption of urgent solutions. 
This is achieved by education and development of  
appropriate skills. Thus, the development of skills 
and the ability to consciously control mental activity 
is an important condition for work safety.

The human ability to keep the attention on one                                                                                               
object determines the attention stability and the ability 
to transfer attention to other objects is the phenome-
non of refocusing. Distraction factor can cause atten-
tion wander, which leads to errors. If a person simul-
taneously watches over the several objects, it causes 
the attention allocation. However, a person cannot si-
multaneously observe more than 4-5 objects. Studies 
show that the man can observe one object with the 
same degree of attention no more than 10-20 minutes. 
Weariness influence significantly the attention. It re-
duces the range of attention and decreases the time of 
its concentration. Therefore, it is necessary to provide 
a rest pause (15 min break after every 2 hours) for 
such work [4].

The labor collective is also an important moment 
in the formation of safety psychology. Each collective 
has formal and informal leaders, which determine the 
attitude of workers to performing the instructions on 
labor safety. Thus, it is necessary to form the right 
attitude of the collective to the safety by involving the

leaders to the activities as authorized for the labor pro-
tection. Safety measures coincide with the objectives 
of the collective and production process. The leader 
must regularly remind to the workers about this. The 
authority of leader is created if the instructions are 
not carried out due to administrative subordination, 
but due to a result of awareness by the subordinates 
of their correctness.

Thus, the physiological hazards factors directly 
affect the person, the physical and physiological pro-
cesses, performance, mood, productivity and life in 
general. 

First of all, the fight against weariness is improv-
ing the sanitary and hygienic conditions of the pro-
duction environment (elimination of air pollution, 
noise, vibration, microclimate normalization, rational 
lighting, etc.). The professional selection, organiza-
tion of workplace, the correct working position, the 
rhythm of work, rationalization of the labor process, 
the use of emotional stimuli, the introduction of ra-
tional modes of work and rest play a special role in 
the prevention of weariness of workers.

In addition, the specific methods such as the means 
of recovering the functional state of visual and mus-
culoskeletal system,  hypodynamia reducing, brain 
blood circulation increasing, mental performance op-
timizing are applied for the prevention of weariness 
of workers.

From the medical point of view, the exercises in-
cluding psychotherapy, physical, water and air pro-
cedures, physiotherapy, massage, adequate nutrition, 
vitamins and minerals, relaxing music and exercise, 
meditation, autogenous training are recommended to 
use for the prophylaxis, prevention and rehabilitation 
of the consequences of emotional stress.

In the prevention of weariness and overwork of 
worker, a significant role also belongs to the ration-
al organization of work and rest. Physiologists have 
substantiated five conditions for improving working 
efficiency that promote effective prevention of wea-
riness:

-  you need to enter slowly to any work;
- measured pace and rhythm are the condition of 

successful working efficiency;
- familiarity, sequence and planning;
- negligence and haste in the work are not permit-

ted; 
- physiologically reasonable alternation of work 

and rest, as well as changes in the forms of activities 
(the most effective relaxation is associated with the 
active state of the muzzle);

- favorable attitude of society to work (labor moti-
vation and social conditions).
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The negligence of the worker himself is one of the 

common causes of occupational injuries in the under-
ground facilities. The worker actions can be consid-
ered as of negligence if he is inattentive at work, does 
not use personal protective equipment, and applies 
carelessly to the requirements of labor protection                                                                                             
instructions. Sometimes workers with great expe-            
rience of more than 10-15 years ignore the imple-
mentation of safety rules and regulations on labor 
protection.

The human factor is the cause of most accidents 
(75%), so the main focus of the preventive work 
should be improving the workers’ health and pre- 
servation of it during working hours. An important 
direction of this work is the early diagnosis of occu-
pational pathology and the disease condition of the 
nervous system. The accident is the result of failure 
taking into account the potential danger. The physi-
cal condition of the worker (good sight, hearing, etc.) 
plays an important role [5].

Perfect vision is an important condition for work 
safety. A large part of accidents occur as a shortcom-
ings result of poor lighting of tunnels races, mines, 
machinery spaces of escalators, transformer and trac-
tion step-down substations of workplaces, etc. Une-
ven lighting requires frequent readaptation of vision 
that takes up to 6 seconds while an accident can occur.

A high background noise and hearing losses lead 
to rapid weariness and delayed reactions to the sound 
signals. The more tired is the person, the longer it 
takes for the perception and reactions to a dangerous 
situation.

Reduction of incidence and preservation of health 
of workers are important social and economic prob-
lems. Radical measures in this direction are improving 
of working conditions, conducting therapeutic and 
preventive measures (health education, promotion 
of healthy lifestyles, industrial gymnastics, medical              
examination, etc.). This will reduce the level of injury 
and increase economic efficiency of production.

Workers should know and follow occupational safe-
ty instructions when working. However, the instruc-
tions cannot foresee everything. Vital activity is much 
more difficult than the detailed instruction. Therefore, 
it is very important to bring up at workers the ability 
to observe, to be cautious and careful.

The workers poll have shown that the majority 
of them consider the imperfect labor organization, 
bad mood, weariness, conflicts in collective with 
manager, inattention of managers to the subordinates,                                                                                            
unsatisfactory psychological climate as the most 
common causes of injury.

The violation of work and rest rhythm has a signi- 

ficant impact on the working efficiency. Therefore, in 
determining the working time mode, the shifts sche- 
dules should be set so that the duration of rest between 
workers shifts when taking into account intra-shifts 
breaks is not less than double length of working time 
of its previous shift. Working time established by le- 
gislation cannot be changed by the administration 
even with the employee’s consent. 

The requirements to his performance should be 
sufficiently high considering that the worker error 
during operation may endanger the health and life of 
both worker and other people. Most employees feel 
weariness at the end of shift, which increases pro- 
bability of traumatic situation occurrence, therefore 
strict adherence to the established legislation and 
work and rest rules is very important.

The biorhythms have a huge impact on health, 
working efficiency and reliability of human. It is 
known that the human body has more than 100 diffe- 
rent rhythmic processes. There are many publications 
on the effectiveness in regulating the workers ope- 
ration regimes of work and rest taking into account 
the three sinusoids with periods of 23, 28 and 33 
days characterizing the physical (working efficiency,               
energy), emotional (mood, reaction) and intellectual               
(intelligence, memory) state [ 6].

In order to prevent accidents and diseases, the 
safe working methods should be promoted. The fol-
lowing methods of mass agitation work are applied: 
briefings, lectures, films, radio programs on issues of 
work safety. The posters and memos are widely used. 
Posters promote to keep right and safe work practi- 
ces in the minds of worker. Effective labor protection 
propaganda is a form of public reviews, which are 
conducted by the administration together with trade 
union activists. It is important to use such forms of 
propaganda, as exhibitions, stands, corners of safety 
information, etc.

However, formation of motives forcing worker 
to observe safety regulations is more effective than 
methods listed, not because the employer requires 
so, but because this is his personal desire to psycho-
logical setting on safe work. This setting is achieved 
by improving the psychological climate, attracting 
workers to the control of occupational safety, educa-
tional work, managers’ personal example.

Thus, the social and psychological safety manage-
ment methods are based on the use of a set of inter-
related factors, such as knowledge of safety require-
ments, skills of safe work, motivation, professional 
performance, moral stimulation for compliance with 
safety regulations, the humanization of labor, respect 
for science-based work and rest, promotion of occu-
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pational safety, therapeutic and preventive measures.

For this reason, the professional selection and pro-
fessional orientation of employees for certain respon-
sible professions are the important factors among the 
social-psychological methods of occupational safety 
management. Not only physiological, but also psy-
chological data, i. e. a sense of responsibility, degree 
of confidence in their capabilities, volitional qualities 
(self-control, perseverance, determination) should 
be taken into account. The probability of accidents 
increases with the inclination of the worker to risk, 
adventurism, indiscipline, frivolity, social instability, 
aggressiveness and impulsivity.

Existing methods of economic motivation of labor 
protection at the enterprises in modern conditions of 
managing are complicated by the lack of funds to car-
ry out appropriate administrative and technical meas-
ures and incentives for staff. Therefore, the solution 
of work problems on labor protection at the enter-
prises can be achieved by improving the efficiency 
of economic activity. The existing procedure for the 
centralized management of economic activity at the 
enterprise, when all of control levers are located at 
the first head, is out of date. This procedure suppress-
es initiative and productivity in the labor collectives. 
It is necessary to radically change the order of perfor-
mance management.

Economic mechanism of occupational safety man-
agement should provide an incentives system for the 
employees who conscientiously comply with the re-
quirements of occupational safety; do not allow vio-
lations and breaches of personal and collective safety; 
take the active and creative part at implementation of 
measures to improve the level of occupational safe-
ty at the enterprise. The collective agreement should 
fix the various kinds of moral and material incentives 
of the employees such as salaries, bonuses (includ-
ing special incentive bonuses for the achievement 
of a high level of occupational safety), reward for                                                                                                   
inventions and rationalization proposals on labor 
safety issues. The bonuses to workers teams, sites, 
shops for a long work without violations of safety 
rules, without injuries and accidents bring the positive 
results. In case of dangerous and harmful production 
factors, which are constantly threaten the employee’s 
health, it is recommended to pay a premium for extra 
caution. In addition to material incentives, the   mor-
al stimulation is also important, which one time has 
been used in our country and successfully applies in 
foreign firms. Forms of moral incentives can be very 
diverse: from the announcement of gratitude to the 
amusement evenings, picnics, cruises for collectives 
that have achieved the best results on a labor safety.

The unsatisfactory state of occupational safety at 
the enterprise leads to inhibition of the economic and 
social progress of the country in general. According 
to the experts of the International Labour Organiza-
tion losses due to the accidents at work and occu-
pational diseases accounted for 4% of global gross 
domestic product (GDP). Thus, the improvement of 
occupational safety system is one of the most urgent 
issues at the level of both the State and the individual 
enterprise.

The occupational safety and health management 
at the enterprise is a set actions of officials carried out 
on the basis of ongoing analysis of information on the 
state of occupational safety in all workplaces to im-
prove and maintain it at a certain level in accordance 
with the laws and regulations. [7]

The attitude of workers to the labor duties depends 
not only on wages but also in many ways on their 
confidence in the permanent employment, respect, 
recognition, interest in the work. The manager task 
is to combine the strong leadership with the giving 
to the subordinates the opportunity to show their                                                                                                          
creativity, initiative and individuality. The head 
should inform his subordinates about the state of 
business. This increases the interest of people to 
work. Every employee must realize that his work is 
very important that the enterprise may stop without 
his participation. The favorable and safe working 
conditions in the workplaces are important factors in 
increasing labor productivity. Additional costs for the 
improvement of occupational safety are repaid many 
times. This is evidenced by the experience of deve- 
loped countries.

Efficiency measures for labor protection activities 
in the structural divisions of underground:

1. The key to decrease in the level of workplace 
injuries and improve of occupational safety is the rise 
of the economy, which in the current economic con-
ditions can only be achieved by production decentral-
izing.

2. Improving the state of labor protection in struc-
tural divisions of underground can be achieved by 
transition from carrying out the certain disconnected 
activities to the system of planned purposeful man-
agement of the activities with a clear definition for 
each of the structural division of the enterprise, the 
list and contents of the tasks and functions of man-
agement. Occupational safety work tasks are derived 
from the entire production of the enterprise depart-
ments and aimed at the implementation of Occupa-
tional safety requirements of public policy.

3. In order to meet plan and other tasks of labor 
protection work at the enterprises, the funds of occu-
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pational safety should be created paying 0.5% of the 
volume of sales of products (services).

4. In the structural subdivisions of underground 
the systematical engineering support of OSH ma-              
nagement system should be carried out by bringing 
manufacturing equipment, processes, buildings and 
structures, timely verification of measuring instru-
ments, sanitary and hygienic state, sanitary and do-
mestic security, etc. in compliance with the require-
ments of normative acts on occupational safety with 
the use of modern methods of engineering and re-               
engineering in order to eliminate unacceptable risks 
and adherence with state standards.

5. For briefing and training of employees in occu-
pational safety the modern methods of active study-
ing, the training of workers in psychology and culture 
of safety should be used when someone’s threatening 
action would have been impossible. Before each po-
tential danger, operation its implementation plan is 
made, the work permit is written out and a detailed 
briefing is conducted. At the first violation of safety 
rules the violator is given a warning, at repeated one 
he acts under the Labor Code. The occupational safe-
ty management system is a daily serving functional 
management subsystem of enterprise, institutions and 
organizations [8].

According to the legislation current in Ukraine the 
certification of enterprises in compliance with state 
standards DSTU ISO 9001-2001 “Quality Manage-
ment Systems. Requirements” and GOST ISO 14001-
97 “Environmental Management System” is carried 
out. The occupational safety management system is 
also subjected to certification. According to interna-
tional standards, the following points are checked: the 
presence of a safety certificate, the integration of this 
system with the systems of quality management and 
availability of environmental protection document 
“Work Safety Policy at the Enterprise” signed by the 
first head and the implementation of this policy. The 
availability of normative legal acts of occupation-
al safety, carrying out the certification of workpla-               
ces and evaluation of occupational risk on them, the 
availability of personal protective equipment, staff 
training, safety during high-risk works, certification 
of sanitary condition and the availability of means of 
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Abstract
The purpose of the work is to improve the structure of the resistance to movement, based on the 
formalization of its components related to the frictional interaction of the wheels and the rails and 
the vehicles directing by rail track. The formalized structure of the general resistance to movement of 
railway vehicles on the basis of clarifying the origin of its components associated with the direction 
of the vehicle by the rail track is presented in the article. The mechanism of the influence of dynamic
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processes frictional interaction of wheel sets and the rail track on the resistance to movement was 
developed. A new terminology for the resistance to movement associated with the vehicle directing 
by rail track was proposed.
Key words: railway vehicle, resistance to movement, frictional interaction 
of vehicle and rail track, wheel set, rail

Problem statement
Railway Transport of Ukraine, as earlier, plays a 

crucial role in freight and passenger transportation of 
the country. For its operation up to 18% of the total 
consumption of diesel fuel and 4.5% of electricity are 
consumed. Up to 75% of energy is consumed to over-
come the resistance of trains. Thus, the resistance to 
movement is one of the main factors influencing the 
energy indicators of the railway transport.

The idea of reducing the resistance to movement 
is very attractive due to economic factors, such as the 
resistance reduction just by 1% would allow annual 
savings of one railroad engine to 150 MW∙h of elec-
tricity, or about 12 tons of diesel fuel.

Determination of unsolved problems
When designing new types of rolling stock the 

characteristics of resistance to movement are not ana-
lyzed due to the lack of appropriate methods [1-4]. 
This often leads to an unjustified increase in operat-
ing of the friction loads on the contacts of wheels and 
rails, which acting as friction dampers with high pow-
er dissipation level and create additional resistance to 
movement. The operational data on intensive flanges 
worn sharp and side wear of the rail heads can be the 
indirect proof of that [6].

The authors believe that the component of the re-
sistance to movement connected with the vehicles di-
recting by rail track is the most attractive to reduce it.

Analysis of recent researches and publications
The work of H. Hayman [5] can be considered as 

the first and the most detailed study of the vehicles di-
recting by rail track as frictional interaction of wheels 
and rails. The paper laid down the basic ideas of the 
vehicle directing by rail track. Although the main fo-
cus was on the direction forces, the work became the 
basis for further research of the resistance to move-
ment connected with directing of the wheel sets by 
rail track.

Relative kinematics of the wheel sets and rail 
track and the wear of surveying rods and wheels in 
the curved sections of the rail track was studied in [7]. 
Model of rails vehicles and rail track is considered 
as the system of a multi-point contact of wheels and 
rails. The kinematic slippages in contacts when the 
radial and optimum setting of wheel sets on the rail 
track are analyzed. It is concluded that there is signifi-

cant impact of the parasitic slippages on the wheels 
and rails wear.

The work [8] was dedicated to evaluation of di-
recting forces during the passage of small radius 
curves by the vehicle. The evaluation has been made 
in accordance with European standard EN 14363 or 
UIC 518, which is used in the development of new, 
reconstructed or upgraded railway vehicles. The stated 
method of determining the quasi-static directing force 
indirectly confirms the significant level of resistance 
to movements associated with the vehicle directing 
by small radius rail track.

The losses related to the impact on railway infra-
structure, track condition and rolling surfaces wear 
of the wheels of the vehicles are one of the most 
urgent issues in the railway field. The work [9] was 
dedicated to the research of influence of rolling stock 
operating conditions on the evolution of the railway 
wheels wear and, as a result, on the change of their 
profiles and interaction force of the vehicle and the 
track.  The dynamics of the train movement in the 
curved sections of the track was studied in [10] on the 
basis of dynamic multimass mathematical models. 
The objective of research was to determine the influ-
ence of operating conditions of the train movement 
on the process of degradation of wheels and rails. For 
this purpose the concept “working operating condi-
tions” was introduced, as the base for comparison of 
studies results. Various options for the geometry of 
the wheels and rails were considered. According to 
the study results, a great influence on the degradation 
of the wheels and rails was noted, especially on the 
geometry of the wheel profile and the curve radius. 
It was concluded that dependence of the degradation 
type of wheels and rails rolling surfaces from the                  
operating conditions, namely the fatigue failure of the 
rolling surfaces dominated in the large radius curves 
with a high level of lateral unevenness.

In the paper [11], this problem can be solved us-
ing the mathematical model of high-speed train, 
where wheels are considered as flexible bodies and 
the way has no unevenness. The wearing depth of the 
wheel profile has been calculated according to known                                                                                                     
Archard law. Using this model, the impact of the wheel 
profile, the original hardness of suspension, the way 
width on the wheel profile wear has been studied. Si-
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mulation results allowed us to compare the wheels 
profiles according to the wear resistance of rolling 
surfaces and to define the parameters of the “optimal” 
profile. XP55 type profile showed the smallest total 
wearing depth and the LM profile had the greatest 
wearing depth. It was concluded that in order to re-
duce the profile wear the slope of the rolling surface 
must be within1:35 - 1:40.

The paper [12] is devoted to analysis of factors in-
fluencing the friction processes of wheels contacting 
with the rails. The harmonious model of wheel wear 
in underridged and ridged part of the rolling surface 
profile was considered in details. Based on the the-
oretical positions of Klingel theory, the authors be-
lieve that the kinematic transverse oscillations called  
“wabbling” are the main cause of dynamic normal and 

tangential stresses during contact of the wheels with 
the rails. These loads should include forces of resist-
ance to movement as related to the vehicle directing 
by rail track. The authors have suggested the charac-
teristics of dependency of these forces on the geome-
try and material properties of the contact surfaces of 
wheels and rails.

Purpose of the work is improving the structure 
of the resistance to movement, based on the formali-
zation of its components associated with the friction 
interaction of wheels and rails and the vehicle direct-
ing by the rail track.

Presentation of the main research material
According to existing classification the resistance 

to movement it is divided into primary and secondary 
(Figure 1).

Figure 1. The structure of rail vehicles resistance to movement 

The main resistance to movement includes the 
components always acting while moving along 
a straight horizontal rail track and the additional                    
includes the components that do not always act or 
appear under specific conditions of movement. The 
system of railway vehicles directing by rail track is 
a grouped multiwheeled and multicontacted friction 
engine. Compared to the other wheel equipment the 
railway vehicles have three main differences. First is 
that railroad engine and cars have twin wheels on almost

rigid axes ˗ wheel sets. Second is that the wheel sets 
are formed by two or three carts with parallel axes. 
Third is that the vehicles directing by rail track occurs 
mainly due to the presence of ridges on wheel sets, 
which act as limiters of lateral movement within the 
rail track. These differences are the reason of the ki-                                                                                                
nematic resistance to movement to the study, to which 
this article is devoted.

According to typology, the classification is built on 
essential characteristics and it is based on the concept
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of the type as the distribution unit of the classification 
object. The correctness of the distribution is based on 
two principles: the fullness and purity of distribution. 
According to the first principle, all terms of the divi-
sion should be listed. According to the second one, 
the terms of the division should not be simple con-
cepts [15].

It is considered by authors that kinematic resis- 
tance to movement is the resistance associated with 
the frictional contact interaction of vehicle and rail 
track occurring from the kinematic sliding in the con-
tact of the wheels and the rails.

Theory of wheel sliding relative to the rail was 
proposed by Reynolds. It formed the basis of many 
scientific papers making this direction in the study of 
rolling resistance the most advanced. Forms of wheel 
and rail profiles determine the different rolling radii 
of circles as the individual wheels of the wheel set 
as well the various contact points of the wheel at a 
two-point contacting. The spatial velocities distribu-
tion leads to a differential sliding between the main 
and the ridge contacts within one wheel. Differential 
sliding is the cause of idle forces in the closed power 
circuits with the nodal point in the centers of friction-
al contact and, as a consequence, the occurrence of 
additional resistance to movement. The authors pro-
pose to call the resistance to the movement associated 
with the differential sliding in two-point contact – dif-
ferential resistance to movement as a component of 
the kinematic resistance to movement [15].

Differential resistance to movement
Fig. 2 shows a schematic diagram of two-point con-

(1)

where Fr – resistance to movement;
Fbp, Fbp2– binding powers in the main and ridge 

contacts respectively;
R2, R1 – tread circle radii for the main and ridge 

contacts respectively.
From the system of equations (1) an expression for 

the differential resistance to movement can be obtained

(2)

The binding powers are determined by the following 
formulas

where Ni – normal load in the contact;
ψ – physical friction coefficient in contacts of 

wheels and rails;
ki – coefficient of binding use.

tact of the wheel and the rail, which explains the na-
ture of the differential resistance to movement oc-
currence. Between the main (K1) and the ridge (K2) 
contacts the four-square torque loop is created, which 
is the cause of parasitic sliding and occurrence of the 
resistance to movement force (Fr). 

The system of equations of forces and moments 
equilibrium acting on the wheel is of the following 
form

(3)

Figure 2. The scheme of the differential resistance to movement formation during the two-point contact of the wheels 
and the rails

The values given in equation (2) are determined 
by the following formulas

(4)

where Pi– vertical loads in the contacts;
γi – slope angles of the rolling surface profile at the

contact points. 
Vertical load in the contacts is formed by the ex-

ternal forces acting on the wheel from the side of the 
rails and the bogie frame. Redistribution of the verti-
cal load between the contacts is characterized by the 
re-laying coefficient of contact χ
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(5)

The coefficient of binding use

(6)

where ɛi – the relative sliding in the contacts;
a, b, c – correlation coefficients of binding cha-     

racteristic k (ɛ).
The relative sliding in the contacts

(7)

Where V– velocity of the wheel center motion;
ω – angular velocity of wheel set rotation;

(8)

Where for k1=1 and ψ = 0.33, the specific level 
of the differential resistance to movement is obtained

R0 – average radius of the wheels tread circle. 
To evaluate the level of the differential resistance to 
movement it should be noted that in real conditions 
when two-point contact the difference of radii con-
tacts ΔR=R1 - R2 can reach 10…14 mm. At the same 
time sliding value can respectively reach 0.9 ... 1.3%, 
which is close to critical when ki=1. 

With taking into account (2) - (7) the differential 
resistance to movement can reach levels that are 
determined by the following formula

(9)

Differential resistance to movement occurs when-
ever the conditions for the ridge contact of wheels 
and rails are provided, i.e. in the following cases: 

- when driving the vehicle in curved sections of 
the way where one or more wheels have ridge contact 
with the rail;

- when moving in straight sections of the rail track 
in the mode of  impact wheel climbing on the rails. 
This mode is typical at medium and high speeds of  
rolling stock movements;

- when the faults in geometry of the wheel sets 
settings in the bogie frame: oblique setting, transverse 
deviations from the normal position. 

In [13], during the tests on the experimental bench 
installation, a significant increase in resistance to 
movement of the wheel set from the difference be-
tween the wheels radii, which occurs when the trans-
verse shift or angular rotation of the wheel set relative 
to the rail track axis has been confirmed.

Circulation resistance to movement
A significant part of the resistance to movement 

in the curved sections of the rail track is the resis- 
tance due to the circulation of the idle power in closed 
power circuits of the group wheeled engine, as the 
system of the vehicle directing by rail track. Wheels 
and wheel sets while driving as part of one vehicle 
have a mutual influence on each other through the ev-
er-changing kinematic parameters of each individual 
wheel and rail contact.

The principle of vehicle direction by the rails due 
to the interaction forces of the vehicle and the rail 
track in the contact points requires the control influ-
ences from the rails, which will inevitably lead to the 
resistance to movement. Additional resistance to the 
movement, which is the result of group interaction of 

wheels with rails and circulation of idle power in 
closed power circuits of wheel sets and bogies au-
thors propose to call the circulation resistance to 
movement.

Figure 3. Scheme of circulation resistance to movement 
of the wheel set

Circulation resistance to movement Fr can be de-
termined from the system of equations

When driving the wheel set in rail track, its each 
transverse position relative to the axis of the rail track 
that defines the wheel rolling radii cones corresponds 
to the instantaneous turning radius, at which it can roll 
over without slipping in contact with the rails when 
moving in so-called equilibrium trajectory. Howev-
er, as a result of interaction between the wheel sets 
through the bogie frame, the actual rolling trajectory 
of each wheel set differs from the equilibrium. Enough
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tight angular coupling between the wheels leads to the 
circulation of power in “rail track-wheel set” circuit.  
It also results in power flow redistribution between 
the wheels and, as a consequence, in the resistance 
to movement increase, while the railroad engine has 
deterioration of coupling properties [15].

In the case of group drive of wheel sets, the power 
circuit has multiple branched circuits. Power circuit 
circulation energy is absorbed mainly in the contact 
of the wheels with the rails, and partly in dissipative 
connections of bogie. The uneven redistribution of 
power flow between the wheels depends on several 
factors:

- stiffness of friction characteristics
- torsional stiffness of the axis, that is connection 

parameters of the wheels;
- the geometric characteristics of the wheel set                 

including conicity and diameter of the wheels roll-
ing surfaces, the width of the rail track and the bogie 
base;

- parameters of the longitudinal and transverse 
axle connections of the wheel set with bogie frame;

- radii of curved sections of the rail track.
Differential and circulation resistances to move-

ment are components of kinematic resistance to 
movement. The kinematic resistance to movement 
has features of main and additional resistance, there-
fore, conventionally, when moving in the straight 
sections of the way it should be considered as part 
of the main, and when driving in curves, as part of 
the additional. Differential and circulation resistance 
to movement usually occurs in case of presence of 
closed power circuits typical not only for the case of 
interaction between railway vehicle and rail track, 
but also for many other dynamic systems with mul-
ti-threaded transfer of forces and moments. In the 
domestic and foreign literature information on quan-
titative characteristics of the kinematic resistance to 
movement is extremely few. Virtually as the only 
and far from complete, its study can be considered as 
theoretical and experimental works made for freight 
cars at the US Railroad Research Center in Pueblo in 
1984-85. In the paper [14] devoted to these studies, a 
significant increase in the resistance to movement in 
the curved sections of the way even with a slight di-
vergence in the diameter of the wheels on one wheel 
set is noted.

Conclusions
The existing classification of the resistance to 

movement is based on the principle of convenience 
for the experimental study and use in traction calcu-
lations, but it constrains the search for ways to reduce 
it. It is proposed to allocate a separate component of 

the resistance to movement associated with the vehi-
cle directing by the rail track and call it a kinematic 
resistance to movement with the differential and the 
circulating components.

The above improvement of the resistance to 
movement structure offers prospects for reducing the 
resistance to movement on the basis of new technical 
solutions of running parts constructive performance 
allowing us to manage the kinematics and dynamics 
of frictional interaction of rolling stock wheels with 
the rails. It primarily relates to the study of the hori-
zontal forces in the contacts of the wheels with the 
rails resulting at vehicle directing by rail track. These 
conclusions are fundamental for solving the problem 
of reduction of the rolling stock resistance to move-
ment.
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Abstract
The problem of dynamic synthesis for non-harmonic vibration exciter of hinge-lever type is 
discussed in the current article. The article also reports on the developed mechanism for vibration 
exciter and its pulse action with regard to the foundation. The numerical results of the stated problem 
are described. 
Key words: VIBRATION, FOSSILS, ECCENTRIC MASS, LEVER MECHANISM, PULSE, 
DYNAMIC SYNTHESIS, APPROXIMATION, MASS AND INERTIA PARAMETER, INERTIA

Introduction
The vibrating mechanisms are widely applied in 

various industrial fields and agriculture. They are of 
significant importance for operations in metallurgy. 
With vibration, people can crush materials, separate 
mixtures, compact concrete, sink piles, screen vari-
ous substances in industry; the vibration phenomenon 
is also applied in the household. A number of manu-
facturing processes cannot produce without vibrating 
technology: extracting and processing of fossils and 
minerals, handling substances in chemical produc-
tion, participation in the metallurgical route, building 
materials handling and erection of various engineer-
ing constructions [5, 6, 7]. All the machines involved 
in the above described processes contain various 
types of vibration exciters [7, 8]. 

The analysis on the research papers, devoted to 
the problem of vibration exciters and their develop-
ment, reveals the issues to be improved. The point 
is that the most widely applied equipment here is 
inertial vibration exciter, in which the exciting force 
is generated by rotation of several unbalanced mass-
es. The directional effect of the force exciting in it 
is provided by the vibration exciter of self-balanc-
ing type. This exciter consists of twin exciting units 
with eccentric masses, which synchronically rotate in                                                                                                        
opposite directions but with the same rotational 
speed. In order to synchronize the rotation of the ec-
centric masses, the kinetic pair is used. Such an ar-
rangement of the mechanism imposes teeth wearing, 
but the engineering solution to apply separate drives 
is to raise the problem of the synchronic operation. 
Moreover, considering the operational conditions of 
self-balancing vibration exciter from the standpoint

of the effect produced on the foundation, we observe 
that it influences the foundation harmonically and 
this type of equipment (for instance, pulse class) is 
not feasible to have non-harmonic impact on it. In or-
der to generate mechanical vibrations of directional 
non-harmonic effect, the exciter with non-rounding 
are applied [4, 11]. However, the main rebukes on this 
mechanism are the teeth wear under impact and com-
plicated shapes of teeth manufacture for this type of 
equipment. 

The most common vibration exciters have 
non-harmonic impact on the foundation and are 
equipped with planetary gear [12, 13]. Among the 
principle drawbacks in their designs, we may single 
out the ones related to the kinetic pairs of higher de-
gree in their constructions: the kinetic pair provokes 
elements wearing, generates the adverse vibrations 
transversely (there are certain difficulties with deve- 
loping the directed impact on the foundation) and                                       
enables the drive trailing wheel slipping. Further-
more, due to the mentioned problems, this type of 
equipment requires special constructions. 

The lever mechanism with its wide functionality 
is not applied in most cases here [4, 11]. However, 
the elimination of kinetic pair of higher degree in the 
above described mechanisms is able to ensure high 
speed modes of operation and to increase the parts 
service life. By choosing mass and inertia parameters 
or implementing rational arrangement of mass link 
centres and optimizing mass and inertia moment val-
ues, one can obtain actually any desired type of im-
pact on the foundation and directed non-harmo- nic 
one, in particular, on condition of the appropriate re- 
gularity. However, nowadays there is no optimization
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mathematical technique of dynamic synthesis for the 
described machines and this makes a considerable 
obstacle for the developments in this direction. In 
addition to the above, the automating perspectives in 
design process are becoming important requirements 
to the modern techniques applied for machines and 
mechanisms construction. 

The present article aims at development of the 
optimal method for dynamic synthesis of hinge-lever 
mechanisms based on the vibration exciter of the di-
rected pulse effect on the foundation.

1. Analytical solution for dynamic synthesis  
1.2 Synthesis equations 
Let us assume that ОXY is a system of absolute co-

ordinates. Let us also regard that ОX axis is directed 
along the line joining the centres of two hinges, this is 
done as a matter of convenience. 

Consider the normalized conditions under which 
the mechanism produces impacts on the foundation 
with 0fτ , 0

nf and acts in two orthogonal direction τ 
and n (τTn = 0), at this the axis is rotated with angle ψ1  
with respect to ОX axis [5]. Thus, making a solution 
on the synthesis of non-harmonic vibration exciter, 

Relation   is to be set within 3 ÷ 8.
Ml1ω

2, where 

∑
=

=
n

i
imM

2
,
 l1 is the distance between the supports, and we 

write as:

2
1

Ff
Ml ω

=
(1)

where f = [fx, fy]
T and F = [Fx, Fy]

T. Moreover, for 
the synthesis solution we accept that ω = const, ε = 0, 
then for any six link mechanism ( )6=n  with the 
constituents of the principle vector of the inertia for- 
ces in normalized form, one can express as follows:

( ) ( )2 2
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i
f A Bϕ ϕ ϕ ϕ ϕ ϕ ϕ ϕ

=
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which produces τ direction pulse impact on the foun-
dation, the action is equal to zero:

(2)

( ) ( )2 2
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i
f B Aϕ ϕ ϕ ϕ ϕ ϕ ϕ ϕ
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Furthermore, in the previously developed expres-
sions for Ai, Bi, i = 2, 4, 6 all the linear dimensions are 
treated as relative (with respect to l1 length or AD is 
taken as 1 unit), all the masses are non-dimensional 
and ω = 1. As vectors, these expressions are written 
in the form as:

(4)

where   

As the preset directions (τ As the preset directions 
(τ, n) of foundation impact are rotated with angle ψ1 
with respect to ОXY coordinate system, which is rig-
idly jointed with the stand, then we can develop the 
synthesis equation by rotation of the fixed coordinate 
system with the turn for the stand with angle ψ = - ψ1 
(this corresponds to the turn of the whole mechanism 
with the stand). Thus, the synthesis equation is as fol-
lows:

AU = f 0
(5)

where , 
TT

6
T
4

T
2 ],,[ uuuU = , 

Tf ],[ 000
nô ff= .

The dimensions of A matrix and U vector are dim 
A = 2x6 and dim U = 6 respectively.

It is important to emphasize that A matrix depends 
only on the geometrical dimension and linkage pa-
rameters (on the position, analogs of velocities and 
link accelerations). On the other hand, U vector in-
cludes all the mass and inertia parameters, in case of 
six link linkage, the total number of them is only 15 
(the dimension of U vector is equal to 6); the compo-
nents of U vector are generalized eccentric masses.

1.3   Explicit solution for dynamic synthesis 
problem

For the analytical synthesis of the vibration excit-
er, we accept that the mechanism kinematic analysis 
is carried out at the preset links dimensions and at the 
crank angular velocity ω = 1, (ε = 0). This results in 
determining the angular positions, angular velocities 

2,4,6
( , ) ( )i i i i

i
C Dφ φ φ

=

′ ′′= ∑f u
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and acceleration of all the links in the preset N posi-
tions of crank 2. However, we do not need to know 
more than the values for the even numbered links. 
An additional point is that values 0 0 0 Tf [ , ]k k nkf fτ=
, k=1,…,N  are set for the problem of the dynamic 
synthesis. This corresponds to the preset N positions 
of the mechanism.

The equations for synthesis can be written as fol-
lows:

(6)

Hence, we obtain 2N equations of synthesis, while 
the number of variables is 6. Therefore, the problem 
under discussion has the explicit solution provided 
that N = 3, in other words, we set numerical values 
for the component of total inertia force with three set 
position of the mechanism. In this case, in order to 
determine unknown parameters of U, we are to re-
ceive six linear equations with six variables.

[ ]
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3 3

A f
A f
A f
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U

Eventually, the obtained equations have the only 
solution, on condition that the determinant det is not 
equal to 0:

(7)
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A
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2.1  Quadratic approximation solution
For the general case, if N>3, then the number of 

variables is bigger in equations (6) than the possible 
number of variables. Owing to this, the explicit solu-
tion is absent. We need to apply here approximate 
solution, where equations (6) are performed approx-
imately [7].

where 

that is the matrix of the weight numbers. 
The solution problem (126) is written as follows:

U0= Cp
-1d (9)

where
1 1C C W WC C W Wp

- - =  
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is the left pseudoinverse of matrix 
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This solution can be found from the necessary 
conditions for the minimum of function S2:

2 0
U

dS
d

=
 
.

Furthermore, the matrix of second derivatives 

 

2 C W WC
U

dS
d

= T T

is nonnegative definite along with leading subdeter-

minants. Therefore, when det C W WC 0≠T T , the 
necessary conditions for the minimum are the suffi-
cient ones.

2.2 Analytics and optimization method 
In the dynamic synthesis developed for the mech-

anism, its mass and inertia parameters are determined 
as total eccentric masses, and the mechanism dimen-
sions are suggested to be preset. However, at preset 
geometric parameters, it is very difficult to obtain the 
desired approximation accuracy. This makes us to 
perform the mechanism synthesis by all X parame-
ters at once, that is to search not only mass and inertia 
parameters for U, but also the mechanism metric pa-
rameters X1 = X/U (links dimensions). These param-
eters are included into the effectiveness function (6) 
nonlinearly: kinematic parameters , ,i i iϕ ϕ ϕ′ ′′ , which 
participate in the approximation error expression, de-
pend on them. Thus, in order to determine the rest of 
nonlinear parameters of the mechanism geometrical 
dimensions X1 = X/U, we introduced modified effec-
tiveness function taking into account an analytical 
solution as follows:

( ) ( ) ( )( )
1

1
2 1 2 1 1 1 X

min X ,U X C X d X minm
pS S S , -≡ = ⇒

U
(10)
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Therefore, the introduction of generalized eccen-

tric masses and analytical solution for the mass and 
inertia variables allows a sufficient reduce in the di-
mensionality of the original optimization solution.

Based on the suggested method, the dynamic syn-
thesis program for mechanisms with vibration exci- 
ters of hinge-lever type is developed. Mass and iner-
tia parameters of the mechanism are determined on 
each step of the descent algorithm by minimization of 
the Euclidean or Chebyshev norms of approximation 
error. Numerical implementation of minimization 
procedure is carried out on the basis of Nelder Mead 
algorithm.

2.3 Numerical results
Summarizing the results of the researches made, 

we would like to report that there is a program de-
veloped, which provides a possibility for the user to 
denote optimization parameters and those ones which 
freely varied or scanned.  The initial optimization pa-
rameters values and the scanned parameters values 
are defined with the use of the generator of LPt se-
quences, uniformly distributed in the searching range 
[9]. We have to note that the further nonlinear optimi-
zation is not applicable with the scanned parameters.

Moreover, the synthesis with Nelder Mead optimi-
zation method or the method of deformed polyhedron 
is carried out under the conditions described below.

The coordinates of stands have fixed values: 
XA = YA = 0.0, XD = 1.0, YD = 0.0, XG = YG = 0.0.

0fτ

The bounds of optimized variables are being 
changed under the following limits:

-	 0.5	 ≤ l3 (BC)	 ≤ 1.4
-	 0.35	 ≤  l4 (CD)	  ≤  1.2
-	 0°	 ≤ θ3 (angle CBE) ≤ 360°
-	 0.5 	 ≤ a3 (BE)	  ≤ 1.2
-	 0.4 	 ≤ l5 (EF)	  ≤ 1.1
-	 0.45	 ≤ l6 (FG)	 ≤ 1.1
-	 0°	 ≤ ψ	 ≤ 360°
-	 0°	 ≤ φ0cr 	 ≤ 360°   (here φ0cr is the ini-

tial angle of crank turn)
Thus, optimization is carried out with 8 parame-

ters. The generalized eccentric masses are determined 
on each step of the optimization, which makes nu-
merical optimization significantly easier.

Parameter l2 is the length of АВ crank and is not 
employed by optimization parameters: its values vary 
freely within 0.1 ≤ l2 ≤ 0.4 along with initial values of 
optimization parameters.

Furthermore, we chose the dyad groups of BCD 
and EFG: iBCD = –1, iEFG = –1.

Table 1 shows the desirable values for component 
f0, in other words 0

nf  and 0fτ
 in NS = 18 positions of 

crank (the angles of φcr fi and      ). The last column of 
the table contains the values of weight numbers wk, 
k = 1,…, NS. The proper choice made on these weight 
numbers determines the numerical results of optimi-
zation. At the first stage of the procedure, these values 
are assumed as equal to 1 unit element (wk = 1).

Table 1. The desirable values for component f0

k φcr
0

nf 0fτ w

1 0.00000 0.30000 0.00000 0.10000
2 15.00000 0.90000 0.00000 0.10000

3 30.00000 1.30000 0.00000 1.00000
4 45.00000 0.90000 0.00000 0.00000
5 60.00000 0.30000 0.00000 0.00000
6 80.00000 -0.20000 0.00000 1.00000
7 100.00000 -0.20000 0.00000 3.00000
8 120.00000 -0.20000 0.00000 2.00000
9 160.00000 -0.20000 0.00000 1.00000
10 180.00000 -0.20000 0.00000 1.00000
11 200.00000 -0.20000 0.00000 1.00000
12 220.00000 -0.20000 0.00000 1.50000

13 240.00000 -0.20000 0.00000 1.50000
14 260.00000 -0.20000 0.00000 1.50000
15 280.00000 -0.20000 0.00000 1.50000
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16 300.00000 -0.20000 0.00000 1.00000
17 320.00000 -0.20000 0.00000 3.00000
18 340.00000 -0.20000 0.00000 1.00000

After several experimental runs of the program, 
we corrected these values and the final results are pre-
sented in Table 1.

The mechanism developed as a result of synthesis 

is demonstrated in Figure 1, its dimensions are given 
along with kinematic configuration. The crank length 
is l2 = АВ = 0.372. 

Figure 1. Kinematic configuration of nonharmonic vibration exciter

Below we report on the values of generalized ec-
centric masses, at which the regularity of the influ-
ence on the stand is achieved:

А2 = 9.604306E–02	       B2 = 5.042776E–02
А4 = –1.252109E–01	      B4 = –8.328925E–02
А6 = –1.886204+00	      B6 = –5.349329E+00

The results of kinematic and kinetostatic analysis 
enable us to develop the graph of the force and the 
inertia acting on the foundation. In Figure 2, a hodo-
graph describes the changes in the total impact action 
of inertia forces on foundation of the mechanism; in 
Table 1, the numerical values of components Fx of Fy 
are given.

Research results
Developed as the result of dynamic synthesis, the 

new mechanism of vibration exciter of directed pulse 
impact on foundation has advantages over the exist-
ing ones: the use of turning kinematic pairs allows 
elimination of the teeth wearing to the degree typical 
to its prototype; the regularity of inertia forces impact 
on the foundation is non-harmonic; the inertia forces 
acting in the orthogonal direction are actually absent.

On the base of hinge-lever type mechanisms, the 
program of dynamic synthesis of vibration exciter 
is developed. This permits faster completion of the 
designing cycle, gives opportunities to replace the                 
expensive natural experiment with the computational 
one and enables multiple searches for solutions.

The analytic and optimization method is developed 
to determine optimal dimensions of the mechanism by               
employing the modified effectiveness function. As ge-
ometrical dimensions of the mechanism are included into

Figure 2. Hodograph of total inertia force for lever mechanism
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into effectiveness function nonlinearly (implicitly 
through angles of links turns, analogs of velocities 
and analogs of accelerations), the numerical optimi-
zation methods can be used to determine them. At 
this, it should be noted that the mass and inertia pa-
rameters of the mechanism are identified analytically 
on each step of descent to the minimum.
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Abstract
In this paper, we researched the impact of wire rod structure homogeneity on arc stability of welding 
wire. The microstructural analysis was carried out for low-carbon welding wire in its sections with 
steady and unsteady arc burning and it showed that equal distribution of carbide phase in ferrite 
matrix complied with the best arc burning. The presence of coagulated carbides in microstructure 
was typical for sections with unsteady arc burning. The results of Vickers hardness measurement 
evidenced that the best arc burning was appropriate for wire samples, characterized by increased 
and steady hardness. 
The increased welding wire porosity could be caused by presence of gases in it (the increased 
concentration of nitrogen was found there) and it stipulated wire hardness decrease and unsteady 
arc burning as a result.
Key words: MICROSTRUCTURE, WELDING WIRE, WELDING AND FABRICATION 
PROPERTIES, ARC BURNING STABILITY, CARBIDES, HARDNESS, PORES, WIRE ROD, 
YIELD CURVES, COEFFICIENT OF HARDENING

Stability of welding wire arc burning is one of the 
most important characteristics of its welding and fab-
rication properties. For the consumers, this is the top 
priority index of product quality. The unsteady arc 
burning has the effect on the geometrical parameters

of welding seam, chemical composition of welded 
metal and as a result, on mechanical properties of 
welding structures [1].

The reasons for unsteady arc burning can be related 
to the quality of electrode wire: insufficient copper coat
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adhesion and its inhomogeneity, deviations from the 
diameter and its very low hardness [2, 3]. 

During the course of production, PJSC PlasmaTec 
faced a problem when certain copper wire coil had                                                                                                  
alternating sections with staggered unsteady and 
steady arc burnings. Moreover, the parameters of 
production process were regular, and the wire com-
pletely met the standard requirements. The possible 
reason of this phenomenon could be the differences 
in microstructure of the mentioned sections. Indeed, 
there exist explanations on the reasons why wire rod 
breakage takes place during the process of draw-
ing and they are conditioned upon structure factors 
mentioned in papers [4, 5]. However, the mentioned 
sources do not describe the influence of wire micro-

Table 1. Research samples

Sample 
No

Heat No Wire rod producer Welding and fabrication properties 
and arc burning

1 21181 LLC “NLMK-Metyz”, Russia steady 
2 21181 LLC “NLMK-Metyz”, Russia unsteady 
3 260399 Arcelor Mital, Kryvyj Righ, Ukraine steady  
4 260399 Arcelor Mital, Kryvyj Righ, Ukraine unsteady
5 - Chinese producer wire steady

structure and mechanical properties on its welding 
and fabrication properties.

Owing to this problem, the present article con-
centrates on the purpose to analyze results of the mi-
crostructural and X-ray analyses of the welding wire 
samples characterized by steady and unsteady arc 
burning. 

 The metallographic researches were conducted 
for five samples of G3Si1 welding wire (analog of 
Sv-08GS grade) with the diameter of 0.8 mm. More 
detailed information on them is in Table 1. Sample 
No. 5 served for comparison and was taken from 
Chinese producer wire, which has been enjoying the 
demand on welding materials market and possesses 
good welding and fabrication properties.

The samples inspection and photographing of 
microstructures were carried out on NEOPHOT-22 
light microscope with the use of OLYMPUS digital 
camera at different magnifications. Vickers hardness 
measurement was conducted at М-400 microhard-
ness tester by LECO company at loads of 100 g and 
1 kg. The hardness measurement results are given in 
Table 3. The carbide particles size measurement was 
performed with VERSAMET microscope at magni-
fication × 1500. It should be noted that the contami-

nation with nonmetallic inclusions of samples No1-
No5 was almost similar and it corresponded to rate 
No.1 according to the scale GOST 1778-70 “Oksydy 
tochkovi” (Spot Oxides).

In order to reveal the microstructure of the sam-
ples, the microslices of the material were etched che- 
mically in 4% alcohol solvent of nitrogen acid.

The results of microstructural analysis of welding 
wire samples are shown in table 2.

Table 2. Welding wire microstructural analysis

Sample 
No

Microstructure features

Microstructure type Carbide maximal size, 
μm

Average carbide 
size, μm

1 Disperse ferritic-carbide mixture. Carbides 
are uniformly distributed on all the area of the 
polished section

1.2 ... 1.5 approximately 1 

2 Ferritic-carbide mixture. 
In structure, there are coagulated carbides in the 
form of dark regions in microstructure

0.8 ... 1.0 approximately 0.5 
... 0.8

3 Uniformed distribution of carbide constituents 
with small regions of coagulated carbides and 
chains of carbides

approximately 1 μm 
(discretely with the 
size of up to 2 μm)

less than 1 

4 Ferritic-carbide mixture with small amount of 
coagulated carbides  

2.5 ... 3 1.2 ... 1.5

5 Uniformed ferritic-carbide mixture approximately 2.2 1.8 ... 2.0
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Table 3. Results of Vickers hardness measurement

Sample 
No Vickers hardness, 100 g, kgf/mm2 Integral Vickers hardness, 1 kg, 

kgf/mm2

1 282; 283; 283; 283; 283 318; 318; 318

2 258; 258; 258; 258; 254; 274;
285; 274; 285; 285; 285; 236; 285 321; 317; 317

3 309; 322; 322; 322; 297; 297; 322 320; 328; 327
4 297; 297; 274; 274; 274 320; 325; 318
5 357; 357; 357; 357; 357 370; 370; 370

Figure 1 illustrates the microstructure of welding 
wire samples taken from wire rod of heat 21181. They 
showed steady (sample No1) and unsteady (sample 
No2) arc burning. The results of microstructural ana- 
lysis evidenced that the samples with uniformed fer-
ritic-carbide structure had the best arc burning while 
welding wire samples with unsteady arc burning had

coagulated carbides in their structure, which were  
observed as dark regions of the microstructure. 

The results of Vickers hardness measurements 
(Table 3) witnessed that enhanced and steady hard-
ness of welding wire were the characteristics of the 
samples with the best arc burning.

                                            a)                                                                               b)

Figure 1. Microstructure of welding wire х1000

a) sample No1; b) sample No2

In order to find the causes of differences in sam-
ples microstructures and hardness values, methods of 
electronic microscopy and X-ray analysis were used. 
The microstructure study and the analysis of quantity 
element composition were carried out using scanning 
electron microscope study and X-ray microanalysis 
on the base of analytical complex, composed by scan-
ning JSM-35CF electron microscope by JEOL (Ja-
pan) and X-ray diffraction instrument with dispersion 
on X-ray photon energy (model INCA Energy-350 
by Oxford Instruments, the UK). The specific feature 
of X-ray microanalysis is in its local approach - the 
maximal excitement is 1 micron. The images were 
obtained in modes of secondary electron imaging 
(SEI) and backscattered electron imaging (BEI) at             
U = 20 kV.

The research of microstructure was performed at 
magnifications х600, х2000, х6000, х20000 with the

samples, on which hardness measurements were 
made: there are rhomboidal imprints from diamond 
spheroconical penetrator of hardness measuring in-
strument seen in the photos. The images were taken 
in secondary electrons, which allowed us to analyze 
surface texture. The quantity element composition 
was analyzed on both microregions (at magnification 
х600) and locally separated structural constituents (at 
magnification х20000). All the results are submitted 
in  % (mass).

 The results of element composition macroanaly-
sis are presented in Table 4. They bring the conclu-
sions that all the five samples had similar quantities 
of the main alloying elements (Si, Mn). Although it 
is necessary to note that this analysis cannot help us 
to determine the exact amount of carbon in  the metal 
because of surface effect, that is why it was excluded 
from the analysis.
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Table 4. Chemical composition of samples

Sample Si Mn Fe
No1 0.79 1.57 97.64
No2 0.68 1.60 97.72
No3 0.59 1.61 97.81
No4 0.82 2.10 97.07
No5 0.91 1.70 97.39

The results of microscopic study for the five sam-
ples at the same magnification (х2000) are shown in 
Figure 2. Based on these data, we can conclude that 
samples No 1-No 4 had pores. In the respective figu-

res they are in form of black spots, the biggest one-
sare pointed by black arrows. Sample No5 had no 
porosity.

Moreover, samples No1 and No3 were similar 
with their low density, pores round shapes and small 
sizes. Sample No 2 had the highest level of pores con-
centration, and although their sizes were not very big, 
but many of them were elongated and crack-shaped 
with sharp edges. The pores concentration in sample 
No 4 was not very high, but their sizes were the big-
gest, they were elongated in the shape of wormhole, 
probably the result of pore chains fusion.

               20 micron             x2000                                                     20 micron             x2000
                                        No 1                                                                                             No 2 

               20 micron             x2000                                              30 micron             x2000
                                        No 3                                                                                                No 4 

                                                      30 micron             x2000
No 5

Figure 2. Sample surfaces in the mode of secondary electrons at the similar magnification х2000



Metallurgical and Mining Industry48 No.11 — 2016

Metalware production
In order to reveal the specific reasons of pores 

occurrence, we carried out the local analysis of ele-
ment composition. The analysis was made inside the 
pores and on the meatal matrix outside the pores. It 
was found out that the content of Si, Mn, Fe in the 
middle of pores was similar to metal matrix composi-
tion (the deviation was not more than 10...15%), and 
it drew the speculation that the pore occurrence was 
probably conditioned upon gases. That is why the                                                           
extra studies on samples No 2 and No 5 were made 
with the objective to analyze gases (oxygen, hydro-
gen, nitrogen). The contents of oxygen and hydrogen 
in the test samples were similar, but that of nitrogen 
was significantly different (sample No2 – 0.0107%, 
sample No5 – 0.0050%). The high nitrogen in sam-
ple No 2 prompted that the found porosity was condi-
tioned upon this gas.

Furthermore, the significant point in good quality 
wire production is the preliminary inspection of me-
chanical properties of the product - wire rod at feed 
unit. The possibility to reveal the welding and fab-
rication properties on the stage when the production 
process is being developed is of particular interest. As 
the quality inspection of the mechanical characteris-
tics is not a complicated process, the opportunity to 
apply it for the purpose to predict the product’s weld-
ing and fabrication properties is attractive. One of the

most important characteristics of the material plas-
ticity is its yield curve or hardening one, according 
to which we can calculate the performance charac-
teristics, carry out the simulation of FEM and study 
the mechanics of the drawing process. The nature of 
yield curves is not dependent on deformation type, 
with which they are made, their construction can be 
conducted on the base of the simplest tests, and re-
sults can be used for the analysis of the most compli-
cated processes.  

In order to define the mechanical properties of the 
wire rod of heats No. 21181 and No. 260399, tensile 
tests were carried out at ІР100 tensile testing plant, 
in accordance with ISO 6892-1 Metallic Materials 
- Tensile Testing - Part 1: Method of Test at Room 
Temperature. ІР100 tensile testing plant had gained 
metrological check certificate. We tested the samples 
of the wire rod prepared to the delivery. The gauge 
section was 200 mm and the diameter was 5.5mm. 
Visually, these yield curves of G3Si1 wire rod (heats 
No 21181 and No 260399) are shown in Figure 3. The 
curves were developed in accordance with the meth-
od described in paper [6]. In Table 5, we report on the 
values of calculated approximation coefficients and 
give the material standard mechanical characteristics, 
provided by tensile testing.

Figure 3. Continuous lines of yield curves (curve 1 – heat No. 21181; curve 2 – heat No. 260399 and σі, MPa) 

approximated by 
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Table 5. Values of approximation coefficients and standard mechanical properties

 Curve No

Values of approximation coefficients Mechanical properties

A, MPa n 2Radj

σrt, MPa σh, MPa ∆l, %

1 744±7 0.126±0.004 0.992 507 450 30.25
2 913±18 0.176±0.006 0.988 552 425 25

The specific feature of the materials under ana- 
lysis was a relatively low hardening coefficient n 
(0.12...0.18), which was much lower than that for 
the materials, studied by us earlier, in paper [6] and 
for which there was no obvious impairment of  the 
wire welding and fabrication properties. This fact can 
speak for the following: low hardening (coefficient n 
is less than 0.18) of the wire rod material in the feed 
unit indicated the possible decrease of the finished 
wire quality due to the unsteady arc burning. 

The obtained yield curves show that in the initial 
state, the wire rods physical and mechanical proper-
ties were significantly different, this was conditioned 
upon certain difference in the chemical compositions 
and processing of semi-finished products. Thus, it al-
lows us to conclude that although the initial physi-
cal and mechanical properties of the wire rod were 
formed through chemical compositions within the 
standard requirements, they could hardly influence 
welding and fabricated characteristics provided that 
such finished products met the quality requirements. 
The production route and the tradition of wire rod 
manufacturing plays a significant role in its further 
processing into good quality wire. This particularly 
concerns the presence of included gases or pores, co-
agulated carbides, et cetera. Moreover, the presence 
of pores in  the wire rod directly decreases hardening 
property of metal at its. In its turn, pores in material 
of wire rod in the feed unit condition their presence in 
the structure of the wire. This peculiarity can be put 
into the basis of express diagnostics of the material 
of the wire rod. The case when hardening coefficient 
n of the material in the feed unit is less than 0.18 (at 
yield curve approximation according to two-param-
eter Ludwig function) could mean possible decrease 
in the finished wire quality in terms of arc burning 
instability. Such cases require additional control of 
finished products, for instance, by way of hardness 
measurement carried out on different sections of the 
wire or its microstructural analysis. 

Conclusions
The stability of welding wire arc burning is provided

not only with the appropriate finished product pa-
rameters, which usually correspond to the existing 
standards, but also with homogeneity of the wire rod 
structure, which is used by the wire producer during 
the process of the wire manufacture. Microstructur-
al analysis of low carbon welding wire, carried out 
on its sections with steady and unsteady arc burning, 
showed that equal distribution of carbide phase in fer-
rite matrix corresponds with the best arc burning.

The high porosity of welding wire can be gener-
ated by the presence of gases in it (the high concen-
tration of nitrogen was found in the samples) and it 
causes the decrease in wire hardness and unsteady arc 
burning.

The results of Vickers hardness measurement 
showed that the best arc burning is peculiar to wire 
samples characterized by enhanced and regular hard-
ness. 

Provided that hardening coefficient n of the wire 
rod material in the feed unit is less than 0.18, we can 
predict possible decrease in the finished product per-
formance that is instability of arc burning. 

Based on the results of microstructural analysis of 
welding wire, it is worth to note that the presence of 
coagulated carbides in its microstructure is typical for 
the sections with unsteady arc burning.
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Abstract 
The modern national economy of Kazakhstan Republic is characterized by the rapid progress of 
aviation, rocket, electronic, atomic and mining equipment, power, chemical and mining machinery. 
This led to a sharp increase in consumption of new types of materials with special physical and me-
chanical properties, with high corrosion and heat resistance, which processing by the traditional me-
chanical methods was associated with certain difficulties. These materials are generally difficult to 
treat and cutting tool wear is very high. One way of saving expensive tool material is the application 
of new technologies, one of which is a combined method of parts processing of body of rotation by 
turn-milling. One of the main differences of the developed method is the use of special friction mill 
that is not from the tool material instead of standard mills. Results of the study of this method have 
shown the possibility and efficiency of machining of the rotation body type parts by turn-milling 
using mill made of steel HARDOX as a cutting tool.
It is revealed that after processing by turn-milling under various cutting conditions and combina-
tions of cutting tool and workpiece movement, the surface hardness values obtained before and after 
treatment are not significantly different, which affects successfully on performing of the following 
operations. The authors suggest that the main effect of the investigated cutting method is the occur-
rence of the current layer in sufficiently plastic state, perhaps even close to the melting state under 
certain temperature conditions.
Key Words: TURN-MILLING, FLOW CHIPS, CHIP FORMATION, CURRENT LAYER, FRIC-
TION MILL, SUBCONTACT LAYER, TEMPERATURE, SURFACE ROUGHNESS, HARD-
NESS, FEED MOTION

Scientific and technological progress in mechan-
ical engineering necessitates the use of new materi-
als with special properties. Typically, these materials 
have higher strength characteristics, high heat resis-                                                                                    
tance and corrosion resistance. When processing 
parts made of such materials, tool wear is intense. 
There are close links between the intensity of tool 
wear and the surface layer quality parameters of the 
parts processed by cutting [1].

The most significant metalworking reserves, 
which have not been mastered yet, are disclosed from 
the relationship of cutting methods establishing the 
transition from one method to another as change of 
kinematics and technological characteristic. This re-
lationship allows us to improve the classic and deve- 
lop entirely new complex methods [2]. The turn-milling 
is a kind of turning with multiblade revolving pick. 
Insignificant differences lie in the use of standard 
mills and rotation axes location of workpiece and tool 
[2, 3].

The research results of the titanium alloy processing 
by turn-milling are given in [4]. As processed material,

the round rolled product made of titanium alloy VT 
1-0 was used. The end mill was taken as tool. BK8 
was cutting part material. The treatment was car-
ried out at the counter and passing scheme of tool 
advance without using of LCTF (lubricant cooling 
technological facility). It was found that the surface 
quality differs slightly when the processing of tita-
nium alloy with a cutting speed of 15 m/min at the 
counter and passing scheme of the tool advance. 
With increasing cutting speed when counter scheme 
of the tool advance, the surface quality is reduced 
by the chip pickup on the surface processed. When                                                               
passing turn-milling the surface quality is improved 
and there is a reliable removal of chips from the 
cutting zone. Also, the chip samples have been 
researched when the counter scheme of the tool                                                                                             
advance, which have been strongly deformed and, 
with an increase in cutting speed, this deformation 
magnifies. When passing processing scheme the chips 
obtained have less deformed condition [5, 6]. At the 
department of “Technological equipment, mechanical 
engineering and standardization” the following grant
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topic is performed: “Development of a special ma-
chine constructions enabling a pulsed cooling feed 
and replacement of cutting tool made of hard alloy on 
the tool made of structural steel when thermal friction 
cutting of metal workpieces”(contract No723-2015). 
As a part of this topic, a series of experimental studies 
of the combined turn-milling method using special 
cutting tool (friction mill) have been carried out. One 
of the main differences of the developed method is 
the use of special friction mill, which is not made of 
the tool material, instead of standard mills. The basis 
for the research and development of this process were 
the results obtained by the authors in the development 
of resource-saving ways of thermal friction process-
ing at low speeds [7, 8]

Experimental tests were carried out in a spe-
cial unit mounted on lathe. Samples (round rolled 
pro- ducts) prepared for processing were made of 
the following materials: steel 30KhGSA and steel 3. 
Friction mill was made of steel HARDOX 400. Also, 
the standard angular cutter made of material P18 was 
used for processing.

Figure 1 shows a picture of the special friction 
mill.Experimental studies were carried out in three 
stages. 

Figure 1. Special friction mill

1. three-jawed chuck; 2. workpiece made of steel 30KhGSA; 
3. friction mill made of steel HARDOX 400; 4. special unit 
spindle 

Figure 2. The processing of steel 30KhGSA

a)

b)

c)

a - processed surface at a magnification of 20 times; b - 
processed workpiece; c - types of chips obtained when 
different tool feeds;
1 - S = 100 mm/min; 2 - S = 80 mm/min; 3 - S = 60 mm/
min; 4 - S = 45 mm/min;
5 - S = 30 mm/min; t = 1.5 mm; nsr = 2000 rev/min; vи = 
= 250 m/min

Figure 3. The processed surfaces of steel 30KhGSA and 
chips types

At the first stage, the special friction mill is con-
nected with rotary motion and feed motion, wherein 
the workpiece is fixed. At the second stage, the fric-
tion special mill and workpiece are simultaneously 
interconnected with rotation movement, wherein the 
tool additionally comprises a feed motion. At the 
third stage, angular cutter made of P18 was used as 
a cutting tool. Tool and workpiece at the same time 
were connected with rotation movement, and the tool 
further has a feed motion.

Figure 3 shows the surface of the processed steel 
30KhGSA and types of chips obtained when different 
tool feeds.
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When processing steel 30KhGSA the flow shearing 

chips were formed (Fig. 3, c). The chip surface con-
tacting with the cutting edge of the tool was smooth, 
and the opposite side was rough. After completion 
of the tests, when inspecting the cutting part of the 
friction mill the signs of wear, scratches, and the 
presence of burnt areas and scale pickup were not                                                                                          
observed. This can be explained by the fact that when 
the high temperature (θ>600°) chip layer softens, 
becomes very ductile and acquires certain mobility. 
So-called active layer is appeared [9,10] and it can 
be assumed that there is a chip sliding relative to the 
current stagnant layer that protects the surface of the 

a)

friction mill from wear. It can be concluded that the 
main effect of the test cutting method is the occur-
rence of the current layer in sufficient plastic state, 
possibly even close to the melting state under certain 
temperature conditions. The appearance of this layer 
reduces the friction on the workpiece-tool surface, 
and consequently, reduces wear and improves surface 
quality. Further scientific conclusions can be drawn 
from a study of the chip section in deformed state.

Figure 4 shows the feed charts impact on the 
roughness and hardness of the cutting surface during 
processing of steel 30KhGSA.

b)

а – chart of feed impact on roughness; b – chart of feed impact on hardness t = 1.5 mm; nsr = 2000 r/min; vи = 250 m/min

Figure 4. Feed impact charts on the roughness and hardness of the cutting surface

While conducting tests, feed values ranged S = 30 ÷ 
÷ 100 mm/min. Measurement of surface roughness 
was carried out using a device (profilometer) TR 100. 

Measurement of hardness of the treated surface was 
carried out using a dynamic device TDM-2. The re-
sults of experimental studies have shown that the feed
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impact on the roughness of the cutting surface is 
monotonic, i. e. with the feeding increase the surface 
quality deteriorates. The increase feeding has a mo-
notonous impact on the hardness of the cutting sur-
face. According to the chart (Fig. 4b), it can be seen that 
the hardness value decreases when feeding increase.

Conducted initial experimental studies indicate the 
possibility of mechanical processing by the proposed 
method of turn-milling using the tool made of steel 
HARDOX 400. 

Figure 5 shows the processed workpiece made of 
steel 3 and types of chips obtained.

b)

                                                      c)a)

а -  processed surface at a magnification of 20 times; b - processed workpiece; c - the types of chips obtained                    
when processing with various feeds 

1 - S = 100 mm/min; t = 1.0 mm; 2 - S = 80 mm/min; t = 2.0 mm; 3 - S = 45 mm/min; t = 4.0 mm; nsr =  2000 r/min;             
vи = 250 m/min

Figure 5. The processed surfaces of steel 3 and chips types

During the processing of steel 3 at various feed-
ings, a sharp change in the character of chip forma-
tion process is observed. A temperature has a great in-
fluence on chip formation process. This temperature 
occurs in tool-workpiece subcontact layer that provi-

des high ductility of the shear layer. Increasing the 
feed facilitates the chip formation and output. Fig. 6 
shows the feed charts impact on roughness and hard-
ness of the cutting surface when processing the steel 3.

a)
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The results obtained show (Fig. 6 a), that when 
feed increasing the microroughnesses height rises and 
the hardness decreases (Fig. 6 b). In both cases, it is 
observed that the feed increasing has a monotonous 
impact.

b)

а – the chart of feed impact on roughness; b – the chart of feed impact on hardness 
t = 1.0 mm; nsr = 2000 r/min; vи = 250 m/min

Figure 6. Feed impact charts on the roughness and hardness of the cutting surface

The experiments on study the possibility of pro-
cessing by turn-milling were carried out when simul-
taneous rotating of workpiece and tool.

Figure 7 shows the processing of steel 30KhGSA 
when simultaneous rotation of workpiece and tool.

                                                  a)                                                 b)                                          c)

a – processing; b - processed workpiece; c - machined surface roughness 
S = 45 mm/min; t = 1.5 mm; nsr = 2000 r/min; vи = 250 m/min

1-workpiece; 2 – friction mill made of steel HARDOX 400; 3- chips; 
4- processed surface at a magnification of 20 times;

Figure 7. The processing of steel 30KhGSA in case simultaneous rotation of workpiece and tool

The experiment on the processing of workpiece 
made of steel 30KhGSA was conducted when simul-
taneous rotating of workpiece and tool. The workpiece 
with following dimensions was processed: ø30mm,                                                                                                         
l = 25 mm. The treatment process has roughing cha- 
racter and the chips output is not observed during the

cutting process. The surface hardness was measured 
before and after processing that was HB217 before 
treatment and HB220 after treatment respectively. 
The surface roughness corresponded to Rz 40. 

Figure 8 shows the processing of steel 3 when si-
multaneous rotating of workpiece and tool.
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а – processing; b - processed workpiece; c - machined surface roughness 
S = 60 mm/min; t = 1.0 mm; nsr = 2000 r/min; vи = 250 m/min

1 - workpiece; 2 - friction mill made of steel HARDOX 400; 3 - chips; 
4 - machined surface at a magnification of 20 times

Figure 8. The processing of steel 3 on case of simultaneous rotation of workpiece and tool

                                                  a)                                                              b)                                    c)

Processing of steel 3 when simultaneous rotating 
of workpiece and tool has been performed under the 
same cutting conditions as when the processing of steel 
30KhGSA. The workpiece ø26mm was selected for 
processing, length of treated surface was l = 32 mm. 
The surface roughness corresponded to Rz60. The 
hardness of the surface was HB131 before the proce-

ssing and HB148 – after processing. After treatment, 
surface hardness increased slightly.

To investigate the turn-milling, method the stand-
ard angular cutter was used.

Figure 9 shows processing of steel 3 by angular 
cutter when simultaneous rotation of workpiece and 
tool.

                                                  a)                                                         b)                                         c)

а – processing; b - processed workpiece; c - machined surface roughness 
S = 40 mm/min; t = 1.5 mm; nsr = 2000 r/min; vи = 250 m/min

1- workpiece; 2- angular cutter; 3- machined surface; 4- machined surface at a magnification of 20 times 

Figure 9. The processing of steel 3 by angular cutter when simultaneous rotating of workpiece and tool

During processing of steel 3 by angular cutter in 
case of simultaneous rotation of workpiece and tool, 

the previously selected modes of cutting were not 
changed. The workpiece with following dimensions
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ø30mm, l = 28 mm was subjected to processing. During 
the processing, there was crushing of chips and their 
removal from the treatment zone. These chips were 
severely deformed. Surface hardness was measured 
before and after treatment that was HB131 before and 
HB137 after the processing respectively. The surface 
roughness corresponded to Rz 80. 

The aim was to obtain experimental data showing 
the possibility of mechanical processing by turn-milling                                  
using the mill made of steel HARDOX as cutting 
tool, as well as to get general information regarding 
chip formation process, the surface quality forming 
and feed impact on the quality indicators.

The results show the possibility of processing by 
the proposed method. It is necessary to conduct fur-
ther experimental studies for more extensive study of 
the processes occurring in the course of treatment and 
technological capabilities of turn-milling.

Conclusion
1. The possibility of mechanical processing of 

parts such as body of rotation by turn-milling using 
a mill made of steel HARDOX as a cutting tool has 
been shown.

2. It has been found that the feed impact on the 
roughness and hardness of the cutting surface is 
monotonic, i. e. with feed increasing the surface qual-
ity deteriorates, and the hardness of the surface is re-
duced.

3. It has been revealed that after processing by 
turn-milling when simultaneous rotating of work-
piece and tool the surface hardness value before and 
after treatment differs slightly, which successfully 
affects the performance of the following operations.

4. The results obtained when processing of steel 3 
by standard angular cutter when simultaneous rota-
tion of workpiece and tool confirm  the conclusions of 
[4], namely that for the implementation of high-qua- 
lity grinding of chips, a number of tool rotations nt  
should be greater than the number of part rotations np.

5. We can assume that the main cutting effect of 
the investigated method is the occurrence under cer-
tain temperature conditions of the current layer in suf-
ficient plastic state, probably even close to the melting 
state. The appearance of this layer reduces the friction 
on the workpiece-tool surface, and consequently, re-
duces wear and improves surface quality. However, 
to obtain reliable results, further scientific researches 
of the chip section in deformed state are needed.

      References 
1.	 Makarov A. D. (1989) Optimizatsiya protses- 

sov rezaniya [Optimization of cutting proces- 
ses]. Moscow: Mashinostroenie. 278 p.

2.	 Ermakov Yu. M. (2005) Kompleksnyie sposo-

      byi effektivnoy obrabotki rezaniem: Biblioteka 
tehnologa [Complex methods for efficient pro-
cessing by cutting: Technologiest Library]. Mos-
cow: Mashinostroenie, 272 p.

3.	 Kovshov A. N., Nazarov Yu F., Yaroslavtsev V. 
M. (2007) Netraditsionnyie metodyi obrabotki 
materialov [Nontraditional methods of mate- rials 
processing]. Moscow: MSOU.  211 p.

4.	 Selivanov A. N. (2011) Povyishenie proizvoditel-
nosti i kachestva obrabotki tel vrascheniya iz 
titanovyih splavov metodom vyisokoskorostno-
go frezerovaniya i frezotocheniya: dissertatsi-
ya kandidata tehnicheskih nauk [Increasing the 
productivity and quality of processing bodies of 
revolution made of titanium alloys by high-speed 
milling and turn-milling: the dissertation of the 
candidate of technical sciences]. Saratov.  141 p .  

5.	 Nasad T. G., Selivanov A. N. (2011) Eksperi-
mentalnyie issledovaniya struzhkoobrazovani-
ya pri obrabotke titanovogo splava marki VT 
1-0 metodom vyisokoskorostnogo okruzhnogo 
frezerovaniya [Experimental studies of chip for-
mation during the processing titanium alloy VT 
1-0 by high-speed circumferential milling]. Vest-
nik Saratovskogo gosudarstvennogo tehnichesko-
go universiteta [Bulletin of Saratov State Techni-
cal University]. No 2 (56). p.p.138 - 144.

6.	 Selivanov A. N., Nasad T. G. (2010) Obespe-
chenie kachestva obrabotki valov iz titanovyih 
splavov metodom vyisokoskorostnogo freze- 
rovaniya i frezotocheniya [Quality assurance 
of rolls made of titanium alloys processing by 
high-speed milling and turn-milling]. Vestnik 
Saratovskogo gosudarstvennogo tehnicheskogo 
universiteta [Bulletin of Saratov State Technical 
University]. No 3 (46). p.p.55 - 61.

7.	 Patent of Kazakhstan 22998. Bulletin No10 of 
15.10.2010. The method of thermal frictional 
processing of plane and friction disc structure by 
Sherov K .T., Alikulov D.E., Imasheva K. I.

8. 	 Patent of Kazakhstan 25649. Bulletin No4 of 
16.04.2012. The method of thermal frictional cut-
ting-hardening processing of cylindrical surfaces 
and friction disc structure by Sherov K. T., Bu-
zauova T. M., Sherov A. K.

9. Loladze T. N. (1982) Prochnost i iznosostoykost 
rezhuschego instrumenta [The strength and du-
rability of the cutting tool]. Moscow: Mashinos- 
troenie. 320 p.

10. Reznikov A. N. (1983) Teplofizika protsessov 
mehanicheskoy obrabotki materialov [Thermal 
physics processes of materials mechanical pro-
cessing]. Moscow: Mashinostroenie.  279 p.



Metallurgical and Mining Industry60 No.11 — 2016

Mining production

Numerical method to calculate coal strata surface curvature, 
predetermined by discreet points of the irregular grid

Vorob’ev A.E.

Doctor of Technical Sciences, Professor,
Head of  Department of Oil-Field Geology, Mining and Oil-Gas Business, 

Peoples’ Friendship University of Russia, the Russian Federation

Khodzhaev R.R.

Doctor of Technical Sciences, 
Director of  LLP “Research & Engineering Center “GeoMark” 

Gabaydullin R.I.

PhD in Technical Sciences, 
Deputy Director for Science 

LLP “Research & Engineering Center “GeoMark”

Isabek T.K.

Doctor of Technical Sciences, Professor,
Head of the Department of Development of Mineral Resources Deposits

Karaganda State Technical University, Karaganda, Kazakhstan



61Metallurgical and Mining IndustryNo.11— 2016

Mining production

Khuangan N.

Master in Mining Engineering, Assistant Professor, 
Department of Development of Mineral Resources Deposits

Karaganda State Technical University, Karaganda, Kazakhstan

Vorob’ev K.A.

Bachelor of Department of Oil-field Geology, 
Mining and Oil-Gas Business, Peoples’ Friendship University of Russia, 

the Russian Federation

Abstract
This article reports on implementation of the numerical method for surface curvature calculation at 
random point; it is determined by discreet set of points on the irregular grid. The results of this work 
were used for the research of structural failures of coal strata evidenced by the data obtained from 
the exploration wells.
Key words: MINING PRODUCTION, COAL STRATUM, NUMERICAL METHOD, METHOD, 
ELASTICITY MODULUS, CURVATURE SURFACE, EXPLORATION WELL

The necessity to calculate the curvature surface 
z=F(x,y) (or radius of curvature, as these notions are 
reciprocal) occurs, particularly, when we need the 
solution of the calculation problems for tensile or 
compressive stresses at the points of the curvature 
surface. It is known that [1] stresses acting at the                
instant of the pure bend of the stress within the ma-
terial are calculated according to the formula below:







=

=

,
,

y

x
Ezky

Ezkx
σ

σ
, (1)

where 
Е is the elasticity modulus (Young’s modulus) of 

the material (kg/cm2);
kx,ky –  the curvature surface with respect to the 

directions of Х and У axes at the points under study;
z – the distance from the neutral axis at bending 

(m);
σx, σy – the stresses on Х and У axes (kg/cm2).
When the calculations are carried out, the nume- 

rical value of the material elasticity modulus Е is, as 
a rule, taken as standard reference data, which have 
been earlier found based on the special laboratory tests, 

or defined by the appropriate empirical dependence 
on the mechanical and physical properties. 

The value of the distance from the neutral axis is 
set by the researcher and depends on whether the cal-
culations of the stresses at the point under interest are 
required or, in other words, it is determined by the 
certain initial value. The only issue that we need to 
calculate is the curvature surface at the point under 
analysis.

Theatrically, the curvature at any point (xj,yi) of 
the surface z=F(x,y) is directed by the arrangement of 
axes and is calculated by formula [2]

(2)

or

(3)

where φ(x), ψ(y) are the equations of lines, derived 
from the intersection with the surface by XOZ plane 
at the fixed yi and YOZ plane at the fixed xj respec-
tively.

Unfortunately, when the surface is set by the dis-
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creet points, there exist the difficulties with the ana-
lytic expressions for φ(x) line and ψ(y) line, which 
are to be developed with the objective to calculate the 
derivatives of the first and second order. 

Therefore, for the practical solution of this prob-
lem we offered the following procedure. Firstly, we 
produce the two-dimensional interpolation of the val-
ues for points zji with respect to both directions of X 
and Y axes with the equal step h (this simplifies the 
calculations); the interpolation results in the range of 

( )
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,  j=0,…,n,

numerical values {φ(xj)}={z(xj)} at fixed yi and                                                                                                    
{ψ(yi)}={z(yi)} at fixed xj. After this, we use the meth-
od of numerical differentiation for the function with 
a constant step by the function values at these points. 
This method is based on the use of the Lagrange in-
terpolation polynomial formula for equidistant points. 
The general formula for calculation of the derivative 
of the first order with Lagrange interpolation polyno-
mial Lxz(xj) for the equidistant points xj is expressed 
as [3]:

(4)

where q=(x-x0)/h is the new variable of differen-
tiation.

The similar structure is seen in the formula for the 
calculation of the first order derivative with the use 
of Lagrange interpolating polynomial Lyz(yi) for the 
equidistant points yi.

From the general formula (3), we can develop the 
specific formulae for the derivatives of the first and 
second order for each of n points belonging to xj (or 
yi). The further algorithm is as follows. 

 Let us consider the case, when with the two-di-
mensional interpolation of the values belonging to 
function z(xj,yi), we receive  NхN matrix of numerical 
values zji (without intervention into generality, we as-
sume that the number of the points of interpolation by 
both axes is identical and equal to N). For calculation 
of the derivatives and the curve by formulae (3) and 
(2), it is necessary to define subset  { } { }Nn ⊂ , where 
n is the number of points, for which the derivatives 
are calculated. Methodically, this implies that by La-
grange interpolating polynomial Lxz(xj) (or Lyz(yi)) of 
degree n, we can make a piecewise approximation of 
the equation for the flat line, which passes through n 
of points.  

When calculating the derivatives and further the 
curvature surface, the choice of interpolation step and 
number of points are essential (the method is used 
only for the equidistant points). The most important 
thing here is that this procedure envisages the error, 
value of which is inevitable due to approximate nu-
merical methods.

( )0 1 3 42 8 8 /12z z z z z h≈′ - ⋅ + ⋅ - ⋅ (5)

while the derivative of the second order – by formula 
[6]:

,

( ) 2
2 0 1 3 42 32 60 32 / 24z z z z z h′′ ≈ - ⋅ + ⋅ - ⋅ + ⋅ ⋅ (6)

where  z0, z1, z3, z4  are the values of the function at 
points x0, x1, x3, x4.

If the number of points is uneven (n - even) and 
the derivative is taken from the midpoint, then the ap-
propriate formula for the numerical differentiation is 
expressed much simpler and is highly accurate. For 
such central points, the first derivative is calculated 
by formula [7]. In order to observe the symmetry, the 
indices are enumerated in this order: -2, -1, 0, +1, +2:

( ) ( ) ( )1 1 2 2
2 10

3 12
zz z z z

h h- -
-′ ≈ - - (7)

Moreover, the calculation of the derivatives by the 
numerical method always bears the possibility of an 
error existence and the general expression of this er-
ror for the first derivative is written as:

For points x0, x1, x2, x3, x4  (n=4), positioned in the 
succession with the step h, the derivative of the first 
order at midpoint x2 is calculated by approximation 
formula  as follows:

( ) )(
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+
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jnjhxnR , jx≠ξ , j=0, 1, 2, …n                   (8)
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Furthermore, for central point x2 at n=4 (we take 

the subset of 5 points) the error expression is the fol-
lowing:

4
(5)

5 2
( ) ( )

30
hR x z ξ≈

It becomes obvious from formula (9) that the 
error value is influenced by the distance between the 
points or the interpolation step and the choice of point 
ξ from interval (x0….x5), provided that point ξ does 
not coincide with any of points x0….x5. If the value 
of the interpolation step h can be given with quite 
high accuracy in a definite way, then the choice of 
point ξ is not so explicit and as the practice shows it 
is reasonable to take it in the vicinity of the central 
point.

Eventually, the method we described above finds 
the application for processing on exploration wells 
and the authors use it for detecting tectonic fractures 
in coal strata, caused by accumulation of stresses as 
a result of abrupt changes of stratum hypsometry 
[4]. The algorithms of the method are implemented 
in the medium of integrated mathematical package 
MATLAB 7.01, which has the predefined functions 
of two-dimensional interpolation. The techniques 
applied for this are the methods of nearest neighbor, 
cubic and linear. We would like to note here that well-
developed software programming language is suitable 
for the matrix data processing and EXCEL system 
spreadsheet is a convenient way of information 
exchange.

Since the well network is irregular, we first 
develop the two-dimensional interpolation with 25 m 
step on both X and Y coordinates, which stand for 
the values of depths ​​from the surface to the stratum 
top and stratum bottom. This results in the matrix of 
depth values ​​in the interpolation nodes. Leaving aside 
the issues of determining the physical and mechanical 
properties of different rocks, namely the elasticity 
modulus values, in each exploration well and the areas 
chosen for the stresses analysis (these are distances 
from the stratum top and the stratum bottom), let 
us concentrate our attention on the details how the 
calculations for surface curvature of the coal stratum 
are to be performed with the objective to calculate 
further the stresses at the interpolation points.

The calculations for the derivatives of the first 
and second order by formulae (5) and (6) are made 
with respect to the 5-point scheme (n = 4), at that 
the derivatives are calculated only for central point. 
The first five neighboring points xj (j = 0,1,2,3,4) are 
selected with the fixed coordinate value yi  (i = 1, .., 
N) while the derivatives at point (yi,x2) are calculated

by function values ​​at point (yi,x2). Then, the set of 5 
points is shifted with one interpolation step forward 
and the derivatives for another central point are 
calculated. With the help of this “shifting” method, we 
calculate the derivatives at all the points of a matrix 
row at the fixed coordinate yi. After that, coordinate 
yi+1 is fixed and the above described is repeated for 
the new values ​​of function z(x,y).

A similar procedure is performed for fixed values 
xj with the 5-point subsets yj (i=0,1,2,3,4). Thus, with 
the completion of the cyclic procedures, we obtain 
the calculated numerical curvature values at all 
points of interpolation kj,i, except the two outermost 
columns and two outer rows of the matrix created by 
interpolated values of  functional z(xj,yi).

Eventually, based on the data of exploration of 
wells irregular grid and physical and mechanical 
properties of the rocks in them, the calculations 
performed by the described method allow us to predict 
zones of tectonic curvature or stratum strains for the 
conditions of d6 strata of Karaganda basin mines 
and with strain stress calculations to determine the 
locations of possible discontinuity of tectonic faults.

Conclusions
On condition that the analytical formula is applied 

to calculate the curvature at any point of the surface 
and this curvature is defined by a discrete set of points, 
then there is no need to write an explicit expression 
of interpolation polynomials, which approximate 
the surface intersections by the planes parallel to 
reference axis. 

The derivatives of the first and second order in the 
formula of the curvature line at arbitrary points can be 
calculated by the numerical differentiation methods,   
based on the Lagrange’s interpolation formula for 
equidistant points by the function values at these 
points.

 The implementation of the described numerical 
method has proved its suitability for applicative 
calculations on the rupture stress of strain in coal 
strata under the influence of tectonic forces.

(9)
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Abstract 
This article is devoted to the research of suspension casting speed dependence on reduction value 
and gripping angle under conditions of cast-rolling of thin steel bars production. In order to 
determine the casting speed, we used foundry and rolling mill of improved design.  It enabled us to 
increase the rate of metal crystallization and to diminish metal loss. The operations were performed 
with suspension, made from particulate low carbon steel chips. In the research, the impact of the 
reduction value and gripping angle on the speed of steel casting in the process of casting-rolling 
was analyzed and the reasonable reduction ratio of 15% with the steel casting was found. The 
dependence of the suspension casting speed in the foundry and rolling mills on the exit thickness of 
bar and the gripping angle was defined. The dependency graphs allowing us to trace the change of 
steel casting speed with different gripping angles for thin bar manufacture by cast-rolling method 
were developed.  This dependence was defined as the exponential one. In order to determine the 
speed of steel casting under conditions of suspension casting, we expressed the dependency in the 
form of an equation. This permitted us to determine reasonable modes of thin bars manufacturing. 
Keywords: SUSPENDED STEEL CASTING, CAST-ROLLING, FOUNDRY AND ROLLING 
MILL, MOLD, CASTING SPEED, GRIPPING ANGLE, REDUCTION VALUE, THIN BAR, 
PRODUCTION PROCESS, LIQUID STEEL

mailto:victoria_4@rambler.ru
mailto:victoria_4@rambler.ru


67Metallurgical and Mining IndustryNo.11— 2016

Rolling
Introduction
The modern metallurgical industry places high re-

quirements for the performance of machines and pro-
duction units, for saving of materials and energy re-
source and for the quality of manufactured products. 
Meeting these requirements becomes possible thanks 
to the development of cast-rolling with roll-molds. 
Manufacturing of bar by continuous casting-rolling 
process enables us to increase productivity, to reduce 
energy consumption and to improve the quality of the 
product. Therefore, further improvement on the man-
ufacture processes of the cast-rolling and the choice 
of optimal modes are crucial tasks, which open up 
new opportunities in the steel industry.

Analysis of recent researches and publications
The unit of continuous direct casting of liquid 

steel into thin sheets is an important step forward in 
innovations in metallurgy. The main advantage of this 
process is the elimination of the hot rolling operations 
in the production scheme and the corresponding re-
duction in equipment, as well as decrease in labor and 
energy costs [1 – 6]. In the units of the direct casting 
of a thin sheet, the mold is composed of two rolls, 
which are arranged directly beneath the intermedi-
ate ladle and rotate in opposite directions. During 
the casting, liquid steel enters the space between the 
rolls and crystallizes in contact with the surface of the 
rolls. At that, the cooled solid layers are formed, they 
move together with the surface and exit from the rolls 
in the form of the sheet. The sheet thickness is deter-
mined by the distance between the rolls and the width 
is made by the side walls of the mold [1]. 

In cast-rolling, there are two combined processes 
employed: crystallization of the liquid steel and plas-
tic deformation carried out first for the crystallized 
part of the metal and then for the whole mass of metal 
[5]. Soft reduction takes place while crystallization [6].

Compared against the conventional rolling, we 
would like to note that in cast-rolling, molten me-             
tal serves as the initial product and the parameters of 
plastic deformation zones are formed as a result of a 
complex interaction of the material with the tool [7].

The most important parameter of the cast-rolling 
technology, which determines the quality of the bar 
and the roll performance, is the rotation speed of the 
roll-molds and the speed of steel casting.  According 
to the commonly established ideas[8,  9], there are 
three zones distinguished for the metal in the gap be-
tween the rolls in the casting-rolling process (Figure 1).

The process of cast-rolling with roll-mold involves 
a lot of complex interactions of physical phenomena 
such as fluid flow, heat exchange, solidification, air gap 
between the rolls for bar forming and mechanical de-

formation. A very important task is to evaluate the   
influence of these process parameters on the produc-
tion rate and quality of the final product.

Moreover,  if we discuss the production of 10 mm 
thick bar from low-melting metals with low resist-
ance to deformation, for example, aluminum [8], the 
deformation area length is 0.6-0.8 of the total three 
zones length due to the lowered casting speed. The 
reduction of the bar reaches 40-60% in the deforma-
tion zone. 

Furthermore, when casting steel bars, the roll-
molds are not able to provide greater reduction be-
cause of the insufficient strength and stiffness of the 
roll-molds. Therefore, the speed of steel bars casting 
is practically much higher than that of aluminum 
bars.  Increased speed of steel bars casting leads to 
the reduction of the relative length of the deformation 
zone down to 10%, and the reduction of bar in the 
deformation zone does not exceed 15%.

An important characteristic of the bar forming 
process in the roll-mold is position of solidification 
final point regarding to the plane of the rolls axis («S» 
point) [9].

Figure 1. Scheme of the gap between the rolls in cast-
rolling for the thin bars manufacturing: R – radius of roll-
molds

The research results were analyzed and evaluated 
with A.  Kasama’s research data and the co-authors 
[8], while those for the steel cast-rolling – with the 
data obtained by S. Berkovich [10] and for aluminum 
cast-rolling – with A.Y. Gridin’s results [11].  Utiliz-
ing the outcomes of the earlier researches [12], we 
accept that the degree of deformation able to provide 
a good quality of steel during its processing is to be 
not less than 15%.
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There is the suggestion to apply a new design of 

foundry and rolling stand with the objective to reduce 
metal consumption during casting [13]; in order to 
decrease the overheating of steel coming between the 
rolls, we can use the additional crystallization centers 
in the form of steel chips which are able increase the 
speed of liquid steel casting.

The purpose of the current work is to make the 
research on the steel casting speed increase in sus-
pended cast-rolling for thin bars manufacturing.  

To achieve the stated purpose, it is necessary to 
perform the following tasks:

- to analyze the impact of gripping angle and 
reduction value on the speed of steel casting in the 
foundry and rolling stands in order to select the opti-
mal mode of casting;

- to determine the dependence of suspension casting 
speed for the liquid steel on the  bar thickness  and 
its gripping angle; to develop the dependency graphs 
and to determine the formula for the casting speed 
calculation.

The Research Methods
Low-carbon constructional steel was used as the 

material for the research of the suspension casting 
speed of metal into roll-mold. The rolls had a ra- 
dius of 500 mm while the degree of deformation was 
equal to 15 %. The experimental production resulted 
in manufacture of bars with the width of 2 mm, 3 mm 
and 4 mm. The angle of gripping was equal to 10̊, 20̊ 
and 30̊. The rolls were with collars. [13]. For creating 
suspension, steel chips were used.

Based on the experiment, we carried out a re-
search analysis on dependence of predicted maximum 
speed of steel bar casting (4 mm/s) on the crystalliza-
tion-deformation angle α  for the rolls with radius of 
R = 500 mm. The research was made with varying 
bars thickness and deformation degrees. [6].

Research results of steel casting speed with sus-
pended cast-rolling

The research results of steel cast-rolling in thin 
bars production without the suspension are shown in 
Table 1.

Table 1. The research results of influence of the 
gripping angle on the casting speed without suspen-
sion use (original development by the article author).

.α, ̊ υ, m/min
h=2, mm h=3, mm h=4, mm

10 42 20 10
20 91 43 15
30 160 80 40

The table 1 marks: α – gripping angle; h – exit thick-

ness of a bar; υ – steel casting speed.
As the research results evidence, with the exit bar 

thickness increase, we observe the casting speed de-
crease, while with the gripping angle increase allows 
the casting speed increase. 

In accordance with technology [13], the use of 
suspended casting is provided where it is obvious that 
the crystallizing and cooling rate of the metal increas-
es up by 20 % with the use of suspension. Owing to 
this, we offer to increase steel casting speed into roll-
mold up by 20 %. The corresponding  research results 
are given in Table 2.

Table 2. The research results of the gripping angle 
influence on the casting speed with the use of suspen-
sion (original development by the article author).

.α, ̊ υ, m/min
h=2 mm h=3 mm h=4 mm

10 50.4 24 12
20 109.2 51.6 18
30 192 96 48

To follow up more precisely, the gripping angle 
influence on the steel casting speed in the foundry and 
rolling stand on condition of suspension use, we con-
sider it is necessary to build up dependency graphs 
(Figure 2).

Figure 2. The influence of the gripping angle on the 
casting speed when suspended cast-rolling of carbon steel 
(original development by the article author)

It is clear from the graph that with increasing the 
gripping angle it is possible to increase the steel cast-
ing speed under conditions of suspended cast-rolling. 
For the experiment reported in the current paper, the 
maximum steel casting speed was achieved with the 
exit bar thickness of 2 mm and the gripping angle of 
30 ̊.

The research results show that there is an exponen-
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tial dependency of steel casting speed on the gripping 
angle which is reflected in an equation below:

y = a�ekx , (original development by the article                     
author),

where a and k are coefficients, which depend on 
the following conditions of steel casting: the bar 
thickness, the gripping angle, е – exponent, е=2.718.

Thus, the above written can prove that the equa-
tion of dependency of steel casting speed on the grip-
ping angle under suspended cast-rolling is found.

Conclusions
The researches on the stated theme resulted in 

the analysis on the influence of the gripping angle 
and percentage reduction of product cross-sectional 
area on the steel casting speed in foundry and roll-
ing stand. This analysis has been performed with the 
aim of choosing the optimal casting modes, defined 
as those where the optimal reduction for a steel bar is 
15 % while the gripping angle is 10-30̊.

The dependency of liquid steel suspension casting 
speed on the exit bar thickness and the gripping angle 
is defined; this dependency is expressed in the graphi-
cal form. Moreover, it has been found out that there is 
an exponential dependency between the bar gripping 
angle and the steel casting speed. The dependency 
equation has been made, which allows us to define 
the steel casting speed provided by the conditions of 
suspended casting for thin bars production.
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Making substantiated decisions in all fields 
(spheres) of activity should be based on experience, 
knowledge and intuition of experts. This requires car-
rying out the expert evaluation i. e. a procedure for 
determining the specific problems (questions) on the 
basis of expert opinions for further decision making.

For this evaluation, the correct approaches to the 
selection of experts (qualified specialists of a par-
ticular area, who are engaged in research, consult-
ing, development of opinions, conclusions, scientific 
and technical expertise proposals on specific issues) 
should be applied. On the basis of practical experi-
ence, many researchers have attempted to develop 
methods for the selection of experts. However, in 
practice, to select experts who have the necessary 
qualities is difficult [1-3].

Methods of expert selection are based on two main 
approaches: subjective and objective. However, current 
methods can not completely solve the problem of a 
certain selection of experts, so the method of their se-
lection should be based on a combination of different                                                                                              
approaches (techniques). In any case, the level of experts 

competence is one of the main selection criteria.
Using analytic hierarchy process (AHP) [4-6], the 

several variants of expert competence evaluation can 
be implemented: the competence of any expert in any 
sphere (industry); the dynamics of improving com-
petence of experts for many years for every single 
specialist.

Tasks for determining the competence of the ex-
pert with AHP are carried out in three hierarchical 
levels (Fig. 1). The first (top) level of the hierarchy 
appropriates for the purpose of evaluation, i.e. to 
determine the experts competence; the second level 
contains the criteria to determine the experts compe-
tence; the third (lower) level includes experts (expert 
group), for which it is necessary to define or compare 
the competence.

In general, the list of criteria (components) must 
be such as to display more complete the level of ex-
perts competence. Each criterion of experts compe-
tence can be estimated by using data on education, 
work experience in a particular field (sphere), specific 
position and other available information.

as well the most competent experts using special software have been identified.
Key words: expert competence, evaluation, measuring, method of analytic 
hierarchy

Figure 1. Structure of the simplest model of AHP implementation for evaluating the competence of the experts

In evaluating of the competence of experts, all the 
components that are compared and grouped as the 
criteria for an appropriate comparison should be tak-
en into account. Each of the criteria is assessed by 
individual and pairwise comparison according to cer-
tain criteria and includes all the following steps using 
AHP. 

Fig. 2 shows the competence of experts evalua-
tion algorithm and Table 1 shows the formulas for 
calculating the numerical values of the components 
required to identify the most competent expert.

The numerical values aij ( , 1, 2, ...,i j N= ) of 
therelative importance, components are determined di 

rectly for each performing of the expert competence 
comparative analysis. In this case, the analysis of the 
expert available data, which describe their level for 
the individual components and determine the number 
of any dimension, is carried out. 

The implementation of AHP provides specific 
criteria for expert evaluation and their components, 
which are shown in Table 2. Also the matrix values of 
pairwise comparisons determined for specific indexes 
A with normalized eigenvectors Ki (priority vector) 
for the selected criteria (Table 3), and the weighting
coefficients for selected evaluation criteria (Table 4) 
are presented.
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Figure 2. The algorithm for assessment of the expert competence for AHP
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where: 0
, ...,

i
i nB B  – components of the nor-

malized eigenvectors of the local priorities 
are determined by the  ratio(6)

Table 1. Formulas for calculating the numerical values of the components
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For the proposed criteria of competence expert 

evaluation, the most eigenvalues of the matrix of pair-

Evaluation criterion Criterion component 
K1i – education and scientific level 
in the field of metrology

K11 – undergraduate higher education (Bachelor) 
K12 – higher education (Specialist / Master); K13 – postgraduate 
(specialization); K14 – postgraduate study; K15 – doctoral studies 

K2i – total work experience K21 – less than 5 years; K22 – from 5 to 10 years; K23 – from 
10 to 15 years; K24 – from 15 to 20 years; K25 – from 20 to 25 
years; K26 – from 25 to 30 years; K27 – from  30 to  40 years; K28 
– more than 40 years

K3i – work experience in the field of 
metrology

K31 – less than  1 year; K32 – from 1 to 3 years; K33 – from  3 to 
5 years; K34 – from 5 to 8 years; K35 – from 8 to 10 years; K36 – 
from 10 to 15 years; K37 – from 15 to  20 years; K38 – more than 
20 years 

K4i – work experience as an expert 
in the field of metrology

K41 – less than 1year; K42 – from 1 to 2 years; K43 – from 2 to 
4 years; K44 – from 4 to 6 years; K45 – from 6 to 8 years; K46 – 
from 8 to 10 years; K47 – more than 10 years 

K5i – work at position K51 – engineer; K52 – leading engineer; K53 – research associate; 
K54 – head (deputy head) of the sector as part of the department; 
K55 – head (deputy head) of department of the institute; K56 
–head (deputy head) of the institute as part of the enterprise 
or organization; K57 – head (deputy head) of the enterprise, 
organization 

wise comparison of criteria A  determined by ratios 
(1) and (5) are maxλ = 5.35.

Table 2. Specific criteria for the evaluation of the expert competence and their components

К1 К2 К3 К4 К5 Ai

К1 1 0.333 0.2 0.143 2 0.068
К2 2 1 0.333 0.333 0,5 0.106
К3 5 3 1 0.333 3 0.260
К4 7 3 3 1 5 0.478
К5 0.5 2 0.333 0.2 1 0.088

Table 3. Values of the matrix of pairwise comparisons for the selected criteria

i W1i W2i W3i W4i W5i

1 2 1 2 3 1
2 5 3 3 4 3
3 6 4 4 5 5
4 7 5 5 6 6
5 9 6 6 7 7
6 – 7 7 8 8
7 – 8 8 9 9

Table 4. The weighting coefficients for the selected criteria for evaluation
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Checking the coherence of the input data used 

to construct the matrix A obtained by the coherence            
index cI  = 0.088 and ratio (3), and coherence ratio 

dC  = 0.079 defined by the expression (4) have shown 
that the coherence ratio meets the requirements of in-
equality  ( 0.1dC ≤ ). The coherence of criteria es-
tablished for the evaluation of experts is shown.

In order to assess the competence of the experts, 
it should be determined the specific input data for the 
calculation of the matrix elements kB  using the state-
ment (6) for the pairwise comparison of experts’ com-
petence for each of these criteria. In addition to deter-
mining the normalized eigenvectors for each pairwise 
comparison matrix kB  using the statements (7) and 
checking the consistency of local priorities included 
in the matrix of pairwise comparisons kB  using the 
statements  (8)–(10) for k

dC , k
cI  and max

kλ . 
A figure determined in accordance with the scale 

of the Saaty relative importance[4]  should be existed 
in matrices elements kB  for pairwise comparisons of 
experts for each k-th criterion. For the transition from 
the current quantitative criteria values evaluation for 
these numbers, we use a special procedure, which ba-
sic steps are shown below. 

For each (k-th) criterion the possible range of va- 
riation was evaluated and the maximum value of this 
range was attributed to the number 9 from the Saaty 
scale, and number 1 to the minimum. For these crite-
ria, the real current values of each expert compared 
were obtained.

Quantitative characteristics of experts obtained 
for the k-th criterion are ranked in the ascending                        
order. The result is a sequence of real numbers, which 
is used in subsequent calculations. The obtained num-
bers sequences in full scale are associated with num-
bers in sequence of Saaty scale.

Calculating the ratio of the generalized k-th crite-
rion value in Saaty scale for the first expert to other 
specialists is carried out using specialized mathema- 
tical software. This relation is used as the first line mat-

rix elements of pairwise comparisons kB  for k-th 
analyzed criterion.

The same action is performed for the second, third, 
..., the M-th expert and the elements of the second, 
third, ..., M-th line of the matrix of pairwise compar-
isons kB  are obtained. All these operations are per-
formed for each of the k criteria and all the necessary 
data for analysis of pairwise comparison matrix kB  
are obtained.

When estimating the total priorities pG  are deter-
mined by using the statement (11) for each of the M 
compared experts.  Global priorities for each expert 
( 1, 2, ...,n M= ) rank and identify the most com-
petent specialist – an expert who has received the 
maximum value pG  or the most competent group of 
experts with the highest values pG  for a particular 
expert evaluation. As one of the options to determine 
the group of experts the Pareto method can be ap-
plied. It is based on the results of analysis of global 
priorities pG  of the experts.

AHP is used as a useful tool for comparative eval-
uation of experts’ competence on the basis of data on 
the above criteria for various industries (sectors), as-
sociated or related sectors (industries), as well as to 
determine the dynamics of the competence increasing 
for years for each expert individually.

For a comparative analysis of metrological sup-
port of the organizations engaged in measuring of 
electrical power, the group expert evaluation (ques-
tionnaire) according to the specially designed criteria 
was conducted. In this reviewing 26 experts working 
in the field of metrology participated. Quantitative 
characteristics of the competence of these specialists 
were evaluated using special software “Competence 
AHP 1.0” (“Kompetentnost MAI 1.0”).

The results of the experts’ competence evaluation 
with using the software are shown in Table 5 (the 
least competent experts are indicated by shading). 
Software window with the evaluation of the final re-
sults is shown in Fig. 3.

Expert 01 02 03 04 05 06 07 08 09 10

Global priority 0.013 0.015 0.047 0.013 0.009 0.048 0.053 0.024 0.046 0.055

Place 24–25 22–23 13 24–25 26 11–12 5–6 18–20 14 2
Expert 11 12 13 14 15 16 17 18 19 20
Global priority 0.052 0.054 0.053 0.042 0.038 0.024 0.052 0.051 0.048 0.015
Place 7–8 3–4 5–6 15 17 18–20 7–8 9 11–12 22–23
Expert 21 22 23 24 25 26 Total

Table 5. Results of experts competence evaluation 
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Global priority 0.054 0.040 0.024 0.059 0.020 0.049 Unsatisfactory (amount /%)
Place 3–4 16 18–20 1 21 10 10/38

Figure 3. Software Window “Competence AHP 1.0” with the final results of the evaluation

For the obtaining evaluation results from the total 
number of experts 28% of experts have been rejected 
(ten specialists: 05, 01, 04, 20, 02, 25, 08, 16, 23 and 15).
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The scope and application of a measurements 

are dependent on the context and discipline. In the 
natural sciences and engineering, measurements are 
not applied to nominal properties of objects. Measu-               
rement is a cornerstone of science, technology, trade, 
and quantitative research in many disciplines. Measure-
ment of electrical quantities may be done to measure 
electrical parameters of a system. Applied measure-
ments are required every day in industrial practice.

Electrical impedance is the measure of the oppo-
sition that a circuit presents to current when voltage 
is applied. The measurement of the impedance of de-
vices and transmission lines is a practical problem in 
technology and other fields. A capacitor has purely 
reactive impedance, which is inversely proportional 
to the signal frequency. A capacitor consists of two 
conductors separated by an insulator, also known as 
dielectric.

Measurements of such electrical quantity as ca-
pacity are used at the high-fidelity measurement of 
change of geometrical sizes of wares from a metal 
to the coefficient of specific temperature expansion 
of substance (capacity dilatometer), high temperature 
measuring of level of liquid metal in stoves, express 
controls of quality of the inflicted coverages from a 
metal and thickness of metal-roll, properties of inter-
metalloids and alloys, level of cooling and lubricating 
liquid in a flatting mill and others like that.

The increase of requirements to quality of even-
tual products of metallurgy envisages the increase of 
requirements to exactness of measuring instruments 
that, in turn, envisages the presence of national stan- 
dard base of certain physical quantities, and also row 
of measures from providing of the metrological tra- 
ceability measurements from international standards 
to every measuring instruments.

Metrological assurance (MA) of capacitance measu-              
rements should be considered in two approaches:con-

ventional approach (verification and calibration of 
measuring instruments with the definition of the 
metrological characteristics) [1] and non-conven-
tional approach (group expert evaluation of state of 
MA). The group expert evaluation (GEE) is widely 
used in various fields [2-10]. They are intended to 
resolve problematic issues concerning certain acti-                                                                                            
vities to find solutions (or ways of solving them). In 
this case, it is expedient to consider the opinions of 
qualified experts with special skills or knowledge in 
particular field [5, 8-10]. Considering the practical 
competence, each expert is involved for GEE taking 
into account their objective professional data allows 
increasing the reliability and accuracy of such GEEs.
MA is the establishment and application of metro- 
logical rules and regulations and also the develop-
ment, production and application of technical means 
needed to achieve the necessary unity and accuracy 
of certain measurements [1]. Authentic knowledge 
of the real status of MA of certain physical quanti-
ty measurements is very important. GEE involves                    
experts on metrology, i.e. highly qualified metrology 
specialists can be one of the useful means of solution 
of noted issue.

The main aim of GEE in metrological activity is 
to assess the quality of a metrological work and spe-
cialists on metrology. This aim is implemented by the 
method of GEE, the essence of which is to set out 
a quality level on the basis of common criteria for    
quality evaluation and expert questionnaires (pre-
pared for the particular measurements).

1. National standard base of electrical capaci-
tance measurements

National Standard of the unit of capacitance and 
loss factor (Figure 1) is the most precision measure-
ment standard of the unit of capacitance in Ukraine 
(DETU 08-06-01), which is kept in State Enterprise 
“Ukrmetrteststandard” (Kyiv).

Figure 1. General view of National Standard of the units of capacitance and loss factor
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Transfer of the unit of capacitance is performed 

by the State verification scheme in accordance with 
national standard GOST 4064. Each year from 40 to 
70 working standards (measures of capacitance and 
loss factor, RLC-meters) are verified and calibrated 
by using National Standard DETU 08-06-01.

The evaluation of state of MA of capacitance on 
national level is of extreme importance. An impor-
tant issue for calibration of measuring instruments 
of capacitance is provision metrological traceability 
to National Standard DETU 08-06-01. Ukraine has 
internationally recognized calibration and measure-
ment capabilities (CMC) for calibration of measuring 
instruments of capacitance. This CMC on measure-
ment of capacitance were obtained by positive results 
of international comparisons of National Standard 
DETU 08-06-01 in project of Euro-Asian regional 
metrology organizations (COOMET.EM-S13).

2. Main results of expert competence evaluation
In [11], there suggested methodology of evaluation 

of expert competence taking into account descriptions 

of data uncertainties that belong to the sphere of com-
parative evaluation of level of expert competence in 
various fields of activities. For implementation of 
suggested methodology, corresponding criteria are 
set for the numerical score of expert competence of 
certain field.

Within the framework of realization of GEE of the 
metrological assurance of capacitance measurements 
on the specially worked out criteria, the evaluation 
of competence was also conducted for 14 attracted 
experts on issues of metrology. Quantitative descrip-
tions of competence of these experts were appraised 
by means of universal (Microsoft Excel 2010) and 
special (Competence ND 1.1) statistical software. 
All evaluations were done on the same criteria: К1 –                                  
education; К2 – total work experience; К3 – experi-
ence in field of metrology; К4 – experience of expert 
work in field of metrology; К5 – work status.

Windows of the marked special software with fi-
nal evaluation results are shown in Figure 2 (Compe-
tence ND 1.1).

Figure 2. Appraised expert competence with the use of the software Competence ND 1.1

On the basis of all present results, it is possible to 
talk about a rejection on the whole 3 experts (declined 
even by one of the program). Percent of the declined 
experts on evaluation results folds these programs: 
29 % (4 experts out of 14 for software Microsoft                                                                                       
Excel 2010) and 21 % (3 experts out of 14 for software

Expert 01 02 03 04 05 06 07
Relative average value 0.72 0.67 1.00 0.92 0.74 0.90 0.90
Expert 08 09 10 11 12 13 14
Relative average value 0.87 0.97 1.00 0.90 1.00 0.97 0.77

Competence ND 1.1). In general, it is possible to 
establish the high consistency of evaluation results.

The values of the obtained evaluation results of 
expert competence in the rationed average values (in 
a range from 0 – minimum to 1 – maximal) for all 14 
experts are presented in Table 1.

Table 1. Competence coefficients for all experts
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These coefficients were obtained by using the 

methodology described in [11]. Also experts were 
asked to make their own assessment of their compe-
tence during conducting mentioned questionnaire.

In framework of the carried out questionnaire, 
questioning took place also in relation to work expe-
rience in the field of metrology. Mostly there was the 
answer (mode) – 5 years (5 experts, 36 %), following 
by the amount of the answers – 3, 7 and 10 years (2 
experts, 14 %), and all the rest – 22 % (3 experts), 
and less than (Figure 3, reference value is 6.71 and 
mode is 5.00). The results obtained allowed specify-
ing some quantitative evaluation on the criterion of 
“К4 – experience of expert in field of metrology”.

3. Main results of group expert evaluation
Group expert evaluation (GEE) of MA conducted

by the methodology described in [11]. For GEE                
involved a group of 14 experts in field of metrology 
whose competence was previously estimated (Table 1).

Evaluation was carried out for 6 problematic 
questions of MA: personnel involved in metrology 
works (X1); conditions of implementation of me-
trology works (X2); normative and methodical do-                        
cuments (X3); standard base and adjuvant equipment 
(X4); procedures and documents for implementation 
of metrology works (X5); metrological traceability 
(X6), which contain 38 sub-questions total, taking 
into account the established grade evaluations. It was 
calculated by using universal (Microsoft Excel 2010) 
and special (Competence ND 1.1) statistical software 
taking into account the competence of experts.

                                                      a)                                                                                b)

Figure 3. Results of exper’s level estimation
(a – years for each expert estimation; b – number of experts by years)

Statistical data of a group of 14 experts in 
the field of metrology is shown in Figure 4. Special 
software (Expertise CE 1.0) and universal software

(Microsoft Excel 2010) were used to process the 
obtained data.

Figure 4. Statistical data of group of 14 experts in the field of metrology
(horizontal – expert number; vertical – sub-question number)
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The view of these software windows is shown in 

Figures 5 (Expertise CE 1.0) with evaluated results 
for sub-questions. Reference values of expert evalua-

tions (evaluated average grade is 5.55) are shown as 
dashed lines in Figure 5 as well.

Figure 5. Evaluated average grades by using special software (Expertise CE 1.0) taking into account the competence of experts

Also analysis of these results showed that in all 
cases 12 sub-questions (32 %) were priority for fur-
ther detailed analysis in order to take necessary deci-
sions. But 26 sub-questions (68 %) did not have pri-
ority or matter at all for their further analysis.

By the results of analysis of resulting evaluation of 
the importance of questions there was built chart for 
average grades of expert evaluations with and with-
out taking into account the competence of experts by

using universal (Microsoft Excel 2010) and special 
(Competence ND 1.1) statistical software (Figure 6).

Overall analysis of these results showed that the 
least important questions for consideration are the fol-
lowing: Х2 (average grade with/without taking into 
account the competence of experts are 7.71/6.79); 
X4 (7.20/6.32); X5 (6.65/5.84); X1 (6.32/5.58); X3 
(6.18/5.45). However, the most important question is 
X6 (4.06/3.57).

                                                         a)                                                             b) 

Figure 6. The chart for average grades of expert evaluations by using special software (Expertise CE 1.0)

(а – without taking into account the competence of experts; b – with taking into account the competence of experts)
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The total evaluation results of the importance of 

questions are shown in the Table 2.
The results obtained show small variation of ave- 

rage grades of expert evaluation for questions (X1–X6) 

Ques
tion

Without taking into account the competence of 
experts

With taking into account the competence of 
experts

Average value Reference 
value

Degree of 
deviation Average value Reference 

value
Degree of 
deviation

X2 7.71

6.30

1.41 6.79

5.55

1.25
X4 7.20 0.89 6.32 0.77
X5 6.65 0.35 5.84 0.29
X1 6.32 0.02 5.58 0.04
X3 6.18 -0.12 5.45 -0.10
X6 4.06 -2.24 3.57 -1.97

that testifies to its quite good consistency. Considering 
competence coefficient of experts did not influence 
the result of evaluation on problematic questions that 
were discussed.

Table 2. The total evaluation results of the importance of questions

4. Priority problematic questions for improve-
ment of the metrological assurance of capacitance 
measurements

Only the problematic question of MA (X6) is              
attributed for further more detailed researching by the 
results of GEE on problematic questions of MA of 
capacitance.

The following sub-questions are attributed for fur-
ther more detailed researching by the results of GEE 
(in order of importance):

- calibration of working standards (Х6_2);
- correlation between the number of verified and 

calibrated measuring instruments by the enterprise 
(Х6_3);

- status of evaluation uncertainty during calibra-
tion of measuring instruments (Х6_5);

- the use of calibration methodologies of measuring 
instruments (Х6_4);

- estimation of suitability of software for the auto-
mated collection and processing of the obtained data 
at the verification (calibration) of measuring instru-
ments (Х6_6);

- number of experts who conduct or participate in 
testing (Х1_2);

- availability on the enterprise of the movable la- 
boratories manned by working standards, measuring 
instruments and equipment (Х4_8);

- used methodologies of verification of measuring 
instruments (Х3_2);

- total amount of specialists that work in metrolo-
gy (Х1_1);

- use of verification protocol forms (Х5_3);
- availability of methodologies that require deve- 

lopment or review (Х3_5);

- authority or accreditation of enterprise on imple-
mentation of metrology activities (Х5_1).

The other problematic questions of MA are re-
ferred to the ones that have no primary importance.

Conclusion
The increase of requirements to quality of even-

tual products of metallurgy envisages the increase of 
requirements to exactness of measuring instruments. 
The capacitance measurement is a practical prob-
lem in metallurgical and mining industry. The group              
expert evaluation with evaluated expert competence 
for establishment of the real state of metrological                        
assurance for specific measurements is very useful 
tool in different fields of industry. Special and univer-
sal software can be used for mathematical processing 
of obtained expert data.

The status of metrological assurance for capa- 
citance measurements by the results of group expert 
evaluation can be stated generally. Some problematic 
questions should be established which need take into 
account calibration of working standards; correlation 
between the number of verified and calibrated meas-
uring instruments by the enterprise; status of eva- 
luation uncertainty during calibration of measuring 
instruments; the use of calibration methodology of 
measuring instruments.
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Measurement of inductance is widely used in metallurgical industry, therefore requirements to 
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expert evaluation of the real state of inductance measurements group of experts with established 
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In science and industry, measurements are one of 

the main means for extraction of measurement infor-
mation. The science of measurement is pursued in the 
field of metrology. The measurement of a property 
may be categorized by the following criteria: type, 
magnitude, unit, and uncertainty. The magnitude is 
the numerical value of the characterization usually 
obtained with a suitably chosen measuring instru-
ment. Accurate measurement is essential in many 
fields therefore a great deal of effort must be taken to 
make measurements as accurate as possible.

Measurement of such electric quantities is used 
as inductance at determination of specific fate of me- 
tal in ore, conductivity of liquid metals, corn-floors 
of Foucault, high temperature measuring, express 
control of quality of weld-fabricated wire, products 
of powder-like metallurgy, inflicted coverages from 
a metal, properties of intermetalloids and alloys and 
others like that.

Electrometallurgy is industry of metallurgy, which 
embraces the processes of receipt, affinage and treat-
ment of metals and alloys from ores and concentrates 
by means of electric energy. The electric measure-
ments are widely used in this industry, in particular 
measurements of the impedance. In the technological 
processes of receipt of metals from ores, the changes 
of chemical composition, structure, aggregate state 
and properties of metallic alloys, are widely used for 
control methods, including, and noncontact, that is 
based on measurements of electrical quantities.

The increase of requirements to quality of even-
tual products of metallurgy envisages the increase of 
requirements to exactness of measuring instruments 
that, in turn, envisages the presence of national stand-
ard base of certain physical quantities, and also row 
of measures from providing of the metrological tra- 
ceability measurements from international standards 
to every measuring instrument.

Metrological assurance of inductance measure-
ments should be considered in two approaches: tra-
ditional approach (verification and calibration of 
equipment with the determination of the metrologi-
cal characteristics) [1] and not traditional approach 
(group expert evaluation of state of inductance meas-
urements). The expert evaluation is widely used in 
the various spheres of activity with the aim of receipt 
of decisions in relation to overcoming of certain 
problem on the basis of opinion of skilled experts that 
have the special skills or knowledge in the concrete 
sphere of activity [2-10].

Methodology of evaluation of expert competence 
in group taking into account the data uncertainty is 
expedient to apply as useful instrument for the com-
parative estimation of expert competence on the basis 
of their objective data on the set criteria for the diffe- 
rent fields of activity. This allows us to carry out more 
reasonable selection of the most competent experts 
for forming of group from the evaluation of certain 
problem questions in certain fields of activity and to 
decline experts, and objective data that does not con-
firm the certain level of set criteria.

The main aim of expert evaluation in metrological 
activity is to assess the quality of a metrological work 
and specialists on metrology. This aim is implemented 
by the method of expert evaluation, the essence of 
which is to set out a quality level on the basis of the 
common criteria for quality evaluation and expert 
questionnaires (prepared for the particular measure-
ments).

1. Measurement standards base of inductance 
measurements

National Standard of the unit of capacitance and 
loss factor (Figure 1) is the most precision measure-
ment standard of the unit of inductance (DETU 08-
09-09), which is kept in State Enterprise “Ukrmetr- 
teststandard” (Kyiv).

Figure 1. General view of National Standard of the units of inductance and tangent of loss
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Transfer of the unit of inductance is going by the 

State verification scheme in accordance with national 
standard GOST 7161. Each year from 20 to 50 work-
ing standards (measures of inductance and tangent 
of loss, RLC-meters) are verified and calibrated by               
using National Standard DETU 08-09-09.

The evaluation of real conditions of the state of 
inductance measurements on national level is of ex-
treme importance. An important issue for calibration 
of measuring instruments of inductance is of provi-
sion metrological traceability to National Standard 
DETU 08-09-09. Ukraine has internationally recog-
nized calibration and measurement capabilities for 
calibration of measuring instruments of inductance. 
Those capabilities on inductance measurement were 
obtained by positive results of international compari-
sons of National Standard DETU 08-09-09 in project 
of European regional metrology organizations [11].

2. Results of expert’s competence evaluation
In [12], the offered methodology of evaluation of 

expert competence is taking into account descriptions 
of data uncertainties that belong to the sphere of com-

parative evaluation of level of expert competence in 
various fields of activities. For implementation of the 
suggested methodology corresponding criteria are set 
for the numerical score of expert competence of cer-
tain field.

Within the framework of implementation of GTT 
of the metrological assurance of inductance meas-
urements on the specially worked out criteria, the 
evaluation of competence was also conducted for 14 
attracted experts on questions of metrology. Quan-
titative descriptions of competence of these experts 
were appraised by means of universal (Microsoft                         
Excel 2010) and special (Competence ND 1.1) statis-
tical software. All evaluations were done on the same 
criteria: К1 – education; К2 – total work experience;                                 
К3 – experience in field of metrology; К4 – experi-
ence of expert work in field of metrology; К5 – work 
status.

Windows of the marked special software with fi-
nal evaluation results are shown in Figure 2 (Compe-
tence ND 1.1).

Figure 2. Appraised expert competence with the use of the software Competence ND 1.1

On the basis of all present results it is possible 
to talk about a rejection on the whole 4 experts 
(declined even by one of the program). Percent 
of the declined experts on evaluation results folds 
these programs: 29 % (4 experts out of 14 for 
software Microsoft Excel 2010 and Competence

Expert 01 02 03 04 05 06 07
Relative average value 0.72 0.67 0.67 0.92 0.69 0.85 0.90
Expert 08 09 10 11 12 13 14
Relative average value 0.87 0.97 1.00 0.56 1.00 0.54 0.77

ND 1.1). On the whole it is possible to estab-
lish the high consistency of evaluation results.

The values of the got evaluation results of ex-
pert’s competence in the rationed average values 
(in a range from 0 – minimum to 1 – maximal) 
for all 14 experts are shown in the Table 1.

Table 1. Competence coefficients for all experts
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9 experts from 14 involving experts in field of me-

trology (64 %) have overestimated their competence 
according to the results as compared with the specific 
objective estimates and including 4 the least com-
petent experts (100 %). 5 experts from 14 involving                                                                                         
experts in field of metrology (36 %) have underesti-
mated their competence according to the results as com-

pared with the specific objective estimates and inclu- 
ding 4 the most competent experts (57 %). Lighter 
column on a diagram shows the data uncertainty for 
a concrete expert.

Also experts were asked to make their own assess-
ment of their competence during conducting men-
tioned questionnaire (Figure 3).

Figure 3. Self-assessment of expert competence

3. Results of expert evaluation
The expert evaluation of the state of inductance 

measurement was conducted by the methodology 
described in [12]. For expert evaluation involved a 
group of 14 experts in field of metrology whose com-
petence was previously estimated (Table 1).

Evaluation was conducted for 6 problematic ques-
tions of the state of inductance measurement: person-
nel involved in metrology works (X1); conditions of 
implementation of metrology works (X2); normative 
and methodical documents (X3); standard base and 
adjuvant equipment (X4); procedures and documents 
for implementation of metrology works (X5); metro-

logical traceability (X6), which contain total 38 sub- 
questions taking into account the established grade 
evaluations. It was calculated by using universal (Mi-
crosoft Excel 2010) and special (Competence ND 
1.1) statistical software taking into account the com-
petence of experts.

These software windows are shown in Figures 4 
(Expertise CE 1.0) with evaluated average grades. 
Reference values of expert evaluations (evaluated 
average grade without/with taking into account the 
competence of experts are 5.99/4.80) are shown as 
dashed lines in Figure 4 (a, b).

a)



Metallurgical and Mining Industry88 No.11 — 2016

Standardization

Also analysis of the results (Figures 4) showed 
that in all cases 12 sub-questions (32 %) were pri-
ority for further detailed analysis in order to take the 
necessary decisions. But 26 sub-questions (68 %) did 
not have priority or not matter at all for their further 
analysis.

By the results of analysis of the resulting evalua-  
tion of the importance of questions, chart for ave-  
rage grades of expert evaluations for with and without                                                                                       
taking into account the competence of experts was built

b)

Figure 4. Evaluated average grades by using special software (Expertise CE 1.0)
without (a) and with (b) taking into account the competence of experts

by using universal (Microsoft Excel 2010) and special 
(Competence ND 1.1) statistical software (Figure 6).

Overall analysis of these results has shown that the 
least important questions for consideration are: Х2 
(average grade without/with taking into account the 
competence of experts are 7.27/5.91); X4 (7.04/5.66); 
X1 (6.15/4.90); X5 (6.14/4.93). Without and with tak-
ing into account the competence of experts, questions 
X1 and X5 switch places. But the most important 
questions are: X6 (3.96/3.14) and X3 (5.70/4.65).

                                            a)                                                                                 b)

Figure 6. The chart for average grades of expert evaluations by using special software (Microsoft Excel 2010)
(а – without taking into account the competence of experts; b – with taking into account the competence of experts)

By the results of analysis, degrees of deviation of 
the evaluated average grades from the reference value

with/without taking into account the competence of 
experts were also evaluated for questions (X1–X6) by
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using special software (Expertise CE 1.0) (Figure 7). 
The least important questions for consideration are: 
Х2 (degrees of deviation without/with taking into 
account the competence of experts are 1.28/1.09); X4 
(1.06/0.85) and X5 (0.15/0.11). The most important 
questions are: X6 (-2.02/-1.67), X3 (-0.27/-0.16) and 
X1 (-0.001/-0.05).

The results obtained show small variation of 
average grades of expert evaluation for questions 
(X1–X6) that testifies to its quite good consistency. 
Considering competence coefficient of experts did 
not influence the result of evaluation on problematic 
questions that were discussed.

Figure 7. Degrees of deviation of evaluated average grades from the reference value with/without taking into account 
the competence of experts by using special software (Expertise CE 1.0)

4. Problematic questions for improvement of 
the state of inductance measurements

Only the problematic question of the state (X6) is 
attributed for further more detailed researching by the 
results of expert evaluation on problematic questions 
of the state of inductance measurements.

The following sub-questions are attributed for fur-
ther more detailed researching by the results of expert 
evaluation (in order of importance):

- calibration of working standards (Х6_2);
- correlation between the number of verified and 

calibrated measuring instruments by the enterprise 
(Х6_3);

- the use of calibration methodologies of measur-
ing instruments (Х6_4);

- status of evaluation uncertainty during calibra-
tion of measuring instruments (Х6_5);

- total amount of specialists that work in metrolo-
gy (Х1_1);

- number of experts who conduct or participate in 
testing (Х1_2);

- used methodologies of verification of measuring 
instruments (Х3_2);

- estimation of suitability of software for the auto-
mated collection and processing of the obtained data

at the verification (calibration) of measuring instru-
ments (Х6_6);

- availability on the enterprise of the movable lab-
oratories manned by working standards, measuring 
instruments and equipment (Х4_8);

- use of verification protocol forms (Х5_3);
- availability methodologies that require develop-

ment or review (Х3_5);
- authority or accreditation of enterprise on imple-

mentation of metrology activities (Х5_1).
The other problematic questions of the state of in-

ductance measurements are referred to the ones that 
have no primary importance.

Conclusion
Inductance measurement is widely used in metal-

lurgical industry, therefore requirements to measure-
ment and data accuracy is very important. The expert 
evaluation by the use of group of experts with estab-
lished competence of the real state of specific measure-
ments, for example inductance measurements, can be 
established. Special software (for example, Expertise 
CE 1.0) and universal software (for example, Micro-
soft Excel 2010) can be used for mathematical pro-
cessing of obtained expert data.

The real state of inductance measurements by the
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results of the expert evaluation can be stated gene- 
rally. However, it should be noted that there are 
some problematic questions regarding calibration of 
working standards; correlation between the number 
of verified and calibrated measuring instruments by 
the enterprise; the use of calibration methodologies 
of measuring instruments.

Standardization
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Abstract
Zero energy buildings (ZEB) are regarded as an integrated solution of problems of energy saving, 
environmental protection, and CO2 emission reduction in the building section. ZEB could be even 
possible with electricity production if enough renewable energy could be used. Moreover, various 
building-service systems with renewable energy sources have been widely considered for potential 
applications in ZEB. All of these new features extend the technical boundary of the conventional 
energy-efficient buildings, attach a more profound implication to the sustainable development of 
building technology, and therefore pose a challenge to evaluation works on ZEB performance.
The paper presents a review of ZEB definitions. It outlines discrepancies between different 
definitions and issues to be solved in order to develop a consistent and robust ZEB definition, which 
can facilitate the development of the energy calculation procedure. 
The approaches concerning the units applied in ZEB definitions, the period of time over which 
the building calculation is performed, types of energy used, types of energy balances as well as 
renewable supply options are considered.
Key words: ZERO ENERGY BUILDING, NET ZERO ENERGY BUILDING, DELIVERED 
ENERGY, EXPORTED ENERGY, ENERGY BALANCE

Introduction
Commercial and residential buildings consume 

about one-third of world’s energy. Owing to the                
energy crisis, increased emissions of wastes and the 
depletion of fossil fuels, research and development in 
building technologies and integrated processes have 
attained greater and renewed interest among stake-
holders worldwide.

 In order to reduce the dependence of the buildings 
on the primary energy, a number of studies on ener-
gy-saving technologies have been carried out world-
wide. On the other hand, renewable energy utiliza-
tion was regarded as reasonable solutions to global 
warming, air pollution, and energy security. Through 
integrating the technologies of energy-efficient and 
renewable energy utilization in building, zero energy 
buildings (ZEB), which are an innovative concept for 
high-performance building, are suggested. Zero energy

building (ZEB) is a building with considerably re-
duced annual energy consumption by saving as much 
energy as possible via better heat insulation, solar 
shading, natural energy and high-efficiency equip-
ment as well as creating energy (e.g., with photovol-
taic (PV) power generation), while maintaining com-
fortable environments.

A zero energy building (ZEB) produces enough 
renewable energy to meet its own annual energy con-
sumption requirements. There are a number of long-
term advantages of moving toward ZEB, including 
lower environmental impacts, lower operating and 
maintenance costs, better resiliency to power outages 
and natural disasters, and improved energy security. 

Reducing building energy consumption in new 
building construction or renovation can be accom-
plished through various means, including integrated 
design, energy efficiency retrofits, reduced plug loads

mailto:ekyznec@yandex.ua
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and energy conservation programs. Reduced energy 
consumption makes it simpler and less expensive to 
meet the building energy requirements with renewa-
ble sources of energy. 

Private commercial property owners are interested 
in developing ZEB to meet their corporate goals, and 
some have already constructed buildings designed to 
be zero energy. 

However, nowadays definitions of ZEB differ 
from region to region and from organization to orga- 
nization leading to confusion and uncertainty around 
the term. 

The paper provides an overview of the different 
approaches to ZEB definitions with the emphasis on 
their similarities and peculiarities as well as considers 
the problems to be discussed further.

The zero energy/emission building is a complex 
concept, thus the development of one ZEB defini-
tion applicable for all case is not a simple task. There 
are many approaches to the ZEB definition and each 
of them spotlights different aspects of ZEB. Those                 
issues have served to create a list of the main topics, 
which should be considered, when developing a new 
ZEB definition.

Review of literature on ZEB definitions
The study of the approaches concerning ZEB defi-

nitions shows that they differ on the applied unit for 
energy balance, period of the balance, type of energy 
use, type of balance, renewable energy supply op-
tions, connection with the energy infrastructure.

First and probably the most important is the issue 
of unit of balance between consumed and generated 
energy from renewables by the building.

The applied units for the “zero” balance can be 
the final or delivered energy, primary energy, CO2 equiva-
lent emissions, the cost of energy or some other para-   
meters. 

In [1], four types of metrics are considered: site 
energy (delivered or final energy), source energy (pri-
mary energy), energy costs and energy emissions. 

According to [1], pluses and minuses of each met-
rics are as follows.

The use of site energy as metric has such advan-
tages:

- Easy to implement; 
- Verifiable through on-site measurements; 
- Conservative approach to obtaining ZEB;
- No externalities affect performance, can track 

success over time; 
- Easy for the building community to understand 

and communicate; 
- Encourages energy-efficient building designs. 
The shortcomings of the use of the site energy as metric:

- Requires more PV export to offset natural gas;
- Does not consider all utility costs (can have a 

low load factor); 
- Not able to equate fuel types; 
- Does not account for nonenergy differences be-

tween fuel types (supply availability, pollution). 
The use of source energy as metric has such pluses 

as:
- Able to equate energy value of fuel types used 

at the site; 
- Better model for impact on national energy sys-

tem; 
- Easier to reach ZEB. 
Minuses of the use of the source energy as metric:
- Does not account for nonenergy differences be-

tween fuel types (supply availability, pollution); 
- Source calculations are too broad (do not account 

for regional or daily variations in electricity genera-
tion rates); 

- Source energy use accounting and fuel switching 
can have a larger impact than efficiency technologies;

- Does not consider all energy costs (can have a 
low load factor). 

As an additional issue to be considered is the need 
to develop site-to-source conversion factors, which 
require significant amounts of information to define. 

When energy is consumed on-site, the conversion 
to source energy must account for the energy con-
sumed in the extraction, processing and transport of 
primary fuels such as coal, oil and natural gas; ener-
gy losses in thermal combustion in power generation 
plants; and energy losses in transmission and distribu-
tion to the building site. Source energy is calculated 
from delivered energy and exported energy for each 
energy type using source energy conversion factors. 

Cost ZEB may be characterized as having such ad-
vantages:

- Easy to implement and measure; 
- Market forces result in a good balance between 

fuel types; 
- Allows for demand-responsive control; 
- Verifiable from utility bills. 
But, at the same time, such shortcomings are                

inherent to the cost ZEB:
- May not reflect impact to national grid for                      

demand, as extra PV generation can be more valuable 
for reducing demand with on-site storage than exporting 
to the grid; 

- Requires net-metering agreements such that exported 
electricity can offset energy and nonenergy charges; 

- Highly volatile energy rates make for difficult 
tracking over time. 

As additional issues to be considered are: 



Metallurgical and Mining Industry94 No.11 — 2016

Thermal technology
- Offsetting monthly service and infrastructure 

charges require going beyond ZEB;
- Net metering is not well established, often with 

capacity limits and at buyback rates lower than retail 
rates. 

Advantages of emissions ZEB:
- Better model for green power; 
- Accounts for nonenergy differences between fuel 

types (pollution, greenhouse gases); 
- Easier to reach ZEB. 
At the same time, the emissions ZEB need appro-

priate emission factors. 
Mertz, et al. [2] address the issue of net-zero CO2 

buildings and distinguish two approaches towards the 
ZEB: a net-zero energy building or a net-zero CO2 
(CO2 neutral) building. They are the result of resource 
limitation and environmental impact, respectively. 
Mertz, et al. [2] describe the net-zero energy home as 
“… a home, that over the course of year, generates 
the same amount of energy as it consumes”. Further-
more, “In a CO2 neutral home, no CO2 is added to 
the atmosphere due to the operation of the building”. 

The primary energy is obviously the most fa-
voured metric of the ZEB balance. This is in line with 
the latest EPBD recast [4] and common practice in 
many energy calculation methodologies.

The grid connected ZEB definitions from the                   
existing literature are inconsistent in the type of ba-
lance that should be used. The most favoured is the 
balance between the energy needs or consumption 
and the renewable energy generation [1, 5, 6, 7]. Howe-

For the first time Mertz, et al. [2] has mentioned a 
possibility for a building to be a part of the CO2 cre- 
dits exchange market. Moreover, in the definition for 
net zero CO2 building authors indicate, that net-zero                                                                                            
energy building is at the same time a CO2 neutral 
home; however, CO2 neutral home does not necessa- 
rily have to be a net-zero energy home.

Other possible metrics are exergy and some oth-
ers. So, Kilkis [3] states that the metric of the bal-
ance in ZEB definition should address both the quan-
tity as well as the quality of energy, if the complete building 
impact on the environment must be assessed. He                                                                                      
explains that: “(…) although ZEB definition seems 
logical, it falls short recognize the importance of                                   
exergy in assessing the complete impact of buildings 
on the environment”. Therefore, the author proposes 
a new definition for the ZEB concept, in particular a 
Net-Zero Exergy Building and defines it as “a build-
ing, which has a total annual sum of zero exergy trans-
fer across the building-district boundary in a district 
energy system, during all electric and any other trans-
fer that is taking place in a certain period of time”.

Figure 1. The net zero balance of a Net ZEB [9]

ver, in the papers of Lausten [8] and Mertz et. el. [2] 
the energy balance reflects the status of energy flows 
between the building and energy infrastructure, i.e. 
the overall energy delivered to the building from the 
utility grid has to be offset by the overall energy feed 
to the grid. Torcellini et al. [9] represent the net zero 
balance of a net ZEB (grid connected ZEB) graphical-
ly (Fig. 1), plotting the import (delivered energy) on 
the x-axis and the export (feed-in energy) on the y-axis. 
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The starting point may represent the performance of 
a new building built according to the minimum re-
quirements of the building code or the performance 
of an existing building prior to renovation work. The 
general pathway for obtaining a Net ZEB consists of 
two steps: firstly, reduction in energy demand (x-axis) 
by means of energy efficiency measures; secondly, 
generation of electricity, or other energy carriers, by 
means of energy supply options to get enough credits 
(y-axis) to achieve the balance.

However, the study shows that the most accepted 
energy balance takes place between the energy use of 
building and the renewable energy generation.

The period of time over which the building cal-
culation is performed can vary very much.  In the 
existing literature on the issues considering  ZEB 
definitions, the annual balance is the most favoured 
period of the balance [2, 10]. However, Hernandez 
and Kenny [11] states that the full life cycle of the 
building could be more appropriate period of time 
for the energy balance. Alternatively, a seasonal or 
monthly balance could also be considered.

The next important question is: what type of en-
ergy use should be included in the balance. Should it 
be only the energy required for operating the build-
ing i.e. building related (heating, cooling, ventilation, 
lighting, pumps and fans, other technical service sys-
tems) or user related (domestic hot water, cooking, 
appliances, lighting) or should also the embodied 
energy in the building construction and used techni-
cal equipment as well as in the construction and dem-
olition of the building be accounted in the balance? 
This issue does not have an unambiguous answer and 
the opinions are divided as the countries practices are 
very different.

Based on the literature review, the most common 
approach is to include only the operating energy in the

balance, and at this moment the embodied energy is 
not considered as the input for the balance. Howev-
er, Hernandes and Kenny [11] suggest that the ener-
gy balance should not only be focused on the energy 
used by building in the operation phase, but as well 
include the energy embodied with building construc-
tion and systems. However, it should be noted that 
in the prevailing publications the type of energy use 
included in the balance is not specified [1, 4, 5, 6, 8].
The renewable energy sources (RES) can either be 
available on the site e.g. sun, wind or need to be trans-
ported to the site e.g. biomass. Therefore, there are 
two renewable energy supply options: on-site supply 
and off-site supply respectively. Thus, our attention 
is turned to the question: how and where the renewa-
ble energy is produced. Some of the proposed metho- 
dologies even do not address the issue of various sup-
ply options. The opinions are divided, one claim that 
only building footprint and site should be used, others 
accept the possibility of buying carbon credits in the 
carbon market in order to offset the energy use of a 
building. Even, the recent recast of the Directive on 
Energy Performance of Buildings [4] gives unclear 
answer to the above questions by stating: “(…) en-
ergy should be covered to a very significant extent 
by energy from renewable sources produced on-site 
or nearby.’ Taking Torcellini’s definition, the EPBD 
term “nearby” logically belongs to “off-site”.

According to Torcellini, et al. [1] there are two op-
tions: on-site supply or off-site supply. Within the on-
site supply authors distinguish building footprint and 
building site. Within the off-site supply, the building 
either uses RES available off-site to produce energy 
on-site, or purchase off-site RES. Tocellini, et al. [1] 
suggest ranking of preferred application of renewable 
energy sources (Table 1).

Table 1. ZEB Renewable Energy Supply Options [1]

Option 
number

ZEB supply-side options Examples

0 Reduction of site energy use through 
low-energy building technologies

Daylighting, high-efficiency HVAC equipment, natural 
ventilation, evaporative cooling, etc.

On-site supply options
1 Use of renewable energy sources 

available within the building footprint
PV, solar hot water, and wind located on the building

2 Use of renewable energy sources 
available at the site

PV, solar hot water, low-impact hydro, and wind located 
on-site, but not on the building

Off-site supply options
3 Use of renewable energy sources 

available off site to generate energy on 
site

Biomass, wood pellets, ethanol or biodiesel that can be 
imported from off site, or waste streams from on-site 
processes to generate electricity and heat

4 Purchase of off-site renewable energy 
sources

Utility-based wind, PV, emissions credits, or other ‘green’ 
purchasing options. Hydroelectric is sometimes considered
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Moreover, Torcellini, et al. [1] indicate: “Rooftop 

PV and solar water heating are the most applicable 
supply-side technologies for widespread application 
of ZEBs. Other supply-side technologies such as 
parking lot-based wind or PV systems may be availa-

ble for limited applications.” 
Marszal et. al. [12] attempt to represent graphical-

ly the possible renewable energy supply options sug-
gested in different energy calculation methodologies 
(Fig. 2).

Figure 2. Overview of possible renewable supply options [12]

Next issue that requires clear answer is: if the 
ZEB definition should include specific requirements 
in terms of energy efficiency. In the review of existing 
ZEB approaches a very similar path to achieve ZEB 
can be noticed. Firstly, the reduction of energy de-
mand using energy efficient technologies is applied, 
and afterwards the renewable energy sources to sup-
ply the remaining energy demand are utilized. The 
above strategy is the most logical approach to reach 
ZEB. Nevertheless, Laustsen, [8] points out that: “In 
principle ZEB can be a traditional building, which 
is supplied with very large solar collector and solar 
photo voltage systems. If these systems deliver more 
energy over a year than the use in the building it is a 
zero net energy building.” In order to avoid and elim-
inate this ‘low-quality’ ZEB a fixed value of maxi-
mum allowed energy use could be a good solution.

Moreover Torcellini, et al. [1] state: “A good ZEB 
definition should first encourage energy efficiency, 
and then use renewable energy sources available on 
site. A building that buys all its energy from a wind 
farm or other central location has little incentive to

reduce building loads, which is why we refer to this as 
an off-site ZEB.” 

Sartori at. al. [13] states that a Net ZEB defini-
tion may set mandatory minimum requirements on 
energy efficiency. Such requirements may be either 
prescriptive or performance requirements, or a com-
bination of the two. Prescriptive requirements apply 
to properties of envelope components and of ventila-
tion systems, while performance requirements apply 
to energy needs (e.g. for heating, cooling, lighting) or 
total (weighted) primary energy demand. 

The paper [14] provides an overview of prescrip-
tive and performance based energy efficiency require-
ments adopted in existing national or commercial cer-
tification systems. 

Mandatory requirements on energy efficiency may 
be determined on the basis of cost-optimality consid-
erations as in the plans of the Energy Performance 
of Buildings Directive [4]; such methodology is still 
under development [15]. Alternatively, mandatory                                                                                     
efficiency targets could simply require a demand re-
duction (e.g. 50%) compared to a reference building of
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the same category (e.g. detached house, office, school). 
In absence of explicit requirements on energy effi-
ciency it is left to the designers to find the cost-op-
timal balance between energy efficiency measures 
and supply options, eventually considering embodied           
energy too, if in the balance boundary. 

However, the analysis of a large number of already 
existing ZEB underlines the priority of energy effi-
ciency as the path to success.

In the ZEB definitions, the topic of indoor envi-
ronment quality is almost fully neglected, though it is 
an important issue. On the one hand, it would be very 
beneficial from general point of view, that all ZEB 
would use the same values. It would be much easier 
to evaluate and compare ZEB from different location 
worldwide. On the other hand, giving so detailed cri-
teria in the ZEB definition could significantly limit 
its usefulness in many cases. As different values can 
be used depending on building type, country, applied 
standard and local climate conditions. A good solu-
tion could be guidance or suggestion which standards 
or values should be used.

Monitoring procedure of ZEBs is an issue to be 
considered as well. Torcellini at.al. [9] address the 
issue about monitoring procedure: “The meters dis-
placed should allow to measure the effective balance, 
the temporal match indices and preferably also the 
actual separate loads, e.g. heating, cooling, plug 
loads etc. The monitoring procedure should also 
check the comfort to avoid that a Net ZEB is mistaken 
for a not consuming building due to a low fulfillment 
of comfort requirements.” 

Thus, as for the definition of ZEB, until now there 
is no consensus on a common expression, which can 
be satisfied by all participators in this research field. 
However, through research works, ideas exchange, 
and discussion during recent years, a common view 
is emerging that a widely-accepted definition of ZEB 
should be a definition framework which contains dif-
ferent elements, such as: boundary, metrics, criteria 
etc. Inside this common framework, various partici-
pators can choose elements in different levels to form 
a specific definition, based on individual considera-
tions on cost, local climate, environmental protection 
demand, or the feasibility of on-site renewable energy 
source. In this way, the definition frame, which con-
tains different levels of ZEB for different scenarios, 
can be helpful to put forward roadmap or guideline 
for countries, regions, associations or design groups 
based on their specific demands.

Through the definitional framework, a basis for 
legislations and action plans to promote ZEB deve- 
lopment effectively can also be created.

Conclusions
While the concept of ZEB is understood, an in-

ternationally agreed definition is still lacking. From 
the information presented, it may be seen that a lot of 
discrepancies exist between the different approaches 
to ZEB definition.

The zero energy building is a complex concept 
thus the development of one ZEB definition applica-
ble for all cases is not a simple task. There are many 
approaches to ZEB definition, and each of them spot-
lights different aspects of ZEB. Those issues have 
served to create a list of the main topics, which should 
be considered, when developing a consistent and ro-
bust ZEB definition.

The known approaches concerning the units              
applied in ZEB definitions, the period of time over 
which the building calculation is performed, type of 
energy use, type of balance as well as renewable sup-
ply options have been analyzed.

A lot of issues need to be discussed further. Among 
them are the issues connected with the determination 
of mandatory minimum requirements on buildings 
energy efficiency and what type of energy use should 
be included in the balance. In the ZEB definitions, 
the topic of indoor environment quality is almost ful-
ly neglected, though it is an important issue. These 
issues do not have an unambiguous answer and the 
opinions are divided. 

A commonly accepted definition and corresponding 
methods of measurement for ZEB would have a sig-
nificant impact on the development of design strate-
gies for the buildings and spur greater market uptake 
of such projects.
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Abstract
Research porosity thermal insulation of refractory materials is the important task of power 
engineering, because the thermal conductivity of porous materials depends on the shape and 
especially location of pore.
Analytical review of existing technologies shows that research in this area is focused on the study of 
a process separately and generalized theories are not sufficient to clear analysis and model building 
process heat mass transfer of alumina porous material.
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Introduction
The thermal insulating products are among the 

most efficient materials for protecting elements of 
various purposes. Low density, fire resistance, low 
thermal conductivity and at the same time sufficiently 
high structural strength allow considering the porous 
ceramic material as one of the most promising mate-
rials for construction [1,2]. 

It is possible to determine three groups of tech-
nologies covering all known methods for obtaining 
porous structures. In the first group of technologies, 
the porous structure is created by using artificial or 
natural pore-forming materials and low-melting clays

via volumetric method or contact concreting – ce-
ramic pores; the second method is the pore forming 
of slip mass with different ways of foam-forming, 
dry mineralizing of foam, aeration, low-temperature 
gas forming; the third method is high-temperature 
pore-forming of light-alloy raw materials.

Let us consider the third method of structure for-
mation occurring during the hydration of raw mate- 
rial composition [3 - 6].

Carrying out the practical research into raw mass, 
we added the chamotte clay or pure structural clay, 
the composition of which is shown in the Table1.
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Table 1. The chemical composition of fire-clay

Clay
The content of oxides, %

SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O SO3
Lost on 
ignition

Structural clay 44.59-
54.14

27.13-
35.85

1.48-
2.47

1.14-
1.97

0.38-
0.81

0.23-
0.42

0.21-
0.60

0.25-
0.45

1.34-
3.62

11.48-
13.86

chamotte clay 46.80 36.80 1.58 - 0.20 0.76 0.34 0.18 - 13.6

The research objective is to determine the optimal 
ratio of additives` masses in accordance with energy 
consumption to implement the thermal bloating pro-
cess, strength of the obtained material, porosity and 
thermal conductivity. 

Obviously, thermal conductivity and energy con-
sumption should be minimal.

The research was performed by the use of diffe- 
rential thermal analysis (DTA) of the thermal bloating

process for the raw mixture.
Trails are performed at a constant rise of tempera-

ture with recording the temperature difference on the 
chart paper as a function of temperature. The result 
is a curve DTA (Fig. 1-4). At processing the exper-
iment’s results, the horizontal axis should be graded 
by temperature. According to the position of peak of 
the endothermic process, the temperature interval of 
phase transitions can be found.

Figure1. DTA of raw material mixture with a content of 75 
mass fractions of clay No 1 (Table1)

Figure 2. DTA of raw material mixture with a content of 
75 mass fractions of clay No 2 (Table 1)

Figure 3. DTA of raw material mixture with a content of 
160 mass fractions of clay No 1 (Table 1)

Figure 4. DTA of raw material mixture with a content of 
160 mass fractions of clay No 2 (Table 1)

There is no significant difference in thermal evi-
dence of phase transformations of clays of samples 
No 1 and No 2 in the charts. However, at increasing 
the alumina content, the exotherm of moisture remo- 
val has a higher minimum, which is a consequence of 

higher water saturation of the raw material mixture. 
On DTA curves the low-temperature endothermic 

peak of 146 оC is recorded, which is due to the remo- 
val of adsorbed water; the presence of water is caused 
by high specific surface area of particles that is direct-
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ly dependent on disorder of mixture.

Changes, which took place during the heating, 
showed three endothermic effects: 146, 500, and 720 
(average temperature intervals in Fig. 1-4). A large 
endothermic effect due to the removal of absorbed 
water is observed at 146 оС, and the step observed on 
the curve at 300 °C indicates removal of interpacket 
water. The second effect (450-550 оС) corresponds to 
the removal of the constitutional water (bound into 
the form of OH). The endothermic effect at 720 оС 
explains the removal of OH-ions. As it can be seen 
from the data chart, the optimum temperature range 
for dehydration of the mixture is within 146-720 оС. 
It should be defined the connection of temperature 
intervals with the structure of bloated material, and, 
consequently, with the useful application properties 
(strength, conductivity, heat resistance, water absorp-
tion). For this, changing the composition of the ini-
tial mixture, the measurements were repeated under 
method presented above.

 In the obtained DTA curves for all experimental 
samples in the investigated temperature intervals, a 
number of phenomena associated with thermal effects 
are observed: 1) up to 100 °C — evaporation of chem-
ically unbound water; 2) 100...170°C — a sudden loss 
of mass and strongly expressed endothermic effect that 
is related to the partial dehydration of gel and phases of 
different composition; 3) 450...550 °C — endothermic 
effect that corresponds to the decomposition of port-
landite with water vapor emission 4) 700...900 °C — 
a minor loss of mass and weak endothermic effect, 
which is related to the decomposition of carbonate 
minerals (calcite, dolomite), and late-stage dehydra-
tion of gel and hydro aluminates. 

Studies of the pore structure
The morphology and porosity of the samples were 

determined by optical methods. According to this 
method, the macroscopic parameters of porosity in-
side metric interval with a lower bound of 10 mµ and 
upper bound of 5 mm are determined. The specified 
interval characterizes the strength parameters of the 
substance and parameters of heat and mass transfer. 

To analyze the structure a polished thin section 
of bloated material was made and preliminary ana- 
lysis was carried out at the installation consisting of 
a projection optical system, television camera and 
computer with the interface. The general view of thin 
section in visible light in gray with 256 shades of gray 
was recorded at 10-times increase. Visualization of 
pores was carried out by methods of shadow contrast, 
which is based on applying a system of lighting the 
surface of a sample, which consists of lights directed 
at small angles to the surface. When using the method 
of luminous contrasting the luminophore layer was 
applied on the surface of the thin section. Thickness 
of luminophore was preliminary rated by the method 
of water sedimentation with reveal of luminophore 
particles of submicron size. Excess luminophore is 
removed from the surface by blowing, after what a 
specialized film is applied on the surface to remo-                 
ve the remaining luminophore particles. The sample’s 
surface was controlled via a binocular microscope. 
In the plane of granules and inter-granules planes 
the pores with a minimum size of 150 mµ were re-                                                                              
corded. The object marker lay-out defined by the con-
tours of particles of the fired granules was built. The 
resulting scene is analyzed with determining the size                       
(Fig. 5-10).

Figure 5. The parameters of total porosity of the samples No 1 and No 2 (75 mass fractions) bloated at temperature of 
160 °C (the first endothermic minimum)

                       The interval factor of form                                             The distribution of pores by size
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Figure 6. The parameters of total porosity of the samples No 1 and No 2 (75 mass fractions) bloated at temperature of 
300 °C (the first endothermic minimum)

                       The interval factor of form                                             The distribution of pores by size

                       The interval factor of form                                             The distribution of pores by size

Figure 7. The parameters of total porosity of the samples No 1 and No 2 (75 mass fractions) bloated at temperature of 
700 °C (the first endothermic minimum)

                       The interval factor of form                                             The distribution of pores by size

Figure 8. The parameters of total porosity of the samples No 1 and No 2 (160 mass fractions) bloated at temperature of 
160 °C (the first endothermic minimum)
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                       The interval factor of form                                             The distribution of pores by size

Figure 9. The parameters of total porosity of the samples No 1 and No 2 (160 mass fractions) bloated at temperature of 
300 °C (the first endothermic minimum)

                       The interval factor of form                                             The distribution of pores by size

Figure 10. The parameters of total porosity of the samples No 1 and No 2 (160 mass fractions) bloated at temperature 
of 700 °C (the first endothermic minimum)

In figures 5-10, the porosity parameters of samples 
No 1 and No 2 for the mixture with different content 
of 75 and 160 mass fractions are shown. The charac-
teristic feature of the obtained data is that graphs for 
different types of clay are almost the same. Signifi-
cant differences are in reading for different temper-
ature minimums. So, for the first endothermic min-
imum, we obtained the bloated material with small 
and almost spherical pores [7-9]. Most of them had a 
minimum size. The bloating of the raw material mix-
ture in the second endothermic minimum provides a 
mixed porosity (spherical cellular and channel). The 
material becomes less solid. When there is bloating in 
the conditions of the third endothermic minimum the 
channel porosity is mainly formed. This material has 
the lowest strength. The reducing in thermal conduc-
tivity with increasing temperature of bloating should 
be expected.

Conclusions
The solution of task of creating new porous ther-

mal insulation materials and technologies of their pro-
duction is inextricably related to scientific research 
in energy transferring of porous structure during the 
stages of bloating, hardening and drying under the 
condition of providing the lowest thermal conductiv-
ity and density. 

The indicated material properties are determined 
by a rate of their porosity, the ratio of micro and mac-
ro porosities, properties of interporous material that 
form a kind of supporting structure, which in its turn 
is determined by the production technology, type of 
raw materials and conditions of their preparation. All 
mentioned above impose the special requirements to 
the formation of material structure to ensure its rela-
tively high strength and durability.

With the help of differential thermal analysis, the
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modes of heat treatment have been studied; the ratio- 
nal parameters of thermal bloating has been defined 
that allows to implement the process with minimal 
energy consumption with predicted thermal proper-
ties of obtained materials.
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Abstract
Marine gas hydrates are considered the most probable alternative fuel in many countries. Their 
exploration actively engages specialists from France, Germany, the USA, Canada and Japan                  
[1-9]. The Japanese plan to start commercial production of methane from the “Ice fuel” around 
their islands in the basin Nyanhay in 2016. However, effective technology acquisition, storage and 
transport of methane gas hydrates is still in the development stage [10-15]
Key words: heat and mass transfer, mathematical model, thermal conditivity, 
heat insulation

Introduction
There are a number of technological processes 

which are based on the use of gas-vapor bubbles, sur-
face cleaning, cavitation, homogenization fuel mix-
ing colloidal solutions, water degassing, distillation 
of petroleum products, foaming in the food industry 
and in the manufacture of thermal insulation mate-
rials, transportation of natural gas as a hydrate and 
many others. Typically the formation and existence 
of gas-vapor bubbles are accompanied by intense 
heat and mass transfer processes at phase interface. 
The small size surfaces and significant speed of these 
processes led to the widespread use of mathematical 
modeling for their research. Mathematical models can

determine the most influential factors and optimize 
technological processes. For an exact description of 
the various hydrodynamic, heat exchange and mass 
transfer processes, a mathematical model must take 
into account the heat transfer in the fluid that sur-
rounds the gas-vapor bubble. 

Overview of recent sources of research and 
publications

For consideration of heat exchange processes on 
the boundary of separation medium mathematical 
model of gas-vapor bubbles should contain equations 
describing the heat transfer of fluid in the environ-
ment. In [1] the temperature of the liquid is described 
by an exponential function, which is independent of the

mailto:am.pavlenko@i.ua
mailto:annready@yandex.ua


Metallurgical and Mining Industry106 No.11 — 2016

Thermal technology
time direction of the wall of bubbles.  Some authors 
take the temperature of the liquid constant [2, 3], and 
thermodynamic processes in gas-vapor environment 
of bubbles of adiabatic. However, these assumptions 
are possible only to a very limited group of tasks. In 
works [4, 5] the analytical solution of the problem 
of unsteady heat conduction in the layer of fluid that 
surrounds oscillating bubbles. For obtaining solu-
tions, the author suggested the following simplifying 
assumptions: finite liquid layer in which there heat 
exchange processes are of parabolic nature of the 
temperature distribution in the thickness of this lay-
er. Due to these assumptions, in the resulting solution 
of this problem, the heat transfer is not dependent on 
thermal and physical characteristics of the fluid. In 
work [6] process of heat transfer in the liquid is not 
considered, and its temperature is determined only on 
the basis of the combined boundary conditions. Some 
authors [7] consider heat transfer in such a thin layer 
of fluid that the curvature of the surface of the bubble 
can not be ignored.

Selection of not solved earlier parts of the gen-
eral problem

To improve the accuracy of mathematical models 
of gas-vapor, bubbles must be considered in the pro-
cess of heat transfer fluid surrounding the gas-vapor 
bubble. The feature of this problem is the movement 
of the walls of bubbles, the rate of which, in certain 
moments of time can be up to several hundred meters 

per second. Temperature mode of gas inside the bub-
bles also varies widely. Consequently, the thermo-
physical characteristics of fluid on the boundary of 
the bubble can also significantly vary.

Problem statement
The aim of this work is to create a digital math-

ematical model of heat transfer in the fluid around 
the vapor bubbles, which change its size. The liquid 
should have variable thermophysical characteristics.

Basic material and results
For the development of mathematical models of 

heat transfer fluid, the following simplifying assump-
tions are used:

- gas-vapor bubble has a spherical shape;
- at the surface of bubbles boundary conditions of 

the second kind are considered.
To determine the temperature on the inner sur-

face of the bubbles, the process of heat transfer flu-
id should be considered. It is done by heat conduc-
tion and convection. For calculation of heat transfer 
by heat conduction, Fourier heat equation is usually 
used. In order to take account of convection, effective 
coefficient of thermal conductivity can be used.
Let us denote «x» coordinate, at which the radius of 
bubbles changes. To determine the unknown tempe- 
rature on the surface, bubbles can apply nonlinear 
heat equation Fourier bullet considering the mobility 
of its walls [1]
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where -x  the rate of change of the radius bub-
bles, m/s; -λr  effective coefficient of thermal con-
ductivity of fluid, W/(m°С); -rc  heat capacity of 
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As a result of heat exchange processes in the bor-
der of bubbles liquid may change its thermophysical 
characteristics, so the problem will be solved as non-
linear.

Considering the fact that near the bubbles surface, 
specific heat flux (q) is known, let us write the boun- 
dary condition of the second kind

qRx
x
T

r ==
∂
∂

- ),( τλ (3)

In order to describe the thermal conductivity in the

liquid around the bubbles, let us divide layer of 
liquid that surrounds bubble to a number of concen-
tric shells. Let us define mass distribution of each 
shell

)1()2( 2 rrr mKm =

)1()( -= irrir mKm

where -)(rm 1  mass of shell of the 1st (inner) 
layer; -)(irm  mass of each one of the next shell; Kr – 
coefficient of proportionality. This coefficient is used
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to optimize its calculations and its typical values are 
within 1.5÷2. It is chosen so as to achieve maximum 
speed values for a given accuracy.

Let us determine the temperature on the inner sur-
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face of the first (inner) shell. Then, in the inner shell, 
which has a boundary condition differential equation 
will be of the form

(4)

For ease of calculation, let us denote
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Now the differential equation that determines the 
temperature on the surface of the inner layer of bub-

bles is of the form
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In the absence of mass transfer processes mass of 1st layer remains intact, because
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For all next shells, the following equation can be written
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In this task, let us replace the temperature of the 
conditioned layers by difference between the mean 

temperature of the layer and its edges (borders).
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The coefficients K1, K2, K3, K4 are determined by 

the following formulas:
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Medium-radius of i-th shell is given by
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Since the mass of the first shell is not divided in 
half, for the 2nd shell radius, mass is determined by 
the following formula
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The differential equations (6) and (9) were solved 
by the method of Runge-Kutta 4th order. In order to 
assess the adequacy of the developed mathematical 
model a computer program was written and a series 
of mathematical experiments were performed. 

Output data
The duration of estimated time interval is 100 ns 

(nanoseconds). Time step - 0,001 ns, specific heat 
flux - 10 MWt/m2. The initial diameter of the bubbles 
- 0.1 mm, initial temperature of the water - +5 °С. 10 
layers were calculated, coefficient - Kr= 1.5. Thermal 
conductivity, density and heat capacity of water were 
held constant at temperature +5°С.

Figures 1 and 2 show the results of calculation 
of cooling wall bubbles under constant specific heat 
flow conditions for increasing its radius at speeds 

100=R  m/s. In Fig. 3 and 4, the speed was 50 m/s. 
Obtained results show that during the compression of 
bubbles changing temperature conditions are changed 
just closest to the interfacial boundary of layers of flu-
id. “Depth” heat wave penetration is about 0.1 of the 
initial radius of bubbles. When expanding bubbles, 
temperature conditions surrounding the layer at a dis-
tance of more than 3 values of the initial radius of the 
bubble are changed. When reducing the size of bub-
bles, the total heat flow decreases, resulting in slower 
heat exchange processes (Figure 3). 

(19)

Figure.1. Diagram of temperature fields in the water that surrounds bubble (phase transition in water is not considered). 
The calculation results for 100=R  m/s
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Figure 2. The diagram of radius changes in the calculation of layers at 100=R  m/s

Figure 3. The diagram of temperature fields in the water that surrounds bubble (phase transition in water is not 
considered). The calculation results for             -50 m/s100=R

Figure 4. The diagram of radius changes in the calculation of layers at         -50 m/s100=R

Conclusions
The mathematical model for calculating heat 

transfer in the fluid that surrounds the oscillating gas-
steam bubble was developed. The model takes into 
account the changing thermal and physical characteris-

tics of the liquid, changing the size of bubbles, heat 
exchange processes at its border. Computer program 
for the calculation of this mathematical model was 
created. Distribution of temperature fields in the liquid 
during the transition was obtained. The proposed cal-
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culation method can be used to determine the thermal 
and physical characteristics of fluid and vapor in a 
variety of technological processes related to boiling 
fluid cavitation and the formation of gas hydrates.
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