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GAS TURBINE UPGRADE WITH HEAT REGENERATOR - NUMERICAL ANALYSIS
OF ADVANTAGES AND DISADVANTAGES
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Abstract: The paper presents analysis of industrial gas turbine and its upgrade with heat regenerator. Based on a gas turbine operational
data from a thermal power plant (base process) it was investigated advantages and disadvantages of heat regenerator implementation in the
gas turbine process. Regenerator efficiencies were varied between 75% and 95%. Heat regenerator causes decrease of gas turbine fuel
consumption up to 0.621 kg/s with a simultaneous increase in gas turbine process efficiency up to 10.52%. The main disadvantages of heat
regenerator implementation are decrease in turbine cumulative and useful power along with decrease in the cumulative amount of heat
released from the process.
KEYWORDS: GAS TURBINE, HEAT REGENERATOR, POWER, FUEL CONSUMPTION, EFFICIENCY

1. Introduction
Gas turbines are today widely used for power (and heat)
production as stand-alone devices [1] and [2], or in combined [3]
and cogeneration plants [4].
Scientists are intensively investigating improvements of such
systems in which the gas turbine is essential operation element. The
most used improvement of such power plants is integration of solar
systems. As an example, Ameri and Mohammadzadeh [5]
investigated a novel solar integrated combined cycle power plant,
while Dabwan and Mokheimer [6] analyzed optimal integration of
linear Fresnel reﬂector with gas turbine cogeneration power plant.
An interesting investigation of combined cycle power plants
presents Kang et al. [7] which provide energy analysis of a particle
suspension solar combined cycle power plant. Energy, exergy and
economic (3E) analysis of integrated solar direct steam generation
combined cycle power plant presented Adibhatla and Kaushik [8].
In this paper is investigated operation of gas turbine when the
heat regenerator is implemented in its process. Heat regeneration
process brings several advantages and disadvantages in the gas
turbine process. The most important advantages are reduction of
fuel consumption and significant increase in gas turbine process
efficiency. This analysis and its results can be applied on any standalone gas turbine in power plants or in marine systems.

2. Base gas turbine process
Gas turbine base process operates according to the schema from
Fig. 1. Turbo-compressor compresses air from the atmosphere and
delivers it to combustion chambers. In the combustion chambers are
produced combustion gases (heat addition by fuel combustion) and
at the combustion chamber outlet maximum process temperature
occurs. Combustion gases prepared at the combustion chamber
outlet enters to the gas turbine and expanded. After expansion,
combustion gases are released from the gas turbine process to the
atmosphere (or can be used for any heating purposes due to a high
enough temperature). Temperature-specific entropy diagram of the
base gas turbine process is presented in Fig. 2.

Fig. 2. T-s diagram of the base gas turbine process

3. Equations for the gas turbine base process analysis
All the equations for base gas turbine process analysis can be
found in [9] and [10]. For each operating point of any gas turbine
process (consequentially for the base gas turbine process) specific
enthalpy of operating medium is calculated as:
h = cp ⋅ T

(1)

where cp is the speciﬁc heat capacity of operating medium at
constant pressure and T is current operating medium temperature.
Speciﬁc heat capacity at constant pressure (cp) is a function of
current temperature and is calculated by using polynomials
presented in [11] for air, according to Eq. 2 and for combustion
gases (cg), according to Eq. 3:
cp,air (T ) = 1.0484 − 0.0003837 ⋅ T +
+

9.45378 2 5.49031 3 7.92981 4
⋅T −
⋅T +
⋅T
10 7
1010
1014

0.010749
⋅T +
10 2
0.0172103 2 0.07247 3
+
⋅T −
⋅T
10 5
10 9

(2)

cp,cg (T ) = 0.936087 +

(3)

In both polynomials (Eq. 2 and Eq. 3) temperature T must be
inserted in (K) to obtain cp in (kJ/kg·K).
According to Fig. 1 and Fig. 2, the operating parameters of the
gas turbine base process are:
- Turbo-compressor power:

Fig. 1. Base gas turbine process (EM = electric motor; TC = turbocompressor; CC = combustion chamber; T = gas turbine)

(

)

(

PTC = m air ⋅ h2 − h1 = m air ⋅ T2 ⋅ cp,2 − T1 ⋅ cp,1
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)

(4)
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- Turbine developed power:

(

PT = m cg ⋅ (h3 − h4 ) = m cg ⋅ T3 ⋅ cp,3 − T4 ⋅ cp,4

)

processes, heat regenerators are mounted before combustion
chambers, Fig. 3. Combustion gases from the gas turbine outlet are
used in the heat regenerator with an aim to heat the air before its
entrance into combustion chambers. In such way, air is additionally
heated before combustion chambers, therefore, to obtain the same
peak temperature of combustion gases in the combustion chambers
will be used less fuel. On the other side, one part of heat from
combustion gases at the turbine outlet will be utilized for additional
heating. Based on a several analysis, implementation of heat
regenerator decreases gas turbine fuel consumption and
significantly increases gas turbine process efficiency. This
investigation will present the range of fuel savings and process
efficiency increase, along with analysis of other gas turbine
operation parameters when heat regenerator of various efficiencies
is implemented in the base gas turbine process.

(5)

- Useful power:
PUS = PT − PTC

(6)

- The amount of heat delivered in combustion chambers by fuel:

(

QDEL -CC = m cg ⋅ (h3 − h2 ) = m cg ⋅ T3 ⋅ cp,3 − T2 ⋅ cp,2

)

(7)

- The cumulative amount of heat released from the gas turbine
process:

(

QREL = m cg ⋅ (h4 − h1 ) = m cg ⋅ T4 ⋅ cp,4 − T1 ⋅ cp,1

)

(8)

- Useful heat released from the process:

(

)

QREL, US = m cg ⋅ (h4 − h433.15 ) = m cg ⋅ T4 ⋅ cp,4 − 433.15 K ⋅ cp,433.15 (9)
Useful heat released from the process is the heat amount which
can be used for any additional heating. Combustion gases with
temperature lower than 433.15 K cannot be used for additional
heating because it will cause significant low-temperature corrosion.
- Gas turbine process efficiency:

ηGT =

PUS
P − PTC
= T
QDEL -CC QDEL -CC

(10)
Fig. 3. Base gas turbine process upgraded with heat regenerator
(EM = electric motor; TC = turbo-compressor; R = regenerator;
CC = combustion chamber; T = gas turbine)

- Combustion chamber efficiency:

ηCC =

(

m cg ⋅ (h3 − h2 ) m cg ⋅ T3 ⋅ cp,3 − T2 ⋅ cp,2
QDEL -CC
=
=
LHV ⋅ m F
LHV ⋅ m F
LHV ⋅ m F

)

(11)

Temperature-specific entropy diagram of the gas turbine process
with implemented heat regenerator is presented in Fig. 4. One part
of heat contained in combustion gases (4 - 4R) is used for air
heating after compression (2 - 2R). Air with temperature T2R enters
in combustion chambers.

where LHV is the lower heating value of used fuel in (kJ/kg) and
m F is combustion chambers fuel mass flow in (kg/s).
- Specific fuel consumption:
SFC =

m F
m F
=
PUS PT − PTC

(12)

4. Operating parameters of the gas turbine base
process
Base gas turbine operating process, without additional heat
regenerator implementation, is similar to process from [11].
Pressure drops in combustion chambers and at the turbine outlet are
neglected. In accordance to Fig. 1 and Fig. 2, the operating
parameters of the base gas turbine process are presented in Table 1.
Table 1. Operating parameters of the base gas turbine process
Operating point*
Temperature (K)
Pressure (bar)
1
293.15
1.00
2
608.15
11.68
3
1263.15
11.68
4
773.15
1.00
119.97 kg/s
Air mass flow
Natural gas
Used fuel
Fuel lower heating
50000 kJ/kg
value (LHV)
2.79 kg/s
Fuel mass flow
Combustion gases
122.76 kg/s
mass flow**
* According to Fig. 1 and Fig. 2
** Combustion gases mass flow is the sum of air mass flow and
fuel mass flow

Fig. 4. T-s diagram of the base gas turbine process with heat
regenerator upgrade
In the literature [12] is found that heat regenerator’s efficiency
(ηreg) frequently used in gas turbine power plants, varies between
75% and 95% what is adopted in this analysis. Heat regenerator
efficiency is used to calculate the temperature of air after
regenerator (T2R, Fig. 4). Temperature T2R is calculated according to
Fig. 4 by an equation:

T2R = T2 ⋅

5. Upgrade of the base turbine base process with a
heat regenerator

cp,2
cp,2R

+

η reg
cp,2R

(

⋅ T4 ⋅ cp,4 − T2 ⋅ cp,2

)

(13)

where cp,2R is calculated as an average value of speciﬁc heat
capacities at constant pressure between operating points 2 and 3,
Fig. 4.

Heat regenerator implemented in the base gas turbine process can
be recuperative or regenerative heat exchanger. In the gas turbine
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The air mass flow and combustion chamber efficiency remain the
same in the process with heat regenerator as in the base gas turbine
process. Heat regenerator decreases fuel mass flow used in the
combustion chambers, so the fuel mass flow of the gas turbine
process with heat regenerator is now calculated as:

m F, reg =
=

m air ⋅ (h3 − h2R )
=
LHV ⋅ ηCC − (h3 − h2R )
m air ⋅ T3 ⋅ cp,3 − T2R ⋅ cp,2R

(

)

(14)

LHV ⋅ ηCC − T3 ⋅ cp,3 + T2R ⋅ cp,2R
Fig. 5. Gas turbine fuel consumption and fuel savings after
regenerator implementation

In the gas turbine process with heat regenerator, turbocompressor power, turbine developed power and useful power are
calculated with the same equations as in the base process. As the
heat regenerator causes a change in fuel mass flow, the combustion
gases mass flow has also changed what influenced turbine
developed power and useful power.
The amount of heat delivered in combustion chambers by fuel
when the heat regenerator is applied is calculated according to Fig.
4 by an equation:

(

QDEL-CC,reg = m cg ⋅ (h3 − h2R ) = m cg ⋅ T3 ⋅ cp,3 − T2R ⋅ cp,2R

)

(15)

The cumulative amount of heat released from the gas turbine
process and useful heat released from the process with heat
regenerator is calculated by using the same equations as for base
gas turbine process (with a note that combustion gases mass flow is
changed by implementing heat regenerator). Gas turbine process
efficiency and specific fuel consumption also have the same
equations in a process with heat regenerator as in the base gas
turbine process.

Fig. 6. Gas turbine cumulative and useful developed power change
in relation to regenerator efficiency

6. Results of heat regenerator implementation in the
gas turbine base process
In all of the figures which presented the results of conducted
analysis, the change in gas turbine operating parameters during heat
regenerator implementation is presented in relation to heat
regenerator efficiency. Regenerator efficiencies were varied from
75% up to 95% what is an expected range of efficiency for the most
practically applicable heat regenerators. The base gas turbine
process does not include heat regenerator, so in the figures from this
section operating parameters of the base process is shown with
regenerator efficiency equal to 0%.
Fig. 5 presented reduction in gas turbine fuel consumption when
the heat regenerator is implemented in the process. It can be seen
that implementation of heat regenerator significantly reduces fuel
consumption, even in the case of the lowest observed regenerator
efficiency of 75%. Increase in regenerator efficiency causes further
decrease of gas turbine fuel consumption.
Fuel savings are presented in comparison with the base gas
turbine process. For the lowest observed heat regenerator efficiency
of 75% fuel savings amount 0.491 kg/s. Increase in heat regenerator
efficiency resulted in an increase in fuel savings. The highest fuel
savings are obtained for the highest observed regenerator efficiency
equal to 95% and amounts 0.621 kg/s.
Reduction of fuel consumption caused by heat regenerator will
resulted with the decrease of combustion gases mass flow. As the
gas turbine operates between two constant temperatures and two
constant pressures, decrease of combustion gases mass flow will
result with a decrease in turbine cumulative developed power, Fig.
6.
When compared with the turbine base process, from Fig. 6 it can
be seen that the maximum decrease in turbine cumulative developed
power caused by heat regenerator implementation will be in the
range of 420 kW for the highest observed regenerator efficiencies.
The same trend is visible in the change of gas turbine useful power
which will be used for any power consumer operation.
Increase in heat regenerator efficiency resulted in a decrease of
turbine cumulative and useful power due to combustion chambers
fuel consumption decrease, Fig. 6.
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Heat regenerator implementation in the gas turbine process
reduces fuel consumption and significantly reduces heat amount
delivered by fuel in the combustion chambers in comparison with a
base gas turbine process (from 107597.22 kW in the base process to
88658.96 kW in the process with regenerator which efficiency is
equal to 75%), Fig. 7. Increase in regenerator efficiency causes
further reduction of heat delivered in the combustion chambers by
fuel. Regenerator operation also reduces the cumulative amount of
heat released by combustion gases from the gas turbine process and
simultaneously reduces useful released heat.
In the base gas turbine process, air temperature at the combustion
chamber inlet is equal to 608.15 K. Implementation of the heat
regenerator increases air temperature at the combustion chamber
inlet, which is the primary purpose of heat regeneration process.
When heat regenerator has an efficiency of 75%, air temperature at
the combustion chamber inlet (air temperature after regenerator) is
equal to 702.5 K and increases with an increase in regenerator
efficiency, Fig. 8. At the highest regenerator efficiency of 95%, air
temperature at the combustion chamber inlet is equal to 738.34 K.
In Fig. 8 is visible that an increase in the air temperature at the
combustion chamber inlet is directly proportional to increase in gas
turbine process efficiency. Efficiency of the base gas turbine
process is equal to 38.45%. Implementation of the heat regenerator
increases gas turbine process efficiency to 46.29% when applied the
regenerator which efficiency is 75%. The highest gas turbine
process efficiency amounts 48.97% and is obtained with a
regenerator which efficiency is the highest observed (95%).

Fig. 7. Gas turbine delivered and released heat amount change in
relation to regenerator efficiency
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- In the gas turbine process heat regenerator is not applicable for
a large pressure ratio (p2/p1).
- Heat regenerator brings significant additional mass in complete
gas turbine process, so it can be applied only in the industrial or
marine gas turbines.
- Heat regenerator is a heat exchanger, so it can be expected
additional heat transfer and pressure losses (usually with additional
maintenance costs).

Fig. 8. Change in gas turbine process efficiency and air
temperature after regenerator in relation to regenerator efficiency
Specific fuel consumption is calculated as a ratio of fuel
consumption and useful produced gas turbine power. The base gas
turbine process has specific fuel consumption equal to 242.78
g/kWh, Fig. 9. Implementation of heat regenerator in the gas turbine
process reduces specific fuel consumption because fuel
consumption decreases faster than useful power, regardless of
regenerator efficiency. At the lowest observed regenerator
efficiency of 75% specific fuel consumption amounts 201.67
g/kWh, while at the highest observed regenerator efficiency of 95%
specific fuel consumption has the lowest value of 190.64 g/kWh,
Fig. 9.

Fig. 9. Change in gas turbine specific fuel consumption in relation
to regenerator efficiency

7. Conclusions
Implementing a heat regenerator in the base gas turbine process
resulted with several advantages and disadvantages. The main
advantages are:
- Heat regenerator significantly reduces fuel consumption what is
the most important advantage because the fuel costs are dominant
elements in complete gas turbine operation costs. Increase in
regenerator efficiency causes further reduction of gas turbine fuel
consumption.
- Consequentially with fuel consumption reduction, heat
regenerator also significantly reduces heat amount delivered by fuel
in the combustion chambers.
- Gas turbine with heat regenerator has significantly higher
process efficiency when compared to the base gas turbine process.
Process efficiency increases with the increase in heat regenerator
efficiency.
- Heat regenerator significantly decreases gas turbine specific
fuel consumption.
The main disadvantages of heat regenerator implementation in
any gas turbine process are:
- Heat regenerator implementation resulted in a decrease in gas
turbine developed and useful power due to decrease in combustion
gases mass flow. Increase in regenerator efficiency causes further
decrease in gas turbine developed and useful power.
- The cumulative amount of heat released from the gas turbine
process and useful heat released from the process decreases with
heat regenerator implementation. Such disadvantage can be very
important if the heat released from the gas turbine is used for
additional heating purposes.
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Finally, for the analyzed base gas turbine process it can be
concluded that the implementation of heat regenerator will bring
several useful benefits and reduction of operational costs. This
conclusion is valid in a situation when the gas turbine operates as a
stand-alone power production machine. If such gas turbine operates
in combined-cycle power plant, benefits of heat regenerator
implementation will be lost due to the additional heat addition (by
fuel) in heat recovery steam generator (or more of them).
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the gear mechanism are simulated, from where the normal operation
is monitored and the corresponding boundaries of jamming,
collisions, gaps, etc. are made.

1. Introduction.
The design of the gear including: specifying the type of
contacting gears, determining their geometric parameters and
performing the strength and kinematic calculations is largely
determined by their purpose and the specific requirements placed on
them. The existence and use of state-of-the-art CAD/CAM systems
allows automation of the processes related to modeling and
manufacturing gears. This is a basic prerequisite for creating new
gears (including - modeling, designing, testing, documenting,
manufacturing) and optimizing existing ones. The report highlights
the advantages of using CAD/CAM systems for design, reflects the
modeling of conjugated gears and outlines the options for their
design.

Production technology.
The appropriately used CAM product directly generates from
the gear models programs for making the respective NC machine
(erosion, machining center, etc.) with the right choice of cutting
tools (for rough and clean workmanship) and with the necessary
cutting modes. The process of simulation is simulated and the
resulting surfaces are analyzed.
Modeling of conjugated gears.
Geometric CAD modeling of gears can be done in three ways.
To a large extent, the choice of option is determined by whether
they are standardized or not, ie. whether they are set in CAD
programs and their applications and allow the CAD systems used to
make this modeling.

2. Applicability of CAD / CAM / CAE systems in gear design.
Automated design systems occupy an extraordinary place
among computer applications, as they are industrial technologies
that directly affect material production.
The application of modern CAD/CAM systems is used for
three-dimensional modeling of individual parts of machines and
machines with a large number of high-complexity units from which
the graphic part of the design documentation is drawn - drawings
(CAD); for engineering calculations and analyzes (CAA); for rapid
prototyping (Rapid Prototyping-RP); for Technological Preparation
of Production (CAP); for the preparation of CNM control programs
for the production of CAMs and for complete management of a
company's design and engineering data (PDM) and documents
(EDM) [1].
Strength and kinematic gears calculations using CAD systems.

Fig. 1 Geometric parameters of standard gears,
set in CAD programs

Strength and kinematic calculations for gears in the gearbox
using CAD systems are performed automatically when certain
output parameter values are set. In this case, the final results
necessary for the construction of gears are immediately displayed.
There are two possibilities:

Modeling of conjugated gears directly from the CAD synthesis
Such modeling is possible with full compatibility of the CAD
products used. It exchanges data without loss of information,
whereby the resulting analytical dependencies and graphically
visualized surfaces from one CAD system are transferred to another
and the solid models of the synthesized gears are generated. This is
especially applicable to non-standard gears. Interestingly, the
standard models set up in the CAD systems on which the desired
gears are generated are obtained in this way.

1. When designing standard gears - cylindrical, conical and
worm gears. CAD products of medium and high class (AutoCAD,
TopSolid, SolidWorks, CATIA) perform automatic calculations and
generate the corresponding gear. The model thus obtained can be
embedded directly into the structure and can be modified many
times depending on the strength, kinematic, structural and aesthetic
requirements placed on it.

Modeling Standard Gears

2. When designing non-standard gears - a program is developed
for their strength-geometric calculation (Mathcad, MATLAB,
Excel, etc.) or the loads are set directly on the model, with the initial
results being returned again in a user-friendly manner.

For modeling standard gears, the embedded CAD applications
are used. In order to obtain the model of the desired gear the
necessary geometric parameters (Fig.1) and force loads are set for
it. Calculation is performed automatically, output results are
calculated and gears are generated. If necessary, they can be
replaced by changing their parameters, depending on the load and
kinematics variation and depending on the design and construction

Motion simulation using modules in CAD / CAM / CAE systems.
For simulation of the movements, the combined operation of the
friction gears in the gearbox is reproduced and the movements in
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features desired. Figure 2 shows models of standard gears obtained
with the SolidWorks CAD product [4].
3.1. Determination of the gear ratio of the gearbox (i).
To determine the gear ratio of a gearbox, the following factors
are taken into account: the mutual arrangement of the two shafts,
the magnitude and the torque transmitted (Mb), the speed of
rotation, the mass limit and the overall dimensions of the
components, if any [2].
A basic principle for the choice of the gear ratio for straight
teeth is i ≤ 8 ÷ 10.
а)

b)

c)
3.2. Defining the shaft revolutions.
The input shaft speeds are dependent on the gear ratio [2]:
(1) n1 = n2.i

3.3. Selecting the material for the gears.
d)

e)

g)

f)

h)

The primary material for gear manufacturing is steel while
allowing gears to be made from cast iron for low loads. The choice
of steel depends on the conditions and mode of operation of the gear
unit as well as on the lubrication. For gears with low revolutions up
to 100 min-1, it is assumed that the hardness of the material does
not matter. Dental gears with speeds above 100 min-1 necessarily
work in a lubricated condition and calculate the contact strength and
hardness of the teeth for the selected material.
If the load is accompanied by strikes or vibrations, additional
calculations for core toughness are required. For average loads,
quality carbon steel of the following brands is used: pg.35, pg.40,
pg.45, pg.50.

i)

Fig. 2 CAD models of standard gears.
(a) Cylindrical toothed gear with external engagement with
straight involute teeth;

For heavy loads and vibrations for the manufacturing of the
gears steel alloy is used. The most used brands are: 40х, 40хн,
ст.35хгс

(b) Cylindrical toothed gear with external engagement with
inclined involute teeth;

The obligatory hardness of the teeth in Brinell hardness
standard is ≤ 350.

(c) Cylindrical gear with internally engaged gear makes
involuntary teeth;

Small gears are manufactured together with the corresponding
shaft.

(d) Cylindrical toothed gear with internal engagement with
inclined involute teeth;

3.4. Determination of the admissible bending tension in the
gear.

(e) Conical gear with orthogonal axes of rotation;

The permissible bending stress with regards to material fatigue
is mainly determined by a symmetrical tooth-change formula in
both directions [2]:

(f) Conical gear with non-rotary axes of rotation;
(g) Worm gear with a single-worm gear;
(h) Worm gear with three-way worm gear;

(2) [σ]ог=

(i) Shaft gear.

.k.ц.ог [MPa]

Where σ-1 is the fatigue boundary of the material under a
symmetrical load cycle. The fatigue boundary can be determined by
an approximate method or when calculating the type of steel [2].

3. Calculation and modeling of the one-gear reducer elements
The report presents an example for calculation, design and
simulation of single gear reducer with straight toothed cylindrical
gears. The steps for modeling and the sequence of their
implementation are set out below. Each of the steps in the
calculation and modeling can be performed in more than one way,
depending on the constructor's decision.

(3) σ-1 = 0.22 (σβ + σs) +50
• [n] is a safety factor when calculating double wheels;
• (Ks) represents an effective stress concentration ratio;
• Kc - bending factor taking into account the number of bending
cycles;

The gearbox that is considered in the example is a one-stage
with cylindrical gears with straight teeth. Its housing consists of two
parts: a base and a lid that are separated from a plane passing
through the axis of the shafts. The calculation is mainly based on
the technical calculation guide "Calculation and Design of Machine
Elements [2]".

Bending stresses are calculated for each sprocket.

3.5. Calculation of gears
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• [b] f is the flexural tension allowed;

The forces that load the working gears create material stress that
is proportional to the incoming torque that is set on condition. The
tension in the teeth of the gears is not constant in place and time and
is unevenly distributed along the teeth because of the inconsistency
between the axes of the gears, therefore the gears are calculated by
considering the required bending stresses.

Wог is a resistance moment.

3. 9. Calculate the diameter of the drive shaft.
The diameter of the drive shaft is determined by the formula
[2]:

3.6. Calculate the normal module.
(11) d1

The normal module is calculated using the formula [2].
(4) m

C2.

Where C2 is the ratio of the gear type;

3.10. Calculation of the driven shaft.

• Mb is torque, which is set by condition;

The bending moment of the driven shaft is determined by the
following formula:

• Kk represents the concentration of the load;
• Kd is the coefficient that takes into account the conditions of
dynamism, ie it takes into account the dynamic forces that arise
from the rotation of the gears due to inaccuracies in their
construction and engagement;

(12) Мог=Мв=9554.

• Z1 - number of teeth of the sprocket;

Where:
• N is transmitted power

• Ψm - coefficient that measures the length of the tooth relative
to the module;

• n are the revolutions of the driven gear

• Y - factor that takes into account the shape of the tooth;

The diameter of the shaft is calculated using the following
formula [2]:

• [σ] - permissible bending stress for the wheel.

(13) d2

3.7. Determining the basic parameters of the cylindrical gear.
The number of teeth of the leading sprocket (Z2) is determined
by the following:

Calculated shaft diameters are also bearing diameters and are
the minimum shaft diameters. The diameters of the bearing necks
are configured in accordance with the selected bearings.

(5) Z2 = Z1.i
• The wheelbase (A) is determined by the formula:
(6) А=

3.11. Calculation and selecting bearings.
The calculation of the bearings is performed for dynamic load
carrying capacity, and this is done consecutively for the drive and
driven shaft of the formula:

• The diameter of the circumference of the guide gear is
determined by the formula:
(7) Дд=Z1.m[mm]

(14) C=

• The outer diameter of the spur gear is determined by the
formula:

• ft is the dynamic load factor;

• The length of the tooth of the guide wheel (b) is a function of
the following parameters:

• fn is the rate of rotation rate;

(9) b= Ψm .m+5

• the force P is assumed to have a value half the set deadpoint
(Mv).

In the same way, the parameters of the spur gear of the single
gear gearbox with straight teeth are also calculated.

After strong and kinematic calculations, the three-dimensional
modeling of the one-stage gearbox with straight teeth cylindrical
gears follows.

3.8. Calculation of the drive shaft.

The three-dimensional modeling of a machined workpiece using
CAD systems is done in the following sequence [5]:

The drive shaft of the gearbox is calculated for bending and
spraying simultaneously:
=

.p[kN]

Where:

(8) Дк=m.(Z1+2)

(10) [σ]ог=

[N.m]

• the detail is analyzed and a decision is made for its separation
of elementary structural elements that can be created with the
system used;

[σ]ог

• determine the element to be used for base;
Where:

• a procedure for creating the structural elements is adopted;

• Mог be a bending moment;

• choosing the ways of constructing the structural elements;
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• construct the structural elements in the adopted order,
applying the respective constructional operations (fig.3);

They enable the individual parts to be positioned from the
assembled unit in strict accordance with each other (Fig. 5)

• review and correction of the elements created to implement
the adopted modeling strategy.

Fig. 3 Three-dimensional hull and bonnet design.
Machine parts for rotation motion bearings can be selected from
the integrated software libraries or downloaded directly from the
bearing manufacturer's web site (Figure 4).

.
Fig.5. Fixating components with the assembled unit.

The engineering automation product used for this purpose
SolidWorks has a library of over 700,000 standard elements,
supports a number of international drafting standards, and allows
users to create details and documents using digital prototypes [4].

Creating a drawing from a 3D model is limited to generating
projections based on three-dimensional patterns, accompanied by
appropriate dimensions, roughness, geometric tolerances, technical
requirements, and more.
Drawings and 3D models are interconnected documents, ie.
changes in the detail model or cranial unit also changes the
corresponding drawings. It is also possible via changing the
dimensions in the drawing to change the patterns. The drawing files
must always be accompanied by the appropriate model files.
Drawings are saved in separate files with the appropriate extension,
depending on the CAD workflow used. The drawing file may
contain one or more drawing sheets, and at one time only one of
them is active.
Creating a drawing includes:
• selection of the drawing sheet format, frame and table with the
basic inscription;
• Graphical environment setting - Design method (European or
American position [4]), default scale, symbols for marking views,
sections and technological bases, ways to represent basic elements
of the drawing (lines, dimensions, hatching, geometric allowances,
inscriptions, etc.);

Fig.4 Selection and dimensioning of standard
machine elements.

• Compose the drawing by creating views and cuts, sizing,
inscriptions, and more. (Fig. 6);

IV. Assembling an assembled mechanism and drawings
creation.

• fill in the table with the basic inscription;

In automated design, two types of assembled units can be
created by the standard:

• print the drawing of a peripheral device.

• assembled units consisting of details only;
• assembled units containing details and other assembled units.
Once the components have been deployed in the mechanism file,
they have to be assembled. When assembling the components, their
degrees of freedom are restricted. There are six possibilities for
movement of a solid in space - three translational displacements in
the direction of the coordinate axes and three rotational movements
around the coordinate axes. Components are assembled using links.

Fig.6. Composing a drawing in a graphic environment.
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V. Production engineering technology

VI. Conclusion.

Cutting of the gears can be done on a CNC machine with a
profiled cutting tool according to the copying method where the tool
moves along an approximate curve approaching the contour of the
cross-section of the teeth cut.

In the report was presented a sequence for calculation and
geometrically modeling gears using CAD systems and outlines the
ways in which they are machined.
A rationale for using CAD/CAM/CAE systems has been
made, and their advantages have been identified in the design of
gears in gear units.

The gears of the gearbox modeled in the report can be
manufactured a machine with CNC control. For this purpose, it is
necessary to generate a program from a suitably chosen CAM
system. Regardless of the type of CAM system used the modeling
models used by the CAD systems are used to compile the control
programs. The solid geometry automatically recognizes the
different geometric elements. The information they receive is used
to select the necessary processing tools. The tool trays generated by
the CAM system are in association with the original CAD model,
and when editing the 3D geometry, the trajectories are
automatically changed. The CAM system simulates and verifies the
tool path and removal of the material from the model, with the tool,
holder, workpiece, and gripping and gripping devices included in
the simulation and realistically present the processing process.
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Abstract: This scientific paper presents the research conducted for defining the characteristics of the conformal cooling systems used in
molds for injection molding processes (IMP). By utilizing laser-sintering additive manufacturing (AM) technologies, this type of cooling
systems could be used to minimize the cooling and cycle times in the IMP’s and provide a homogeneous cooling necessary to maintain a
consistent quality of the part. The paper also presents an overview of the AM technologies used in manufacturing conformal cooling molds
and the main guidelines for designing these cooling systems.
The research shows that the efficiency of these channels is based on the channel system’s design; and for plastic parts with a lower
complexity the improved temperature distribution compared to conventional cooling systems could be negligent.
The research is conducted by using Finite Element Analysis (FEA) and CAD modeling to compare different conformal shapes, as well as
their cooling efficiency on a plastic part. The simulation studies are done to determine the temperature distribution in each case study. These
trials are done to assess the productivity benefits that arise from the use of conformal cooling channels compared to conventional channels
that utilize baffles and bubblers.
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1. Introduction
In thermoplastic injection molding, the mold performs three
basic functions: forming molten material into the product shape,
removing heat for solidification, and ejecting the solid part. Of the
three, heat removal usually takes the longest time and has the
greatest direct effect on cycle time. Despite this, mold coolingchannel design is often done after the feed system, mold
mechanism, and ejection system designs are already finished.
Consequently, many cooling designs must accommodate to the
available space and machining convenience rather than the
thermodynamic needs of the product and mold.
Cooling in cavity geometries is typically accomplished by
drilling cooling channels around the part cavity. The need to drill
these cooling lines and avoid the part ejector system limits the size
and number of cooling circuits and their proximity to the molded
part. Short and independent circuits yield the best temperature
control performance. Parallel cooling circuits as opposed to series
cooling circuits are considered a better cooling method. Short
parallel circuits do not allow the coolant to heat up in the mold and
offer more consistent and uniform temperature control.

the resistance to flow in both cross sections is equal. Bubblers are
commercially available and are usually screwed into the core. One
problem with baffles and bubbler cooling systems is that the
necessary hollow center can result in a structurally weak core insert
[7].

a) baffles

b) bubblers

c) metal inserts

Fig.1.1 Conventional cooling strategies for injection mold cores
(Source: polyplastics.com)

2. Rapid tooling technologies
Rapid Tooling involves all additive manufacturing procedures
that lead to final parts used as cores, cavities, or inserts for tools,
dies and molds. Two sub-levels must be distinguished: direct
tooling and prototype tooling

Cooling of the core insert is the greatest problem in most
injection molding applications. Often, no cooling is employed in the
core itself. Cooling only occurs in the mold base through the core
mount. With no core cooling, eventual heating of the core is
unavoidable. Cooling of slender cores is often accomplished by
using inserts made of materials with high thermal conductivity,
such as copper, beryllium-copper or high-strength sintered coppertungsten materials. When these inserts are press-fitted into steel
tools, an additional heat transfer interface is created. When used in
contact with the polymer melt, reductions in tool lifetime may be
noted.

The primary advantage of RP and RT is its ability to create
almost any shape or geometric features, even those complex shapes
that would be virtually impossible to machine. With additive
fabrication, the machine reads in data from a CAD model and lays
down successive layers of different materials, and builds up the
physical model from a series of layers. Those layers are joined
together or fused automatically to create the final shape matching
the CAD model.
The possibility of direct-metal rapid tooling (RT) from high
quality steel is not commonly used in the injection molding industry
today. However, the RT industry is in an expansive phase and new
applications are evolving continuously. RT technologies can be
divided into different types and [10] Menges, G et al [10] suggest
the following classification:
 conventional removal and coating processes;
 material additive processes;
 master mold processes; and
 hybrid processes

A baffle is a common cooling method in those cases in which
the coolant is directly channeled through the core. A baffle uses a
flat or spiral divider in a hole running through the center of the core.
The inlet and return flow are separated. This method provides
maximum cross sections for the coolant to flow through. The
divider must be mounted exactly in the center of the hole to ensure
that the coolant does not bypass the hole.
The most effective cooling of slender cores is achieved with
bubblers. An inlet tube directs the coolant into a blind hole in the
core. The diameters of both have to be adjusted in such a way that
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The conformal cooling mold maintained a lower temperature
throughout the run and reduced cycle time by 14%. This design can
also be applied to molds made by materials other than metals, but as
it stands now, metal based AM technologies are still the standard
when it comes to designing conformal channels for larger
production series molds.

L-E. Rannar, lists some of the competitive methods in the RT
market today [9]:
















3D Keltool, by 3D systems.
EBM, electron beam melting, by Arcam.
DLF, direct laser forming by Trumpf.
DMD, direct metal deposition, by the POM Group.
DMLS, direct metal laser sintering, by EOS.
LAM, laser additive manufacturing, by Aeromet.
LaserCusing, by concept laser.
Laser consolidation, by Accufusion.
LENS, laser engineered net shaping, by Optomec.
ProMetal, by ProMetal RCT.
RSP, rapid solidification process, by RSP tooling.
SLM, selective laser melting, by MCP Group.
SLS, selective laser sintering, by 3D Systems.
Solid phase laser sintering, by Phenix systems.
Stratoconception by CIRTES.

3.1. Design for conformal cooling
In order to remove a molded part from the mold, the material
must be sufficiently cooled to provide ejection without distortion.
Adequate mold cooling can be considered to have occurred if the
part surface is hard enough to prevent ejector pins from penetrating.
Cooling-channel placement determines cooling efficiency and
uniformity. Positioning the channels too close to the cavity surface
can cause cold spots and uneven cooling. If they are too far away,
cooling becomes more uniform but less efficient.

3. Conformal cooling
Over the last decade, conformal cooling has been proposed as a
solution for controlling injection molding temperatures. Mold
inserts can be built with internal cooling channels that follow the
contour of the cavity beneath the surface (Fig. 3.1, b). Because the
form of the channels follows the contour of the mold, the method is
called conformal cooling. Due to the increased heat extraction, the
productivity of a plastic injection mold can be increased
significantly. In addition, cooling and heating channels can be
designed to obtain an integrated heat management system and thus
much more effective tools. Improperly designed cooling systems
often result in two undesirable outcomes. Firstly, cooling and cycle
times are much longer than what could have been achieved.
Secondly, significant temperature gradients arise across the mold,
causing differential shrinkage and warpage of the moldings. To
operate effectively, cooling systems must be carefully designed to
manage the heat flow throughout the mold without incurring undue
cost or complexity.

Fig. 3.3 Conventional tooling mold temperature control. Uneven distances
to the cavity surface throughout the length of the channels (Source: [5])

As shown in Fig 3.3, uneven distances to the cavity surface
leads to an uneven heat conductance. The areas with the threaded
plugs limit the coolant flow (marked with green). These locations
are susceptible to accumulation of dirt deposits which lead to
pressure losses that result in a steady decline of the general flow in
the cooling circuit.
The use of conformal cooling channels optimizes the molding
process by providing a constant temperature gradient throughout the
mold all the while increasing the total surface area of the cooling
circuit. This also results in savings in manufacturing the inserts.

a)

b)

Fig. 3.1 Conventional cooling channel core with bufflers (a) vs. conformal
cooling channel design (b) (Source: 3dsystems.com)

In recent years, a lot of case studies have been done proving the
effectiveness of cooling channels for parts with complex geometry.
One of those studies featured by 3DSystems with is for a core with
a tapered helix that is positioned on the inside of a spacing cone
used for industrial assemblies (Fig 3.2).

Fig. 3.4 Optimal design of a conformal cooling channel system (Source: [6])

The ultimate objective is the creation of a mold temperature
control system, which enables a constant and adapted temperature
level for the material, during the running injection molding process
on each point of the molding surface. In order to achieve this result,
the channel diameter should be chosen depending on the distance
between the heating/cooling channel and the cavity. Provided that
the design for the mold part is correct, the product can recrystallize

Fig. 3.2 A Bastech mold core insert with conformal cooling channels
prototyped using 3D Systems’ Stereolithography (SLA) technology and
printed in maraging steel on the ProX® DMP 200. (Source: 3dsystems.com)
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uniformly and efficiently in the mold after the injection phase,
which improves the quality and reduces the cycle time.
Table 3.1: Conformal cooling channel diameter based on the wall thickness
(Source: [6])

Hole
diameter
[mm]

Centerline
distance
between
holes [mm]

(b)

(a)

Distance
between the
center of the
holes and the
cavity [mm]
(c)

0÷2

4÷8

(2÷3) ∙ b

(1,5 ÷ 2) ∙ b

2÷4

8 ÷ 12

(2÷3) ∙ b

(1,5 ÷ 2) ∙ b

4÷6

12 ÷ 14

(2÷3) ∙ b

(1,5 ÷ 2) ∙ b

Wall
thickness
[mm]

The design guidelines used for conventional cooling circuits can
also be applied to conformal cooling channels. Some of the
recommended dimensions are given in the schematic in Fig 3.4 and
the recommended hole diameters based on the average wall
thickness of the plastic part are shown in table 3.1. Selective laser
sintering techniques can build cooling channels down to a diameter
of 1 mm, but such small channels can only be put into service using
specific coolant fluids in order to avoid clogging.

Fig. 3.6 Conformal mold cooling by using fin concept (Source: [5])

3.2. Case study of the viability using FE analysis
This study investigates the impact of the conformal cooling
circuits on a plastic injection mold for parts with a simple shape.
The analysis of the cooling efficiency is done by comparing 3
different circuit geometries, one conventional and 2 conformal
channels that correspond to the spiral and linear type mentioned in
[7] (Fig.3.5). All of the shapes are shown in table 3.3. Every
channel has a circular cross-section with a diameter of 8 mm that
corresponds to the recommendation found in table 3.1 for a wall
thickness of 4 mm. The injection molding software used for the
simulation was Solidworks Plastics. The simulation was done using
a virtual mold to account for a more accurate heat transfer. All of
the relevant information concerning the part and mold properties, as
well as the process parameters are given in table 3.2.

According to Park and Pham [7], there are three basic
techniques that can be used when designing conformal cooling
channels: zigzag, parallel, and spiral. (Fig. 3.5).

a) zigzag type

b) parallel type

c) spiral type

Table 3.2 Material properties and process parameters

Fig. 3.5 Basic shapes used in designing conformal cooling channel systems
(Source: [7])

Part properties
Material

Depending on the geometry of the part, these methods may be
used in combination or on their own. The zigzag pattern, also
known as a series cooling path, cools regions of the part one after
the other rather than at the same time. Cooling in series is generally
not preferred unless parts are small enough that the delay is
negligible. The parallel channel design allows for different areas of
the mold to be cooled at the same time, but requires a lot more
coolant. The spiral conformal cooling channel design is often used
with parts that have curvature or spherical elements.

Dimensions

The general opinion is that when designing conformal cooling
channels, it’s always recommend to use an injection molding
simulation software package in order to identify different
temperature zones within a mold so that the conformal cooling
channels can be separated and optimized within each region.

Density

The freedom offered by additive manufacturing opens a lot
more possibilities when it comes to optimizing the coolant flow in
the cooling circuits. One of those possible optimizations is to
change the cross section of the channels in order to improve the
coolant flow. In a study done by Manat et. al. [5], the efficiency of a
conformal cooling system is studied by using different cross
sections. The cooling channels had a different number of fins as
shown in Fig. 3.6.

Fill time

Volume
Weight
Thermal conductivity
(polymer)
Specific heat (polymer)

PA66+30% Glass fiber
Ø 39 x 164 mm
84,15 cm3
115,73 g
0.27 W/(m-K)
2.2∙107 erg/(g-C)

Virtual mold properties
Mold material
Thermal conductivity
Specific heat

Steel – 420SS
7,73 g/cm3
2,5 ∙106 erg/(sec-cm-K)
4,62 ∙106 erg/(g-C)

Process parameters
Pressure holding time
Mold open time

In that study, the novel cooling channel design showed a
decrease in total cooling time by up to 6.5 sec for channels with
seven fins compared to the cooling channels with circular cross
sections and the cooling efficiency in term of the heat flux increased
by 22.6 %.
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10 sec
12.59 sec
5 sec

Injection pressure limit

100 MPa

Max. injection flow rate

194 cc/s

Average Coolant Flow Rate

150 cc/s

Melt temperature

295 oC

Mold temperature

60 oC

Ejection temperature

220 oC

Glass transition temperature

235 oC

Coolant temperature

25 oC

Ambient temperature

30 oC
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Table 3.3: Material properties and process parameters

Conventional cooling circuit

Conformal cooling – Spiral type

Conformal cooling – Linear type

100 mm

Table 3.4: Summary results

Conformal cooling
Spiral type

Conventional cooling circuit

Conformal cooling
Linear type

Total cycle time

71.09 sec

70.44 sec

70.09 sec

Pure cooling time

46.95 sec

46.00 sec

45.65 sec

Averaged part temperature

161.63 °C

163.00 °C

162.50 °C

44.42 °C

40.45 °C

40.40 °C

Averaged mold cavity heat flux

2.33 J/cm2-sec

2.40 J/cm2-sec

2.38 J/cm2-sec

Averaged cool channel heat flux

1.71 J/cm2-sec

1.16 J/cm2-sec

1.46 J/cm2-sec

Averaged mold cavity temperature
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DIGITAL MODELS APPLICATION IN INTELLECTUAL PACKAGING
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Annotation: Production systems with elements of intellectual technologies can be found in various fields of production. To ensure
the effectiveness of such systems, digital technologies are often used, which allow to create special databases for describing their state in
functioning and to analyze data for identifying sources that lead to loss of efficiency. This article focuses on the construction of digital
models for analyzing the production system of packaging, taken as an example. It is shown how data analysis is performed to identify critical
elements in the production system.
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1. Introduction
It is difficult to imagine a user of a production system that
would not want to make it more effective. The exploitation of
production system is always accompanied by a number of emerging
problems for improving of its efficiency, the most common of
which are:
• increasing in production volumes on existing equipment,
• costs reducing in exploitation of existing equipment, etc.
The modern way of problem solving to increase the
efficiency is to create intellectual production based on the usage of
advanced information technology. It is already built a single
approach to building an intellectual production system, which
provides opportunities for increasing the production efficiency. In
its creation it is monitored the transition from efficiency increasing
at each stage of production separately to the optimization of
production process in general. Providing the intellectual production
efficiency is based on automated procedures for collecting and
storing information necessary to track the revenues of raw
materials, finished products, equipment and personnel – everything,
that is used in production activities [1, 2, 4].
Summarizing the arguments of many researchers of
modern automated production [3,6, 7], it can be argued that the
production system becomes intelligent if, in problems solving of
production, it adapts to work in external conditions that are changed
over time, relying on the appropriate knowledge base. So, automatic
control system (ACS) must be suitable for working with knowledge
bases [5, 6], that is to become intelligent ACS. Since in the
formation of a management program possible production situations
should be taken into account, intelligent ACS s should compensate
for changes in external conditions by making certain changes in the
control algorithm to achieve optimal performance parameters of the
production system.

Obviously, such a ACS should first of all assess the
external conditions in order to make the necessary changes in the
algorithm of functioning and also be provided model that describes
the production situation at given moments of time, that is, the
digital model of the production system.

2. Principles of usage of digital models
The digital model of the production system is its "digital
double", in the creation of which the most complete available
knowledge about the production system is used. It allows you to get
the right decisions quickly and to solve analysis problem of the
production system behavior in different production conditions or the
search for hidden patterns to identify critical elements in the
production system.
The usage of digital models that describe a single
production cycle involving exclusively machines and mechanisms
to solve similar production problems is the implementation subject
of digital technologies in production. Creation of digital models of
production processes by transferring events from the real physical
world to the world of models, as well as their usage for the
development and adoption of control decisions, forms the so-called
"digital production". This article focuses on the construction of
digital models for analyzing the production system of packaging,
taken as an example, but in practice this concept can be
implemented for all mechanical processes, since all technological
characteristics are the same.

3. Digital models for analyzing the production
system of packaging
This definition implies that for the whole chain of stages
of the packaging process (Fig. 1) should be information
confirmation that the production system functions "as needed".

b

a

moments
of time,scheme
that is, of
thepaste
digital
modelinofpackages
the
Fig.1.
Technological
packing
"doypack" (a) and a package doypack with a cork (b)
1-roll of film, 2- film unwrapping, 3-puncher, 4-pipe formation, 5-photosensor, 6,7- swaths, 8-longitudinal welding, 9-cutting, 10package opening, 12- sealing of the package (in packages with the cork, between the cutting mechanism 9 and the mechanism of
package opening 10, there are a mechanism of corner cutting of the package 9-a, a mechanism of cork supplying 9-b and a mechanism
of the cork welding 9-c – are not shown).
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It was considered and recorded in the database of its
simple for the period of its operation in real production conditions
from 22.5.2016 to 22.5.2017 to study the sources of the efficiency
loss of the multi-positional automatic machine for packing of pastes
in packages like "doypack". The multi-positional automatic
machine carries out the following technological transitions: film
unwrapping from a roll, pipe formation from it, longitudinal
welding of sidewalls for the formation of a package, its cutting,
corner cutting of the package and welding into it a cork, filling the
package and sealing it with welding (see Fig. 1) .
The model of the production system is based on the
collection of data on the length of stay of packing automatic
machine in an operational state and in idle states for various
reasons. To simplify the construction of the model in such cases, a
line or a complex machine is divided into autonomous units. The
structure of the packing automatic machine is shown in Fig. 2. The
usage of the sensors allows you to collect and transmit information
quickly, without interruption, and most importantly, even from the
most inaccessible places of machines with parts that work at high
temperatures and high loads. At the same time, data collection is
more accurate and faster, because instead of the engineer the
information is read and transmitted by special sensors.
To solve the production problem of efficiency increasing
of the multi-positional automatic machine, we can use the tools of
applied system analysis and modern environments of data analysis
for its operation, which allow us to turn the solution of the general
problem into a "technological process", where the sequence and
content of the design operations are clearly defined.
The scheme of work with large data is common to all
digital production tasks and includes such stages:

formulation of target indicators,

data preparation (its coding, structuring, filtering, etc.);

construction of models,

checking of models quality,

adaptation of the received results obtained to production
needs

The second stage is the data preparation. Here it is
necessary to identify the most important reasons to manage. To do
this, each parameter must be evaluated and identified. Some
parameters had to be taken as irrelevant on the basis of obvious
arguments. Idle time, caused by various reasons of operation
stopping, and also by failures in separate nodes and mechanisms of
the machine, is given in Table 1.
The first stage of a digital model construction is the
definition of factors that influence on the state of production system
and the construction of a hierarchical tree of influence on its
efficiency. Tree of factors are factors organized in the form of a
cause-effect diagram - a tool that allows you to identify the most
significant reasons that affect the last result. In this way, you can get
to the primary reasons, the elimination of which will most
significantly affect the problem solution of increasing the efficiency
of the equipment use.
To ensure coverage of all aspects, you can use the
Ishikawa diagram or other methods to systematize the sources of
idle time in the production system. According to the generally
accepted method, the idle time is divided by us into three classes:
1. own idle time, arising in the machine as a result of its
implementation of the work process;
2. organizational and technical idle time caused by the
influence of the environment of the machine
functioning conditions;
3. idle time due to re-adjusting the machine.
Stage 3 – preparation of a digital model of operation of
a multi-positional automatic machine. Excel files are used to
enter and display information stored in a specialized database, the
extract from which is given below (table 2).
Stage 4 - The using of model for increasing the
efficiency of production. The problem arises if the value of
efficiency does not suit us. To solve the problem (to improve the
production system) – means to eliminate the reasons that lead to
decrease in its efficiency. Obviously, there are so many reasons, and
eliminating each of them is a very troublesome and costly task.

Fig.2 Technological machine for packing pastes in packages "doypack":
1-roll of film, 2-mechanism of unwrapping, 3-puncher, 4-forming triangle, 5- guides, 6- soldering iron of bottom with
a drive, 7-mechanism of vertical welding, 8-mechanism of cooling, 9- corner stamps, 10- cutting mechanism (scissors), 11- a
mechanism of cork supplying, 12- soldering iron of corks, 13-top stretcher with tweezers, 14-lower stretcher with tweezers, 15top suckers, 16-bottom suckers, 17-mechanism of package stretching, 18-horizontal soldering iron , 19- conveyor, 20-cooling
mechanism, 21-bunker with a product, 22-dispenser drive, 23-dispensers (4 pieces) with drive
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Classes of idle time

Table 1.

Classification of sources causing idle time of packing machine
Subclass
Idle time group
Subg.1

1.
Own idle time-machine failures

1101. Pomp of product supplying

Subg. 2

CODE
11010

1102. Mechanism of film drawing

11020

1103.Vibrbunker

11030

1104. Mechanism of cork catching

11040

1105. Mechanism of cork supplying and
inserting
1106. Mechanism of cork soldering

11050

1107. Mechanism of vertical soldering iron

11070

1108. Dispenser with nozzle

11080

1109. Cooling mechanism with a thermal
sensor
1110. Vacuum pump

11090

1111. ТЕN and thermal sensor

11110

1112. Photosensor of marks

11120

1113. Vibrbunker of corks

11130

1114. Printer

11140

1115. Mechanism of scissors

11150

1116. Mechanism of package opening with

11160

11060

11100

suckers

21. Power
breaks

1117. Corner stamp

11170

211. Lack of electricity

21100

212. Lack of compressed air

21200
2211. Delay

221. Lack of film

2. Organizational
and technical idle
time

22. Breaks in
the supplying
of materials

222. No product

223. No corks
23. Staff
expectation
24. Incident

3. Idle time
while
reconfiguring

231. No staff
232. Staff mistakes
241. Unpredictable problems

31. While changing
the film producer
32. While changing
the dose of the
product
33. While changing
the product
34. While changing
the package type

22120. Low
quality film

2221.
Product
delay
22220. Low
quality
product
2231. Delay
of corks
2232. Low
quality corks

Roll changing
Disassembly of
film
Corrugated film
Extra
switching-on

22110
22121
22122
22123
22210

Cold product
Hot product

22221
22222
22310

Sharpening on
the cork
Distorted

22321
22322
23100
23200
24100
31000
32000
33000
34000

The logic of system analysis involves the identifying the
most significant reasons that lead to a problem, and the
concentration of effort on them.
To analyze the reasons of the efficiency loss of the
production system, we use aggregation of the data contained in the
database. It will allow describing the generalized (aggregate)
parameters of the system by formation of the standard summary
tables in the Microsoft Excel system.

Such aggregate parameters more precisely describe the
target properties of the production system.
Since the model of the production system, based on the
data collection about the duration of stay of a multi-positional
automatic machine in different states, then, creating aggregate
objects, you can determine its efficiency, as a part of the useful
time. To set the aggregation rules in the Microsoft Excel system, it
only needs to specify which criteria should be in aggregate objects.
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Table 2.
Extract from the database of the operation of a multi-positional automatic machine in real production conditions from
22.5.2016 to 22.5.2017
№

1
2
3

Class of idle
time

Group of idle time

The reason of idle
time

Code
of idle
time

Durati
on,
min

1 - Own
failures
1 - Own
failures
1 - Own
failures

1102 - Mechanism
of drawing
1102 - Mechanism
of drawing
1107 - Mechanism
of soldering iron

Tightening of film in
a triangle
Replacing the spring
of the tweezers
Unplanned cleaning of
soldering iron

11020

3,00

22.05.202016

11021

3,00

22.05.2016

11070

9,00

25.05.202016

…

…

…

…

Starting

…

…

123

1 - Own
failures

1102 - Mechanism
of drawing

Replacing the spring
of the tweezers

11021

9,00

26.05.202016

124

2 - Org-tech
idle time

2221 - Lack of
product

Lack of product

22210

35,00

27.05.202016

…
417

1 - Own
failures

…

…

…

1107 - Mechanism
of soldering iron

Unplanned cleaning of
soldering iron

11070

…

…

9,00

Comment

During the change
Packets were sagged
Unplanned washing
of machine, the car
was flooded
…
Packets were sagged.
And washing of
machine ,
No steam.
Oversealing of the
central condensate
wire.
…

23.05.202017

Fig.3 shows the classes of idle time. According to the
results shown in Fig. 3 it can be concluded that the main source of
idle time during the machine exploitation is its unreliability, caused
by frequent failures of machine mechanisms. To analyze the major
sources of unreliability, we will make a ranking of the causes of
failures (Fig. 4).
1 -Own failures

Fig.3.Determination of the importance of idle time, affecting on the
efficiency loss of the packing machine (total 5627 min per year)
Idle time

2 - Org-tech idle time
3 - Reconfiguration

Duration, min

1 - Own failures

4219

1102 - Mechanism of drawing

1093

1107 - Mechanism of soldering iron

761

1106 - Mechanism of cork soldering

482

1109 - Cooling mechanism with a thermal sensor

322

1112 – Photosensor

233

1116 - Mechanism of package opening

224

1105 - Mechanism of cork supplying and inserting

196

1115 - Mechanism of scissors

170

1108 - Dispenser with nozzle

133

1111 - Thermoelectric heater and thermal sensor

152

1117 -Mechanism of corner stamp

94

1110 - Vacuum pump

90

1113 - Vibrobunker with controller

50

1114 - Printer

37

1104 - Mechanism of cork catching

10

Table 3.
Aggregation of idle time in a machine
Idle time
2 - Org-tech idle time

919

211 – Lack of electricity

173

2221 - Lack of product

295

2222 - Low quality product - cold

207

23 - Staff expectation
24 - Incident

63
181

3 - Reconfiguration

49

31 - When film changing

49

In total
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Duration, min

5627
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approach can be automatically extended
to cover the

processes of assembling as a whole .
Fig.4. Types of idle time in machine mechanisms

2. Obviously, the direction of improving of digital technology in
automatic production should be predictable for the future states of
the production system. If you place sensors in sensitive details and
mechanisms of a machine that are detected in the efficiency analysis
of machine exploitation, for example by ranking, as shown in Fig.
4, then the special software will be able to monitor and analyze
signals and warn technicians about the malfunctioning or the need
to change the mechanism, or its detail that are in critical state. Such
approach is already developing in real production conditions, which
is confirmed by the fact that modern packaging machines already
have 120-150 sensors that control the machine functioning.

The sequence of aggregation and decompositions ends
when the critical terms of the system description are discovered the parameters that influence on the unsatisfied value of the target
property of the system. It is necessary to focus on improving and
stabilization of these parameters at carrying out of the following
stages of system analysis.
The reviewed digital models describe the conditions of
exploitation based on the results of events that have already
occurred. However, the effectiveness of such use of digital models,
despite the possibility of analysis of production and the
identification of necessary reasons for correction, has a drawback.
Since equipment at many production enterprises operates day and
night, then its unexpected stop can lead to a lot of losses. To prevent
this problem, we developed a mathematical model for defining of
controlled parameters and features that describe the functioning of a
technological automatic machine, which allow us to determine the
current state of the machine and to predict the necessary preventive
actions of service [8].
Lately, researchers from the University of Portsmouth in
the UK have used an artificial intelligence to predict when machines
need preventive service. The diagnostic system using a branched
system of sensors examines how machines work, and uses this
information for accurate predictions when it will be necessary to
perform technical service.
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Abstract: Efficient use of energy means meeting the necessary needs, without compromising the level of comfort and safety, effectively
using energy resources that achieve a direct saving of resources and money. Effective use of energy has a direct impact on reducing energy
costs in enterprises, thus increasing their competitiveness. The purpose of this report is to investigate the opportunities for energy efficiency
improvement and evaluation of energy projects in industrial enterprises. The results show an increase in the production of RES from all
types of power plants except HPP. Nevertheless, hydropower retains the largest share in the structure of RES production. At the same time,
there is a decrease in the average cost to society of all types of RES, except for biomass. Europe faces a number of energy problems
including: increasing dependence on imports, insufficient diversification, high and volatile energy prices, rising global energy demand,
security risks affecting producer and transit states, increasing threats climate change, slow progress in the area of energy efficiency,
challenges related to the use of an increasing share of renewable energy sources, and need of greater transparency, further integration and
interconnection of energy markets.
Keywords: ENERGY EVALUATION, ENERGY EFFICIENCY, ENERGY PROJECT

1. Introduction
Energy efficiency related to the amount of product that is
produced in a given process per unit of energy. It is defined as a
sum of actions to optimize/reduce the energy consumed, while
maintaining the level of services offered. Efficient use of energy
does not mean imposing deprivation or restrictions on the
satisfaction of production or personal needs. Efficient use of energy
means meeting the necessary needs, without compromising the
level of comfort and safety, effectively using energy resources that
achieve a direct saving of resources and money. Effective use of
energy has a direct impact on reducing energy costs in industrial
enterprises, thus increasing their competitiveness [1],[2],[8]. In
addition, businesses gain a competitive advantage in terms of that:
decreases dependence on expensive and imported fuels; improves
quality of life; helps protect the environment by reducing
greenhouse gas emissions; creates new jobs [3],[4],[7]. Under the
Lisbon Treaty (2015), the five main objectives of the EU's energy
policy are:
- ensuring the functioning of the internal energy market and the
interconnection of energy networks;
- ensuring the security of energy supply in the Union;
- promoting energy efficiency and energy savings;
- promoting the development of new and renewable forms of
energy in order to better align and integrate climate change
objectives into the new market structure;
- promoting research, innovation and competitiveness.
The current energy program is guided by the integrated
integrated climate and energy policy adopted by the European
Council on 24 October 2014, which sets itself the following
objectives:
For the period up to 2020 - to reduce greenhouse gas emissions
by at least 20% compared to 1990 levels; - increasing the share of
energy from renewable sources in energy consumption to 20%; Increasing energy efficiency by 20%.
By 2030, it is agreed: - to reduce greenhouse gas emissions by
at least 40% compared to 1990 levels; - up to 27% of the share of
energy from renewable sources in energy consumption; - to increase
energy efficiency by 27% to reach a 30% level; - development to
achieve at least 15% interconnection in terms of electricity.In
practice, energy managers are also faced with the question of which
of the possible energy efficiency projects to choose. One of the
goals of saving energy is to achieve financial savings. For this
reason, the assessment of energy efficiency projects is also done on
the basis of financial indicators and not only technically [5],[7],[8].
The main objectives of the financial assessment of energy
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efficiency projects are: to determine whether the project is
profitable or not; to make it possible to compare and prioritize
different projects; to provide information to a bank or other funding
institution as to whether the financial performance of the project
meets the funding requirements of such projects.
The purpose of this report is to investigate the opportunities for
energy efficiency improvement and evaluation of energy projects in
Bulgarian industrial enterprises.

2. Exploration
The current energy program is guided by the integrated climate
and energy policy adopted by the European Council on 24 October
2014, which sets itself the following objectives:

For the period up to 2020:
- to reduce greenhouse gas emissions by at least 20% compared
to 1990 levels;
- increasing the share of energy from renewable sources in
energy consumption to 20%;
- increasing energy efficiency by 20%.

For the period up to 2030:
- to reduce greenhouse gas emissions by at least 40%
compared to 1990 levels;
- up to 27% of the share of energy from renewable sources in
energy consumption;
- to increase energy efficiency by 27% to reach a 30% level;
- development to achieve at least 15% interconnection in
terms of electricity.

Fig. 1. Share of renewable energy in gross final energy consumption.

According to latest Eurostat and NSI data, progress has been
made with regard to the three objectives set. Regarding renewable
energy, the data over a 12-year period (2004-2016) shows that the
share of renewable energy in final energy consumption in both EU-
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28 and our country has doubled (See Fig. 1). Total for the Union,
from 8.5% in 2004 to 17% of gross final energy consumption. For
the same period, our country also recorded almost double growth of
9.3% (9.5 in 2004 - to 18.8 in 2016). The dynamics of the
development of the share of RES in gross final energy consumption
is presented in Fig. 1. The results show that the target of a 20%
share of renewable energy by 2020 for the Union as a whole is fully
achievable.
Renewable energy sources (RES) are inexhaustible natural
sources of energy. These include solar and wind energy, marine and
hydroelectric energy, geothermal energy and bioenergy. In Fig. 2
shows the main types of energy from renewable sources, the
respective technologies and their usual applications. In general, the
sectors of application of RES are electricity, heating and cooling,
and the transport sector.

The data show an increase in the production of RES from all
types of power plants except hydroelectric power plants (HPP).
Nevertheless, hydropower retains the largest share in the structure
of RES production. At the same time, there is a decrease in the
average cost to society of all types of RES, except for biomass.

Fig. 6. Share of Renewable Energy Production Technologies -2017 in %
and average cost to society, BGN / MWh.

It is clear from the graphical data that hydroelectric power plants
represent the largest share of electricity generation from renewable
energy sources, while the weighted average water price is the
lowest in relation to other electricity producers.
Advantages of hydropower plants are as follow: HPPs are the
world's oldest, most sustainable and reliable power producer; do not
emit greenhouse gases and do not produce toxic waste; the cheapest
producer of renewable energy; HPPs are the most efficient of all
other renewable technologies, reaching their maximum power
within 30 minutes; the main regulating and balancing capacities in
the power system in Bulgaria are the large hydropower
plants;regulation of natural river runoff for certain water and flood
protection; ensure good ecological status of the water basins
through the treatment of rivers; the water basins are used for
irrigation and water supply; have low operating and maintenance
costs; their life cycle is very long.
- water energy can be used under variable demand conditions.
Renewable energy remains a key element of the EU's energy
policy. The conservation and use of natural energy sources is a
fundamental problem set out in the Union's strategies. The role the
EU places on RES is expressed in:
- ensure energy security in the Union. As an inexhaustible local
energy source, they contribute to a reduction in the import of fossil
fuels, which in 2015 is approximately 16 billion euros, and in 2030
is expected to reach 58 billion euros.
- easy integration into the energy market. Despite the initial high
investment for renewable energy installations, there is no long-term
cost of fuel and waste storage, which leads to a reduction in the cost
of energy production;
- contribute to increasing energy efficiency by reducing energy
costs
- reduce greenhouse gas emissions and air pollution. In 2015, as
a result of RES, greenhouse gas emissions decreased by 436 million
tons. compared to 2005 (comparable to Italy's emissions) of 436
million tonnes of CO² equivalent compared to the 2005 baseline
(Source: EEA )
- renewable energy leads to economic growth and creates jobs
for European citizens.
- developing new industry, technology and know-how;
- they save money due to the lack of the need to buy CO²
emissions.
As regards greenhouse gas emissions, progress has also been
made. Total greenhouse gas emissions in the Union declined by
almost 16.42% over the period 2003-2017. Under this indicator,
Bulgaria's data show a very small contribution, falling below 1% or
0.87% (Fig. 7).
According to the EU Energy Commission report from 2017,
progress has also been reported in the field of energy efficiency.
The term "energy efficiency" is defined as - the ratio between the
output quantity, service, commodity or energy output and the
energy input, the less the energy input to produce the same output,
the higher the energy efficiency. The amount of energy needed to

Fig.2 Renewable energy sources

According to latest Eurostat and NSI data [1],[3],[4] the
distribution of final consumption of renewable energy in the EU and
Bulgaria by sector by 2017 is presented below. The largest share of
RES consumption in the Union has heating and cooling. (Fig. 3), it
accounts for only 30% of total renewable energy consumption in
our country (Fig. 4). The share of electricity used in the Union is
42%, while in our country it is 63%. Approximately the same
application of bioenergy in the transport sector. 8% in total in the
Union and 7% in Bulgaria.

Fig. 3. RES in EU-28, 2017
2017

Fig. 4. RES in Bulgaria by sectors,

In graphical form is presented a comparison of key indicators of
the leading production technologies for renewable energy. The
structure of the annual gross production of energy from RES and
the weighted average expenditure for the Bulgarian society by type
of renewable source for 2014 and 2017 are presented on the Fig. 5
& Fig.6.

Fig. 5. Share of Renewable Energy Production Technologies- 2014 in %
and average cost to society, BGN / MWh.
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Globally, complex platforms are being developed to monitor,
analyze, identify measures to increase energy efficiency in
enterprises called energy management systems. These systems
encompass energy flows in an industrial system by offering generic
or specialized solutions, monitoring key indicators and may have
additional functions depending on system goals and sectoral
specifics [3],[5],[7],[8].
2.1.2. Implementation of technical solutions that can be applied
to increase energy efficiency in industrial enterprises, regardless
of their size.
They save energy and reduce the cost of consumption:
 Reducing the consumption of electricity by optimizing the
operation of an electricity supply system of the enterprise by:
• choosing the optimal supply voltage of the individual
technological stages and the production plant as a whole;
• increasing the quality of electricity;
• compensation of reactive loads in the system;
• maintaining the optimal number of working power transformers
for the particular application.
 Choosing the most efficient tariff for the payment of electricity.
Opportunities to reduce electricity costs are:
• by managing the load schedule. Industrial plants, due to the large
amounts of electricity they consume, measure their electricity
consumption mostly with three-tariff electricity meters. In order to
reduce the value the company pays for electricity, it is necessary to
precisely calculate the peak, day and night electricity consumption
for the month. The ultimate goal is to manage the freight schedule
so that the most energy-intensive activities concentrate in times of
cheapest electricity.
• achieving compliance between regulated and actually used power.
The goal is, without limiting energy consumption, to save the
allowances it pays each month, depending on the deviation between
the prescription and the power factor achieved.
 Construction of electrical consumption control systems.
The construction of systems for remote reading and control of
electrometers is a basic tool for developing and implementing
programs for optimizing the consumption of electric energy. They
automate the process of reading current consumption, provide
information on the quality of electrical power and reliability in its
delivery, analyze and monitor voltage and current. Thus, all
collected, processed and archived information is provided to users
in various graphical and tabular reports.
2.1.3. Investments in new techniques and technologies to reduce
energy consumption and save energy costs.

produce a unit of economic output is a measure of energy intensity.
Data analysis shows that although there are indications for a
decrease in this indicator in our country, the energy intensity still
remains at levels higher than the EU average. This is related both to
the specific sectoral structure of the economy and the high share of
energy intensive industries, as well as to the low energy efficiency
in some sectors.
Bulgarian industrial enterprises are among the consumers with
the highest share of energy consumption, followed by households
and services. Under the Energy Efficiency Act, which reflects the
commitments under EU Directive 2012/27/27/EU, all industrial
plants with annual energy consumption exceeding 3000 MWh and

public buildings with an area of over 250 m² are obliged to carry out
energy audits; the validity of the energy audit of industrial
enterprises is 5 years.
Fig.7.Greenhouse gas (GHG) emissions dynamics (2003-2017)
The Energy Efficiency Survey of Industrial Enterprises aims at
identifying the specific opportunities for reducing energy
consumption and recommending measures to increase energy
efficiency [4],[5],[6]. This will lead to:
- reduction of costs of energy consumption;
- lower cost of production;
- improves the competitiveness of the enterprise or industrial
system;
- certification of the enterprise;
- improving his / her image and
- the opportunity to access public procurement and auctions.
This engages industrial enterprises to: manage energy efficiency by:
1. Prepare analyzes of the total and specific consumption of fuels
and energy at least once a year;
2. Prepare programs for optimizing the efficiency of energy
consumption;
3. Implement annually the energy efficiency plans and programs
that are in line with the reports issued by the audits carried out;
4. Implement the energy saving measures provided in the plans and
programs;
5. The owner of each industrial system shall designate at least one
employee whose responsibilities include the responsibilities related
to the management of energy efficiency.
The implementation of these obligations requires the development
of plans and programs for their implementation, increasing energy
efficiency, saving energy and correspondingly reducing the cost of
its consumption.

Table 1: Terms of action of commonly used energy saving measures/
projects in industrial enterprises.

2.1. Opportunities to increase energy efficiency in the
industrial enterprises
2.1.1. Implementation of an energy management system.
It applies a system approach at all stages - from purchasing and
conversion to energy use in an enterprise. In 2009 a European
standard EN 16001: 2009 was introduced and in 2011 an
international standard for such systems BDS EN ISO 50001: 2011
"Energy Management Systems, which set the minimum
requirements for the implementation of CEM. The CEM standard is
flexible enough and can be implemented even in small companies
that do not have certified management systems but have the will
and ambition to apply a systematic approach to energy
management.
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The choice of an investment solution depends most often on the
technical and economic life of the projects in which investments are
invested. The technical life is equal to the length of time that the
equipment for a given measure can be exploited before scrapping.
There is presented the technical life of projects that are most often
applied in industrial enterprises in the Table 1.

2.2. Energy projects evaluation in the industrial
enterprises
In practice, energy managers are also faced with the question of
which of the possible energy efficiency projects to choose. One of
the goals of saving energy is to achieve financial savings. For this
reason, the assessment of energy efficiency projects is also done on
the basis of financial indicators and not only technically. The main
objectives of the financial assessment of energy efficiency projects
are: to determine whether the project is profitable or not; to make it
possible to compare and prioritize different projects; to provide
information to a bank or other funding institution as to whether the
financial performance of the project meets the funding requirements
of such projects.
 Net annual savings ( B )
In order to calculate the financial indicators necessary for the
economic justification of the projects, the following data should be
available: I0 - investment costs related to the project; S - net annual
savings in natural terms; E - the prices of the energy sources for the
project period; n - the technical / economic life of the project /
project; nr rate and b - inflation rate (See 1.1).
Investment costs (I0) associated with the project are all costs
that need to be incurred for: designing; capital costs - related to the
purchase, delivery, installation and commissioning of the
equipment.
Annual savings (S) are the net savings for each year as a result of
the capital and other costs incurred in BGN. They are usually the
result of lower fuel and electricity consumption, but they can also
come from reduced operating costs.

B=

𝑛
𝑖=0

𝑆𝑖 𝐸𝑖 − ∆𝑂&𝑀

𝐼𝑜
𝐵

Duration of the
measures [year]

Insulation: building envelope; facade insulation

25

Glazing: glazing with good insulation properties

30

Combustion heaters with an efficiency exceeding 30
kW

25

Waste heat recovery systems: installation of heat
recovery and circulation systems (Services)

20

Energy efficient lighting and starter systems

12

Combined Heat and Power Production

8

Waste heat recovery (Industry)

15

Energy-efficient compressed air systems: using new
energy-efficient compressors or increasing the
efficiency of existing

15

Energy efficient electric motors and smooth speed
drives

10

Energy Efficient Pumping Systems in Industrial
Processes

15

Energy management and monitoring (after a period, the
measure must be reassessed)

2

project minus the initial investment made in the "zero year". The
project is profitable if NPV> 0.
Typically, in energy efficiency projects, net economies are the
same in their economic life years, B1 = B2 = B3 = .... = Bn. In this
case, the net present value is calculated using the following
formula:

𝐍𝐏𝐕 = 𝐁

(1.1)

Where:
B - net annual savings, BGN / year;
S - annual energy savings, kWh / year;
E - energy price, BGN / kWh;
O & M - changes in operating and maintenance costs (+ or -)
(spare materials, maintenance work, etc.), BGN / year.
The economic life is the period for which the measure or the
project brings profit as set out in the investment proposal. Economic
life needs to be used for economic justification. A set of financial
indicators is used for this purpose:
 Payout Time (PB) - the best known and simple way to
evaluate an investment is through the payback period. With
equal savings over the years of the project, it is easily
calculated using the formula:

𝑃=

Components



𝟏− (𝟏+𝐫)−𝐧
𝐫

− 𝐈𝟎

(1.3)

Net Present Value (NPVQ) - the Net Present Value (NPVQ)
is the ratio between the net present value and the total amount
of the investment :

NPVQ =

NPV

(1.4)

I0

The higher NPVQ net present value indicates a more costeffective project. NPVQ can be used for internal company ranking
of projects by priority.


(1.2)

Return Period (RO) -the payback period is the time it takes to
return the investment, taking into account the real interest rate.
This means the time required to fulfill the condition NPV = 0.

𝐍𝐏𝐕 = 𝐁

Where:
I0 - the costs associated with the project;
In - net annual savings;
An advantage is the easy calculation, and a disadvantage - its
relative inaccuracy, as it does not take into account the cash flows
after the return period and does not take into account the value of
money over time.
 Net Present Value (NPV) – because of inflation with the same
amount of money today, it can be bought more than one or two
years.
Respectively, savings that will be generated in a few years have
a lower current value. Normally, projects start with an initial
investment, which is done in the so-called "Zero year of the
project"[6],[7],[8]. The project runs (generates savings but may also
have additional operating costs) from the first to the nth year of
economic life. The purpose of the NPV e show how much will
remain after the discounted net cash flow for the duration of the

𝟏− (𝟏+𝐫)−𝐧
𝐫

− 𝐈𝟎 = 0

(1.5)

The solution of this equation can be done either by
iterations or by calculating the real interest rate (r) and the annuity
coefficient (f) and using an annuity table. The annuity coefficient is
calculated using the following formula:

𝐟=


𝐁
𝐈𝟎

=

𝐫
𝟏−( 𝟏+𝐫 )−𝒏

(1.6)

Internal Rate of Return (IRR) - the IRR is the discount rate
at which NPV = 0, or otherwise the IRR is the discount rate at
which the discounted net proceeds of the project are equal to
the initial investment.
The IRR is determined by iterations based on a change in the
discount rate. It can also be determined graphically or by using an
annuity coefficients. Projects with a higher IRR are better. For
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example, if a loan is taken at 12% interest, an IRR of 16% would
allow the loan to be covered and profitable
In addition to the listed financial indicators, there are a
number of others. However, it is essential for everyone to have their
calculation data credible. The other crucial moment is what is
expected from the project - whether it's a quick return or a big
savings figure. In the first case, the measures with the highest IRR
should be selected, and the latter with the highest NPV measures.
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Abstract: The paper deals with the problems in the operation of non-linear loads, causing distortions in the sinewaves of voltages and
currents. There is currently increasing use of variable frequency drives (frequency inverters) that drive electric motors and are such loads.
The experimental results cover multiple measurements of voltages and currents harmonic components and the calculated values of the total
harmonic distortion coefficients of voltage and current for each of the phases, supplying different loads. An analysis of the results obtained
has been done and specific conclusions have been pointed out on the basis of the measurements carried out.
KEYWORDS: MOTOR DRIVES, ELECTRIC MACHINES, INDUCTION MOTORS, FREQUENCY CONTROL, HARMONIC ANALYSIS,
TOTAL HARMONIC DISTORTION

1. Introduction
In the industry, the number of consumers with non-linear voltamperage characteristics - electronic converters, static reactive
power sources, electric arc furnaces, gas discharge light sources,
battery chargers, electronic ballasts and LED light sources, and
more, increases continuously. In the group of electronic converters
are included - rectifiers, inverters, frequency converters, controllers
of induction motors and voltage regulators. All these users consume
non-sinusoidal current, resulting in distortion in the sinewaves of
voltages and currents [1].
Current harmonics cause voltage drops in the resistances of the
electrical circuits that overlap the sinewave of the supply voltage
and deform its sinusoidal shape. This leads to a deterioration in the
quality of the electrical energy supplied to consumers, which may
cause problems in their operation [2, 3].
The supply of non-sinusoidal voltage to the electric motors
leads to the movement of harmonic current in their windings [4, 5].
In order to efficiently use electrical energy, it is desirable to
change the AC voltage to a constant frequency, to have a sinusoidal
shape and a constant size. One of the main factors influencing the
change of these characteristics are squirrel-cage induction motors,
driving different mechanisms. In this sense, these electricity
consumers are an important part of the energy system to undergo
research to improve the electricity performance.

2. Technical considerations
There is currently increasing use of variable frequency drives
(frequency inverters) that drive electric motors. The voltages and
currents of the frequency inverters that power an electric motor are
rich in harmonic frequency components [6].

result of the conducting through the zero wires an additional sum of
current harmonics with frequencies that are three times multiples of
the fundamental frequency [7].
Meanwhile, IEC 61000-3-4 [1] sets the limit values for
harmonic current components in low-voltage power electric
distribution systems.
The term ‘frequency regulation’ has a dual meaning and use. In
a broader sense, the term ‘frequency regulation’ has the meaning of
‘regulation by means of angular speed change’ without paying
attention to the specific technical implementation. In a narrow
sense, ‘frequency regulation’ refers to the above-mentioned basic
way of varying the rotation by changing the frequency of the
current.
With frequency inverter drive, it is possible to adjust the speed,
torque, direction, start and stop of standard induction motors. The
main advantages of this regulation are: significant opportunities for
energy saving; extended life of mechanical equipment; reducing the
starting current; higher starting torque; the ability to adjust the
motor speed below and above the synchronous value. The
frequency converter changes not only the frequency but also the
voltage applied to the motor. This provides the required torque of
the motor shaft without overheating and provides additional energy
savings.
The capital costs of the water pumping stations are high, but the
most expensive component is the electricity to drive the pumps. It is
therefore important that pump units have to are highly efficient in
providing proper maintenance.
Most of the existing pumping systems (of the order of 70%) are
over-sized by designers by at least 20%. This reveals excellent
retrofit capabilities with frequency inverters to equalize pump flow
to the actual needs of the system as accurately as possible. In such
cases it is very important to pick over the electrical characteristics
of the motor and the inverter. Older inverters create significant
harmonic distortions, resulting in additional heating of the motor
windings.

Frequency drives of electric motors lead to increased harmonic
distortions in power grids [4, 5, 6]. These distortions are individual.
They depend on the mode of operation.
In a three-phase, four-wire power system, neutral (zero) wires
can be severely affected by non-linear loads connected to singlephase 230 V circuits. Under normal conditions and a symmetrical
linear load, the base 50 Hz portion of the phase currents is reset in
the zero conductor. In a four-wire power system with single-phase
non-linear loads, odd harmonics, with frequencies that are three
times multiples of the fundamental frequency: third, ninth, fifteenth,
etc. harmonics - they are not reset but summed up in the zero
conductor. For systems with many single-phase non-linear loads,
the current in the zero conductor may actually exceed the phase
current. The result is excessive overheating. There are no current
limit switches in the zero conductor. Greater zero wire current can
also cause higher than normal output voltage drop.

3. Measurements results
The purpose of the measurements is to evaluate the operation of
centrifugal mechanisms electric motors – a pump unit and a fan.
For the centrifugal pump loading, a method is used for
placement (rotation) the revolving valve at different positions. In
this way, different load of the electric motor is simulated in
operating mode. And since a large number of such aggregates are
found in practice, it is expedient to study and analyze them in
working mode to assess their impact on the quality of electrical
energy.

Zero busbars and their offsets are dimensioned to carry out the
full value of the rated phase current. They may be overloaded as a
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Measurements have been done with changes in the load on the
electric motor with an fully open revolving valve, 2/3 open
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revolving valve, 1/3 open revolving valve and 1/4 open revovlving
valve, changing the electrical values and indicators.
A centrifugal pump powered by a squirrel-cage induction motor
type AO 052-4 with nominal technical data is used for this purpose:
PRATED=5.5 kW, URATED = 380 V, I RATED = 14.2 А, nRATED = 1440
min-1, cosφ = 0.86. Three-phase frequency converter of the ELDI
series with U/f and Vector Control is used to control the pump [8].
The centrifugal fan tested has an induction motor type AO
022/2, PRATED=0.55 kW, URATED=380 V, I RATED=1.4 А,
nRATED=2750 min-1, cosφ=0.83. For rotation control, the same type
of frequency converter used in the pump unit is used, but in this
case it is of less power (P = 0.75 kW) and single-phase power
supply Uном. = 230 VAC.
The results have been obtained using a METREL MI 2292
electrical energy quality analyzer [9]. In addition, centrifugal fan
results obtained from a VOLTCRAFT ENERGY LOGGER 4000
electrical meter have been also provided [10]. The measurements
have been done in laboratories at the Technical University of
Gabrovo.

Fig. 3 Observed harmonics at 1/3 open revolving valve of the
centrifugal pump

Fig. 4 Observed harmonics for centrifugal fan at frequency of 50 Hz

Fig. 5 Observed harmonics for centrifugal fan at frequency of 30 Hz

These values are typical of the squirrel-cage induction motors
because they do not always work at a nominal load, largely due to
the resistance of the drive mechanism. This leads to different values
of the electrical energy quality indicators.

Fig. 1 Voltage and current changes at fully open revolving valve of the
centrifugal pump

The results for the higher harmonics show that they are very
pronounced with the serial number - 3, 5 and 7, they reach 9.04%
for the current - THDI and are too small for the voltage - THDU =
1.50÷1.76. Nevertheless, the values of the higher harmonics are
within the limits set in the ordinances, with the phase voltages and
currents not altering their sinusoidal shape unacceptably.

5. Analysis of the results obtained for the
centrifugal fan
Since the frequency control is fed by single phase, the results
are only considered for the first phase Ph1. The measurements
carryied out show that the frequency influence on the shape of the
current is the most influential. With lowering the frequency and the
motor speed respectively, some electrical performance changes.
The odd harmonics of the current are highly pronounced (3, 5, 7, 9,
11, 13, 15, 17, 19, 21), the overall harmonic distortion reaches very
high values at the lowest frequency of the supply voltage (f=20 Hz):
THDI = 219.05%. The power factor PF is also very low: PF = 0.4,
with the predominant capacitive character of the load. This is
largely due to power capacitors in frequency control that have high
capacity and lack of filters at the input of the converter. Because of
the low power, the frequency control does not affect the shape of
the voltage curve and its harmonic composition.

Fig. 2 Observed harmonics at fully open revolving valve of the centrifugal
pump

4. Analysis of the results obtained for the
centrifugal pump unit
The results obtained clearly show that a different load on the
pump unit and the induction motor, respectively, changes some of
its electrical characteristics. This results in a change in the power
factor - PF, which has values in the range of 0.6 to 0.75 with a
pronounced inductive character of the load.
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Fig. 6 Loading diagram of centrifugal fan for different power supply frequencies

6. Conclusions
The results obtained could be of great practical importance
when considering to start and possibly implement the frequency
control of induction motors for centrifugal equipment. There is
more and more talk about the benefits (and deficiencies) of
electric motors frequency control. Optional solutions
implemented using a frequency converter can be successfully
applied in laboratory exercises. It can practically examine the
possibilities of the autonomous voltage inverter in order to
acquaint and work with the students with a frequency regulator.
The autonomous inverter provides great possibilities for
exploring its co-operating with an squirrel-cage induction motor.
This is a great advantage as most of the electric drives in the
world are based on an induction motor controlled by frequency
inverter.
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PECULIARITIES OF STRESS-STRAIN STATE OF TOROIDAL PRESSURE HULL,
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Abstract: Peculiarities of stress-strain state of pressure hull of underwater technical device, shaped as torus with circle intersection, which
was obtained by spiral winding of polymer composite materials, are presented.
KEYWORDS: TOROIDAL PRESSURE HULL, STRESS-STRAIN STATE, WINDING, ORTHOTROPIC CASING.
1.
Introduction
The method of winding by fiber (band) is an efficient method
of production of pressure hulls of underwater technical devices,
made of polymer composite materials (PCM), which allows
maximal realization of physical and mechanical properties of
fiberous PCM. This method allows realization of such a complex
shape of PCM-made pressure hull as torus.
Spiral winding, scheme of which is presented at Fig. 1, is one
of the types of continuous fiber winding.
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Fig. 2. Geometric parameters of diameter intersection of
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Elastic characteristics for the evaluation of Сij, Dij rigidity of
the i-th layer in θ, ψ coordinates for the reinforced materials,
obtained by spiral winding, in case when reinforcing material is
situated under φ angle were evaluated by the following formulas
[3]:
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a – inner radius of meridian intersection; R – distance
between rotation axis and the center of meridian intersection ;
r0 – maximal rotation radius (on the outer equator); r – distance
from в-в rotation axis to given К(θ) point of the middle surface
in meridian intersection; ±φ – angles of spiral winding
Fig.1. Geometric sizes and schemes of winding of round
toroidal casing
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Spiral winding is a symmetric laying of fibers (band), at
which the wall of multilayer material is formed by pairs of
identical monolayers, which are laid under the angles of ± φ to
meridian. Depending on the used scheme of spiral winding,
geodesic and equilibrium windings are distinguished. Spiral
winding leads to the formation of composite material with
orthogonal reinforcement. Thus
toroidal pressure hull is
considered as multilayer orthotropic casing, and evaluation of
elastic characteristics of material of winded toroidal casing wall
was performed by approximation of their real structure by
multilayer model [1].
The algorithm of the evaluation of toroidal casing as a
pressure hull of underwater technical devices, made by winding,
is considered in paper [2], yet the issues of the peculiarities of the
impact of the angle during spiral winding of toroidal pressure
hulls from the strength point of view are still open.
The goal of work is to study the peculiarities of stress-strain
state (SSS) of oroidal pressure hulls, made of PCM, at spiral
winding..
2.
Results and discussion
The main peculiarity of spiral winding is the fact that the
thickness of casing by meridian intersection is constant, contrary
to transverse winding with longitudinal winding (or facing).
However, the slope of spiral related to the axis of big circle is
variable. Momentary stress state by the meridian is also affected
by the geometry of torus shape, which is taken into account in
evaluation by introducing k=a/R coefficient.
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where η – coefficient of volume filling by fiber.
At the present stage, due to the mathematical complexity of
taking the change of winding angle φ(θ) into account, method of
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h m

averaging according to [4] was used both for geodesic spiral
winding (GSW) and equilibrium spiral winding (ESW), which
allowed stabilization of elastic modulus border values.
After the system of infinite linear algebraic equations was
solved, values of the coefficients for the functions of um and wm
displacements of К(θ) type points (see Fig. 2) were found, which
allowed theoretical study of SSS of pressure hull with circle
transverse intersection, obtained by spiral winding from carbon
reinforced plastic (CRP) and glass reinforced plastic (GRP).
Orthotropic toroidal casings, made of CRP and GRP (see Fig.
2) with parameters of а =1 m, k = 0,33 were considered as an
example of pressure hull of underwater technical device. Elastic
characteristics of monolayer and averaged batch thickness were
chosen from the durability point of view according to solutions,
presented in [5] for immersion depth of H = 1000 m
(Ркр = 10 MPa): for GRP (S-2 GLAAS/Epoxy) – Е1 = 59 GPa,
Е2 = 20 GPa, µ1 = 0,28, hΣGRP = 0.064 m and for CRP
(M35J/Epoxy) – Е1 = 207 GPa, Е2 = 7,4 GPa, µ1 = 0,348,
hΣСRP = 0.04 m.
Obtained solutions allowed the obtainment of diagrams of
distributions of thicknesses h(θ), flexures w(θ), normal stresses
Т1(θ) and Т2(θ), bending moment М1(θ) and cutting force N1(θ)
for both considered materials in meridian intersection of torus
(see Fig. 3 and Fig. 4) while taking into account the equations (1–
4) for um and wm displacements and holding 5 row members by
m.
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Evaluation of the function of thickness change h(θ) for all
considered spiral winding types confirm its constancy.
The diagrams of distributions of flexures w(θ) are
substantially uneven, which confirms significant contribution of
momentary stress state of casing by meridian. Maximum for
flexures of casing, made of GRP, is situated at θ = ±π/2 area and
is wΣGRP= 8,78 mm for GSW and wΣGRP = 10,2 mm for ESW.
Maximum for flexures of casing, made of CRP, is situated at
θ = ±2π/3 area and is wΣCRP = 5,12 mm for GSW and wΣCRP =
7,43 mm for ESW. Their relation to casing thickness is wΣGRP /h
= 0,185 for GSW and wΣGRP /h = 0,215 and wΣCRP /h = 0,248 for
RSW, which allows consideration of casing as thin even at
k = 0,33.
The diagrams of distributions of Т1(θ) normal stresses are
substantially uneven which is clearly shown for the following
relations – for GSW T1GRPmax/ T1GRPmin = 1,39 and T1CRPmax/
T1CRPmin = 1,42, and for RSW T1GRPmax/ T1GRPmin = 1,42 and
T1CRPmax/ T1CRPmin = 1,48, which is due to the impact of torus
geometry. Maximum of normal stresses is situated at A pole. The
diagrams of distributions of Т2(θ) normal stresses are almost even
by meridian intersection for all considered casings.
The diagrams of distributions of М1(θ) have three noticeable
maximums at θ = 0, θ = ±π/2 and θ = π. The biggest of them is
situated at θ = ±π/2 area.
The diagrams of distributions of N1(θ) cutting force have two
maximums in θ = ±π/6 and θ = ±2π/3 areas.
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Fig.4. The diagrams of distributions of thicknesses h(θ),
flexures w(θ), normal stresses Т1(θ) and Т2(θ), bending moment
М1(θ) and cutting force N1(θ) for spiral wound toroidal pressure
hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for CRP
M35J/Epoxy in case of GSW (а) and ESW (b)
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Fig. 3 The diagrams of distributions of thicknesses h(θ),
flexures w(θ), normal stresses Т1(θ) and Т2(θ), bending moment
М1(θ) and cutting force N1(θ) for spiral wound toroidal pressure
hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for GRP S2 GLASS/Epoxy in case of GSW (а) and ESW (b)
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The values of total maximal stresses of middle surface σθ and
σψ (see Fig. 5 and Fig. 6) for toroidal casing are only dependent
on the values of Т1 and Т2 normal stresses correspondingly. For
the GRP the σθ and σψ are almost indentical for GSW and ESW
and their values are σθmax = 260 MPa and σψmax = 105 MPa for
each type of winding. At the same time, for CRP the maximum
σθ stresses for GSW are lower than for ESW and are 410 and 465
MPa correspondingly, while the maximum σψ value for GSW is
higher than for ESW and is 165 MPa (142 MPa for ESW). Thus,
GSW leads to unloading of meridian intersection, which is due to
the fact that stressed state by meridian intersection is
substantially non-axis-symmetrical (contrary to cylinder) due to
torus geometry.
Maximum values of σθ stresses of middle surface (see Fig. 5
and Fig. 6) for toroidal pressure hulls in all cases will be situated
on the inner equator at А (θ = π) point, and for σψ stresses they
will be situated on the outer equator at В (θ = 0°) point. While for
toroidal pressure hull made by transverse winding combined with
longitudinal winding (or facing) maximum values of the middle
surface σθ and σψ stresses will be situated on the outer equator at
В (θ = 0°) point [2].
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Fig. 6. The diagrams of distributions of middle surface
stresses σθ(Т1) and σψ(Т2) for spiral wound toroidal pressure
hulls (а = 1 m, k = 0.33) on the depth of H = 1000 m for CRP
M35J/Epoxy in case of GSW (а) and ESW (b)
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Momentary component of stresses σθМ changes its sign
simillary for all considered cases (see Fig. 7 and Fig. 8).
It is shown, that tacking moment М1 into account
significantly impacts the value of total σθ stresses and is 15 %
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for GRP and 11.5% for CRP in case of GSW and 18 % for GRP
and 15.3 % for CRP in case of ESW in θ=±π/2 area.
The results of combination of meridian normal σθΣ stresses
for all considered cases are shown at Fig. 7 and Fig. 8. Maximal
σθΣ stress for all considered cases is situated on the inner surface
at the A pole area and at Ркр=10 MPa for GRP S-2
GLASS/Epoxy it is σθmax = 280 MPa at GSW and
σθmax = 290 MPa at ESW, and for CRP M35J/Epoxy it is
σθmax = 430 MPa at GSW and σθmax = 490 МПа at ESW.
3. Conclusions
The specified method for determination of SSS components
for toroidal pressure hulls of underwater technical devices, made
by spiral winding, is considered.
It is found out, that the maximal flexure for GRP is 18 % for
GSW and 21.5 % for ESW at θ=±π/2, and for CRP it is 16.3 %
for GSW and 21 % for ESW at θ=±3π/2.
It is shown, that maximum values of normal stresses T1max are
in effect at θ = π, and T2max at θ = π, while bending moments
M1max are at θ = ±π/2.
It is proven, that tacking moment М1 into account
significantly impacts the value of total σθ stresses and is 15 %
for GRP and 11.5% for CRP in case of GSW and 18 % for GRP
and 15.3 % for CRP in case of ESW.
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EVALUATION OF THE RESIDUAL STRESSES IN ADVANCED COMPOSITE
CERAMIC COATINGS USING X-RAY DIFFRACTION TECHNIQUES
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Abstract: X-Rays diffraction method were used to determine the residual stresses and local phase composition through the thickness of
as-sprayed by flame-sprayed thermal barrier coatings consisting of a NiAl bond coat and composite ceramic coatings (Al2O3 –22wt%
ZrSiO4) topcoat produced. The as-sprayed residual stresses reflected the combined influence of quenching stresses from the flame spray
process, thermal expansion mismatch between the topcoat, bond coat and substrate, and stress relief from the segmentation cracks. The
thickness of bond coating was (150ϻm) and for composite ceramic coating was (450 ϻm). The residual stresses evaluated by X-Ray
diffraction technique were maximum tensile residual stresses (15.626) Mpa.
Keywords: (Al2O3 –22wt% ZrSiO4) WEAR PROTECTION COATINGS,RESIDUAL STRESSES , X-Ray DIFFRICTION
TECHNIQUE.

1. Introduction

2. Materials and method

Increased use of thermal spray coatings, especially for hightemperature environmental resistance, requires confidence in
coating durability, i.e., resistance to cracking, debonding, and
spallation, both during application and in service. Residual stresses
are known to play an important role in coating durability; for
example, tensile residual stresses typically increase the
susceptibility to cracking and debonding. Many studies have been
devoted to the measurement of residual stresses in coatings [1-4].
Residual stresses develop during cooling of a thermal spray coating
due to the mismatch of thermal expansion coefficients of the
coating and substrate. Depending on the relative magnitudes of the
thermal expansion coefficients of the coating and substrate [5-7]
residual stress can be either tensile or compressive Parameters that
strongly affect the magnitude of residual stresses are coating and
substrate temperature during spray deposition and properties of the
coating such as thickness, roughness and porosity. Experiments
have shown that residual stresses increase with coating thickness
and deposition temperature [8]. Thermal barrier coatings (TBCs) are
the best way to protect components of gas turbine engines and the
demand for such coatings is becoming more important as higher
temperature engines are being developed [9-14]. Generally, the
residual stresses of thermally sprayed coatings are induced by
different mechanisms and sources [15-17]. In a thermal spray
process with a high flame temperature, such like flame spray,
plasma spray, or arc spray, fully and partially molten particles
striking onto the surface of the substrate, are flattened, solidified,
and cooled down in a very short period of time (few microseconds).
After their solidification and adhesion onto the surface of the
substrate, substrate material or the underlying solidified coating
material, which results in tensile stresses, which are called intrinsic,
deposition, or quenching stress, can hinder the contraction of the
splats. Due to an extremely high temperature difference, a high
theoretical residual stress in the order of up to 1 GPa can be induced.
However, due to the many relaxation mechanisms, such as the
sliding of the splats, micro cracks, plastic deformations, and
material creep, the experimentally measured values are much lower
(<100 MPa) [18]. X-ray diffraction was used as a complementary
technique; it can determine stress only in a thin surface layer,
whereas the penetrating power of neutrons enables throughthickness stress profiling without any material removal [19].
This work aims to evaluation of the residual stresses in
advanced composite ceramic coating (Al2O3 –22wt% ZrSiO4)
using X-ray diffraction technique (XRD).
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2.1 Materials and parameters of the spraying
processes
The coatings were applied by thermal spraying method
(flame spraying) in air on the plain-carbon steel (AISI 1050),
cylindrical substrate that’s dimensions were 15 mm in diameter and
10 mm in height. The flame spraying system is designed and
implemented in the welding laboratory of Mechanical Engineering
Department, College of Engineering, University of Diyala, Iraq
using spray gun the heat flame is produced by the burning of
oxygen and acetylene, where the molten powder is carried out in the
gas mixture and is attached to the surface to be coated by the high
temperature of the torch which can raise to 3000 Cº. It is required
to control the pressure of the gases to obtain the flame equal to the
speed of the powder rush. The oxygen pressure should be adjusted
according to the spray gun used no more than 4 bar and the
acetylene pressure not more than 0.7 bar before spraying process.
Two coating layers were used in this work are the bond coat from
(AlNi) alloy to reduce mismatch of thermal expansion coefficient
between substrate and composite ceramic coating as a top coating
layer. The conditions of deposition process are listed in Table1.
Table 1 Operating parameters during coating deposition process
Operating Parameters

Values

Oxygen pressure

4 bar

Acetylene pressure

0.7 bar

Distance
Powder feed rate
Particle size

20 cm
7 cm3/min
Mish (100-300)

Temperature substrate

(300 - 450) Cº

2.2 Residual stress analysis
2.2.1. X-Ray stress evaluation
XRD-based residual stress measurements were made using
standard dspacing vs. sin2ѱ techniques using Shimadzu X-Ray
Diffractometer type XRD-6000 and CrKα radiation. The sin2 ѱ
method [20, 21] was used to determine the residual stresses in this
work, the change of a lattice plane distance (d spacing) of a phase,
i.e., the peak shift of the corresponding reflection, was measured for
tilt ѱ-angles between 0º and 45º. To calculate the residual stresses,
the linear regression of the plot (d spacing) versus sin 2ѱ and the X-
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ray elastic constants. The coating and substrate physical properties
(elastic modulus, Poisson’s ratio, and coefficient of thermal
expansion), thickness of the top coating, bond coat and substrate are
shown in the table 2. The deposition temperature used in the present
work during coating process for the topcoat and bond coat was
850Cº.

3. Results and discussion

3.1. Residual stress measurement—XRD results
It can be referred from from Eq. (1) that in topcoat
(Al2O3 –22wt% ZrSiO4) was subjected to compressive
residual stresses (15.626 Mpa). This residual stresses were
evaluated in the surface layer of coating adherent to the substrate.
Thickness of topcoat layer conforming to the X-ray penetration was
observed 450 µm. The study was carried out at several sites of each
coating and the residual stresses were always determined along two
perpendicular directions corresponding to azimuth angles of 0º and
120º. The results showed for each sample characteristics of a planeequiaxial and compressive stress state, with constant values at sites
far from the borders or irregularities. The results presented in the
remainder of the study confirm this feature.

Table 2 The physical properties of substrate, bond coat and
topcoat [22-25]
Physical
Substrate Bond coating Top coating
properties
Yong's modulus
200
105
27
(Gpa)
Poisson’s ratio
0.33
0.315
0.22
Thickness
10 (mm)
150μm
450μm

From Shimadzu X-Ray Diffractometer XRD-6000 chart, will be
getting on the following values are shown in the table 3.

The level of the residual stresses in the topcoat surface
was related to characteristics of composite ceramic coating (Al2O3

Table 3 Shows the relationship between 2Ɵ & ѱ to the topcoat
(60%Al2O3+40% SiO2)
2Ɵ
ѱ
157.787
0
158.384
15
158.353
30
157.736
45

parameters considered were the substrate material (AISI 1050), the
substrate thickness (10 mm), and a bond coat of NiAl (150µm). As
can be observed, the level of the residual stresses remains constant
for all the samples inside the error bars. This behavior can be
related to the stress relief by extensive micro-cracking during
spraying. The coating flaws, porosities and microcracks have an
important effect on the stress release and only quenching stresses
remain in the finished deposit [18].

–22wt% ZrSiO4) deposited by flame spraying technique. The

4. Conclusions

By Brag Law (nλ = 2d sinθ) may be calculated (d), where n=1, λ=
2.28970 Aº and Ɵ (0, 15, 30, 45) degree. From the figure1 may be
calculated the linear slop of the plot dspacing versus sin 2ѱ.

X-ray diffraction technique used in the present
work to estimate residual stresses generated during
flame spraying process was (15.6 Mpa). The
analysis of residual stresses also showed the
beneficial effects of substrate preheating and
cooling rates on reducing tensile residual stresses
distribution in flame spraying coatings. Preheating
of substrate at 650 Cº resulted in a lower residual
stresses while a slower cooling rate was shown to
yield lower residual stresses.

The stresses can then be obtained from the following equation:
Ϭ= (E/(1+ѵ)) *1/dо (∂d/ (∂〖sin〗^2 d))
From figure1 the slop ∂d/ (∂〖sin〗^2 d)) = 0.000936,
dº = 1.42469Aº
from Eq. (1), the value of the Residual stresses is:
Ϭ = 15.626Mpa

(1)
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Abstract: It is investigated features of phase structure of metal-polymeric nanocomposite based on thermoplastic matrices. Effect of
realization of reversible phase transition “nanometal - high-molecular metal-containing compound” which determines hardening, wear and
thermal-oxidative degradation mechanisms is established.
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2. Materials and research methods

1. Introduction
In the nomenclature of nanocomposite engineering materials
based on polymeric and oligomeric matrices metal-polymeric
nanocomposites occupy a special place, in which as a modifying
component used fine particles of metals, obtained by reduction of
the precursor to the melt or suspension of an organic matrix [1-6].
Metal-polymers found application as a matrix for creating
compositions for the production of structural and tribological
purposes [2, 3] and as an additive in plastic lubricants for heavily
loaded friction units of machines and technological equipment and
sliding electrical contacts [5, 6].
Among the first studies analyzing the structure and properties of
metal-polymers obtained by thermolysis of metal precursors in
molten thermoplastics include professor E.M. Nathanson et al.
researches [7]. These studies were further developed in the studies
implemented by the scientific school of Academician V.A. Belyj [2,
8]. As a result of systemic research developed new engineering
material for products of construction and tribological purpose of
trademarks SAM and INGAM, plastic lubricants for sliding
electrical contacts with the trade mark SEM [2, 3, 6], plastic
compositions for heavy-duty friction units mark MP [7].
Analysis of literature devoted to the study of features of the
structure and properties of a new generation engineering polymeric
materials, positioned according to modern terminology as the
nanocomposite showed that the metal-polymer composites
developed in 70-90 years of last century, satisfy the requirements of
functional nanocomposites, because contain modifying components
with dimensions not exceeding 100 nm, and demonstrate nonadditive properties [9, 10].
Among the first systematic research on metal-polymers
materials science and technology include work performed by prof.
Struk V.A. scientific school [2], which allowed to develop
methodological principles of creation and processing of metalpolymeric functional engineering materials [3, 5], plastic lubricants
and refrigerant, with higher rates of service characteristics [6]. The
development of these principles in terms of charge transfer in the
insulators environment ensures the development of conductive
compounds for applications in sliding electrical contacts [11].
Despite the establishment of a number of fundamental laws
which determine the mechanisms of formation and transformation
of the structure metal-polymers different composition under the
influence of various operational factors [2-8], the prevailing theory
of materials science of nanometal-polymers as a special class of
engineering materials not currently exist. This causes a relatively
small proportion of metal-polymer nanocomposites in the total
amount applied polymer and composite engineering materials.
The purpose of this work was to investigate the features of the
formation mechanisms of metal-polymer structure and its changes
in various types of operational impacts.
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As objects of study were chosen metal-polymers obtained by
thermolysis of metal-containing precursors (salts of polyvalent
metals and organic acids  formate and oxalate) in the molten
thermoplastic  polyamide PA6, P66 (Anid), CFD, polyacetals,
polybutylene terephthalate (PBT), polyolefins (HDPE, PP) and their
thermodynamic
combined
mixtures.
Thermomechanical
combination of components carried in the material cylinder of
injection-molding machine screw type at temperatures and shear
stresses characteristic of the thermoplastic matrix. Content of
metallic component in metal-polymers ranged from 0,001 to 5 wt.%
when the size of individual particles from 5 to 70 nm [4].
Investigation of structure of metal-polymeric nanocomposites
was implemented using IR- and EPR-spectroscopy, DTA, X-ray
diffraction, atomic force microscopy (AFM) and scanning electron
microscopy (SEM). Tribotechnical investigations were performed
on a friction machine using the scheme "finger - disk ", "shaft 
partial liner ", in the load range 0,1 ÷ 10 MPa and sliding velocity
0,1-1,0 m/s, as well as on a friction machine with abrasive cloth on
the surface of contact.

3. Results and discussion
Analysis of indicators of deformation-strength and tribological
characteristics of metal-polymeric nanocomposites indicates that
they greatly exceed the basic thermoplastics (PA6, HDPE, CFD,
PBT) for wear resistance (Fig. 1) and deformation-strength
characteristics (Table 1).
The data of IR-spectroscopy, DTA and X-ray analysis, as well
as literature sources [2, 5-8] allow to suggest that at the stage of
forming metal-polimeric structure formed by thermolysis of the
precursor of the metal nanoparticles with sizes ranging from 3 nm
to 70 nm [4] or their clusters act as active centers of formation of
supramolecular aggregates mainly spherulitic type [12]. Due to
structural ordering enhance the proportion of crystalline phase,
which increases the indexes of deformation-strength characteristics
of metal-polymer composite [13]. A typical type of supramolecular
structure with centers in the form of metal nanoparticles (Fig. 2),
formed by the mechanism of adsorption interaction of active centers
of macromolecules (polar groups, multiple bonds, uncompensated
electrons) and nanoparticles, characterized by high values of surface
energy. Such a mechanism of metal-polymeric structure
characteristic for the nanocomposites based on both the investigated
polar (PA6, PBT) and nonpolar (HDPE, PP, LDPE, CFD) polymer
matrices.
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Fig. 2. Different types of adsorption states (I) and scheme of the
adsorption metal-polymeric complexes (II): Ia  horizontal, Ib 
vertical, Ic looping adsorption; IIa - adsorption of two particles of
one polymer macromolecule; IIb  adsorption of macromolecules
by aggregates of nanoparticles; IIIc  adsorption complex "web"
[4]

Fig. 1. Dependence of friction coefficient (curves 1-6) and the wear
intensity (7-12) on the load during friction of metal-polymers based
on PA6 (5, 11), CFD (6, 10), PBT (4, 12) and the basic coupling
agents PA6 (1,7), CFD (3, 10) and PBT (2, 9). Slip velocity 0,5 m/s
* - asterisk denotes the thermal destruction of the sample.

Table 1. Properties of nanocomposite metal-polymers (MP) on the basis of engineering thermoplastics
Index for material
MP based on polyamides
Characteristic

MP based on polyacetal
CFD
CFD+
CFD+
CFD
+0,1%
+0,1%
Pb
Cu
1,41
1,43
1,42

1,13

PA6+
+0,001%
Cu
1,13

PA 6+
+0,01%
Cu
1,14

PA 6+
+0,1%
Cu
1,15

LDPE+
+0,1%
Cu
0,96

LDPE +
+0,5%
Cu
0,97

190

190

195

195

-

-

-

100

110

100

270

300

310

305

320

350

310

240

250

250

65
85-100

70
90-110

72
95-110

70
90-110

25
-

27
-

22
-

65
145

72
150

75
150

35
20
14

68
65
45

70
65
54

75
70
55

15
10
-

25
25
-

10
5
-

40
20
10

65
48
45

68
50
48

11,0

10,0

10,0

9,5

0,1

0,1

0,1

0,2

0,2

0,2

0,6

0,3

0,25

0,3

0,25

0,25

0,3

0,5

0,3

0,3

0,5

0,15

0,20

0,25

0,5

0,5

0,8

0,4

0,2

0,18

PA6 initial
Density, g/cm3;
Vicka thermal
stability, ºС;
Thermal stability,
ºС;
Rupture stress, MPa:
- in tension;
- in compression;
- in tension after
100 hours
500 hours
1000 hours
thermal oxidation;
Water absorption,
%;
Friction coefficient
Wear intensity,
I×108

MP based on polyolefins

However, the observed significant increase in wear resistance of
metal-polymeric composites, and decrease the coefficient of friction
when tested without external lubrication supply evidence of the
formation and another type of supramolecular structure, in which
the active nanoparticles of metal modifier act as a "cross-linking"
agent, forming intermolecular bonds of adsorption type (Fig. 3).

LDPE
0,95

This character of interaction in metal-polymeric composite causes
the decrease in the mobility of macromolecules, as evidenced by the
increase in the time correlation of stable iminoxyl radical τс (Fig.
4), (Table 2).
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Fig. 3. Models the interaction of polymer chains with the metal
nanoparticles: a  model of "long" loops [4], b  a model of "short"
loops [4]; c - a model of intermolecular cross-linking; 1  adsorbed
sites of the macromolecule, 2  loop-shaped sections; 3 "tails" of
macromolecules

Fig. 4. Dependence of the correlation time of stable iminoxyl radical
τc on the concentration of the dispersed copper in HDPE.
Temperature of processing 503 K

Table 2. The correlation time of a stable iminoxyl radical in metal-polymers polyethylene HDPE and polyacetal STD
Composition
LDPE
LDPE +0,01% Cu
STD
STD+0,01% Cu

Termal aging temperature,
К
573
423

0
21,25
23,52
43,86
52,84

In the known literature sources [1,4,7,8] metal-polymeric
composites considered as a two-phase system, each component of
which, and the metal (NM), and a polymer (P) retains its individual
characteristics in the process of product use in various conditions,
including the interaction of thermo-oxidative environments and
mechanical (tribomechanic) stresses. These views are in evident
contrast with the experimental data, indicating that transform both
metallic and polymeric components during long-term effects of
various operating parameters (Fig.5, Fig.6).

Fig. 5. IR-spectra of metal-polymer HDPE+ 0.05% wt. of copper
(1, 2) and PA + 0.05% wt. of copper (3, 4) initial (1, 3) and after
exposure to air at 3735 K within 500 hours (2) and 293  5 K for
720 hours (4). Spectrum 4  differential

Fig. 6. IR-spectra of metal-polymer HDPE + 5% wt. of copper
initial (1) and after 10 hours of friction tests (2)
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Correlation time τc after aging, hrs
100
20,75
36,16
42,86
52,76

500
27,5
49,86
47,3
58,93

First, the observed changes in the composition and structure of
the polymer matrix due to thermo-oxidative and destructive
processes. Secondly, it is established process of oxidation-reduction
reactions leading to the selective interaction of high-molecular
compounds with ingredients of system metal component, which
lead to the formation of metal-containing compounds in the amount
of metal-polymeric composite. This process is called "dissolution"
of the metal substrate [1], although under strict terminological
approach to understanding the observed process should be talking
about the process of chemical interaction of components with the
formation of products whose composition is determined by the laws
of reaction kinetics of interacting oxide compounds with the
formation of characteristic product.
Third, the binary metal-polymeric system is transformed into a
multiphase, at least a three-phase, "nanometalic particle (NM) +
metal-containing compound (MC) + polymer matrix (P) ", with a
corresponding change in the kinetics of physicochemical processes
of interaction between the components under the influence of
operating factors (Fig.5, Fig.6).
The processes of phase transformation is characterized by both
static (adhesion) (Fig. 5) and dynamic (tribological) systems (Fig.
6) [14], and therefore their analysis may establish analogies that
enable the prediction of some indicators of service characteristics,
such as adhesive or tribological.
In the study of peculiarities of structure formation in metalpolymer systems, various scientific schools started from the same
indisputable condition for maintaining the parameters of both
components and the polymer, and metal over time.
This approach, simplifying the analytical description of metalpolymer composite, however, conflict with the experimentally
observed effects of changes in the structure and parameters of the
characteristics metal-polymers under the influence of operational
factors of different nature  temperature, deformation, redox
(chemical).
Analysis of the literature shows that both the polymer and metal
components of the metal-polymer system are in thermodynamic
nonequilibrium state due primarily technological factors of its
formation  simultaneous effects of temperature and shear stress,
which contribute significantly to the mechanism and kinetics of
interfacial interaction. Polymer matrix, which prsrnted a
polydisperse system with a set of macromolecules of different mass,
under the influence of thermo-mechanical factor is activated with
the formation of radical products thermo-mechanical cracking with
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The wave function of the electron in the crystal volume ΨV,
when the surface has no influence on the electron, and the surface
wave function ΨS are different by any form of surface potential.
As an example, Fig. 8 shows characteristic changes in the
values of potential near the boundary of the crystal, taken from
paper [16]. These curves reproduce the change in the potential only
in the surface layer, although experimental studies show that the
surface as two-dimensional defect, can affect the depth of up to 5
atomic layers [17].

increased activity in the adsorption interaction with both polymer
and metal components of the metal-polymeric system.
Nonrecombinated due to steric impediments active macroradicals
remain high adsorption activity for a long time and can become a
source of origin of the chain process of aging under the influence of
operational factors, especially oxygen-containing components of the
environment and ultraviolet radiation [15]. In addition, as part of
industrial polymers are not only experimentally recorded, such by
ESR-spectroscopy, radical high-molecular products, but also lowmolecular, including oligomeric, synthesis products, the remnants
of the catalyst, the reaction medium, etc. The presence of these
components causes the thermodynamic nonequilibrium of a
polymer matrix that represents, in essence, a multiphase system,
whose components have a different composition, molecular weight
and activity in the processes of interaction with other components,
introduced in the metal-polymer nanocomposite, especially on
metallic nanoparticles [2].
Model approximation about the structure of metal systems
obtained thermolysis of precursors in the melt thermoplastic matrix,
formed the basis of proposals on the stability of parameters
generated nano-sized particles having a concrete crystal lattice [4].
However, even a simplified analysis of the conditions of formation
of metal-polymeric nanocomposite by thermo-mechanical
combining method of the components shows that they significantly
simplify the physical and chemical processes of interaction in the
emerging system.
First, the use of the powder precursor with different particle
sizes (up to several microns) causes an opportunity of education as
a result of thermolysis of not isolated metal particles, but mostly
cluster systems, formed under the laws of statistics. For example,
even when thermolysis in liquid environments formed cluster metal
structure with parameters significantly different from the classical
arrays, typical for the equilibrium conditions of melts crystallization
[6] (Fig. 7).

Fig. 8. Examples of near-surface potentials U(x), taken from [16]
(solid line). Dashed lines - potential change in the external adjacent
to the crystal field; a, b - to decrease U(x) before the surface
barrier, c - the constant potential of up to the surface, d, e - a
potential increase in capacity to the surface potential barrier. The
surface of the crystal - at x=0
(0)
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Fig. 7. Cluster of copper particles, obtained by thermolysis of
copper formate in the oil MС-20. × 5000
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From equations (3) follows
Secondly, the presence of high-molecular environment with
certain rheological parameters and activity of macromolecules in
the processes of adsorption interaction qualitatively changes the
conditions of condensation formed during the thermolysis of the
precursor of atomic or cluster metal components. Therefore, the
possibility of formation of the equilibrium metallic phase with a
characteristic type and the lattice parameter substantially limited.
The third important factor influencing the change of the metal phase
parameters, formed in high-molecular matrix resulting thermolysis
of the precursor is habitus of individual metal particles due to their
nature.
Model approximation about the mechanism of formation of
nanoparticles of metals, based on the quantum-mechanical
approach, has identified their characteristics features of interest in
the analysis of metal systems. In the study of adsorption properties
of the homogeneous crystals surface, including metal, emphasised
that the distribution of electron density and energy levels in the
depths of the crystal, that is in the bulk state, and on its surface, are
not the same [16, 17]. This is easily explained by simple quantummechanical comparison of these two the volume and surface states
[18]. Potentials of the crystals surficial regions of are not just
fragment of the wave functions of the crystal volume potentials, but
also have their own features that affect the appearance of the work
function in metals and number surface effects in dielectrics [15] and
semiconductors [20].

  Hˆ
n

(0)

 



 (0)
 Hˆ  n  (0)
  Ek(0)  En   n  (0)
k
k
k   0 . (4)

Hence condition (2), which holds for k  n .
Consequently, for any k and n

    0 .
n

(0)
k

(5)
0 

Hence, the wave functions n and k does not form a
linearly related decisions and belong to different systems of wave
functions whose spectra differ in both their own values and the
number of solutions. This condition is satisfied if the inequality
E ( S )  E (V ) , which is always executed. If equation (1) form
different on the number solutions  ( S )   (V ) , the evidence on the
difference between the energy states of electrons on the surface and
in the crystal volume is not required in view of his evidence.
Exactly this situation is most likely because on the surface of the
crystals are forms extra energetic (Tamm) levels, that is the surface
energy structure is indeed different from the bulk.
Electrically charged sites on the metal samples were found in
the middle of last century by G.I. Distler [21 23] and others [24].

472

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 11/2018



More recent studies have shown that surface charges on the metals
may help to explain some, such as adhesion, tribological processes
[25]. To study this effect must be considered both the influence of
the crystal surface energy of the electron, and the presence of
anisotropy of the work function, that is its variation for faces with
different (hkl)
The potential of an electron in an infinite that is in the
everywhere bulk crystal (UV) is determined only by the condition of
the structure periodicity in the self-consistent Hartree equation [26
28]:





r
r r
UV  r    v r  R ,

r
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 d r f  1   r f
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where R - the vector of transmission.
r
The function v  r  has the form:

where e - electron charge.
In equations (6, 7) parameter

r
r

(7)

1

r
rf

of the point at which analyzes potentials,
- variable vector, runs
through all points of the central Wigner-Seitz cell, for which the
integration is implemented. Similar arguments can be made not only
for the distribution of the electron, but also because of nuclear
charges. The value of electric charge in general (Q) is determined

r

by the resulting total charge density   r  , and   r  can take
both positive and negative values [28]. In this case, satisfies the
condition:

r
r
Q     r f dr f .

In our case x
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dr f

(13)
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n

when odd n are zero, as in this case for any r f odd degree r
and have opposite signs. Consequently, expansion into a series of





1

(see (7)) a non-zero summand is proportional

to r . Therefore, firstly, if the Wigner-Seitz cell there is a nonzero
charge, for example, substitutional defects, or is created a non-zero
dipole moment, it will affect the potential field in the crystal at
much greater distances than in the crystal, in which Q  0 and

(8)

r
P 0.
Secondly, in the infinite crystal, in which all cells of the total
charge is zero and there is a center of symmetry, to analyze the
electronic state should be taken only the cells adjacent to the one
under consideration. This principle is consistent with the Debye
theory and Bloch's theorem [26-29], was taken to determine the
dimensional limits of nanoparticles [30, 31]. We conclude that the
surface as a function defect UV(r) really affects only a few surface
layers [2]. Consequently, the polycrystal properties in the amount of
particles greater than ~ R 10-7 m remain almost three-dimensional,
and the size effect is present when the influence of particle surface
captures all, or at least most part of their volume.
At temperatures not exceeding room, the maximum electron
energy in the crystal particles when R>Rn (Rn- nanoparticles size),
when the size factor does not to act the part, corresponds to the
Fermi level EF. It is clear that outside the crystal potential in the
surface regions is not equal to zero, that is U(-r)≠0 at small r. A
"minus" sign indicates that the outer region of the crystal is
considered (Fig. 8). As the temperature increases some electrons
can enter into the surface barrier or even overcome it. In this case
we speak of thermal electron emission. In the cells of the surface
layer appear electron vacancies. Maximum energy required to move
an electron from the inner regions into the near-surface layer of the
sample, is equal EF. Bonds of the surface layer atoms become
uncompensated. Changing the surface configuration of the atom
causes the presence of surface energy. Consequently, near the
surface a cells of the crystal becomes distorted and different from
the bulk. There may appear nonzero dipole moment, and distortions
in the cells "may even create a non-zero total electric charge on the
surface" [29, p. 357].
The distribution of charges on the surface of the crystal depends
on many factors: the morphology of the surface, crystal mosaicity,
the presence of defects of various types, as well as on what
crystallographic plane corresponds to the crystal surface.

(9)

(10)

r
, hence
r

1
1
r  r 2 r 3

 1   2  3  ...
r  r
r r
r
 r 
r 1  
 r

(12)

5

represents the total dipole moment [29].
As an example, consider a cubic crystal, when describing metals
is quite acceptable; as they are in most cases belong to the cubic
system.
The denominator in the formula (7) expanded in a series:

1
 1  x  x 2  x3  ...  x n  ...
1 x

r

f
expressions r  r

As (7), integration is carrying out over the Wigner-Seitz
cell. Value

r
r
r
P   r f   r f  dr f

 rf
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Since the crystal is neutral, then Q=0. If the crystal has the
center of symmetry 1 , the dipole moment is also zero. The first two
terms on the right side of expression (12) in accordance with (9) and
(10) are zero. In this idealized case (the presence 1 and absence of
Q) all the integrals of the form

determines the fixed position

r





(6)

r
 r f  r
r
v  r   e  r r f dr f
,
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r

  r f 

(11)

The integral in condition (7) subject to (11) is
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Electrons can leave the crystal and move from the inner regions
of the surface layers only through the energy costs (considered onedimensional case)

Wx   E  x   edx .

When these two surfaces contact between them there is the
potential difference   W (see (12)), which leads to transfer
F

of electrons from the field with a higher Fermi level ( E2 in Fig.

(14)

F

10) in the region with a lower Fermi level ( E1 ). This process
continues until the alignment of these levels. In this case the contact
area S1,2 of S1 and S2 surfaces (Fig. 10) will play the role of a
structural defect that separates two regions in the general case with
different interatomic distances, or with different compositions (as,
for example, in steel). In a polycrystal (as in block crystal) contact
surfaces with potential difference influence the internal, that is the
volume area. In general, the electric charge of the sample remains
zero.

Consequently, the potential of the surface layer W that
determines the electron work function is determined not only the
Fermi energy, but also the condition:

W  WS  EF .

(15)

The charge of "electron coat" on the outside surface, subsurface
charges and charges of the inner regions of the algebraic sum
should be zero. Surface charge density as the same may be different
for a single particle, depending on the crystallographic indices of
planes of the faces, and only in the ideal case for the faces of
regular shape surface potentials will be identical.
If the crystal faces are crystallographically non-equivalent that
is not associated with point group symmetry, on each face besides
the double layer - the outer from surface negative and near-surface
in a crystal positive charges - there will appear a nonzero
macroscopic charge. Justification of appearance of electric charge
in the metal particle is given in work [29], which analyzes the
crystal with two crystal-chemical inequivalent faces F and F'. Work
function for these faces are equal to W and W', and it is considered
the case when W≠W'. Electron from the Fermi level can be drawn
through the face F and return it to the metal at the Fermi level
through the face F'. The total work in this cycle is equal, W-W'≠0
but it violates the law of conservation of energy. Consequently,
outside the metal exists an electric field, the work against which
when moving charge from face F to face F' compensates for the
difference in work function. If a potential difference of faces F and
F' is equal
implementing:

Fig. 10. The energy structure of matter in the area of surfaces
contact
Created a potential difference between faces S1 and S2 is due to
electrostatic charges on these surfaces. The intensity of this field is
much smaller than the field strength of the double charge layer in
the near-surface region. The thickness of this double layer on the
order of magnitude coincides with the interatomic distance.
Adjacent to each other facets F and F' may belong to both the
particles of different metals, and particles of a one metal. It is
important that these facets were distinguished in crystallographic
sense that is there would have a different work function. Only in
this case the electrons will pass from one particle to another. If the
metals are different, then the process will take place until as long as
in each of the metals will be created a common electrochemical
potential. At contact of one metal particles if the work function of
the contacting faces are different, that is, for faces, which the Fermi
levels are different, set the equilibrium energy boundary in the
conduction band, that is the surface charge will be to "raise" and
"lower" deep energy levels, respectively, changing chemical
potential, which in a single crystal is a tensor quantity. The
chemical potential in metals at temperatures not much above room,
practically corresponds to the Fermi level [29], that is in this case,
the condition (8) must be implemented.
As an example of the Fermi surfaces symmetry of some metals,
Fig. 11-13 shows these surfaces within the first Brillouin zone for
Cu, Ag, Au. Fermi surface of iron and aluminum are shown in Fig.
12 and 13, respectively to [31]. From these figures it follows that
for Cu, Ag, Au, in which the Fermi surface is nearly spherical, the
appearance of charge-mosaic will be observed only due to
differences in defects of contacting particles. In aluminum and iron
symmetry of the Fermi surface is significantly different from the
sphere. Consequently, these metals charge mosaic on the surface (as
in volume) will appear in a polycrystalline sample. If the metal does
not relate to the cubic, and by the middle or lower crystal system,
the redistribution of charges between the contacting particles of the
polycrystal will always occur, because the crystallographic
differences of faces of these metals particles due to their structure.
The values of these charges depend on the electronic states of
metals and their defects.
Thus, both components: the polymer (P) and metal (M) in
metal-polymeric composite are in nonequilibrium state, and the
kinetics of their interaction is significantly different from the
classical concepts that describes the system "polymer - metal" [1,
8].

      , then the following condition is
W  e ,

(16)

where W  W  W  - the difference between the electron work

function for the faces F and F'. In this case        4 P S
[29], here PS - the dipole moment of the double layer per unit
surface area. If the dipole moment is directed outwards, it is
considered positive (PS>0), otherwise – negative (PS<0). The value
of PS is dependent not only on surface characteristics, but also on
the conditions of its processing.
Two separated infinitely far apart the natural, that is, without
secondary surface layers, crystallographic different surfaces are
shown in Fig. 9. For the interiors is adopted the MT-potential model
(Muffin-tin). Fig. 9 shows the potential change only in the first
inner surface atomic layer, but it does not violate the community
analysis. The difference between the surfaces S1 and S2 are seen at
different altitudes of the Fermi levels (j=1;2), and that the work
function of electrons from these surfaces is also different as the
distance between atomic layers.

Fig. 9. Near-boundary potential of two crystallographic different
surfaces. S1 and S2 - the provisions of surfaces a and b. Dashed
lines - potential change in the outer surface layer. The distance
between the surfaces is infinitely large
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Fig. 11. The Fermi surface for Cu [31]

Fig. 12. The Fermi surface for Ag [31]

Our research has shown that the mechanism of contact
interactions in metal-polimeric composite is not limited to the
natural process chemical product of reactions of metal compounds
formation such as salts of organic acids [1, 8], and presented a
combination of physical and chemical processes, qualitatively
measuring the kinetics of the destruction of the system under the
influence of operating factors.
It is established mechanism of implementation in metalpolymeric system the effect of "non-chain" stabilization, which is
caused by a combination of structural (steric) and physico-chemical
factors that alter the kinetics of the destruction of the composite
under the influence of thermo-oxidative and destructive
environments (Fig. 14). The observed effect of prolonged protective
effect is due not only to their interaction with oxygen-containing
components of the environment, but also the action of metalcontaining compounds on the kinetics of oxidation-reduction and
destructive processes. The transforming process of a two-phase
metal-polymer system "nanometal particle  polymer matrix" in
multiphase "metal-containing compound + nanometal particle polymer matrix" defines the mechanism and kinetics of physicochemical changes in the system under external influence. The phase
composition of metal-polymeric nanocomposite system depends on
a combination and intensity of operational factors impact temperature, pressure, shear rate (sliding speed), the duration of
interaction, etc. Mechanical stresses due to the processes of
interaction of components in friction contact with the elements of
process equipment, lead to the activation of reactions of metalcontaining compounds formation. Model experiments, conducted
with the system "HDPE + Cu", show that makroradical products
mechano-(tribo)desruction of the polymer matrix are transformed
into high-molecular oxide compounds that interact with the metal
oxide with the formation of high-molecular metal-containing
products. Experimental evidence to justify the formation of metalcontaining compounds in metal-polymaeric nanocomposite after
deformation is the appearance of absorption bands in the 1550-1650
cm-1 in the IR-spectrum of the model sample after deformation in
the oxygen-containing environment and its disappearance after the
heat treatment at 493-523K (Fig.15) and the change in mobility of a
stable iminoxyl radical τс (Table 3). These products not only alter
the kinetics of tribosystem wear but also lead to processes of
adaptation of metal-polymeric component to the effects of
operational factors. In tribosystem "metal-polymer  metal" formed
a steady cycle of tribochemical processes which causes increase its
durability. In this case the kinetics of formation of a favorable cycle
of tribochemical reactions, as a result of which formed metalcontaining compounds that serve as an inhibitor of wear,
significantly different from the kinetics of contact processes in
tribosystem "polymer  metal". The presence of nanosized metal
particles (NM) in the metal-polymeric composite causes the
potential willingness of the system to adapt under the influence of
operational factors and the ability of its components to permanently
form wear inhibitors as tribodestruction of contact layers and
remove them from the friction zone.
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Fig. 13. The Fermi surface for Au [31]

Fig. 14. Dependence of tensile stress (t) of the thermal oxidation
time (τ) at 423 (1', 1, 3, 3') and 373 K (2, 2') in the air of polyamide
6 (1), polyethylene (2 ), polybutylene terephthalate (3) and metalpolymers based on them, respectively (1', 2', 3'). Copper content 0,05 wt.%
Table 3. The correlation time of stable iminoxyl radical introduced
in the samples metal-polymer HDPE-MP after various types of
mechanical action
Correlation time of stable iminoxyl
Influence time
radical, sec-1
Without influence
25×10-10
After uniaxial tension
27,7×10-10
After reversed bending
27,7×10-10
A similar effect is peculiar to and during exposure products of
metal-polymers at static effects of thermooxidative or other
operational such as biochemical factors. Coatings of metalpolymers exhibit higher anti-wear and protective characteristics due
to the influence of metal-containing products the components of the
operational environment. It is necessary to emphasize the
reversibility of the phase transition "nanometal + polymer → metalcontaining compound". Under the influence of elevated
temperatures of the order of 250 350ºC, they decompose with the
formation of nanodisperse particles of metal or oxide and highmolecular oxide products, which are able to following transform to
the mechanism described above (Fig. 15). Dynamic phase transition
in connection with structuring action of metallic nanoparticles cause
a particular set of parameters of metal-polymers service
characteristics compared with the base thermoplastic.
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1. Introduction
6 

Nanoparticles may be produced by dispersing of bulk crystal,
therefore it need analyzed the symmetry properties of crystal and
then nanoparticles habit may be determined by methods of classic
crystallography.
Positions of atoms in a crystal may be described either in
crystallophysic (orthogonal) (CP) or in crystallographic (CG)
systems. If there is an initial point ||x||1 then for orbit calculation
||x||orb the next rule is used

x

orb

 C / T  x 1 ,

1/ 2  3 / 2 0
3 / 2 1/ 2 0 ,
0
0
1
(2)

3 

1 / 2  3 / 2 0
3 / 2 1 / 2 0 .
0
0
1

For 6 and 3 it needs to change the sings of all metrical
(1)

elements in ||6|| and ||3||.
If ||P|| and ||G|| are metrical representation of point groups in CP
and CG system respectively then relations between them are

where C, T are point and translation symmetrical operations
respectively. Where Coperations are in CP or CG systems, T are in
CG always [1–5].

G  M

2. Investigation

1

M M

If ||x|| are column-matrices then T is a column-matrix too and C
is 3x3-matrix and the same is for the row-matrices.
If the point operation matrix has 0 and ±1 as metrical elements
and ±1 is the only one in every row and column then this matrix is a
basic matrix. The point groups with representation by the basic
matrices are named basic point groups [6]. The point groups of all
crystallographic systems except hexa- and trigonal (in H-basis) are
basic ones and they are the same for CP and CG systems. In Ndimension superspaces (N>3) some noncrystallographic symmetry
operations may be described by basic point groups [4, 6]. There are
many cases when metrical elements are 0 and ±1 but ±1 present
more than once in every columns and in every rows [1-4, 7]. As
metrical elements are rational and irrational numbers f.e the golden
ratio [1, 4, 5, 7-11].
The basic metrical representation may be used for hex- and
trigonal system into CP and CG with different CG basis.
The matrix-generator of 6 and 3 groups in CP system are

1

 P  M , P  M G  M

1

,

(3)

are metrical tensors of direct and reciprocal lattices

respectively. Let unit cell a-edge is along X-axis CP system, b-edge
is in XY coordinate plane of CP system then

a b  cos 

c  cos 
c  cos 
M  0 b  sin 
 cos   cos   cos   , (4)
sin 
cr
0
0
sin 

M

1

1 ctg cos  cos   cos 

a
a
a  r  sin 
1
cos  cos   cos 
 0
,
b  sin 
b  r  sin 
sin 
0
0
cr

(5)

where r  1cos 2 cos 2  cos 2  2cos cos  cos .
If M
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1

- tensor is written in a form of M (see 4) then

"MACHINES. TECHNOLOGIES. MATERIALS" Issue 11/2018
q, … are the sign ad the number of nonzero elements in rows or in
columns. The matrices (10) and (11) in short metrical form are:

a*r* a*cos*cos*cos *
a*cos*
sin*
sin*
1
M  0
b*sin*
b*cos* ,
0
0
c*

(6)

6  2, 3, 1, 4 ,

6  3, 1, 2, 4 ,

5  1,3, 4,5,6, 2 ,

5  1, 6, 2,3, 4,5 ,

(12)

3  3,1, 2, 5, 6, 4 , 3  2,3,1,6, 4, 5 .
where r* 1cos 2*cos 2 *cos 2 *2cos*cos*cos* ;

r and p are transposed matrices and besides

a, b, c,  ,  ,  - direct lattice parameters;

mn  nm

a*, b*, c*, *, *, * - reciprocal lattice parameters [8].
The rule transformation of CG(1) into CG(2) is

X  2  M  2

1

 M 1 X 1 .

(13)

The rules for matrices product in short form are

mk  mn  nk  kn ,

(7)

mk  nm  nk  kn ,
Matrices of rotation 6 , and inversion rotation 6 around Zaxis in CG-system (a = b, α = β = 90º, γ = 120º) are

110
110
6  100 , 6  100 .
001
001

(14)

mk  nk  nm  mn ,
mk  kn  nm  mn .
For example (see 11, 13, 14):

(8)

53  5 3  5  3  5 3 
 1,3, 4 ,5, 6, 2  2,3,1, 6, 5 , 4 

If a = b, α = β = 90º, γ = 60º then

 3, 2 , 5 , 6 , 4 ,1  6 , 2 ,1,5, 3 , 4 .

010
110
6  110 , 6  100 .
001
001

Obviously that 6-axis may be along other coordinate axes. The
matrix-generators of 6t3, 6x3 ,6y are respectively

(9)

1
0
6t 
0
0

We can see that all these matrices are not basic.
If hexagonal lattice is in 4-D space with orthogonal axes
ATXYZ, then a rotation around Z is described by the matrix:

0
0
6 
1
0

1
0
0
0

0
1
0
0

0
0
0
1

(10)

and this matrix is basic because number 1 is only one in every rows
and columns. It is known that quasicrystal can be analyzed in 6dimension Euclidian space. The matrix-generator of dodecahedron
as a simple form of quasicrystal has two elements [8]. There are ||5||
and ||3||:

1
0
0
5 
0
0
0

0
0
0
0
0
1

0
1
0
0
0
0

0
0
1
0
0
0

0
0
0
1
0
0

0
001
0
100
0
010
, 3 
0
000
1
000
0
000

0
0
0
0
0
1

(15)

0
0
0
1
0
0

0
0
0
.
0
1
0

0
0
0
1

0
1
0
0

0
00
0
01
, 6z 
1
00
0
10

1
0
0
0

0
01
0
00
, 6y 
1
00
0
10

0
0
1
0

0
1
. (16)
0
0

The 3-D hexagonal lattice is the 3-D projection of the 4D hypercubic lattice.
There are N-D basic lattices for all 3-D
noncrystallographic and 3-D nonbasic symmetries. The N-D
ad 3-D groups of symmetry are isomorphic ones.

3. Results
The fullerenes-like polyhedrons may be constructed with using
of regular 3-D lattices (Fig. 1) [12].

(11)

The real quasicrystals are analyzed as a 3-D projections or a 3D sections of the 6-D hypercubic lattice [9, 12]. As analogy with
this case the hexagonal structure may be described as 3-D
projection or section of the 4-D structure with a hypercubic lattice
and with basic point groups. Is the structure is described with basic
point groups in N-D space, then this space is basic for this structure.
The basic matrices may be written as row-matrix
r  m,n,... or column-matrix c  p,q,... . Here m, n, …; p,
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Fig. 1 The models of fullerenes are obtained on the general regular
lattices.a - C60, b- C72, c - C80, d - C120, e - C132,
f - C140 [12-14]
At the XX century the new matters were discovered. The first of
all they are quasicryatals and fullerenes. These objects have 5- and
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10-axis symmetry which is forbidden for crystals. The 3x3
matrices-generators of point groups of rotation in crystallographical
and crystallophysics basises have as matrix elements 0 and ±1,
except groups hexa- and trigonal syngonies (see 2). For groups with
5 along z-axis in orthogonal basis matrix-generator (M5) is:

  2
  3 2 0


M5      3 2  2 0 ,


0
0
1






where   1  5



product in short form is

4. Conclusions

(17)

2 is a golden ratio. For description of point

groups penta- and decagonal symmetries it is necessary instead of
crystal lattices take is named general regular lattices (GRL). The
two dimensional GRL is known as Penrose`s sets. For 3-d
pentagonal sets there are 14 groups of point symmetry, which are
not crystallographic because their elements may be golden ratio
[13-24]. For instance group with 5-order axis in GRL is next:

 0 0 1   0 0    1  1    1 0  1 0 0
 0  , 0   ,    0,   0 1,  0 1 0 (18)
 0 1    1  1    1 0  1 0 0  0 0 1 
In 30d space there are five different GRL with maximum group of
point symmetry m5m. It has order 120. Gram`s matrices there
lattices are next [12]:

 2  1 3   1  2 1 1 
 2  ,   3  , 1 2 1 ,
 1  2  1  3  1 1 2 




 5 2 1 2 1 3 1 1
 2 1 5 2 1, 1 3 1.
 2 1 2 1 5  1 1 3




(19)

Fullerenes-line structures may be obtained not only crystals
lattices but also on the pases of general regular lattices (Fig. 2).

a-6 pg, 18 trg, b-6 pg, 6 tetg, 18 trg; c- 14 ddg, 12 dg, 24 pg, 168
tetg, 120 trg; d- 8 ng, 42 tetg. The designations are dodecagon 
ddg; decagon  dg, nanogon  ng, pentagon  pg, tetragon  tetg,
trigon  trg.
Fig. 2. Fullerens-like structures are constructed on the 3-D regular
lattices.
The m5m group has subgroups: 532(60), 10m2(20), 5m(10),
52(10), 10(10), 5(5). The orders of groups are in parentheses [14].
Point group with maximum decagonal symmetry is 10/mmm. Its
order is equal 40 and it has the non crystallographic subgroups:
10/mmm(40), 10mm(20), 52m(20), 10/m(20), 10(10), 5(10).
It must be done like this we can same up. Basic matrix is
determined by matrix with 0,±1 as matrical elements and numbers
±1 is only one in every rows and columns of matrix. The basic
matrices are written as row-matrix r  m, n, ... or column-matrix

c  p, q, ... , where m, n, …; p, q, … are the sign and number of
nonzero elements in rows or in columns. The matrices r and c
are transposed then

mn  mk  nk  kn . For 3-D

nonbasic and 3-D noncrystallography symmetries there are basical
(hypercube) lattices.

mn  nm . The rule for basic matrix
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The quasicrystalline lattice is the 3-D projection of 6-D
hypercube. Quasicrystals, fullerenes and nanocrystals may be
described by theory of regular generalized lattices.
Nanoparticles have habits which correlate with forms
conforming to suitable crystals and can have the fullereneline symmetry with 5- and 10-axis of some their polyhedron
faces.
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