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Abstract: The hardening and austenite stability as a result of nitrogen alloying steel type of Cr18Ni10 in the temperature range, which is
usual for the application of such steels as corrosion-resistant structural heat-resistant and/or cryogenic ones was studied. It is shown that
the nitrogen alloying is perspective for strengthening and increasing of stability of austenitic stainless steels. Additional strengthening due to
the preliminary cold or warm deformation hardening increases a tendency to the martensite formation under load, which limits the operating
temperature of these steels. High-strength non-magnetic nitrogen-alloyed steels on the base of Cr18Ni10 steels containing up to 0.22 % of
nitrogen are suitable for cryogenic application of non-deformed articles only. Otherwise, a strain-induced martensite will always form in
them at temperatures below -70 °С. High strength, ductility and toughness of these steels can be achieved simultaneously only as a result of
the TRIP-effect or fine-grained structure formation.
KEYWORDS: AUSTENITIC STEEL, CRYOGENIC STEEL, CORROSION RESISTANCE, HEAT RESISTANCE, ALLOYING BY NITROGEN,
THERMAL STABILITY, THERMOMECHANICAL STRENGTHENING.

1. Introduction

2. Material and Experiment

Alloying by the nitrogen, using in the past years, is effective for
stability, strength and corrosion resistance of austenitic steels [1–7].
Nitrogen-alloyed stable chrome-nickel and chrome-manganese
austenitic steels often are strengthened by a cold plastic deformation
and ageing.
The nitrogen reduces the temperature of the start of the
martensite transformation during cooling, but it can increase the
tendency to the formation of deformation-induced martensite due to
the stack fault energy reducing.
The thermomechanical treatment is effective for nitrogencontaining austenitic steels and the range of controlled parameters
for such steels can be extended.
Alloying steels with nitrogen increases resistance to local
corrosion and intergranular corrosion [6, 7]. However, corrosion
resistance sensitive to the structural state of steels, so when thermomechanical hardening of nitrogen-containing steels is also a need
for a clear choice of regulated parameters of structures and more
strict observance of technology of smelting and processing.
Thus, due to changes in the processes of structure formation
with the adding to the steel even a small amount of nitrogen, it is
necessary to strictly control the chemical composition, to adjust
such parameters of thermal and thermomechanical treatment as
temperature, degree of deformation, duration and conditions of
subsequent cooling and aging, depending on the applications of the
steel. In particular, it is necessary to take into account the specific
temperature of formation and dissolution of nitrides, which can be
estimated by thermodynamic calculations, for example, using phase
diagrams. The change in the stability of austenite under and without
loading can be evaluated only experimentally.
The aim of this work was to study both strengthening and
stability of austenite resulted from the nitrogen alloying of
Cr18Ni10-type steel in the temperature range usual for the
application of such steels as structural corrosion-resistant heatresistant and/or cryogenic.

Steels of Cr18Ni10-type with content of nitrogen varied from
usual for contaminants (less than 0.01 %) to 0.22 % for specially
alloyed by the nitrogen with application of traditional technologies
of melt of corrosion-resistant chrome-nickel ones were studied.
Chemical composition of steels is given in the Table 1.
Investigated steel were received and pre-processed in the
following way. Steel 1 (Cr18Ni10Тi) was industrial melting and hot
rolled.
Nitrogen-alloyed steels were produced in laboratory conditions
using component of the charge of various purity by impurities.
Steels 2 and 3 (Cr18Ni10N) were melted in the induction furnace
from nitrogen-free steel of similar chemical composition with
addition of pure charge components to the required composition.
Steel 4 (Cr18Ni10N) was produced from pure materials: technical
iron, electrolytic nickel, electrolytic manganese, pure chrome,
nitrogenized ferrochrome, granulated aluminum in vacuum
induction furnace. Ingots with the weight of 12.5 kg were forged in
the temperature range 1160–820°С up to the general deformation of
80 % and cooled by air.
The final treatments were: 1) quenching on solid solution from
the temperature of 1050 °С in the water or in the air; 2) hightemperature thermomechanical treatment, including hot multipass
longitudinal rolling at the temperature 1070 °С with degrees of
compression ε=35, 50 and 80 %, and the cooling from the
temperature of rolling finish in the water or in the air.
The structure, phase composition and mechanical properties of
steels after different schemes of heat and thermomechanical
treatments, as well as their mechanical behavior in conditions of hot
and warm deformation were studied.
Qualitative analysis of the microstructure was carried out using
optical microscopy. Phase composition and the lattice period of
austenite was studied using x-ray analysis.
Vickers hardness, mechanical properties (both tensile and
impact bending tests) was is measured defined for all steels at room

Table 1. Chemical composition of investigated steels
No.

Steel

1
Cr18Ni10Тi
2
Cr18Ni10N (N=0.135 %)
3
Cr18Ni10N (N=0.186 %)
4
Cr18Ni10N (impurity free, N=0.220 %)
* – base is Fe.

С
0.10
0.05
0.05
0.007

Cr
17.7
18.0
18.1
19.1

3

Ni
9.5
10.3
9.6
9.3

Chemical composition, wt. %
Mn
Mo
S
P
1.19 0.10 0.007 0.027
1.04
–
0.015 0.023
0.82 <0.10 0.018 0.025
1.42 0.012 0.004 0.002

Al
0.11
0.10
0.12
0.035

N
<0.01
0.135
0.186
0.220

temperature (+20 °С), and for steel 4 (Cr18Ni10N) at the
temperature -163 °С too. Samples in the initial state and after
mechanical testing were studied for the presence of ferromagnetic
phase using ferritometer.

3. Results and Discussion
All investigated steels are austenitic at the room temperature:
they are non-magnetic and α-phases are not discovered using X-ray
method. This fact consequents to their position on Shaeffler
diagram (fig. 1).

Fig. 1. Positions of studied steels on Shaeffler diagram
A formula taking into account only the actual chemical
composition [8]:
M S = 500 − 25(Ni + 0,8Cr + 1,2 Mn − 8) − 12,5Mo − ,
(1)
− 29,4Ti − 35 Nb − 32,6Cu − 254(C + N )

Fig. 2. Phase diagram for steels Cr18Ni10N
(steels 2, 3, and 4)

evaluates the temperature of the martensite transformation (Table
2). Values МS are in the range of +23 °С (steel 1 (Cr18Ni10Тi)) to
-15 °С (steel 4 (Cr18Ni10N)).
Table 2. Evaluated temperatures МS and Md30
No.
Steel
МS, °С
1
Cr18Ni10Тi
23
2
Cr18Ni10N (N=0.135 %)
-14
3
Cr18Ni10N (N=0.186 %)
-7
Cr18Ni10N
4
-15
(impurity free, N=0.220 %)

When the tensile tests at 20 °С all nitrogen-containing steels
discovered a behavior typical for austenitic ones as a stable highplastic materials. Deformation curves are smooth, without a
serration, except steel 4 (Cr18Ni10N). The deformation pattern of
this steel demonstrated high plasticity and hardly noticeable aliasing
(with a small amount of peaks) in the deformation range of 30–
40 %. After the test samples of this steel were poor magnetic (Table
4). That is connected with formation of a small number of
deformation-induced martensite (α-martensite). Other steels in the
field of uniform deformation and after tensile up to failure at room
temperature remained non-magnetic. After the tensile test at
-163 °С the steel 4 (Cr18Ni10N) was strongly magnetic (see table
4), suggesting a relatively large part of the α-martensite.
The strength of steels increases according to the nitrogen
content in steels 1–4 (Table 3), and the resistance to the small
plastic deformation YS increases more actively. Characteristics of
strength at the temperature -163 °С are, naturally, higher than at
room temperature.
Evaluation of the tendency to formation of deformation-induced
martensite is carried out through the Md30 temperature at which
50 % of martensite formed under the influence of 30 %

Md30, °С
-1
-54
-66
-71

Fig. 2 presents polythermal section of phase diagram for alloys
with the content of alloying elements corresponding to steels (Table
1), and the nitrogen content from 0 to 1 %. The diagram was built
by the Thermo-Calc program on the basis of the thermodynamic
database TCFE6. It is seen that the temperatures of hot processing
and heating for quenching correspond to the austenitic region. So,
after the complete dissolution of excess phases neither δ-ferrite nor
martensite in the studied steels should not be.
Mechanical properties of the studied steels are given in Table 3.
Hardness values in all the investigated steels are similar and typical
for austenitic steels.
Table 3. Mechanical properties of the investigated steels
Тtest,
No.
Steel
Processing
°С
hardening, air
+20
1
Cr18Ni10Тi
HTMT 80 %, air
+20

HV,
МPа
210

UTS,
МPа
515

YS, МPа
230

ElU/El*,
%
47

RA,
%
51

KCU (KCV),
MJ/m2
(2.2)

310

700

440

26

54

(0.9)

hardening, water

+20

255

530

315

29

63

(2.2)

HTMT 50 %, water

+20

260

670

370

42

71

(1.9)

hardening, water

+20

240

715

355

25

67

(1.7)

HTMT 50 %, water

+20

255

690

345

27

74

(1.3)

Cr18Ni10N
+20
(impurity free,
HTMT 35 %, water
-163
N=0.220 %)
* – ElU – uniform elongation, El – total elongation.

240

750

400

63/44

84

3.9

–

1065

645

39/31

78

2.5

2
3

4

Cr18Ni10N
(N=0.135 %)
Cr18Ni10N
(N=0.186 %)

4

Table 4. Assessments of stability of austenite at mechanical tests of steel 4 (Cr18Ni10N)
Tensile test
Tests for impact bend
Тtest,
El
*,
magnetization
during
the
magnetization
in
magnetization
away
from
magnetization in the
U
°С
%
uniform deformation
the neck
the area of destruction
field of fracture
+20
44
poor magnetic
poor magnetic
non-magnetic
non-magnetic

mass part of
austenite**, %
100

-163
31
strongly magnetic
strongly magnetic
weakly magnetic
medium magnetic
96
* – designation corresponds to table 3; ** – the part of austenite in the non-deformed samples was measured by x-ray analysis
deformation, according to
J. Hammond, F. Marsh [9]:

(2)

the

equation

of

T.

Gladman,

of warm deformation. The small grain increases the effect of
increasing the resistance to large deformations.
All steel remained austenitic after cooling to room temperature.
Their hardness noticeably increased. For example, for steel 2
(Cr18Ni10N) it increased up to 260 HV compared to 245 HV for
hot-deformed and 200 HV for the non-deformed state.

M d 30 = 497 − 462(C + N ) − 9,2Si − 8,1Mn − 13,7Cr − .

− 20 Ni − 18,5Mo

This equation, in general, reflect the influence of the composition of
the steel (see table 2) after final processing for solid solution. Real
data may be different, because here, as in the evaluation of МS
points, also not taken into account any differences in the structural
state of the steels or conditions of deformation. МS of steels can be
decreased by grinding the grain down to 10 microns in
preprocessing. This preprocessing don’t significantly effect on Md30
[10].
All steel under tension at room temperature have high
characteristics of plasticity: El is from 26 to 63 %; reduction of area
RA is from 51 to 84 % (see Table 3). The clean steel 4
(Cr18Ni10N) with the highest content of nitrogen among the steels
demonstrate higher plasticity, minimal stability during deformation
and the highest strength. It is possible to note that quite high
plasticity of the steel at temperature -163 °С El=39 %, RA=78 % is
resulted from the TRIP-effect.
On the diagrams of deformation during testing at the
temperature -163 °С of steel 4 (Cr18Ni10N) appeared aliasing was
also found under strain over 10 %.
Intensive formation of deformation-induced martensite in
nitrogen-containing steels of the Cr18Ni10N-type leads to their
strong deformation hardening and retaining high plasticity provides
high level of relations UTS/YS.
Tests at room and low temperatures showed good
reproducibility of results and a very small spread of absolute values
of all characteristics of strength and plasticity, which reflects the
stability of the mechanical behavior of all investigated steels.
The results of impact tests showed naturally high values and for
steels with nitrogen at room temperature: KCU+20°C=1,7–3,9 MJ/m2;
maximum value of impact strength is for steel 4 (Cr18Ni10N).
The impact strength at the test temperature -163 °С for steel 4
(Cr18Ni10N) is also quite high: 2.5 MJ/m2. In the area of plastic
deformation and fracture of this steel 4 (Cr18Ni10N) α-martensite
was found: alloy became magnetic near the zone of destruction (see
Table 4). This suggests that even at such high speed of loading
(~10 m/s) quite big plastic deformation takes place due to the the
TRIP-effect.
The final structure and properties of strongly hot-deformed
austenite are the only determined by the conditions of hot
deformation and cooling cycle in thermo-mechanical processing.
The warm deformation of austenitic steels was carried out at the
temperature of maximum effect of aging – 410 °С. The maximal
hardening thus achieved when processing scheme was hot
deformation → warm deformation. So the warm deformation of
steel 2 (Cr18Ni10N) at 410 °С by the compression up the true
reduction е = 0,08 with the speed of 0.01 s-1 in vacuum after the hot
compression at temperature 1050°С up е=0.27 with the speed of
1 s-1 and rapid cooling to of 410 °С leads to additional strengthening
on near 170 MPa. Resistance to deformation at e=0.08 (close to the
steady-state stage) reached 436 MPa.
Patterns of warm deformation have normal view, explicit
serration not revealed. The average value of austenitic grain during
warm deformation does not change. Resistance to warm
deformation is defined by both a composition of steel and hotdeformed structure of austenite, i.e. it depends from the modes hot
deformation of each steel. The addition of nitrogen significantly
increases the resistance to the small (YS) and large (UTS) degrees

4. Conclusion
Alloying of austenitic stainless steels, used as heat-resistant and
cryogenic, by nitrogen is perspective for strengthening and
increasing of stability.
Both strength and thermal stability of austenite increase with
increasing of the nitrogen content. Additional strengthening due to
the preliminary cold or warm hammering, usually used for
austenitic steels, increases the tendency to the formation of
martensite under load, especially near and below МS. This effect
limits the working temperature of these steels.
High strength non-magnetic nitrogen-containing Cr18Ni10Nbased steels with the nitrogen concentration not more then 0.22 %
are applicable as cryogenic for non-deforming products. Otherwise,
the deformation-induced martensite will form at temperatures below
-70 °С. High strength, ductility and toughness (especially in the
case of the raised cleanliness of detrimental impurities) for these
steels can be achieved only through the TRIP-effect or grain
refining.
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Abstract. Turbine blades used in the jet engines are subjected to frequent and rapid temperature changes. As a result of the hot gases
influence the temperatures excess 1000°C. Certain conditions for the blades generate local thermal stresses. In this paper the thermal
stresses are calculated on base on experimental measurements of the temperature distributions using the high resolution thermal imaging
camera FLIR SC7000 registered the distribution of temperature field for the blades with TBC and without TBC. The distribution of stresses
in the blades based on the collected measurement data has been calculated. The calculations were made using FEM method implemented in
COMSOL.
Keywords: THERMOGRAPHIC MEASUREMENT, THERMAL STRESSES, FINITE ELEMENT METHOD, MECHANICAL
STRESSES, BLADE MATERIALS, DESIDN.
made series settings to verify several parameters of the camera:
emissivity of the object, apparent temperature– this parameters is
important, when the measuring element is characterized by low
emissivity; atmosphere permeability, distance between the objective
of camera and the sample researched – this parameter is important
because big part of radiation of the object is absorb in the air so the
optimal distance was 1,35m.
The thermographic measurements were made for the blades
heated in the chamber imitated the combustion chamber of the jet
engine. In the chamber (dimensions: 240mm x 300mm x 140mm)
were installed 2 gas burners powered by propane butane gas. This
installation allows to record thermal excitation of blades as well as
to observe differences in the cooling of the blades with TBC coating
and without one. In order to provide the cooling conditions closer to
real engine the air-flow with velocity of 20 m/s has been used for
cooling of the blades. Controllable table (fig.1) with a rotor
mechanism enable us to observe all surfaces of researched elements
in reality time: the angle of rotation is changed from 0 ° to 360 °.

1. Introduction
The conditions within gas turbines are extreme: the pressure
can be as high as 40 bar, the temperature more than 1000 K. Any
component must therefore be carefully designed to be able to
withstand thermal stresses, vibrations and loads asserted by the
fluid rushing through the turbine. Therefore, it is very important to
recognize the thermostresses arisen in blades due to the temperature
gradients. Particularly, the distribution of real temperatures in-situ
at work of engine is crucible. Usually, calculation of “internal
stresses” or thermostresses in the turbine blades is based on
modeling of the temperature distribution [1,2]. There are many
works (see, for example, Refs. 3-10) where an analyses of
thermostresses in the turbine blades was performed using the finite
element method (FEM) assuming some theoretical distribution of
temperature. From other hand, real distribution of temperature are
playing an crucible role for estimation of the real thermostresses
distribution in situ at work of engine.
In this paper is proposed the method of the real temperature
distribution measurements. The measurements for the turbine blades
with and without thermal barrier coatings (TBC) have been
performed. Simultaneously, the calculations of the thermostresses
distribution are provided for these blades using the COMSOL
computer Program. The significant differences in this distribution
for blades with and without TBC are demonstrated.

2. Description of the measurement method
2.1. Object of research. The blades were made from the JETHETE
M-152 high strength stainless steel which is a 12 % Cr, about 3 %
Nickel, molibden, mangan, Silicon, carbon.
Fig. 2 The Blades measured located in a specially designed heating
position in the combustion chamber: a) and b) images was carry out in
visible light, c) and d) in IR region using the thermography camera.

In fig. 2 are shown the pictures of the blade located on rotating
table. The pictures in fig. 2a and fig. 2b were obtained in visible
light, whereas the pictures 2c and 2d – in the IR region using the
FLIR SC7000 camera.
Fig. 1 The turbine blades: left – without TBC, right – with TBC.

3. Experimental Results

The TBC were performed from ceramic material consisted ZrO2
(zirconium oxide) mostly. The fig.1 show the blade without TBC on
left and the blade with TBC on the right site.

The results of thermographic measurements for two types of
blades (with TBC and without TBC) are presented in figs. 3-6 as
actual temperature distribution on their surface. In fig.3 is shown
the actual temperature distribution on the blade surface for the case
with maximal heating. This time point is chosed as initial: t=0.

2.2. The temperature distribution measurements. Measurement
of the temperature distribution was made using the high resolution
thermal imaging camera FLIR C7000. Temperature range of
camera was set from 200°C to 1500°C. The frequency of
measurement was 25Hz. In order to perform correct measurements
of the temperature distribution on the surface researched there was

6

physics, such as structural mechanics. Program dispose of the
Material Library with data for 2500 solid materials, such as
Young’s Modulus or heat and electrical conductivity, the
temperature dependences of these parameters take place also. The
M-152 alloy is available in the COMSOL Material Library. Among
the data covered by the Material Library, there are the linear elastic
model (requires a reference temperature that is set to 300 K) and the
Poisson’s Ratio that is set to 0.33, a number comparable to that for
other stainless steels. The coating has been taken into account.
The calculations of termostresses are based on the motion
equation as well as on the heat transfer equation using the FEM
method [12]. The first step of the thermosteresses calculations was
obtaining the voluminal temperature distribution on base of the
experimentally measured surface temperature distributions. The
example of such results is presented in fig. 7 where the inner
temperature distributions are presented according three planes for
the blade without TBC.

Fig.3 The temperature distribution for blade without TBC obtained by
thermographic measurements at maximal heating: initial point of time, t=0s.

In next fig.4 is shown the temperature distribution on the
same blade surface (shown in fig.3) after the 60 second cooling.

Fig.4 The temperature distribution for blade without TBC obtained by
thermographic measurements after the 60s time cooling: time point is t=60s.

Such measurements of the surface temperature distribution were
performed for each second during the180 s time cooling of blade.
Analogical measurements were carried out for the blade with TBC
barrier. The results are presented in fig. 5 and fig. 6.

Fig. 7 The inner temperature distributions obtained according three
planes XY, YZ and XZ for blade without TBC.

The temperature gradient distributions for blades researched is
next step of calculations. In fig. 8a,b are presented such as
distributions in the form of arrows the lengths of which is
proportional to values of gradients. In fig. 8 are shown the points of
maximal gradients which have achieved the values of above than
38000 K/m.

Fig.5 The temperature distribution for blade with TBC obtained by
thermographic measurements at maximal heating, initial time point, t=0 s.

It is possible to notice that for last case of blade the maximal
temperature Tmax= 818°C, at t=0 was achieved whereas at the same
process of heating only Tmax= 735°C, at t=0 takes place for the case
of blade without TBC
Fig. 8 The temperature gradient distributions obtained for blades:
a) without TBC; b) with TBC

Third step is calculation of thermostresses and the results of these
calculations are presented in Fig. 9a,b.

Fig.6 The temperature distribution for blade with TBC obtained by
thermographic measurements after the 60s time cooling: time point is t=60s.

Despite of the same parameters and the same time of thermal
excitation the temperature distribution for both case of blades is
different: more high temperatures were achieved and process of
cooling is more slow for the vane with the TBC coating.

Fig. 9 The thermostresses distributions obtained for blades:
a) without TBC; b) with TBC

4. Calculations

In the fig. 9a as well as 9b are shown points with maximal value
of stress. These values are 493.6 MPa for blade without TBC and
496.9 MPa for blade with TBC and these values are regarding to
points where the maximal temperature gradients takes place.
Whereas, the most volume of both blades is sized by low level of
thermostresses, namely: below 100 MPa. At the same time this level
is lower for blade with TBC.

The thermal stresses in the blades researched are calculated on
base on experimental measurements of the temperature distributions
presented above. COMSOL is a Computer Program Environment
available for the thermostresses calculations [11]. For this aim were
used two main library of COMSOL: the Structural Mechanics
Module dedicated to the analyses in the 2D or 3D coordinate
system and the Heat Transfer Module to investigate the effect of
heating or cooling in the devices, components, or processes. That is
module to study the mechanisms of the heat transfer – conduction,
convection, and radiation – often in collaboration with other
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5. Discussion and Conclusions
It is interesting to consider the temperature dependences of the
thermostresses σΤ(Τ) in different points of the blades. The curves of
the σΤ(Τ,x,y,z) are presented in fig.10 a, b. In inset of fig.10 are
shown points on blade for which the σΤ(Τ,x,y,z) curves were
calculated.

Fig.11 Total displacements of chosen points in blades after cooling
during 60s: a) for blade without TBC; b) for blade with TBC

Therefore, the thermal stresses aroused in the turbine blades are
calculated on base on experimental measurements of the
temperature distributions using the thermographic high resolution
camera FLIR SC7000. The measurements were performed at
heating of the blade in special chamber imitated the combustion
chamber of the jet engine. That one and careful calibration of
thermographic camera enable us to obtain the real distribution of
temperature for different surfaces of blades. The measurements
were performed for blade with thermal barriers coatings (TBC) and
for blade without TBC. Numerical calculations were carried out on
the base on these experimental data using Program COMSOL what
enable us to state differences in the deformations in the blade with
TBC in comparison with the blade without TBC. Whereas, the
blade without TBC show a non-homogeneous tendency for
displacements of significantly more large values for different points
of the blade, on the other hand, the absolute values of
thermostresses are similar.

Fig.10 The curves of thermostresses σΤ(Τ,x,y,z) for different points of
the blades: a) blade without TBC; b) blade with TBC; c) are shown the
points for which are calculated the σΤ(Τ,x,y,z) curves.

The σΤ(Τ,x,y,z) − curves are calculated for case of cooling of
blades from temperature of maximal heating: to Tmax= 818°C or
1091K. It is possible to see that maximal values of stresses are
achieved at temperatures between 700K and 800 K.
The σΤ(Τ,x,y,z) − curves for blade with and without TBC covering
are similar, particularly, in case of points with maximal stresses.
Some differences take place for points where thermostresses are
lower: the character of dependences is similar but level of stresses is
lower for blade with TBC covering. The largest differences take
place for the curves of total displacements.
The curves of displacements δl(T,x,y,z) for different points on
the vane surface are of great interest because that are values of real
deformations in blades while the total displacement don’t means the
linear extension (thermal dilatation) but length of trace for
individual points at deformation. In fig.11 are presented the
δl(T,x,y,z) - curves for blade with and without TBC-covering. The
total displacements for the blades with and without TBC are
different: in the case of blade with TBC the total displacements are
smaller. The character of the δl(T,x,y,z) dependences it seems to be
similar but really in case of the blade without TBC-covering the
region where the displacements are changing is twice as big what
show a non-homogeneous tendency for displacements of
significantly more large values for different points.
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USER EVALUATIONS: APPLYING A COST-BENEFIT APPROACH TO HUMAN
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Abstract. This study suggests a framework that analyzes individual preferences towards interactive systems by modeling
users' evaluations of the cognitive costs and the benefits of using the systems. A graphical cost-benefit approach, which was
originally applied in the area of system analysis and design to help decision-makers select computer systems for
organizations, is applied in the area of human-computer interactions (HCI) to predict users' preferences of alternative
application designs. We tie the HCI design methodology of personas to the cost-benefit model. Currently, we mainly propose
the applicability of the original model into the field of HCI, and suggest a series of studies that will show that a user's
preference can be predicted using the model. Initial results from a study on a backpack purchasing website already supports
the relevance of the original model in HCI and indeed encourages further research to examine the model's applicability.
KEYWORDS: HUMAN-COMPUTER INTERACTION, COST-BENEFIT, USER EVALUATIONS, PERSONAS.
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scope of this study; but of course we cannot ignore the fact that
financial constrains can tip the balance and determine which system
will be finally selected. Our scope is most relevant to situations in
which system use is voluntary, such as choosing among different
websites, different mobile applications or different versions of a
system.

Introduction

Cost and benefit considerations play an important role in many
areas of our lives. A cost-benefit lens was previously used to
explain different phenomena related to how people act in different
tasks or contexts (e.g. [1], [2] and [3]). In this research we present a
cost benefit approach to predict users' evaluations and preferences
of interactive applications. We follow a previous cost-benefit
approach that is applied in the area of systems analysis and design
in the feasibility stage of selecting the optimal computer system
among alternative proposals [4, 5]. While the original model refers
to the costs of purchasing or developing a system for organizations
in monetary terms, the current research is concerned with costs in
terms of an individual's perceptions of the cognitive resources he or
she needs to consume when using a system, such as effort and time
spent. While the original model refers to the overall benefit of the
system to the organization, which is derived from a list of relevant
criteria (e.g. quality of the development team, reliability of the
hardware, business processes and customer service improvements,
etc.), the current research is concerned with the benefits that a user
predicts he or she would achieve during or after using a system. The
original model deals with organizational goals, but a system must
fulfill also personal goals. Our framework takes the original model
of cost-benefit considerations a step further from a macro-level
(organizational) perspective to one that is micro-level (individual
and cognitive).

Every system action has costs and benefits that may be perceived
differently depending on the user or the circumstances [6]. Users
personal characteristics (traits), together with his or her current
usage situation (state) such as motivation or current context, are
important factors to affect the cost-benefit comparison process.
Previous theories have already studied the acceptance and use of
technologies, and among them are the well-known TAM
(technology acceptance model; [7]), and its extensions TAM3 [8]
and UTAUT (unified theory of acceptance and use of technology;
[9, 10]) models. While these models encompass a wide scope of
vital antecedent determinants important for system acceptance, in
this study we narrow our focus to looking at user preferences
through a cost-benefit lens, and therefore we incorporate certain
variables from these models that play an important role in users'
cost and benefit considerations.
Using an application can lead to positive outcomes, such as
reaching a high level of task performance or having a pleasant
engagement with the application, but also can lead to less desirable
outcomes, such as perceiving a high level of cognitive load, or
spending a lot of time and effort on the expense of other tasks. It is
reasonable to expect that users, if given a choice, would prefer
applications with high benefits and low costs. Since many
applications require the devotion of many user resources to reach

Indeed, monetary costs are important when choosing among
alternative systems, but we are more interested in user perceptions
of the cognitive costs involved in using a system for a certain goal.
Therefore, we consciously leave financial considerations out of the
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desirable outcomes, it is most interesting to know how much cost a
user would invest to achieve a certain benefit, or in the terms of the
original model, what is the weight distribution of costs and benefits
[4, 5]. Previous studies had already looked at the impacts of
cognitive costs and benefits on technology usage [6], [11]. While
they measured cognitive effort as an objective variable (e.g. number
of clicks or text entries), we measure costs and benefits in
subjective terms since costs that may be perceived high by one
individual may be perceived low by the other. The same can be said
about benefits. In addition, the current context of use determines the
user's momentary goals and motivations; affecting the cost that the
user will be willing to invest to achieve them.

In our initial study we used two backpack purchasing applications
that represent decision support systems (DSS) for product
customization by online customers. We designed the two
applications so that they would differ in the levels of cognitive
complexity (a cost factor) and utility (a benefit factor). Application
1, hereafter the "choose" app, proposes the user a list of 21 preset
backpack designs, to choose among them and application 2,
hereafter the "design" app, enables the user to design a backpack
'from scratch' by interacting graphically with objects such as colors,
text, and images. The basic distinction between the applications was
adopted from a previous study [13]. For the specific design we used
print screens from an existing website of bag customization
(http://www.makecustombags.com/).

We integrate the well known user-centered design (UCD) method
of personas, developed by Cooper [12], in the original cost-benefit
model to show that the model is able to predict user preferences of
systems or interactive modes. Since personas represent a cluster of
users that share similar behaviors, attitudes, needs and desires, it is
reasonable to believe that these characteristics and motivations
affect their evaluations of the costs and the benefits of using a
certain interactive computerized system.

2

In terms of cognitive costs, the difference between the choose and
the design applications is in cognitive resources consumed: while
the choose app is a system for purchasing a backpack in minimal
time and effort, the design app is relatively more complex since it
involves more actions (object manipulations) and is more time
consuming. In terms of benefits, the choose app is relatively low on
utility, since a user can only select a backpack from a limited
predefined set of designs. On the other hand, the design app is a
system of higher utility, which allows the user with means to
experiment with various combinations of objects until he reaches a
satisfactory customized (user "tailored") backpack design, therefore
optimal to meet his specific aesthetic desires. Figure 1 presents print
screens of the backpack applications.

Means for solving the problem

We intend to demonstrate the applicablility of the cost-benefit
model is in the field of HCI by conducting a series of studies, and
we are currently testing the model with different decision support
systems (DSS) for product customization by online customers such
as a backpack purchasing application, a cake purchasing
application, and a trip planning application.

Choose app

Design app

In each study, we design experimental prototypes that are different
versions for a system or an application, varing in terms of cognitive
costs (e.g. effort) and benefits (e.g. utility). We expose our
participants to the different designs, and collect their evaluations by
measuring the perceived costs and benefits of the different
prototypes on Likert scales.
We classify participants to certain persona types, based on the
relative importance they give to cost versus benefit (also derived
from user's ratings on Likert scales).

Fig. 1. The backpack purchasing applications
Following the original cost–benefit approach, the overall cost and
benefit of each application can be calculated for each user according
to his or her perceptions and then graphically presented on two
vertical axes, one for the cost and the other for the benefit. In the
original cost-benefit model, the cost values of the alternative
computer systems are transformed onto a normalized-cost scale
(using various transformation methods) to enable a comparison
between two variables that are measured differently; costs are
measured in monetary terms whereas the benefits are measured in
subjective terms. However, this transformation is not required in the
case of cost-benefit considerations of users that select a system
among alternative designs, since perceived aspects that reflect
cognitive costs can be measured on the same type of scales (e.g.
Likert scales) as the perceived aspects that reflect benefits.

For each participant, according to the original graphical cost-benefit
technique [5] and based on his or her cost and benefit evaluations,
we graphically draw graph lines for each application. As we explain
below, we predict that the graphs will follow the same pattern at the
individual user level, as the one at the organizational context level.
We describe the process of creating the graphs in the following
section.

3

Method

We are currently conducting a series of studies to test and to
demonstrate the applicablility of the cost-benefit model is in the
field of HCI, in the context of decision support systems (DSS) for
product customization by online customers. In the current paper we
describe and demonstrate our methodology using a backpack
perchasing application.

We exposed participants to each application, and afterwards we
conducted a survey to capture their evaluations of the costs and the
benefits. We follow the graph creation process of the original cost–
benefit approach [4, 5], but made adjustments to HCI, to focus on
user perceptions and interaction preferences of systems through a
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survey, we also ask them to choose among the applications which
one they prefer. We expect to receive graphs that are similar to the
original cost–benefit approach, showing that users prefer
applications that are designed to meet their needs and current
motivations. In other words, and following the original cost-benefit
model, we predict that the location of a participant user on the
horizontal weight axis (cost-benefit relative importance) will be
somewhere in the range where the maximum values on the vertical
axis belongs to the exact application that he or she preferred. This
will prove the model is suitable for the field of HCI.

cost-benefit lens. While in system analysis and design, the costs and
the benefits of each alternative system are defined for a certain
organization at the feasibility stage by IS experts (using different
methods such as normalized-cost scales), we calculate the overall
cost and the overall benefit of an application separately for each
user by the average of his or her ratings on Likert scales that
measure variables borrowed from TAM and its extensions (TAM3
and UTAUT) such as perceived ease of use and perceived
usefulness (reflecting cost and benefit, respectively). We marked
the overall cost and the overall benefit on the designated vertical
axis and then we drew a connection line between the two marked
values to graphically form a line for each alternative application.
The horizontal axis is the weights scale that expresses the relative
importance of costs and benefits, also derived from user's ratings on
Likert scales

4

Results and discussion

The backpack study was the first in a series of planned studies,
which initially examined the feasibility of the cost-benefit model in
HCI. Sixty 3rd and 4th year industrial engineering & management
students from an academic engineering college in Israel participated
in the study, as part of an HCI course; user computer interface
design. There were 25 male and 35 female, with the average age of
26.

Using the personas method, we demonstrate how different types of
users are positioned on the cost-benefit weight (relative importance)
axis. When purchasing a backpack, some individuals are highly
motivated to have the "perfect" backpack and would be willing to
spend a lot of time and effort to create it, and on the other hand,
others may be willing to settle for a "good enough" backpack, by
investing a relatively small effort to have it. Accordingly, we
designed two respectively personas, Dana and Ronen, who have
personal characteristics and motivations that are relevant to the task
of backpack purchasing. As presented in figure 2, for each user,
each application can be positioned on a cost-benefit graph,
according to its overall cost and overall benefit perceptions. Figure
2a demonstrates a possible graph predicted for a user represented by
Dana that we expect to be positioned at any point on the weight axis
to the right of the intersection with a preference to the design app.
Figure 2b demonstrates a possible graph predicted for a user
represented by Ronen, expected to be positioned at any point on the
weight axis to the left of the intersection with a preference to the
choose app.

Table 1 summarizes the results, and shows that a significant
majority of the participants had a preference to the design
application. Also, results show, that female participants preferred
the design application more than male.
Table 1. Backpack study results – application preferences
Design
Choose
Indifferent

Female
31
4
0
35

Male
13
10
2
25

Overall
44
14
2
60

73.3%
23.3%
3.33%

Our main objective was to test the feasibility of the cost-benefit
model in HCI. In 47 cases, which are 78.3%, the graphs behaved as
expected; in other words, the location of the majority of
participations on the weight axis was somewhere in the range where
the maximum values on the vertical axis belonged to the application
that they preferred. This strongly supports our idea that the costbenefit model can effectively predict which application would be
preferred by a user, according to his characteristics, needs and
current motives.
Though our initial results show that the cost-benefit model can be
successfully adjusted to the area of HCI and applied to explain and
predict user preferences of applications or choices between different
versions of an application, a limitation of the current study is that
the cost and benefit perceptions are based on non-interactive
evaluations. While the backpack study involved simply presenting
the applications to the participants using mockup prototypes, we
plan to continue to empirically test the applicability of the costbenefit model in the field of HCI in future studies that are designed
to involve working prototypes and therefore will have users
evaluating the systems after conducting certain tasks using them.
These studies will test the model's applicability more precisely,
since interactive user judgments of a system are based on more
tangible and realistic experiences.

Fig. 2. Cost-benefit graphs for backpack applications including
personas
2a example for the persona Dana; 2b example for persona Ronen
As aforementioned, in each of our series of studies we expose
participants to alternative applications and according to their ratings
on the previously mentioned Likert scales we draw a cost-benefit
graph for each user on the vertical axes. Using additional Likert
scales that capture the relative importance of costs and benefits, we
position each user on the horizontal weights axis. At the end of the
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13. Kamis, A, Koufaris M, Stern T.: Using an Attribute-based
Decision Support System for User-customized Products
Online: an Experimental Investigation, MIS Quarterly, 32(1),
159-177, (2008)

Conclusion

Understanding how users choose among systems is important
theoretically and practically. In our series of experiments, the
theoretical objective is to test whether the 'macro-level' cost-benefit
approach for selecting alternative systems for organizations can be
applied to the 'micro-level' of predicting individual users'
acceptance of alternative applications. Modeling the cost-benefit
considerations underlying user preferences can set a bridge between
IS system acceptance models to HCI system acceptance models.
Specifically, we intended to show that the relation between cost–
benefit considerations and the user's traits and state, reflected in
personas, can be presented graphically. Practically, the model can
improve the prediction of user preferences with respect to certain
personal characteristics and motives, which emphasize the relative
importance given by the user to the cognitive costs during system
use versus the perceived benefits of using it.

Acknowledgments. We wish to thank Lital Almugrabi and Gal
Avioz for their contributions in designing the backpack application
prototypes, and for all their help in conducting the backpack study.
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Abstract: Modern society is developing in conditions of pressing social, economical and ecological problems. Since Russian big
industrial business as part of society has an effect on its development, social responsiveness becomes increasingly important. Value of social
responsiveness is in minimizing negative implications of company production operation, in solving climate, global and local development.
Thanks to social responsiveness business becomes more well-established socioeconomically, gets an opportunity of increasing its intangible
assets.
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Modern society is developing in conditions of pressing social,
economical and ecological problems. Since Russian big industrial
business as part of society has an effect on its development, social
responsiveness becomes increasingly important. Value of social
responsiveness is in minimizing negative implications of company
production operation, in solving climate, global and local
development. Thanks to social responsiveness business becomes
more well-established socioeconomically, gets an opportunity of
increasing its intangible assets.
Broad introduction of corporate social responsibility to the
practice is dated to 70-s of the XXth century. Nowadays
governments of all leading countries associate socio-economic
development with expansion of social responsibility of business
organizations. This approach - to economic growth through the
social responsibility as a factor of permanent development – is the
basis of issued in 2000 Lisbon Strategy as a policy document of
socio-economic development of European Union [10].
Any company aims to maximize efficiency, which allows to
produce and sell high-quality products, to pay dividends to
shareholders etc. However, the activities of commercial
organizations also have a pronounced social part. Social
responsibility of business in economy is the corresponding quality
of goods and services, high security of production, normal working
conditions for staff etc.
Till now foreign management theory has no classical definition
of corporate social responsibility. The meaning of this concept may
be defined in many ways and it is very subjective, but one can
highlight its main characteristics. In contrast to legal responsibility,
social responsibility does not involve hard standards [9]. It is a
voluntary businessmen’s duty to follow the policies to make such
decisions and to follow such activities that are desirable from the
point of view of aims and values of the society. In other words, it is
a kind of a social contract between employers, communities and the
state, and the purpose is to promote the welfare of the whole
society.
One usually classifies socially responsible behavior as [5]:
- Charity;
-Development of social programs (health, education, etc.) to
support the company staff;
- Development of social programs aimed to support the local
community; it is completed by companies;
- Additional (i.e. over and above the legally stated) informing
customers about the company's products;
- Voluntary withdrawal of products in the event of hazard for
the consumer.
The main problem is to define the level owners are ready to be
included in the work on social situation analysis on their
management facilities and in the regions. It is obviously that the big
businessman primarily is busy making money and counting profits.

Social responsiveness becomes especially important against
the backdrop of a global financial crisis. At period of economic
recovery some companies viewed a socially responsible policy as
advantageous process of self -image investment, but in new
conditions the pure economical efficiency of such investment
becomes dubious as minimum. This highlights social aspects of
responsiveness facing the society.
When discussing the issues of corporate social responsibility,
the emphasis is usually done on corporate responsibility. There are
many reasons. Large companies are powerful, they are able to bring
great benefit and great harm. They employ a large number of people
who fall under their influence. In their turn cities and regions where
the corporations locate their production, also depend on them. Mass
production creates a lot of waste, often toxic one[9].
Criteria for assessing corporate social responsibility may vary
depending on several factors. For example, the region the company
operates in, its value, the capital structure, etc. Among the criteria
there can be security assessment of the environment, the quality of
produced goods and services, employee relations, activity in a
variety of charitable programs.
2008-2009 crisis decreased social programs volume,
performed by Russian industrial companies. In 2010 incremental
recovery of different social projects became. But in 2012-2013
because of long -term overcoming of global financial crisis
ramifications and expecting new economic malaise in the world
most big industrial enterprises significantly decreased their social
projects.
The development of socially responsible business concept is
important today because tendency of masse industrial enterprises
restructuring appears. These processes are accompanied with
serious social risks: amid the crisis going with the reduction of
output, industrial capacity, the task of decreasing appeared social
risks gets priority for industrial companies and its performing is
possible only under conditions of socially responsible business.
Now to activate suitable solution the next questions should be
studied:
1. Russian industrial business should activate the process of
transmitting social responsiveness into legal basis;
2. Government and society are the main distributors of modern
industry in Russian conditions;
3. Government has economical, political administrative and
media resources and industry has financial, expert innovative ones,
which could be used more effective to execute social policy in the
country;
4. Industry social responsiveness against government and
society is multy leveled and executed according to four models:
model of suppression and enforcement, model of patronage, model
of government noninterference, model of social partnership of
power and industry.
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In view of prevailing conditions Russian industrial
organizations influence little on government policy. Among reasons
for such situation is insufficient development of civil society and
legislation gaps. Lack of finance and all Russian industrial unions
loyalty to their leaders impede social responsiveness and that
prevents effective government relations. At the same time public
and locals should be kept informed regularly of charity and its
development meeting state interests, that charity movement is
considered by government positively.
Social responsiveness should be realized as providing needs of
current Russian generation and developing opportunities of meeting
future generation requirements.
Genuine social responsibility of business is not only heavy
donations to people education, but such an organization, which
would provide stable financial state of workers, social protection,
education and opportunities for inner growth.
Russian business history researchers came to the conclusion
that only in the beginning of the XXth century individual
entrepreneurs, mainly the younger generation began to abandon
patronage and charity in favor for the immediate social protection of
their workers. There were established kindergartens, hospitals,
schools, trade schools, libraries at factories, and there were
organized visits to the theaters and charity concerts. And this was
done not out of pure philanthropy, but primarily because of
awareness of the prudent owner needs in disciplined, skilled and
socially prosperous workforce [5].
In Russia after the mid-90s years of the XXth century social
responsibility of business initially was manifested as individual
social programs at individual enterprises. According to foreign
specialists estimates some Russian factories were the best in the
world, not only in terms of devices and equipment, but also in terms
of solving social problems. [7] Companies are responsible for the
society where they operate, above and beyond to ensure the
effectiveness, employment, profits, and following the laws.
Companies should therefore devote part of their resources and
efforts to the social development of the society; they are obliged to
sacrifice for the benefit and improvement of the society. Moreover,
the society has certain reposes and stereotypes of an organization
should behave to be considered a good corporate member of the
society.
To encourage charity on state's part at the period of global
financial crisis uneconomic methods come to the fore. The aim of
such activity is moral encouragement of all charity participants,
public and prospective investor motivation strengthening,
inspiration of charity involvement. Appreciation of local
philanthropist's merits and energy of charity movement on official
government institutions' part are significant factor of public opinion
formation and industrial company charity activation.
Moral encouragement using at the federal level is limited.
Some departments only start their attempts to use them in the form
of conferring decorations, certificates of honor for charity activity.
Such ways are used more active at Russian region level. Here
being engaged in solving lots of social problems, facing closely
specific results of industrial company charity activity, authorities
highly appreciate its significancy and possibilities. Attraction of
industrial company extra resources as part of charity to perform
many tasks including additional budgetary institution financing
becomes the main and an integral part of regional policy in social
field. In regions of Russia there are a lot of examples of industrial
company charity programmes, focused on child support, education,
science, culture, local associations and civic initiatives.
Also, realizing that not only industrial investments, but social
ones should be effective, directed to achieve stable positive results
becomes more obvious in Russia. For industrial organizations
smart management in the field of corporate social programme goes
to the frontburner. Information dissemination on positive experience
in this field becomes problem number one at present.
Russian charity of industrial companies is at the very outset of
establishment. There is the process of current charity tradition
realizing going on. At the moment we can say, that up-to-date
activity of Russian industrialists is similar to neither pre-

revolutionary one with its Christian benevolence nor Western one
with its tough minded amelioration.
One of perspective forms of interaction non-commercial and
industrial sectors is social entrepreneurship, realized as
entrepreneurial business based on principle of self-repayment,
innovativeness and soundness, focused on solving pressing social
problems by accumulative saving, that has long-term positive
changes in the society. Such industry can be named as business with
social mission. Social entrepreneurship combines both charity
organization elements and business firm using entrepreneurial
approach. This is a new approach to perform social tasks.
The problem of social responsibility of business development
is particularly relevant today in Russia. This is due to the fact that
the process of capital accumulation was primitive. Privatization was
carried out simultaneously with the formation of the state, when
there were no market economy laws. All that was accompanied with
corruption growth and criminalization of the society. As the
consequence there was the domestic business negative image in the
West and in Russia. As a result, due to the extremely low valuation
of intangible assets, Russian companies were undercapitalized. [9]
Should the business be socially responsible? For Russia, this
way is just beginning. Russian companies, on the one hand, try to
develop specific approaches to social responsibility, to implement
international principles of transparency, environmental safety, labor
relations, public support. On the other hand, they are forced to build
their policies in a state of social sphere crisis in Russian regions,
unstable socio-economic situation. So the decision could be the
development of such approaches to social responsibility, which
would be based on generally accepted international principles, but
would take into account the realities of Russia today. Therefore, the
question if business should be socially responsible, is still not
solved for many local businessmen. But the answer is quite simple:
it should be. First of all, socially active behavior has a direct impact
on business reputation. In addition, the business gets a competitive
advantage over other firms operating in this market: they have an
access to the intellectual capital, increase brand value, reduce costs.
Corporate and social responsibility of business affects the value of
companies’ shares, increases reputational capital of business. [10]
The processes of globalization, which allowed firms in
different countries to increase their income by expanding their
market position, led to wider gap between income of population.
Society, as it was divided into two classes: the elite (owners,
managers, employees of world-wide corporations), and the
population serving to the elite. However, the growing income gap of
these classes did not cause major corporations response on how to
improve the security of the society, the level and quality of life [13].
It is particularly noticeable in Russia
If Russian companies implement corporate codes, it is mainly
to declare to the capital market and potential investors that they
have a code of corporate governance, that they are willing to
disclose their "transparency", that they are ready to carry out
civilized norms of business conduct.
There is an urgent need for unified corporate social
responsibility to the society as a whole, understanding the
importance of social policy as a necessary condition of "decision"
of all groups of corporate audience.
Most of Russian industrial companies which came into the
Western markets had to use standards of corporate social
responsiveness, adopted in developed countries. Foreign experience
in this field is rather important to understand social responsiveness,
but Western standards imitating without taking into account Russian
specificity can't be successful problem solving. For Russian practice
formation of new approaches to social responsiveness with
maximum consideration of Russian reforms implications is
required. At the period of privatization large industrial institutions
were concentrated on national wealth, but didn't take on the mantle
for social economic development of Russia.
The theme of social responsibility becomes more actualized in
minds of Russian business, as companies and corporations are not
only the basis of economic relations, but they will affect the social
processes taking place in modern society. Business becomes more
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involved in society life, it goes out beyond the scope of its
professional orientation. It must build relationships with a variety of
related parties, as its activities, in addition to the internal
environment, is influenced with external environment - authorities,
non-profit organizations, consumers, mass media, international
organizations and partners, people on the territory where the
enterprise is located, and so on.
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Abstract: Review of pulses discharge technologies (PDT), in which pulses electric discharge in liquid is utilized, is given. PDT of
processing and obtainment of new materials allows to impact both changes of geometrical size and the structure of objects in order to give it
certain mechanical and physical properties. They are used in oil production, instrumentation, mechanical engineering, metallurgy, chemical
industry, mining complex, and other.
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1.Introduction
All variety of PDT using intense pulsed electric discharge (ED)
in the liquid is reduced to the processes taking place at the explosive
transformation of electrical energy into other forms of energy during
the 1-100 ms. Therefore, methods of processing materials using
electrical discharge in the liquid reasonably are related to a class of
pulsed methods. Due to the high energy density (104 - 105 J/cm3) in a
limited volume of the discharge channel the pressure therein reaches
108 - 109 Pa and shock extension of the discharge channel is observed.
As a result, powerful compression waves, acoustic fields, the complex
cavitation (from micro to macroruptures) phenomena, electromagnetic
and light radiation are generated in medium. The use of these factors of
the ED is the basis of electric discharge methods for processing and
obtainment of new materials. Technological equipment for ED
treatment, regardless of the specific purpose and an object of
processing, has identical block diagram and consists of the following
main parts: [1] generator of pulse currents (GPC) with capacitive
energy storage, discharge circuit, the discharge-processing unit,
integrated control block for GPC and technological cycle.

2. Analysis and discussion
For analysis and discussion PDT, which are the most widely
used for the processing and production of new materials, are presented.
2.1 PDT of intensification of filtration processes in porous
materials – stimulation of oil wells [2].
The essence of this PDT is that in a borehole filled with liquid,
using a high voltage pulse discharge such fators are aroused:
electromagnetic and thermal fields; cyclic compressional waves with
an amplitude of up to 50 MPa at the fron,; which are transformed into
acoustic waves with the spectrum of frequencies from 10 Hz to 10 kHz;
powerful hydrostreams (speed at the front of ~ 150 m/s) and volume
microcavitation. A distinctive feature of PDT of oil wells stimulation is
the ability of selective processing of local area of productive horizon.
This PDT is eco-friendly, simple and reliable in operation with
minimum energy consumption (power consumption of an electric
downhole device no more than 2 kW).
This PDT promotes: the creation of non-additive (synergistic)
effect in change (improvement) of the filtration characteristics of
porous materials saturated with liquid with deep stratification
(productive oil reservoirs), the removal of all types of deposits in the
near-wellbore zone, prevention of the subsequent crystal growth of
deposits and their sticking to the surface, contributing to the increase of
processing effect time; development of existing cracks and the creation
of new fracture channels; removal of contaminants from the pores;
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destruction of structural skeleton of oil inside the pores,
enhancing its mobility by filtration (reduced yield stress,
shear stress and dynamic viscosity); increase of the
reservoir impact coverage by increasing penetrating
filtration capacity of reactive compounds.
PDT can be implemented to improve the
performance of production and injection wells during
underground and major repairs; processing of bottom-hole
zones of high strata, waxy crude oils and bitumen;
provocation of influx into the well during development;
provocation of influx from potentially productive layers of
prospecting and exploration wells.
Electric discharge method of synergistic effect
creation in improving the filtration properties of porous
materials of deep stratification is adapted to porous
materials of artificial origin - the regeneration of the filter
elements[3].
2.2 PDT of electric hydro pulse processing
(EHPP) of liquid and crystalizing metal [4].
The peculiarity of this technology is the fact of
incompatibility of the physical parameters of the object
(high temperature) and a liquid medium in which the ED
can be realized. Therefore, in this PDT an electric
discharge generator of elastic vibrations (EDGEV) is
applied in the discharge-processing block, wherein the solid
barrier (eg, membrane) placed at the boundary between two
media, transforms ED in fluid into the elastic vibrations
that affect the subject of the treatment (liquid metal) .
The essence of the EHPP method is to generate
elastic vibrations by discharge in water filling EDGEV and
to transmit these vibrations into the melt through the
waveguide-radiator
system
(waveguide).
Different
modifications of EDGEV allow to realize electric discharge
processes in wide range of electric parameters change:
voltage from 1 up to 50 kV; current from 1 up to 30 kA;
discharge pulses frequency from 1 up 16 Hz. Currently
accumulated experience of EHPP of nonferrous metals and
alloys of iron shows some positive effects resulting from
treatment: reducing the inhomogeneity of chemical
elements distribution; reduction of diffusion-movable
oxygen and hydrogen; grinding and removal of nonmetallic
inclusions; increase in fracture toughness, impact strength
and formability of steels; intensification of the processes of
degassing, refining and homogenization of the melt which
creates conditions for a more homogeneous crystallization.

EHPP of melt in the ladle by EDGEV waveguide before casting
applied to alloys based on Fe and Al increases the crystallization ability
of the metal - a key factor in the formation of the solid metal
properties. Efficiency of melt EHPP includes: the removal of free
hydrogen by at least 30%; reducing the number of nonmetal inclusions
by 15%; grinding macro and microstructure; lowering the threshold of
cold brittleness at 20 ºC; reduction in variability of the mechanical
properties by at least 15% (the casting of shipbuilding and general
purpose steel); increase the wear resistance by not less than 50% (highcarbon alloy castings, operating under hydro wear); reduction of
magnetic permeability in high-carbon alloys for electrical purposes by
4 – 10%; increase of the tightness of complex configuration aluminum
alloys castings at high operating pressures; 10%; reduction of the
harmful effects of iron impurities and structural heredity when
remelting of secondary aluminum alloys.
2.3 PDT
deformation [5]

of

intensification

of

materials

volumetric

PDT of volumetric deformation of materials include PDT aimed
directly at changing the shape of the processed material without
significant destruction. Such PDT includes electrohydraulic stamping
(EHS), press-fitting of tubes in heat exchangers, as well as electrotreatment of the welds.
EHS is based on realization of ED in working chamber and
transmission of pressure, which arouses during discharge channel
extension, to the processed blank directly or by die. In this case, the
blank takes the desired shape by a special matrix.
he particular feature of the pulse-static deformation is that the
energy of the electric discharge is not aimed at creating forces
deforming part, but instead at agitation of waves of mechanical stresses
and deformations in the material which, together with the static loading
stresses cause plastic deformation of the parts. Static constituent of
load creates elastic deformation of part, and pulsed constituent
transforms it into plastic by means of elastic stresses relaxation. Such
method of deformation significantly decreases the energy of pulse load
and power consumption of used equipment. The same level of stress
relaxation in the material and the amount of plastic deformation can be
obtained both by increasing the impact pulse parameters and by
achieving high stresses of elastic strain (up to the yield point) at the
lower pulsed load.
Pulsed-static deforming creates favorable conditions for the
relaxation of residual stresses in a formed or calibrated part.
Major advantages of EHS over conventional press stamping
are: punching precision is improved because of the reduction of
stresses, especially when processing most hardly-deformed metals;
possibility of obtaining solid components of complex shapes in a single
passage, whereas in conventional methods such parts require several
passages and are performed welded; increase of materials deformation
permissible degree; possibility of producing parts that are economically
unviable, or impossible to produce by other methods; improved surface
quality of stamped parts; greatly simplifies and reduces the cost of
tooling, thereby reducing the time of preparation of manufacture.
2.4 PDT of destruction of durable nonmetallic objects consists
in using forces from the shock wave generatedbya high voltage
discharge in a liquid [6]. As well as in case of explosives use, in
destructible object holes are performed, into which water is poured and
electrode system is placed. When a high voltage from the GPC is
applied to the electrode system, the discharge occurs in the discharge
gap. This process is accompanied by extension of discharge channel,
rise of pressure that can reach up to 109 Pa and formation of shock
wave.
Destruction of soils, concrete and reinforced concrete objects
occurs by creating cracks occurring in all directions around the hole,
with subsequent separation of the solid pieces. Number of cracks, their
depth and direction are determined by a grid of holes made in the
object(the distance between the holes, location of the drill holes
relative to each other, the depth of drill holes) and the structural
features of breakable objects.
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Installation is a mobile device that can be
transported from one destructed object to another. PDT of
durable objects destruction has several advantages over the
use of explosives, namely: the possibility of controlling
energy consumption during objects destruction; absence of
brisance that excludes scattering of splinters; absence of
harmful substances excretion during destruction; providing
a predetermined aimed spalling.
2.5 PDT of cleaning the hulls of ships and fixed
offshore platforms from biological fouling [7].
PDT of cleaning ship hulls allows cleaning siding
afloat, without entering the vessel to the dock. This PDT is
also used for cleaning fixed offshore platforms (FOP) from
biological fouling. Technological unit (electrode) is
mounted on the element of FOP support structure by divers,
fixed on it with defined working gap relatively to fouling
and then is connected to GPC. High voltage pulsed corona
discharge in medium with high conductivity (sea water)
creates pressure waves and high speed hydro streams that
destroy biological fouling on support constructions of FOP.
Electrodes are moved across processed surface in the
longitudinal direction at a distance of 1500 mm. Then they
are rotated by predetermined angle (from 30º to 6 º), and
the electrodes are moved in the opposite direction. Then
technological unit is relocated to new area and
abovementioned operations are repeated. PDT of cleaning
ship hulls and fixed offshore platforms from biological
fouling provides the performance of at least 200 m2/h; it is
collapsible for staff; device is mobile, easy to operate.
Device withstands the current standards of environmental
control. Mechanisms and components of equipment have a
high operational reliability and do not require frequent
maintenance and replacement of consumables.
2.6 PDT of rods knockout and castings cleaning
[8] is to use the power factors of high-voltage discharge in
water between the special electrode and the surface of the
casting. In this case the shock waves arise in fluid which
destroy the rods and mixture baked-on to the casting,
cleaning its surface. Destruction of material is possible
when creating critical stress in it. Moreover, destruction
efficiency depends only on the time during which this
condition persists.
With regard to the factors of the electrical discharge
in the liquid rods destruction occurs under the action of the
stress waves generated by the shock waves, and due to the
pressure of fluid flow generated by post-discharge
processes. The role of each of these factors is determined
by the physical properties of the material rods,
characterized by their acoustic stiffness. Electrohydraulic
devices are used for knockout of rods from steel, iron
castings, castings of non-ferrous alloys. These devise can
be used in a single, small-scale and commercial production.
Their most appropriate application is knockout of rods from
large and medium sized castings.
Advantages of PDT of rods knockout are that it
provides high performance and efficiency, eliminates hard
manual labor, and reduces dust in the air in foundries.
2.7 PDT of crushing and grinding of artificial
materials [9, 10], obtained by chemical reduction and
melting or by crystal growth. Such materials include fused
silica,
refractory
carbides,
metallurgical
and
monocrystalline silicon, superhard materials (diamonds,
cubic boron nitride). PDT of crushing and grinding of
artificial materials because of the action of the ED as a
source of high energy density have the ability to control the
process of disintegration and to produce a product with a
given fractional composition while minimizing waste and

pollution of metal hardware, can significantly reduce the capital and
energy costs and has small dimensions of the equipment.
2.8 PDT of carbon nanomaterials synthesis [11].
Under the influence of powerful electric discharge pulses in
liquid hydrocarbons appears a region of high pressure and temperature,
in which the destruction and decomposition of hydrocarbon molecules
takes place The ultimate degradation products are carbon in the solid
phase, and hydrogen as a gas. In this case, the carbon can be emitted in
different allotropic forms. In the process of electrical discharge
treatment the composition of the organic liquids does not change, but
the decomposition of the molecules occurs to form a solid phase hydrocarbon nanomaterials (HCNM), and hydrogen and gaseous
hydrocarbons excrete. The dry powder output nonlinearly increases
with the number of carbon atoms in the molecules of the organic liquid
and linearly - with the increase in the specific energy input.
Electrical discharge treatment of organic liquids produces
amorphous carbon, short-range order of which is determined by the
degree of hybridization of carbon atoms and by molecular structure of
the original liquid. Retaining the same degree of hybridization of
carbon atoms after the discharge treatment is caused by the choice of
single discharge energy and by and the ratio of the energy of C-C and
C-H bond breaking the hydrocarbon molecules.
Obtained HCNM show hydrogen sorption, electrokinetic,
magnetic, anti-friction and anti-wear properties. PDT of hydrocarbon
nanomaterials synthesis by electric explosion and electric discharge
treatment of condensed carbon-containing substances allow obtaining
nanomaterials with different functional purpose:
- carbon nanomaterials, use of which as additives to the
magnesium during the mechano-chemical synthesis leads to improved
sorption kinetics of hydrogen and a significant decrease in
hydrogenation temperature regimes;
- intelligent anti-friction and anti-wear carbon nanomaterials
containing nanographite, amorphous carbon nanotubes and nanofibers,
which are promising additives for motor oil, transmission fluid;
- nanocarbon materials with strong magnetic properties (the
value of specific saturation magnetization reaches values close to
typical ferromagnets - 57 A.m2/kg);
- carbon nanomaterials containing higher fullerenes and
endometallfullerenes.
The advantages of hydrocarbon nanomaterials synthesis PDT
are high performance, continuity and wastelessness of processes.
2.9. PDT of carbon nanomaterials (CNM) production by
plasma-chemical synthesis from carbon-containing gases [12].
The essence of the PDT of nanocarbon synthesis from gas
carbonaceous raw material is to obtain a nonequilibrium plasma under
the action of pulsed high frequency discharges and due to the high
temperature and pressure gradients. As a result of this method of
synthesis carbon nanomaterials have a low bulk density (13.4 kg/m3)
and high specific surface area (SBET ~ 80 m2/g). Composition of
synthesis products obtained by a high-frequency discharge-pulse
method of the carbon-containing gas (a mixture of propane, butane,
acetylene) is essentially uniform, up to 90% of the particles have a
similar form of granules with dimensions of the order of 15 to 35 nm,
the yield of pure nanocarbon is up to 35 g/(kVt.h). Synthesis products
are characterized by high content of chemically pure carbon up to 99%,
confirming the possibility to eliminate the laborious cleaning operation.
PDT produces virtually the entire spectrum of known allotropes of
nanocarbon including carbine and graphene.
2.10 PDT of obtaining highly wear-resistant metal-matrix
composites, dispersion-hardened by nanoparticles [13].
PDT of obtaining highly wear-resistant metal- dispersionhardened composites is based on the ability to effectively use the latest
methods of influence of highly concentrated energy flows on disperse
systems – dispersion, activation and synthesis of polydisperse micro
(from 10-5 to 10-7 m) and nanosized (from 10-7 to 10-9 m) composite
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powders with their subsequent consolidation by relatively
low-temperature method of spark plasma sintering.
Through the use of effects of necessary disperse phases
excretion during a high-voltage ED impact on elementary
powders and their mixtures heterogeneity of the blend may
be artificially created and the rate of grain growth may be
influenced by high-speed method of spark plasma sintering.
PDT of obtaining highly wear-resistant metalmatrix composites, dispersion-hardened by nanoparticles is
directed upon obtaining highly wear-resistant composites
of “carbide steel” type and new composites with metal
binders for products of structural and instrumental purpose,
working in conditions of friction and high loads, such as
details of oil and gas pumps, parts of metallurgical and
mining equipment, amenable to significant wear (guide
rollers of wire rolling mill, etc).
Fundamentally new compositions of highly wearresistant dispersion-hardened materials, based primarily on
the domestic resource base, in particular – on iron,
titanium, large reserves of which are located in Ukraine that
provides a significant level of export replaceability of raw
materials, are developed.
The advantages of PDT processing methods should
include the increase of both strength and wear resistance of
materials (by 30-60% or more) due to the fact that unlike
conventional methods, the disperse reinforcement particles
are not mechanically introduced into the powder mixture as
an additional component in the blending of powders, but
instead are generated by a reaction with an electric
synthesis during ED processing of elemental powders and
mixtures thereof in a hydrocarbon liquid. This provides not
only a high degree of dispersion, but also significantly
higher strength of adhesive bond between reinforcing
microparticles and the base material.
Using a high-speed heating and lower maximum
temperature holding time during spark plasma sintering of
polydisperse micro and nanoscale composite powders
produces compacts with higher relative density and a finer
structure than when using conventional sintering techniques
such as hot pressing and hot isostatic pressing.
In IPPT NASU an experimental system for spark
plasma sintering "Gefest-10" [14], which is based on the
direct passage o of output current with a peak value of 1 kA
(superposition of direct and alternating current of high
frequency (10 kHz) through the powder composition, was
developed . Direct current heats evenly all section of the
briquette, but due to the heat sink peripheral areas are
cooled. The alternating current, due to skin effect, is partly
displaced to the surface of specimens section, so it
preferably carries out heating of the peripheral portion.
This compensates for the effect of the heat sink and aligns
the temperature conditions in the cross section.
Developed technological methods allow us to offer
to market a simplified flow diagram for production of
multifunctional
materials,
dispersion-hardened
by
nanoparticles, which can be used to significantly improve
the wear resistance and heat resistance of tools for different
purposes, and structural materials for reactor steels with
high heat resistance characteristics, engines for different
purposes, etc.

3. Conclusion
The analysis of PDT used in oil production,
engineering, instrumentation, metallurgy, chemical
industry, mining complexes, etc is performed in present
review.
The use of high voltage electric discharge in
different mediums allows to impact both changes of
geometrical size and the structure of objects in order to give
it certain mechanical and physical properties.

The Institute of Pulse Processes and Technologies of NAS of
Ukraine designed and tested in the industry more than 40 different pulsed
discharge technological processes: stimulation of oil wells; synthesis of
hydrocarbon nanomaterials; removing rods from castings; crushing and
grinding of materials; destruction of oversized and old foundations;
regeneration of molding compounds; preparation of structured liquids;
dispersion of mineral environments; activation of water and cement
mortar; hardening of machine parts and stamping; fixing the pipe ends in
the tube sheets of heat exchangers; calibration; compaction of the powder
material; metal forming (rolling, drawing, extruding); processing of salt
slag; intensification of the processes of casting and solidification of
metals and alloys, etc.
Evolution of PDT and creation of new electric discharge devices
is directed upon development of new pulsed technological processes for
processing and obtainment of new materials.
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Abstract: The article describe the design and operation of a prototype of satellite pump and a prototype of satellite motor. In both
machines, the operating mechanism consists of a non-circular gear with external teeth (rotor), non-circular gear with internal teeth
(curvature), and ten gear wheels which cooperate with the rotor and the curvature. The differences between the commutation unit in the
pump and the commutation unit in the motor are described. The principle of axial clearances compensation in the pump and in the motor is
also presents. The article contains the values of the losses and the efficiency of these machines supplied with rapeseed oil, HFA-E emulsion
and pure tap water. The results of durability tests of motor supplied with HFA-E emulsion and rapeseed oil are also presented.
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consist of six-hump curvature, four-hump rotor and ten satellites
(Fig. 4).

1. Introduction
In recent years, at the Gdansk University of Technology, started
research work on first satellite pump (marked PSM) with axial
clearance compensation (Fig. 1). The developmental research of
satellite motor (marked SM) with small geometrical displacement
(5÷34 cm3/rev) are also conducted (Fig. 1). Production of the SM
motors was undertaken by Stosowanie Maszyn company [13].
In Poland are already produced and well-known low-speed (to
400 rev/min), high-torque hydraulic satellite motors (marked HS)
with geometrical displacement 0,4÷6,3 dm3/rev (Fig. 2) [12].

Fig. 3. HS motor satellite working mechanism: C – curvature, R – rotor,
S - satellite [2].

Fig. 1. General view of the newest satellite motor type SM (on the left) and
the newest satellite pump type PSM (on the right) [5].

Fig. 4. Satellite working mechanism of the motor type SM and the pump
type PSM [8,9,10]

Working chambers are created by the curvature, the rotor and
every two neighboring satellites. The satellites act as movable
sealed baffles between the chambers. The working chambers in
satellite mechanism are closed by two commutation plates (Fig. 5).
These plates are made of sintered carbide. In these plates we can
find the inflow and outflow holes. The number of these holes is
equal to the number of humps on the curvature.

Fig. 2. General view of satellite motor type HS [2].

The research problems stemmed from the requirement to
develop and implement new constant displacement self-priming
satellite pumps and satellite motors mostly useful for driving
systems and low mechanization of mining equipment in the mining
industry. Due to fire safety non-flammable liquids are used in coal
mines. The most commonly used liquid is emulsion of oil in water
type HFA-E, which contains from 95-99% of water. In extreme
situations pure water applications may occur, such as mine rescue
equipment or other devices. Motors with a small geometrical
displacement are also needed to drive the devices and portable tools
in the food industry. Therefore, it is recommended testing the
engine fed with vegetable oil. In Gdansk University of Technology
the research of the lubricating properties was conducted. Refined
rapeseed oil (edible) showed a good lubricating property [3].

Fig. 5. Commutation plate of satellite motor [1].

The pressure of the working medium causes the satellites roll
around the stationary curvature. The effect of the pressure in the
working chamber is a force which does not pass through the axis of
the rotor. This creates a torque which forces the rotation of the
rotor. The particular configuration of the rotor humps and the
curvature humps causes during rotation of the rotor chamber
periodically change their working volume. Supplied chambers
increase the volume, while the chambers reducing the volume
extruding the working fluid.

2. Satellite working mechanisms
The working mechanism of HS motor, the working mechanism
of SM motor and pump PSM are different gear mechanism. In HS
motor applied mechanism, which consist of internally toothed eighthump curvature, externally toothed six-hump rotor and fourteen
satellites (Fig. 3). And in the motor SM applied mechanism, which

The satellites act as inflow and outflow distributors. The
satellite close corresponding holes in the commutation plates at the
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time of the transition of the chamber from the filling phase to the
extrusion phase.

Satellite is pressed against the rotor and the curvature with a
force resulting from the pressure difference ∆p. At ∆p = 25 MPa the
nominal force acting on the tooth is 1500 N. Numerical calculations
of tooth were performed, assuming that the mechanism is
stationary. The calculation results showed that the stresses at the
base of the tooth are 500 MPa (Fig. 9). The contact stresses at the
contact point of teeth reach a value of 2000 MPa. Furthermore, after
the load of motor shaft, deforms both the shaft and the planet.

Number of working chambers and number of satellite is equal
to the sum of curvature humps and rotor humps. Number of cycles
of filling and emptying chambers, per one rotation of the shaft, is
equal to the product of the number of humps of the curvature and
rotor. So, in the working mechanism of the HS motor the number of
cycles is 48 and in the mechanism of SM motor (and PSM pump)
the number of cycle is 24.
Geometrical displacement of satellite working mechanism
depends on the teeth module and the height of mechanism. In HS
motors are used modules 1,5 mm and 2,5 mm. While in the SM
motors and PSM pumps are applied teeth modules: 0,4 mm, 0,5
mm, 0,6 mm and 0,75 mm.
In HS motors are applied mechanisms with involute tooth
profile or circular-arc tooth profile (Fig. 6).

Fig. 9. Stress distribution at the contact point of the rotor with satellite (on
the left) and stress distribution along the length of the tooth (on the right).

During the motor operation, the teeth of operating mechanism
are subject to variable loads. It was calculated that:
a) allowable stress σFp for fatigue break the tooth are 520 MPa;
b) allowable stress σHp for fatigue tooth surface amounts to 710
MPa.
So the condition for the fatigue strength of the surface has not
been met. Furthermore, it should be noted that the satellites are
moving freely in the tip clearances. Thus, as a result of the pressure
difference, in the teeth cooperation area occurs slippage. This is an
additional reason for accelerating the process of tooth wear. In the
operating mechanism, on one shaft revolution, the number of loads
of each tooth is:
a) 4 – for curvature (equals the number of the humps on the rotor);
b) 6 – for rotor (equals the number of the humps on the curvature);
c) 5 – for satellite (equals the average of the amount of humps of
the rotor and the curvature).

Fig. 6. Involute (on the left) and circular-arc tooth profile (on the right).

For mechanism with the involute profile nominal working
pressure is only 20 MPa. The working mechanism with circular-arc
tooth profile has been developed to increase the nominal working
pressure up to 35 MPa. However, as research has shown, the
mechanism with circular-arc profile of tooth is characterized by
accelerated wear. The reason is too large the surface pressure of
cooperation teeth. It turned out, that the permissible surface
pressure is higher for teeth with involute profile. Therefore the
optimal solution is involute-arc profile of tooth. Such a profile of
the tooth is a hybrid [4,6]. In the area of tooth contact the profile is
involute. But in the remaining area the tooth profile is arched (Fig.
7). The tooth with involute-arc profile characterized the greater
bending strength than the tooth with involute profile. The FEM
calculation results showed a difference about 30%.

The conclusion is that the rotor teeth will use up the fastest. In
the engine running at 1500 rev/min for one hour the number of load
cycles of each tooth of the rotor is 540 thousand. In addition, on the
durability of the operating mechanism has an impact rotational
speed. When rotor speed is 1500 rev/min, then satellites move with
flat, with variable speed, in the range of 2849 ÷ 3501 rev/min. This
causes additional forces of inertia loading teeth.

3. Satellite motor type SM
The overall view of the newest satellite motor is presented in
Fig. 2 and the cross-section is presented in Fig. 10. In this motor is
applied working mechanism with involute-arc teeth.

Fig. 7. The satellite with involute-arc profile of the teeth [7].

The operating mechanism with involute-arc profile teeth is
making by spark machining method. This mechanism is made from
tool steel Nimax and sulfonitrided [16].
In satellite working mechanism the most unfavorable position
of the satellite relative to the rotor is in area of five teeth on the
rotor hump (Fig. 8). In this area the pitch diameter PD-R of the
rotor is smallest. Due to the small number of teeth (ten) on the
satellite receives a small tooth contact ratio. This affects the
unfavorable distribution of inter tooth force.

Fig. 10. Cross section of the satellite motor type SM [5]: C – curvature,
S – satellite, R – rotor, 1 – shaft, 2 – body, 3 – front body, 4 – rear body,
5,6 – in- or outflow manifold, 7,8 – commutation (compensation plate).

In motor satellites and rotor are lower than curvature with value
of 5±1 µm (Fig. 11a) parameter A). Motor operating mechanism
includes axial clearances compensation of rotor and satellites (Fig.
11). On the one side of the compensation plate acts pressure from
working chambers and on the other side acts pressure from inflow
manifold channel. The force of compensation Pc is bigger than the
force given by working chambers (Pwc+Pgr+Pgs) and then the

Fig. 8. The characteristic position of the rotor and satellites: RT – rotor
teeth most loaded, HPC – supply channel (high pressure), LPC – outflow
channel (low pressure), PD-R – pitch diameter of the rotor hump, PD-S –
pitch diameter of the satellite.
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compensation plates is bending down. In this way total axial
clearances are lower, internal leakage is lower and volumetric
efficiency higher in effect.

hole CH to the high pressure working chambers. Laboratory results
have shown, that at a pump speed 1500 rev/min, the pressure in the
compensation chamber CC is about 20% lower than the discharge
pressure.

Fig. 11. Idea of axial compensation in satellite motor: a) state before
tighten up of clamp (X – high of curvature, A – axial clearance of satellites
and rotor, Di – inside diameter of compensation area, Do – outside diameter
of compensation area); b) state after tighten up of clamp and under load
(B – value of decrease of high of curvature after tighten up of clamp, A’ –
real axial clearance in loaded motor, C – value of bend of compensation
plate, Fs – force of press down curvature generated by clamp, Pc – pressure
in exhaust manifold, Pwc – pressure in working chambers, Pgs – pressure in
satellite gaps, Pgr – pressure in rotor gap) [8,9].

Between the rotor and compensation plates there are no leek
stoppers. Thus, existing leakage goes from working chambers to the
chamber of shaft. Then the leakage drains to outflow manifold
channel. Therefore, the pressure in the shaft chamber is higher than
in the motor outlet port. It was found that especially in hydraulic
mining installations, the pressure in the outflow port can be up to 2
MPa. In addition, at the shaft speed of 1500 rev / min, the speed of
shaft spigot surface relative to the seal is more than 2 m/s.
Consequently shaft seals are exposed to rapid destruction.

Fig. 13. Cross section of the newest satellite pump PSM: C – curvature,
S – satellite, R – rotor, 1 – shaft, 2 – body, 3 – front body, 4 – rear body
(suction port), 5 – pumping manifold, 6 – pumping commutation plate,
7 – suction commutation plate, detail A – construction of compensation on
suction side, SH – non circular suction hole, CH – compensation hole,
CC – compensation chamber, CA – compensation area.

Application of compensation to the suction side is only possible
in the pump due to the constant fluid flow direction.

Experimental studies have shown that the best shaft seals for
satellite motor should be the seal named TurnRing or R9 (Fig. 12)
[6]. The sealed surface of the shaft spigot should have a low
roughness – Ra=0,1 being the best. It is also recommended to cover
the shaft spigot surface with the low friction, hard coating, like
Balinit C [15]. Balinit C is a low-friction coating, made on the basis
of amorphous carbon with the addition of tungsten (designation of
the coating material: WC / C (aC: H: W)) with a micro-hardness
1500HV.

5. Test results of SM motor and PSM pump
Laboratory test of the motor SM-0,6/20 and the pump PSM0,75/15 have been carried out. These machines parameters are given
in Tab. 1.
Table 1: Parameters of tested motor and pump
SM-0,6/20
PSM-0,75/15
Tooth module
0,6 mm
0,75 mm
Height of the operating mechanism
20 mm
15 mm
Theoretical displacement
16,7 cm3/rev
18,6 cm3/rev

Prior to designing the satellite motor assumed nominal working
pressure 25 MPa. However, calculations have shown that for
pressure 25 MPa the condition is satisfied only for tooth bending.
That is the working pressure of 25 MPa can be intermittent or
instantaneous pressure. Losses and efficiencies of tested motor and
pump, for ∆p=25MPa, are given in Tab. 2.

Fig. 12. The seal TurnRing [14] and R9 [15].

4. Satellite pump type PSM

Volumetric
efficiency [-]

Torque of
losses [Nm]

Hydr-mecan.
efficiency [-]

W
7 / 6,7
4,5
E
6 / 4,5
4,2
RO 4,5 / 6,2
1,5
W
5 / 4,5
3,2
Pump
n=750 rpm;
PSME
5 / 4,5
3,2
∆p=25 MPa
0,75/15
RO 5,4 / 5,8
1,8
*)
1% concentrate ISOSYNTH VX110-BF in tap water

0,83
0,84
0,94
0,77
0,77
0,88

6,1
12,3
10,4
10,9
10,0
7,5

0,90
0,81
0,83
0,87
0,88
0,90

W – tap water
E – HFA-E emulsion*
RO – rapeseed oil
Viscosity of RO: µ=40cSt
Motor
SM-0,6/20

n=1500 rpm;
∆p=25 MPa

Clearances
of rotor /
satellite [µm]

The newest satellite pump (Fig. 2) was built based on the
satellite motor design. The newest construction of satellite pump is
showed in Fig. 13. Construction of the high side of the pump is the
same as in the motor. And different is the design of the low pressure
side (suction side in pump). Moreover, another is in the shape of
holes in compensation plate 7 (Fig. 13). In this plate are the
noncircular holes SH. In pumping plate 6 are circular holes like in
the motor SM. The field of the suction hole SH is 25% greater than
the outflow hole in plate 6. The commutation plates 6 and 7 play the
role of the compensation plates simultaneously. In this way the
satellite pump includes axial clearances compensation. Construction
and principle of operation the compensation on the pressure side is
the same as in the engine (Fig. 11).

Volumetric
losses [l/min]

Table 2: Losses and efficiencies of tested motor and pump.

Nevertheless it was decided, to check what will be the durability
of the operating mechanism of motor at the pressure 20 MPa. For
comparison, it was decided to check the durability of the engine at a
lower load, corresponding to a pressure of 15 MPa. The elements of
SM-0.6/20 engines which were running in different mode were
studied. Modes were marked as: “A”, “B” and “C” and their
characteristic was showed below in Tab. 3.

In contrast to the engine was designed and applied
compensation on the suction side of the pump. In the suction port 3
was placed compensation chamber CC. This chamber has the shape
of a ring having an outer diameter D2 and inner diameter D1. The
compensation chamber CC is connected at least one compensation
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Table 3: Various engine operating modes
Mode

Working fluid

Speed

A
1% emulsion HFA-E*)
1500 rpm
B
C
refined rapeseed oil
1500 rpm
D
*)
1% concentrate ISOSYNTH VX110-BF in tap water

In hydraulics, it is assumed that the durability of the hydraulic
motor should be about 10 thousand hours. Assuming that the engine
is running at a speed of 1500 rev/min, the durability of the teeth
should be at least 900 million cycles. Thus, the stability under
overload conditions, at the pressure drop in the engine 20 MPa, is at
least 36 times less than the nominal. Therefore, should be lowered
rated working pressure of the engine, reduce its speed and should be
chosen of higher strength steel with a suitably chosen heat
treatment. At this stage, in order to maintain proper engine
durability, it is proposed to reduce the operating pressure up to 10
MPa and the speed to 400 rev/min.

Decrease
pressure
20 MPa
20 MPa
15 MPa
10 MPa

Laboratory tests showed low durability of rotor teeth. Time
after which occurred the destruction of mechanism is for mode:
a) A – 4 hours (2,16 million load cycles of the rotor teeth);
b) B – 35 hours (18,9 million load cycles of the rotor teeth);
c) C – 46 hours (24,8 million load cycles of the rotor teeth);

The great advantage of satellite motors and pumps are their
small size. Satellites motors can be an excellent alternative to
orbital motors. The dimensions and weight of these engines are
similar. And the motor efficiency of satellite is greater. Moreover,
the orbit motors are not suitable for operation with water and HFAE emulsion.

For mode D after 111 hours test was discontinued. There was
no destruction of working mechanism.
Fig. 14 (on the left) shows an example of tooth wear on the
rotor hump. Further exploitation leads to breaking the tooth and
clutch action of the entire mechanism (Fig. 14 on the right).
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Abstract: The article describes the design and operation of a prototype hydraulic unit. It is based on an inversed kinematics, satellite
pump in which the body rotates around the shaft. The pump is placed inside the electric motor. Thanks to that the compact and low mass
construction was achieved. Thanks to new commutation unit with enlarged channels, lower pressure losses were obtained. The article
presents the construction and results of preliminary tests.
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vegetable oil and pure water. However the machine is most efficient
with higher viscosity fluids like oil or vegetable oil.

1. Introduction
In nowadays there is a strong tendency to integrate hydraulic
equipment with electrical control. There are many electro-hydraulic
elements such as valves and electrically controlled variable
displacement pumps and motors. However the integration process
didn’t significantly affect the coupling of electrical motor and a
hydraulic pump. Only a few companies managed to successfully
build a compact hydraulic unit with a pump completely combined
with an electrical motor. Most of them are the classic constructions
of an electrical motor permanently coupled with a pump using a
coupling or a common shaft. As an example of these machines the
HAWE MP and SAUER DAIKIN J-RP Rotor pump can be given.

Fig. 3 Compact Hydraulic Unit “SLON” at the test stand.

2. Principle of operation
The machine is based on the construction of satellite pump with
inversed kinematics [1, 5]. The pump is installed inside a casing of
an electric motor. The size of the pump is small enough to fit it in
an electric motor but also has enough power to make full use of
motors capabilities. To entirely explain the principle of operation of
the pumping unit, it is necessary to first present the satellite
mechanism which is a heart of the machine.

Fig. 1 HAWE MP pump[8].

The mechanism (Fig.4) [6] consists of three basic elements:
Perimeter (O),
Planet (P),
Satellites (S).

Fig. 2 SAUER DAIKIN J-RP Rotor pump [7].

The HAWE construction (Fig. 1) is an electric motor equipped
with a dedicated connection for a hydraulic pump that is installed
directly on motor’s shaft without an additional coupling. DAIKIN
pump (Fig. 2) is more compact and consolidated construction. The
cylinder block of an axial piston pump is built into the rotor and the
pump is completely hidden inside the casing of the electric motor.

Fig. 4 Satellite mechanism (P – planet, S – satellite, O – perimeter, C –
fixed shaft, PB – side plate, 1 – high pressure hole, 2 – low pressure hole).

The perimeter and a satellites are moving and the planet is
fixed. The chambers separated by the satellites constantly change
their volume. When they expand, the fluid is sucked into them.
When they contract, the fluid is pushed out. The expansion and
contraction of the chambers is a cyclical process. To correctly
control the direction of fluid flow during suction and pumping
process, two side plates where added. Every side plate has four
holes (1, 2), which connect the chambers with low (blue color) and
high pressure (red color) channel at the right time. The holes in
plate PB1 are connected to the high pressure channel and in the plate
PB2 to low pressure channel. The holes in the plates are periodically

At Gdansk University of Technology new type of compact
hydraulic unit has been designed. The construction of the unit was a
part of a project LIDER/35/102/L-2/10/NCBiR/2011 funded by
Polish National Center of Research and Development. The common
name of the machine is “SLON”, which means “Elephant”. The
name has been given because of the bulky shape of the machine and
two elastic hoses connected to the motor, like a trunk and a tail of
an elephant (Fig. 3). “SLON” can work with typical hydraulic fluids
such as oil and polymer based fluids but also oil-water emulsion,
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covered by satellites which is the principle of operation of satellite
pumps’ commutation (Fig.5).

During the design process of “SLON” the Finite Element
Method was used to determine the deformation of unit’s elements
[2,3] and using this information the proper form and material were
chosen. The conducted analysis goal was to get the optimal area of
axial clearance compensation. The axial clearance compensation is
a feature of satellite pumps which enables them to pump the fluid
under relatively high pressures without a significant increase of
volumetric losses. The mechanism of clearance compensation is
based on balancing the forces generated in satellite mechanism by
the force generated by the counterpressure applied on the side of
one of the side plates (Fig. 8). It is necessary to correctly define the
size of compensation area. Too big area will generate too much
force which will deform the side plate and clamp the rotating
elements of the pump (Fig. 9). Too small area will cause internal
leakage (Fig. 10). Thanks to FEM analysis proper size of the
compensation area was defined.

Fig. 5 Commutation of working mechanism satellite pump

3. Design of compact hydraulic unit
As it was said before, the satellite pump is fitted inside an
electric motor (Fig 6, 7). The shaft of an electric motor has been
replaced with a tube which connects the suction and pumping port
of the unit. The pumping port is an integral part of a pump. The
rotor (14) is connected with a shaft (4) with a key (12), and the shaft
is connected with a perimeter of a pump (1). The rotation of a
perimeter begins the suction and pumping process as it was
described in a previous chapter

Fig. 8 Pressure fields on the side plates (red-pumping pressure, blueaverage pressure).

Fig. 9 Exemplary result of FEM Analysis – too big compensation area.
Fig. 6 Compact Hydraulic Unit “SLON” (2,3 – covers, 4 – shaft,
5 – clamping nut, 11 – suction port, 12 – key, 13 – stator, 14 – rotor,
16 – ball bearing, 18 – seal).

Fig. 10 Exemplary result of FEM Analysis – too small compensation area.

4. Test stand and test methodology
To determine the efficiency of the machine it was necessary
build a test stand and measure basic parameters like: pressure, flow
rate, rotational speed and torque.
The test stand (Fig.11) consists of the tested unit and pressure
relief valve. The unit’s rotational speed can be controlled and
measured. So is the torque necessary to drive the pump. The relief
valve is needed to control the load of the pump by controlling the
pumping pressure which is measured by the manometers. The test
stand enables the user to measure both pumping and suction
pressure. Additionally the flow rate can be measured by mass flow
meter.

Fig. 7 Compact Hydraulic Unit “SLON”-detailed view of a pump
(1 – pump, 6,7,8 – distance rings, 9 – key, 10 – mounting flange, 15 – ball
bearing, 17 – O-Ring seal, 19 – mounting balls).

The “SLON” construction was developed for maximum
working pressure equal to 25MPa. But the nominal operating
pressure is expected to be 20 MPa. The unit was built on the basis
of mass-produced electric motor (11kW and 750rpm).

The tests were conducted in order to determine the maximal
pumping pressure and to calculate the basic efficiencies of the
machine. The methodology of the tests was carried out starting
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Fig. 10 Test stand scheme (M – electric motor, P – pump, RV – pressure
relief valve, T – torque transducer, n – encoder, Q – flow meter, p1 and p2 –
manometers).

Fig. 11 Volumetric efficiency as a function of pressure (fluid: oil).

from the low pressure and then rising it to the maximal value. This
way the risk of the premature damage was minimized. The
rotational speed changed from 200 to 740 rpm. The tests were
conducted to measure the parameters in full range of speed
adjustments, from low to high pressure setting. Every test series
were carried out using two hydraulic fluids: oil and water-oil
emulsion.

5. Results and discussion
Fig. 12 Volumetric efficiency as a function of rotational speed (fluid: oil).

The tests were carried out in the entire speed range (up to
750rpm) and the entire operating pressure range (up to 200bar).
The tests’ results were presented in a charts where the abscissa
is either the rotational speed or the pumping pressure. The ordinate
is presenting the value of different efficiencies. The volumetric
efficiency describes the losses of fluid volume. The main factors
which lower the volumetric efficiency are:
− internal leakage,
− compressibility of the fluid,
− cavitation.

Fig. 13 Hydraulic-mechanical efficiency as a function of pressure (fluid:
oil).

It is very difficult to separate the hydraulic efficiency from the
mechanical efficiency. Therefore hydraulic-mechanical efficiency is
presented on a charts. Generally speaking it describes the losses in
pressure. The main factors influencing it are:
− mechanical friction,
− flow resistance,
− inertia.
The total efficiency is defined as product of volumetric and
hydraulic-mechanical efficiencies. It is calculated using the
equation:
(1)
𝜂𝑐 = 𝜂𝑣 ∙ 𝜂ℎ−𝑚𝑒𝑐ℎ
where:
− 𝜂𝑣 – volumetric efficiency,
− 𝜂ℎ−𝑚𝑒𝑐ℎ – hydraulic-mechanical efficiency.

Fig. 14 Hydraulic-mechanical efficiency as a function of rotational speed
(fluid: oil).

All efficiency charts are presented on figures 11÷22. It is
noticeable that total efficiency for oil and for emulsion is quite
similar. This origins from the fact that oil is more viscous than
emulsion which significantly lowers the leakage and improves
volumetric efficiency. That fact also causes more flow resistance
which should lower the value of hydraulic-mechanical efficiency.
However oil is much better lubricant than emulsion which lowers
the friction. Thanks to that the hydraulic-mechanical efficiency is
only a little higher for emulsion. Nevertheless the product of this
two basic efficiency gives similar results for oil and emulsion.

Fig. 15 Total efficiency as a function of pressure (fluid: oil).

The shape of the charts is typical for all hydraulic equipment.
The charts presenting volumetric efficiency in function of pressure
(Fig. 11 and Fig.17) drop with the rising pressure. It is explained by
the fact that pressure rises the leakage, which significantly lowers
the efficiency. However the hydraulic-mechanical efficiency (Fig.
13 and Fig. 19) rises with the pressure. This is a result of lowering
the shear of pressure losses caused by flow resistance comparing to
the pumping pressure. The pressure losses generally depend mainly
of fluid flow speed and they aren’t changed significantly by the
pumping pressure. Therefore when the pumping pressure rises and
the pressure losses don’t change the efficiency must rise.

Fig. 16 Total efficiency as a function of rotational speed (fluid: oil).
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rotor. The other theory says it can be caused by the commutation
but it is not verified.
The total efficiency for oil reaches 83% and for water-oil
emulsion 80%.

6. Conclusion
The tests of the prototype proved that the machine is working
and the efficiencies are on satisfactory level. However there are still
some possibilities to improve the machine. There are some results
that still need explaining like volumetric efficiency, and some
factors that hasn’t been tested like the work of commutation and the
flow through a rotating pipe in rotor.

Fig. 17 Volumetric efficiency as a function of pressure (fluid: oil-in-water
emulsion).

The next stage of the prototype was built basing on the
permanent magnet motor and the future test will be carried also on
this prototype. The permanent magnet motor is much smaller than
the typical asynchronous motor and it has higher torque which
makes it the best choice as pumps drive. The first photo of a
prototype build form a permanent magnet motor is presented on
Fig. 23.

Fig. 18 Volumetric efficiency as a function of rotational speed (fluid: oil-inwater emulsion).

Fig. 19 Hydraulic-mechanical efficiency as a function of pressure (fluid: oilin-water emulsion).

Fig. 23. The demonstrator with the new prototype of “SLON” based on
permanent magnet motor.
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Fig. 20 Hydraulic-mechanical efficiency as a function of rotational speed
(fluid: oil-in-water emulsion).

Fig. 21 Total efficiency as a function of pressure (fluid: oil-in-water
emulsion).

Fig. 22 Total efficiency as a function of rotational speed (fluid: oil-in-water
emulsion).

There is one basic efficiency which doesn’t have typical
behavior. It is a volumetric efficiency in function of rotational
speed. Typically it should rise with the rising speed. The tests
however show something different. The drop of volumetric
efficiency with the rising speed is not explained. The test stand was
checked and all measuring equipment was recalibrated. The test
every time gave similar results. There is an assumption that it can
be caused by the rotation of the fluid inside a long channel inside a

27

COMPLEX ANALYSIS OF PERGORMANCE CHARACTERISTICS OF SINGLE
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Abstract: Development of automatic, robotic and computer science has lead to development of wide range special motors (micro motors)
which have large application and are interesting for research purposes. One of them is single phase shaded pole motor having a wide
application in large number of household devices. Motor performance characteristics are analyzed using method of symmetrical
components. For research purposes motor mathematical model is developed enabling prediction of motor operational characteristics.
Obtained results are compared with experimental ones. Motor dynamic characteristics are obtained by building the simulation model in
MATLAB/SIMULINK. Adequate conclusion regarding accuracy of developed motor models is derived.
Keywords: SINGLE PAHSE SHADED POLE MOTOR, SYMMETRICAL COMPONENTS, SIMULATION MODELS

inverse component I1- and consequently rotor windings I2+ and I2[2]. Two phase unsymmetrical system of vectors of currents in main
stator winding I1 and in short circuit coil I3 which have different
amplitudes and are displaced in space for arbitrary angle α are
decomposed to two symmetrical systems each containing two
vectors equal in amplitude ad spatially apart for an angle of 90°.
When this space angle between windings α is not equal to 90° for
stator currents relation I3≠I1 is always valid.

1. Introduction
Single Phase Shaded Pole Motor (SPSPM) is well known for its
simple constructions as well as for the complexity of electromagnetic processes which occur inside the motor due to existence
of three mutually coupled windings which produce elliptical
electromagnetic field in motor air gap. In this paper SPSPM , AKO16 product of company MICRON is analyzed (Fig. 1). Motor rated
data are: Un=220 V, fn=50 Hz, I1n=0.125 A, P1n=18 W, nn=2520
rpm and 2p=2.

Current in main stator winding is calculated from:

 I − e jα I1+ e − jα
I1 = − j  1
−
sin α
 sin α

3
2
1






(1)
Current in short circuit coil is calculated from:

 I−
I+ 
I3 = j 1 − 1 
 sin θ sin θ 



1 - main stator winding
2 - rotor cage winding
3 - short circuit coil

(2)

Fig. 1 Physical layout and motor cross section

Calculation of motor performance characteristic based on
method of symmetrical components utilizes equivalent circuits for
main stator winding for direct and inverse system (Fig.2).

Complex analysis of motor performance characteristics is applied
by developing motor mathematical model based on symmetrical
components method. Analysis is extended with experiments as well
as with motor simulation model which gives inside in motor
dynamical behavior at different operating regimes.

 − je jα 
Z1 

 sin α 

(

)

 j 1 − e jα 
Z13 

 sin α 

2. Motor performance characteristics based on
method of symmetrical components
Z1+

SPSPM is one of the most frequently used micro motors due to
its simple construction and technological process for production.
There are numerous advantages of this type of as motor short circuit
current at main stator winding (locked rotor position) is very close
to the rated current meaning that this type motor can sustain
overloading or full load at locked rotor position without any
overheating or motor damaging. SPSPM is very reliable during
different operating regimes and overloading condition. From
research purposes this type of motor is very complex as rotating
electromagnetic field inside motor air gap, produces by stator
windings is elliptic one meaning that there is a large inverse
electromagnetic field which considerably contributes to the
resulting elliptic rotating electromagnetic field and there is no
standardized procedure for calculation of motor parameters and
consequently motor performance characteristics. Method of
symmetrical components is commonly accepted is literature as
method for calculation of motor operational characteristics [1].
Mathematical model based on method of symmetrical components
is developed which enables calculation of symmetrical components
of currents in main stator winding i.e. direct component I1+ and

 je jα 
Z1 

 sin α 

Z '2 (s )

Zo

(

)

 − j 1 − e jα 
Z 13 


 sin α

Z1−

Z '2 (2 − s )

Zo

Fig. 2 Equivalent circuit of main stator winding direct and inverse system
 − je jα 
Z3 

 sin α 

Z 3+

(

 j 1 − e jα
Z13 
 sin α

Zo

)

(

jα

 j 1− e
 je jα 
Z3 
 Z13  sin α

 sin α 


Z '2 (s )

Z 3−

Zo

)


Z '2 (2 − s )

Fig.3. Equivalent circuit of short circuit coil direct and inverse system

Z1+ and Z1- are impedances of main stator winding and short circuit
coil respectively. Z13 is the mutual reactance between main stator
winding and short circuit coil. Impedance Z0 is found from mutual
reactance between stator and rotor winding. Z2’ is impedance of
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power P2 as function of motor slip s on Fig. 4, and motor electromechanical characteristic of output torque M2=f(s) and
electromagnetic torque Mem=f(s) on Fig. 5. Motor operational
characteristics power factor cosϕ, efficiency η, input power P1,
motor speed n and input current I1 in dependence of output power
P2 are presented on Fig.6.

rotor winding referred to main stator winding and s is denoting
motor slip.
Symmetrical components of rotor currents are found from:

I 2'+ = I1+

I 2'− = I1−

Z0

(3)

Z 0 + Z 2'+

Z0

Z 0 + Z 2'−

(4)

cosfi [/];

Z2+ and Z2- are rotor impedances for direct and inverse system.
Consequently motor electromagnetic torque is calculated from:

0,2

0,76

I2[A]

0,74
0,15

cosfi

0,72

M em =

−
− M em

0,1

0,68

(5)

0,66

where:

0,64

+
M em

−
M em
=

9,55
ns

2

0

η

-0,05
0

0,2

0,4

0,6

0,8

1

s [/]

(6)

2 I 2−

0,05

I3

0,62

2

+
'
9,55 2 I 2 R2
=
ns
s

Fig. 3 Electromechanical characteristics I1=f(s), I2=f(s), I3=f(s), cosϕ=f(s)
and η=f(s)

R2

2−s

35

P1 [W]

(7)

30

where ns is motor synchronous speed and s is motor slip.

25

3

P1

P2 [W]

2,5
2

P2

20

1,5

And resulting electromagnetic torque is calculated from:
+
−
M em = M em
− M em

(8)

15

1

10

0,5

5

0

0

Power factor cosϕ, input power P1, output power P2, torque at motor
shaft M2 and efficiency factor are calculated from:

cosϕ =

-0,5
0

0,2

0,4

0,6

0,8

1

s [/]

Re al (I1 )
I1

Fig.4. Electromechanical characteristics P1=f(s) and P2(s)
Mem[Nm]
M2[Nm]

0,025

(9)

Mem

0,02

P1 = U1 I1 cos ϕ

M2
0,015

(10)

P2 =

0,01

Pmeh
1,15

0,005

(11)

0
0

where P meh is mechanical power on motor shaft.

M2 =

0,2

0,4

0,6

0,8

-0,005

9,55 P2
ns (1 − s )

-0,01

s [/]

Fig.5. Electromechanical characteristics Mem=f(s) and M2=f(s)

(12)

η=

I3 [A]
ET A [/]

I2

0,7

+
M em

I1 [A]

I1

P2
P1

(13)
Based on above mentioned methodology motor’s electromechanical and operation characteristics are calculated and
presented: current in main stator winding I1, rotor current I2, current
in short circuit coil I3, power factor cosϕ, and efficiency factor η in
dependence of motor slip s on Fig. 3, input power P1 and output
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1

35

cosfi

P1 [W]
nx10-2 [min-1] 30
I1x100 [A]
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n
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η

5
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0.06125
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0,8 ETA [/]
0,7 cosfi [/]

145.4

0.0697

6.425

0.64

154.4

0.076925

7.6125

0.642

0,6
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0.084625

9.1

0.649

0,5

174.14

0.091375

10.35

0.653

0,4

184.6

0.099375
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0.657

0,3

195.2

0.107

13.775

0.659

0,2
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0.662
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0.12085
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P2 [W]
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Fig.6. Motor operational characteristics versus output power

Parameters and characteristic obtained by analytical calculations
and compared with data from experiment and producer. Results of
comparison are presented in Table 4.
Table 4: Comparative analysis of results

3. Motor experimental data

Experiment

Laboratory set-up for measurements of motor operational
characteristics at no-load, locked rotor and rated load was done.
Experiment of no-load was performed during free rotation of motor
shaft without any connected load and motor supply voltage was
varied in range (0.45÷1.2)Un. Displays of all instruments are
recorded, voltage at motor stator winding U0, no-load current I0 and
motor input power P0. At each operating point motor speed –n is
measured as well. Results from measurement at no-load operation
are presented in Table 1.
Table 1: Measurement at no-load operating regime
n [rpm] Uo [V]

Io [A]

Po [W]

cosfio [/]

2490
2620
2700
2740
2790
2780
2720

0.045
0.05585
0.069625
0.0845
0.101875
0.11975
0.144

3.375
4.675
6.525
8.8875
11.875
15.375
20.15

0.581
0.577
0.571
0.568
0.575
0.583
0.577033

125,1
144,35
164,8
185
204.2
225.5
242.5

I1=0.1259 A

I1=0.18 A

P1=18 W

P1=18.114 W

P1=22 W

cosϕ=0.6545

cosϕ=0.6538

cosϕ=0.555

R1=498 Ω

R1=493 Ω

R1=480 Ω

I0=0.111 A

I0=0.1134 A

I0=0.13 A

P0=13.8 W

P0=10.21 W

P0=13.5 W

cosϕ0=0.5651

cosϕ0=0.4092

cosϕ0=0.472

Ik=0.135 A

Ik=0.181 A

Ik=0.221 A

Pk=19.87 W

Pk=29 W

Pk=31 W

cosϕk=0.6683

cosϕK=0.7389

cosϕK=0.6376

In Table 1 is also presented main stator winding active
resistance R1. Results of comparison between calculated and
measured current of main stator winding as well of measured and
calculated input and output power are presented on Figs. 7 and 8
respectively.

0,25

I1 [A]

0,2

Table 2: Measurement at locked rotor regime
Ik [A]

Pk [W]

cosfik [/]

75.9
109.6
140.1
164.9
186.8
206.5
235

0.02275
0.04195
0.06445
0.08475
0.105375
0.1244
0.15725

1.125
2.9375
5.8
9.225
3.275
17.6125
25.625

0.703
0.688
0.674
0.661
0.655
0.685615
0.693434

Producer

I1=0.125 A

Experiment of locked rotor is performed when motor is in the
locked position and voltage is varied until rated current is reached.
Measurements of all instruments are recorded and consequently
short circuit current Ik, voltage at short circuit Uk and power factor
cosϕk are obtained. Results are presented in Table 2.
Uk [V]

Analytical
calculation

calculated

0,15

measured

0,1
0,05
0
0

0,2

0,4

0,6

0,8

slip [/]

Fig. 7. Comparison of characteristics of input current

Results from experiment at rated operational regime when motor is
loaded with fan are presented in Table 3.
Table 3: Measurement at rated load operating regime
U1 [V]

I1 [A]

P1 [W]

cosfi [/]

123.6

0.053125

4.15

0.627

30

1

40

P2measured

30

1,5

P2 calculated

20

1

P1measured
10

P2 [W]

P1 [W]

nr
[rpm]

2

0,5

P1calculated

time [seconds]

0

0

0

0,2

0,4

0,6

0,8

Fig.11. Transient performance characteristics of speed at rated load

1

slip [/]

λ1
[Vs]

Fig.8. Comparison of characteristics of motor input and output power

3. Dynamic performance characteristics
In order to have an insight in motor dynamic behavior simulation
model of the motor is built in SIMULINK [3]. Simulation model is
consisted of four main parts: motor power supply (voltage sourcestwo phase system a,b), transformation of input variables (voltages)
from two phase system into reference d,q system which is
stationary, motor model where as direct output variables are
obtained motor speed and torque and transformation from d,q
reference system into two phase a,b system in order to be obtained
motor current in main stator winding, short circuit coil as well as in
rotor winding. On Fig.9, 10, 11 and 12 consequently are presented
motor dynamic characteristics of current in main stator winding I1,
electromagnetic torque Mem motor speed nr and flux linkage-λ1 at
rated load operating regime.

Fig.11. Transient performance characteristics of flux linkage at rated load

Comparison between results from simulation and calculation are
presented in Table 5.
Table 5: Comparison between simulated and calculated values
Rated load operating regime
Param.

Simul.

nr [rpm]

Calcul.

Producer

2857

2856

2523

0.0198

0.018075

/

0.1259

0.134

0.18

Mem[Nm]

I1[A]

I1 [A]

In Table 6 is presented comparison between obtained values of
electromagnetic torque from simulation and calculation and on the
base of obtained values motor electromechanical characteristics in
Fig. 12 are plotted.
Table 6: Comparison between simulated and calculated values
Calculation
Simulation

time [seconds]

slip [/]

Mem [Nm]

0.047

0.005211

0.004

0.09

0.01145

0.011409

0.31

0.022166

0.02023

0.56

0.016509

0.01639

0.81

0.007681

0.0088

0.98

0.001568

0.002

Fig.9. Transient performance characteristics of current in main stator
winding at rated load

Mem [Nm]

0,025

Torque [Nm]

0,02

time [seconds]
Fig.10. Transient performance characteristics of electromagnetic torque at
rated load

0,015

Calculation
Simulation

0,01
0,005
0
0

0,2

0,4

0,6

0,8

1

slip [/]

Fig.12. Comparative characteristics of electromagnetic
torque from calculation and simulation
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4. Conclusion
Methodology for analytical calculation of operational characteristics
of SPSPM is developed based on method of symmetrical
components. Experiments are performed regarding motor
characteristic operating regimes: no-load, rated load and locked
rotor. Obtained results of analytical calculation are compared with
values from experiment and producer data confirming the accuracy
of proposed methodology for calculation of motor parameters and
performance characteristics. Motor dynamic performance
characteristics are evaluated with simulation model built in
Simulink at different operating regimes. Obtained values from
motor transient characteristics of current in main start winding,
electromagnetic torque and speed after dynamic process of motor
acceleration is terminated are compared values obtained from
calculation and producer showing reasonable agreement and
proving the accuracy of developed simulation model. Mean value of
motor electromagnetic torque from transient performance
characteristic for different slips, meaning different operating
regimes is compared with values from analytical model and
agreement of results is satisfactory.
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Abstract: Finite Element Method has been proved as valuable tool for solving different electromagnetic problems inside electrical
machines. Calculation of magnetic flux density and its distribution in machine cross-section is difficult to be calculated by analytical
methods. Therefore Finite Element Method is implemented for solving set off Maxwell equation which enables precise calculation of
electromagnetic field and magnetic flux density in three different electrical machines: three phase squirrel cage motor type 5AZ801-4 prodct
of company Rade Koncar, three phase distribution transformer type product of company EMO, and single phase capacitor motor FMR-35/6
product of company MikronTech. Distribution of magnetic flux density in all three machines is calculated for different operating regimes.
Keywords: Finite Element Method, three phase squirrel cage motor, three phase distribution transformer, single phase capacitor motor

Rated data of three phase motor 5AZ80-1/4 are: stator winding
connection: D/Y, rated voltage 230/400, rated current 2,8/1.6 , rated
power 0.55 kW, power factor cosϕ=0.76, rated speed 1390 rpm.
Rated data of single phase capacitor motor FMR-35/6 are: rated
voltage 220-240 V, rated power 180 W, rated current 1,32 A, rated
speed 2880 rpm. Rated data of transformer are: rated power 50
kVA, voltage 10/0.4 kV, Yzn5, short circuit voltage 4 %.

1. Introduction
Calculation of electromagnetic fields inside machine crosssection is always a challenging task and often it implements
numerical calculations based on Finite Element Method (FEM)
which enables solving the set of Maxwell equations and obtaining
the value of magnetic vector potential and magnetic flux density in
all parts of machine cross section. On that way possible “week”
parts of machine construction can be discovered i.e. parts where
flux density reaches high values and machine operates near to
saturation point of magnetic core. In this paper three different
machines are analyzed: three phase squirrel cage motor 5AZ801-4
product of company Rade Koncar from Zagreb single phase
capacitor motor FMR-35/6 product of company EMO MikronTech
from Prilep (Fig.1), three phase transformer product of company
EMO from Ohrid (Fig.3).

(a)

2. Methodology of FEM
Finite Element Method (FEM) is a numerical method used for
solving relatively complex electromagnetic problems where
material nonlinearity and anisotropy is included in analyzed
domain. Method involves discretization of the whole analyzed
domain in small triangle surfaces, which are called finite elements.
By applying Maxwell’s equations into FEM it is possible to
calculate the stationary distribution of magnetic field inside
electrical devices. The FEM analysis of the analyzed object is
divided into three parts: pre-processing, processing and postprocessing part. In pre-processing part the object geometry, as well
as boundary conditions are defined. For all machines are chosen
Dirichlet boundary conditions e.g. A=0. The most common use of
Dirichlet-type boundary conditions in magnetic problems is to
define A=0 along a boundary to keep the magnetic flux from
crossing the boundary. Properties of all materials are input in object
model. Beside inputting the magnetization curve as B=f(H) also the
lamination of magnet material is input according to Figure 3 (a) as
well as fill factor. The result of this model is that one can account
for laminations with hysteresis and eddy currents. In order the value
of the magnetic vector potential A to be determined it is necessary
the whole domain i.e. object cross-section to be divided into a
certain number of elements.

(b)

Fig. 1. Physical layout of (a) squirrel cage motor (b) single phase motor

(a)

(b)

(c)

Fig. 3 Laminations of magnetic steel sheets in FEM models

The number of elements is problem dependent and for
transformer model the finite element mesh is consisted of
N=17833 nodes and E=35089 elements (Fig.4) while for the
three phase motor model N=34 751 nodes and E=74724
elements (Fig.5). For single phase capacitor motor finite

Fig. 2. CAD drawing of three phase transformer
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The advantage of using the vector-potential formulation is that
all the conditions to be satisfied have been combined into a single
equation. If magnetic vector potential A is found, B and H can be
deduced by differentiating A. After exact machine geometry is input
boundary conditions are defined. For this specific motor model are
chosen Dirichlet boundary conditions e.g. A=0. The most common
use of Dirichlet-type boundary conditions in magnetic problems is
to define A=0 along a boundary to keep the magnetic flux from
crossing the boundary. When analysing induction machines,
considering their AC excitation the air gap magnetic field is always
a time-varying quantity [2]. In materials with non-zero conductivity
eddy currents are induced, consequently the field problem turns into
magnetodynamic i.e. non-linear time harmonic problem. When
rotor is moving, the rotor quantities oscillate at slip frequency .In
this case the rotor bars conductivity σ is adjusted corresponding to
the slip. Consequently following partial equation is going to be
solved numerically:

element mesh is consisted of N=51 638 and E=102850
elements. (Fig.6).

Fig. 4 FEM mesh in transformer

⋅
 1

∇x
∇xA  = −σ A+ J src − σ∇V
 µ (B )


Where Jsrc represents the applied current sources. The additional
voltage gradient ∇V in 2-D field problems is constant over the
conduction body. Strictly speaking the permeability µ should be
constant for harmonic problems. However, FEM retains a nonlinear
relationship in the harmonic formulation, allowing the program to
approximate the effects of saturation on the phase and amplitude of
the field distribution. FEM also allows for the inclusion of complex
and frequency-dependant permeability in time harmonics. These
features allow the program to model materials with thin laminations
and approximately model hysteresis effects. Program is run at
constant frequency f=50 Hz. In motor model is input only current in
main stator winding while currents in short circuit coil and rotor
winding are freely induced. For the transformer model current
density is input in primary and secondary winding in all three
phases and problem is analyzed at frequency 50 Hz.

Fig. 5 FEM mesh in three phase motor

3. Results from FEM

Fig. 6 FEM mesh in single phase capacitor motor

Three phase motor represents the standard motor construction
which has symmetrical rotating electromagnetic filed due to three
symmetrical phase windings, placed in stator slots having voltages
and currents shifted with a phase of 120° between each other.
Magnetic flux density distribution in machine cross section at no
load is presented at Fig. 7 while in Fig.8 is presented distribution of
magnetic flux density in machine air gap.

In order processing part to be executed and output results to be
obtained system of Maxwell’s equation should be solved. They
differ in both cases: magnetostatic and time-harmonic.
Magnetostatic problems are problems in which the fields are
time-invariant [1]. In this case field density H and flux density B
must obey:

∇xH = J

(1)

∇xB = 0

(2)

subject to a constitute relation between B and H for each material:

B = µH

(3)

FEM goes about finding a field that satisfies (1)-(3) via a
magnetic vector potential. Flux density is written in terms of vector
potential A as:

B = ∇xA

(4)

For the magneto-static problem the non-linear B-H relation
FEM solves the equitation:

 1

∇x
∇xA  = J
(
)
µ
B



(6)

Fig. 7 Magnetic flux distribution in three phase motor-no load.

(5)
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Three phase transformer represents the static electromechanical
device i.e. there are no moving parts in machine construction.
Electromagnetic field is symmetrical produced by three phase
windings in primary winding coupled electromagnetically with
secondary winding. Since there are no rotating parts in machine
construction conductivity of material in secondary winding remains
unchanged and same with the conductivity of primary winding. In
no-load condition secondary winding is open, there is no current
flowing, while primary winding is supplied with rated voltage.
Magnetic flux distribution in machine cross section at no –load is
presented in Fig 12 while distribution of magnetic flux density in
first leg of transformer is presented in Fig. 13 and in second leg in
Fig 14.

Fig. 8. Magnetic flux density distribution in air gap three phase motor at noload

In contrast, single phase capacitor motor has an auxiliary element
capacitor placed in auxiliary stator winding which enables motor
start and enables rotating electromagnetic filed in machine air gap.
In this specific case capacitor of 6 µF is placed in auxiliary winding
and it is a permanent capacitor which stays in operation after motor
start-up. Motor supply is from single phase network, but from its
operating principle there are always two winding in stator of the
motor (main and auxiliary) which are connected to voltage supply
(Fig. 9). Magnetic flux density distribution in cross section of single
phase motor at no load is presented at Fig. 10 while in Fig.11 is
presented distribution of magnetic flux density in motor air gap.
Fig. 12. Magnetic flux distribution in transformer-no load.

Fig. 9 Electrical circuit of single phase capacitor motor
Fig. 13. Magnetic flux density distribution in transformer first leg at noload

Fig.14. Magnetic flux density distribution in transformer second leg at noload
Fig. 10. Magnetic flux distribution in single phase motor-no load.

In addition, rated load operating condition of machines is analyzed
with respect to, magnetic flux distribution in machine cross-section
as well as distribution of magnetic filed in certain parts of machine
construction, subject to relation (3). For modeling the rated load
operating conditions, appropriate densities of currents in stator
windings for motors must be input while currents in rotor winding
are induced and conductivity of rotor winding material is adjusted
in correspondence to motor slip:

s=
Fig. 11. Magnetic flux density distribution in air gap single phase motor at
no-load

no − nn
no

(7)

where no is motor synchronous speed and nn is motor rated speed.
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For transformer rated load operating regime, rated load transformer
currents are input in primary and secondary winding of transformer
and problem is analyzed at frequency f=50 Hz. Magnetic flux
distribution in all three machines is presented in Figs. 15, 16 and 17
respectively.

Fig. 19. Magnetic field distribution in single phase motor-rated load.

Fig. 15. Magnetic flux distribution in three phase motor-rated load.
Fig. 20. Magnetic flux distribution in transformer at first leg- rated
load .

Fig. 21. Magnetic flux distribution in transformer at second leg- rated
load

4. Conclusions

Fig. 16. Magnetic flux distribution in single phase motor-rated load.

Numerical methods are widely used in calculation of
electromagnetic fields inside electromechanical devices. Finite
Element Method has received wide popularity in numerical solving
the Maxwell set of equation which defines the magnetic flux density
and electromagnetic field in every point of machine cross section.
Calculation of above mentioned parameters is difficult to be done
analytically due to nonlinearity of magnetic permeability of
magnetic material implemented in construction of machines and
they are often subject of assumption and implementation of figures
based on practical experience. FEM can be implemented on any
machine during the phase of designing and construction. In this
paper FEM is implemented on three different machines from three
different producers. Further more two of them are rotating electrical
machines: three phase squirrel cage motor with symmetrical
rotating electromagnetic field and single phase capacitor motor
which is considered to be the more special case for modelling due
to asymmetrical electromagnetic field in electrical machine and
existence of capacitor in auxiliary winding. Three phase transformer
is stationary electrical machine with symmetrical electromagnetic
field. Magnetic field density distribution in all machines is obtained
as well as electromagnetic filed for no-load and rated load operating
regime. Further authors work will be focused on developing 3D
FEM models of analyzed machines.

Fig. 17. Magnetic flux distribution in transformer-no load.

Magnetic filed distribution in air gap-H taking into account nonlinearity of magnetic materials at rotating machines is presented in
Figs. 18 and 19 for three phase motor and single phase respectively
while for transformer in first leg and second leg in Fig. 20 and 21.
First and second leg of three phase transformer differ in value of
electromagnetic filed and flux density since second leg is always
subject to higher values of flux density with respect to first and third
leg of transformer core.
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Fig. 18. Magnetic flux distribution in three phase motor-rated load.
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УСТАНОВКА ДЛЯ АВТОМАТИЗИРОВАННОГО ОПРЕДЕЛЕНИЯ
ГЕОМЕТРИЧЕСКИХ ПАРАМЕТРОВ ЯИЦ НА БАЗЕ СИСТЕМЫ
ТЕХНИЧЕСКОГО ЗРЕНИЯ.
INSTALLATION FOR AUTOMATED DETERMINATION OF THE GEOMETRIC PARAMETERS OF EGGBASED MACHINE VISION SYSTEM.
К.т.н., доцент Алиханов Д.М. , магистр Молдажанов А.К.
Казахский национальный аграрный университет, Казахстан
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Резюме/Absract: В статье рассматриваются результаты исследований установки для автоматизированного определения
геометрических параметров яиц на базе системы технического зрения с использованием программного обеспечения LabView и
VisionAssistant, которая позволяет упростить процесс отбора инкубационных яиц по стандарту, а также повысить
выводимость цыплят. Суть метода заключается в бесконтактном измерении большого и малого диаметров, площади и
периметра яйца, а также вычисление значений коэффициентов формы и сравнение их с допустимыми пределами варьирования
параметров.
КЛЮЧЕВЫЕ СЛОВА: АВТОМАТИЗИРОВАННАЯ УСТАНОВКА, ИНКУБАЦИОННЫЕ ЯЙЦА, ЦИФРОВАЯ ОБРАБОТКА
ИЗОБРАЖЕНИЯ, КОЭФФИЦИЕНТ ФОРМЫ, LABVIEW, VISION BUILDER, БЛОК-ДИАГРАММА

1. Введение

Отбор и сортировка яиц по размерам и форме является одним
из основных этапов при инкубации яиц. В настоящие время
существуют несколько методов отбора яиц к примеру, на
яйцесортировочных машинах, но данный метод позволяется
сортировать яйца лишь по их массе, что не дает производить
наиболее точный и качественный отбор яиц по форме. На
птицефабриках, для сокращения времени затрачиваемое на
отбор некачественных яиц, сортировка производятся
визуально, путем ручного удаления яиц с явными признаками
брака.
Разработанное
автоматизированное
устройство
позволяет повысить производительность и качество отбора яиц
закладываемых на инкубацию, тем самым снизив затраты
времени на осмотр каждого яйца перед закладкой, а также
повысить выводимость цыплят при инкубации.
Установка основана на системе технического зрения, которая в
настоящее время является одним из перспективных
направлений автоматизации процесса сортировки различных
объектов. Система технического зрения (СТЗ) обеспечиваетавтоматическое распознавания, определения положения,
контроля размеров и формы объекта. Последовательность2.1
выполнения задач в системах технического зрения показаны на
схеме 1.
Драйвер видеообработки

Распознователь

Преобразователь координат и систем
измерения

Построитель данных об объекте

Схема 1 –Последовательность выполнения задач в системах
технического зрения
Такие
системы
обладают,
высокой
точностью
и
производительностью при определении параметров объекта.
В настоящее время системы технического зрения широко
используются в различных отраслях, таких как медицина, при
научном моделировании, аэрокосмонавтике, промышленности
и в сельском хозяйстве. Тем самым, можно сказать что системы
технического зрения являются одним из главных средств
развития автоматических систем управления в условиях, когда
объём
информации не достаточен
для решения задач
управления, когда необходим анализ внешней обстановки в
режиме реального времени.

2. Материалы и методы исследования объекта с
использованием систем технического зрения
2.1 Информация об исследуемом объекте

Объектами исследования являются инкубационные яйца кур
различных направлений и продуктивности. Процесс вывода
цыплят из инкубационных яиц является одним из ключевых
этапов обеспечивающий потребность птицефабрик в поголовье
птиц. При проведении качественного отбора яиц повышается
выводимость яиц, тем самым появляется возможность
закладывать в инкубатории, как можно больше качественных
инкубационных яиц, исключив заведомо бракованные яйца.
Основными внешними характеристиками яиц являются форма,
размеры и качество скорлупы.
Форма яйца
Куринные инкубационные яйца имеют явно выраженный тупой
и
острый
конец.
Слишком
большое
количество
деформированных яиц указывает на несозревшую скорлупную
железу, молодое родительское стадо, заболевание, стресс и
перенаселение в стаде. На рисунке 2.1 показаны яйца
неправильной формы

Искусственный интелект

Рис 2.1 - яйца неправильной формы

Виртуальный интерфейс
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Для
инкубационных
яиц
различных
пород
сельскохозяйственной птицы разработан и принят отраслевой
стандарт физико-химических показателей [1]. Основные
показатели инкубационных яиц приведены в таблице 1.

2.2 Метод определения качества инкубационных яиц

Перед созданием установки
был произведен анализ
существующих методов обработки и отбраковки яиц. После
чего было поставлено несколько приоритетных задач:
1.
Обосновать
информативные
признаки
характеризующие параметры яиц и пригодные к машинной
обработке
2.
Увеличить скорость обработки и отбраковки
инкубационных яиц
3.
Повысить
точность
соответствия
яйца
его
качественным параметрам, по его размерам и форме
4.
Максимально уменьшить ручной труд при отбраковке
яиц, сделав установку автоматизированной и автономной.
В настоящие время, на многих птицефабриках, отбраковка
некачественных инкубационных яиц производится, по массе
или же по соотношению размеров малого (d) к большому (D)
диаметру яйца (К): .
d
(1)
К = ∗ 100%
D
Для повышения точности, а главное качества выводимой
продукции, целесообразно определять полную форму яйца по
значению коэффициенту (К1), задействовав тем самым его
площадь (S) и периметр (L):

Таблица 1 – Физико-химические показатели идентификации
инкубационных яиц
Критерии и
Единицы
Куры пород
показатели
измерени Яичные с
Яичные с
я
бел.
кор.
скорлупо
скорлупо
й
й
Масса яиц для
воспроизводств
а
г
50-72
50-75
промышленног
о стада
Масса яиц для
воспроизводств
а племенного
г
52-70
52-73
стада
Плотность яйца
г/см3
1,075
1,075
Индекс формы
%
70-80
70-80
Толщина
мм
0,33
0,34
скорлупы

мясны
е

48-75

52-73
1,075
70-82

L2

(2)
К1 =
S
Данная формула, позволит определять только те, яйца которые
имеют наиболее правильную форму, отбраковывав яйца
округлой и заострённой формы. Данная формула позволяет
отбраковывать яйца с использованием только лишь систем
технического зрения, так как определить площадь и периметр
яйца обычными методами невозможно [3].
Также положительным является то, что значение
коэффициента сложности формы К1 не зависит от размеров и
расположения объекта относительно объектива камеры. Масса
яйца определяется по величине площади яйца, так как они
имеют высокий коэффициент корреляции.

0,33

Исходя из данных приведенных в таблице 1, яйца правильной
формы имеют индекс формы в пределах 70-82 % и массу 52-75
грамм. Одно из таких яиц показано на рисунке 2.2

3Установка для автоматизированного
определениягеометрических параметров
инкубационных яиц с использованием систем
технического зрения

Рис.2.2- Яйцо правильной формы

3.1 Общий принцип работы и схема установки по
определению некачественных инкубационных яиц

Яичная скорлупа
Инкубационное яйцо высокого качества гладкое, без какихлибо неровностей или маленьких известковых наростовмраморность (показана на рисунке 2.3)
Цвет яйца одной партии однороден. Молодые стада производят
яйца с более плотной скорлупой, но с возрастом скорлупа
становится тоньше, и увеличивается количество яиц с
дефектной скорлупой. Слишком белое яйцо с тонкой
скорлупой может указывать на наличие заболеваний
(инфекционный бронхит, болезнь Ньюкасла, синдром
снижения яйценоскости) [2].

Суть метода заключается в бесконтактном измерении
большого и малого диаметров, площади и периметра яйца, а
также вычисление значений коэффициентов формы и
сравнивание их с допустимыми пределами колебания
параметров [4]. Программа получения и обработки
изображения разработана в среде «LabVIEW» и включает блок
диаграмму и виртуальный прибор, который выводится на
монитор.
По команде оператора устройство реализует
алгоритм и выводит на монитор изображение, значения
большого и малого диаметров, площадь и периметр
продольного сечения, а также значения индекса и
коэффициента формы, исследуемого яйца. Путем сравнения
полученного значения площади продольного сечения с
заданным допустимым диапазоном изменений размеров
(массы) инкубационных яиц и аналогично путем сравнения
значения коэффициента формы (К1) с допустимым диапазоном
колебания формы на мониторе
меняется цвет индикатора;
зеленый – стандарт, красный – брак. Оператор поштучно
вручную отбирает яйца соответствующие требованиям
стандарта.
Общий алгоритм работы системы заключаетя в следующем
(рисунок 3.1) исследуемый объект попадает под объектив
камеры (1), полученное изображение камера, передает на
персональный компьютер с установленным программным
обеспечение LabView (2), в среде которой разработана

Рис.2.3- Яйца с небольшой (1) и явной мраморностью (2)
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специальная программа для анализа и отбраковки
некачественных яиц (3), далее полученные данные можно
сохранить в формате xls, для
последующего анализа и
математической обработки.

необходимой контрастностью. Далее полученные числовые
данные об изображении, передаются на ПК.
Для обеспечения необходимого быстродействия работы
системы, а также для решения вышеизложенного алгоритма,
требуются ПК с улучшенными характеристиками. При
исследовании использовался ноутбук последней модели фирмы
HP с серийным номер DV6-57ER, со следующими
характеристиками Core i7 2200 МГц, 8192 Мб DDR3, HDD 1tb

3.3 Программное обеспечение для анализа и отбраковки
некачественных яиц

В качестве среды разработки, алгоритма определения
геометрических параметров яиц была
взята среда
программирования LabView 2013.
Программа LabVIEW является виртуальным прибором и
состоит из двух частей:
•
блочной диаграммы, описывающей логику работы
виртуального прибора;
•
лицевой панели, описывающей внешний интерфейс
виртуального прибора.
Блок-диаграмма логики разработанной программы показана на
рисунке3.3.

Рис. 3.1 – Алгоритм анализа и отбраковки некачественных яиц
с использованием системы технического зрения.

3.2 Аппаратная часть установки для определения и
отбраковки некачественных инкубационных яиц

Из представленной выше схемы работы автоматизированной
установки для определения геометрических параметров яиц,
видно, что такая система имеет жесткую последовательную
работу каждого элемента устройства по отдельности, что в
совокупности создает единую систему технического зрения. На
рисунке 3.2 показана установка для определения качества
инкубационных яиц по геометрическим параметрам.

Рис.3.3 – Блок-диаграмма для определения геометрических
параметров яйца
Описание блок-диаграммы по определению геометрических
параметров яйца приведены в таблице 2.
Таблица 2 – Описание элементов блок диаграммы
№
1

Рис. 3.2 – Автоматизированная установка для определения
качества яиц.
2

Аппаратные элементы установки:
1.
Рабочая поверхность
2.
Штатив
3.
Веб-камера
4.
Персональный компьютер
5.
Весы
Исследуемое яйцо устанавливается на рабочую поверхность
(1), под объектив камеры (2), далее камера захватив
изображение
передает
информацию
в
программное
обеспечение NI LabView, где происходит обработка и анализ
изображения, с выводом его в интерфейс для анализа [5].
За основу взят черный матовый цвет поверхности, так как
такой цвет поглощает свет, тем самым в объектив камеры
попадает четкий отпечаток яйца без отбрасывания каких-либо
теней. Что позволяет добиться более высокой точности
измерения параметров яйца.
В качестве цифрового устройства для захвата изображения
взята Wtb-камера LogytechC270. Веб-камера должна
обеспечить возможность получение изображение объекта с

4

5
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Элемент

Описание
Захват изображения,
настройка
контрастоности,
времени
захвата,
разрешения
изображения;
Модуль visionassistant
для
выделения
объекта
от
фона,
перевод
в
монохромный
вид
изображения,
калибровки
и
измерения размеров
объекта
в
метрической системе
измерений;
Индикатор
для
вывода
захватываемого
изображения на экран
Таблица для вывода
на экран полученных
результатов (малый и
большой
диаметр,
площадь, периметр)

6

7

8
9

10

11

Индикатор брака

12

Библиотека сравнения
по максимальному и
минимальному
значению
Библотека передачи
табличных данных в
Excel

13

14

изображения за пределы циклической функции, так как это
позволяет
сократить
время
обработки
изображения
программой. То есть, совершать одно включение камеры
независимо от количества исследуемых яиц, а также выполнить
калибровку изображения единожды, так как камера по
отношению к исследуемому объекту находится постоянно на
одном расстоянии.

Библиотека
для
выделения площади и
периметра из таблицы
для
последущих
расчетов коэфициента
формы
Индикатор выдащий
результаты
вычисления
коэфицента формы
Математический
элемент отношения
Математический
элемент возведения в
квадрат
Компаратор
для
получения
коэффициента формы
в заданном диапазоне

Библотека
объеденения
одиночных
параметров
табличный ряд.

4. Результаты испытаний
Установка для автоматизированного определения размеров и
формы яиц испытана в лабораторных и производственных
условиях. Время обработки информации пакетом программ NI
LabView составляет 0,2 сек. Время, затрачиваемое, оператором
на определение геометрических параметров с учетом
установки и удалении яйца и анализа на соответствие
требованиям стандарта составляет не более двух секунд.
Точность
определения
геометрических
параметров
оценивалась
по
величине
наибольшей
возможной
статистической ошибки. Точность определения линейных
размеров (большого диаметра (D) и малого диаметра (d))
составила не более 4,6%. Точность определения площади
составила не более 1,0%, а периметра - 3,5%. Значение
линейных размеров яйца (D,d) существенно зависят от
расположения яйца относительно камеры, а значение площади
и периметра практически не зависят от расположения яйца
относительно камеры. Соответственно значение коэффициента
формы (К1) также не зависит от расположения яйца
относительно
камеры.
Результаты
лабораторных
и
производственных испытания подтвердили эффективности
отбора инкубационных яиц на автоматизированной установке.
Методом случайной выборки были отобраны 3240 яиц. В
результате инкубации, отобранных на автоматизированной
установке яиц с трехкратной повторностью получены
следующие результаты: производительность труда по
сравнению с ручным отбором повышается в 2,6 раза, а
выводимость цыплят из отобранных яиц на 4,9% выше, чем
при отборе яиц вручную квалифицированным экспертом.

в

Заключение

Автоматизированная
установка
предназначена
для
определения размеров и формы яиц для экспертной оценки
качества яиц при технологическом контроле и проведения
селекционной
работы.
Эффективность
использования
автоматизированной установки подтверждена результатами
лабораторных и производственных испытаний.

Лицевая панель программы по определению параметров яиц
показана на рисунке 3.4.
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Рис.3.4 – Лицевая панель программы по определению качества
яйца
1- Количество испытаний;
2- Время между одним циклом;
3- Визуальное изображение объекта;
4- Индикаторы площади и коэффициента формы;
5- Индикатор брака по коэффициенту формы;
6- Индикаторы полученных данных;
7- Таблица с общими данными по каждому опыту;
8- Диапазон коэффициента формы;
В процессе разработки программы, было принято решение
вывести процесс инициализации камеры и калибровку
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PLATE HEAT EXCHANGER WITH POROUS STRUCTURE FOR POTENTIAL USE
IN ORC SYSTEM
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Abstract: The experimental analysis of passive heat transfer intensification in the case of plate heat exchanger has been carried out. The
passive intensification was obtained by a modification of the heat transfer surface, which was covered by a metallic porous microlayer. The
experiment was accomplished in two stages. In the first stage the commercial stainless steel gasketed plate heat exchanger was investigated,
while in the second one – the identical heat exchanger but with the modified heat transfer surface. The direct comparison of thermal and
flow characteristics between both devices was possible due to the assurance of equivalent conditions during the experiment. Equivalent
conditions mean the same volumetric flow rates and the same media temperatures at the inlet of heat exchangers in the corresponding
measurement series. Experimental data were collected for the single-phase convective heat transfer in the water-water and water-ethanol
configuration. The heat transfer coefficients were determined using the Wilson method.
Keywords: POROUS STRUCTURE, HEAT TRANSFER INTENSIFICATION, PHE, ORC TECHNOLOGY

knowledge and experiences connected with the passive heat transfer
enhancement in the case of plate heat exchangers were also
presented by Wajs and Mikielewicz [9,10].

1. Introduction
Efficient heat production and distribution is very important
from the economical and natural resources depletion points of view.
Therefore an extensive research and development efforts have been
undertaken in the area of heat transfer intensification over the past
couple of decades. They refer to the single-phase convection and
also to the boiling/condensation conditions. Nowadays we can
observe a tendency to miniaturization in every field of life, but
especially in technical applications. At the same time, in the area of
energy technology very important are the high heat fluxes transfer
problems. This is the reason why these new challenges require high
efficiency of system components, especially highly efficient and
small capacity heat exchangers. Plate heat exchangers have been
widely used in power engineering, chemical processes and many
other industrial applications due to their good effectiveness and
compactness. Nevertheless there are still investigations going
toward even more efficient and smaller size ones. They are going to
be obtained by the heat transfer intensification and this new kind of
plate heat exchangers could be prospectively applied for example in
the heat recovery systems. Another example of perspective
application of plate heat exchangers is the tendency to increase the
importance of the so called dispersed generation, based on the local
energy sources and the working systems utilizing both the fossil
fuels and the renewable energy resources. Generation of electricity
on industrial scale together with production of heat can be obtained
for example through employment the ORC systems. It is mentioned
in the EU directive 2012/27/EU for cogenerative production of heat
and electricity. The authors are involved in a large scale national
project with the objective of development of a commercially
available ORC CHP unit for industrial applications.

In this paper the experimental analysis of passive heat transfer
intensification in the case of model plate heat exchanger has been
presented. The passive intensification was obtained by a
modification of heat transfer surface, which was this time covered
by a metallic porous microlayer. As it was mentioned in the
abstract, the experiment was done in two stages, for two heat
exchangers, that is the commercial stainless steel gasketed one and
the identical heat exchanger but with the modified heat transfer
surface. Experimental data were collected for the single-phase
convective heat transfer in the water-water and water-ethanol
system. The heat transfer coefficients were determined using the
Wilson method.

2. Plate Heat Exchanger
The model of twisted plate heat exchanger offered at the
domestic/world market by Sondex was the subject of presented
investigations. In this kind of heat exchanger the heat is transferred
in one pass. The model was made of 316 stainless steel according to
AISI standard and consisted of three plates, whose thickness was
0.5 [mm]. The surface roughness of working plate was equal to
0.46 [μm] (parameter Ra) and 3.36 [μm] (parameter Rz),
respectively. The total length of the heat exchanger was 450 [mm],
while the overall heat transfer area was equal to 0.039 [m2]. The
distance between the plates was kept constant and the EPDM seal
was fixed in the “hang on” system. Permissible working pressure
was equal to 1.6 [MPa]. The schematic view of heat exchanger plate
is presented in Figure 1. To meet the needs of experiment second
stage the porous layer was created on the heat transfer surface. The
special metal finishing was applied to increase the surface
roughness. As an abrasive agent the broken alundum of 500 [μm]
average grain size was used. The alundum grains were carried by
the stream of compressed air under the pressure of 0.6 [MPa]. This
metal finishing increased the surface roughness about three times in
comparison with the original plate.

General overview of heat transfer (in the flow passages)
augmentation by passive methods can be found in [1], while Stone
[2] concentrated on the heat transfer intensification in compact heat
exchangers. Research connected with corrugated plate heat
exchangers are going in many directions. It may be concentrated on
the heat transfer coefficient and formulation of heat transfer
correlation [3], on the pressure drop and friction factor correlation
[4] or both of them [5].

3. Experiment

Recently a large number of investigations on plate heat
exchangers were reported in the professional literature.
Unfortunately, rather limited data for units with high performance
microsizes, enhancement structures were available. Among them
could be found works by Matsushima and Uchida [6]. A novel
nano- and microporous structures were shown by Furberg et al. [7].
Müller-Steinhagen [8] described and analyzed a vacuum plasma
sprayed 250 [µm] thick layer of spherically shaped Inconel 625
particles onto a plate and frame heat exchanger surface. The

Water – Water System
The single-phase convective heat transfer investigations in the
water-water system were carried out on a dedicated facility for
testing of heat exchangers, Figure 2. The first test stand enabled the
heat transfer by convection between the hot and cold water. The hot
water was circulating in the system with an electric flow heater,
while the cold water was a tap water. In both circuits fine filters
were installed. The heat was transferred due to the counter-current
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flow of working media. The fluid flow rates were measured by the
Cobold rotameters with the accuracy of ±3 [dm3/h]. The heater was
controlled by the power supply in the range from 0% to 100% of
heating power. As a variable parameter the input temperature of
heat exchanger was taken. During experiments the volumetric flow
rate of hot/cold water was varied in the range from 50 to
400 [dm3/h]. The water supply pressure was about 0.4 [MPa]. Both
heat exchangers were supplied with the hot water of temperature
equal to 80 and 60 [oC], respectively in the first and second
investigated cases. The cold water temperature was in each
measurements’ series equal to 15.5±0.5 [oC].

overall heat transfer coefficient (k) were calculated. The overall heat
transfer coefficient was determined with the aid of the Peclet’s law
based on the heat transfer area equal to 0.039 [m2] and average
value of the heat rate transferred through the wall in a given
measurement series.
feed - water
tank

heater

rotameter

filter

differential manometer
adjusting
valve

main
valve
heat
exchanger

adjusting
valve

drainage tank

rotameter
differential manometer

filter

Fig. 2 Scheme of experimental facility – water-water system.

Dp = 28 mm
β = 60 °
Lv = 385 mm
Lp = 358 mm
Lw = 110 mm
Lh = 70 mm
b = 3 mm
t = 0.5 mm
Pc = 8 mm

Fig. 3 Scheme of experimental facility – water-ethanol system.

Fig. 1 Schematic and dimensions of heat exchanger plate.

4. Determination of Heat Transfer Coefficient
Water – Ethanol System

The experimental investigations of heat exchangers require
determination of mean heat transfer coefficients on both sides of the
wall separating exchanging heat fluids. Usually that requires
installation of thermocouples for measurements of wall temperature
separating two fluids. If the heat exchanger has a complex surface
geometry then accurate measurement of the mean surface
temperature faces significant difficulties for example in the course
of disassembling installation a large number of thermocouples must
be attached and subsequently everything must be reassembled
again. Such difficulties can be alleviated if the Wilson’s method
[11] is applied. The method is very simple and can be applied to the
analysis of different types of heat exchangers [12]. The heat transfer
coefficient values obtained in hot and cold passes are shown below.

The second test stand enabled the heat transfer tests by
convection between the hot water and ethanol, Figure 3. Water was
the heating medium, while ethanol - the coolant. The stream of
water was first directed to the rotameter and then to the electrical
heater to obtain a proper parameters at the inlet to heat exchanger.
The heater was controlled by an autotransformer, which allowed
smooth change of heater power and then the precise water
temperature settings. The ethanol was circulating in a closed system
equipped with thermostatic bath, which heated it to a certain level
before entering the heat exchanger. For the needs of experiment an
additional heat exchanger, supplied with the tap water (cold) was
provided to the thermostatic bath. Because of that the thermal
energy gained by the ethanol could be withdrawn from it, what
assured the stationary state of the analysis.

In the case of water-water system their values versus Reynolds
number for one chevron channel (as usually presented in the papers)
are presented in Figure 4 and Figure 5. As it was mentioned before,
during tests the inlet temperature of hot and cold water was kept
constant.

During experiments the mass flow rate of hot water was varied
in the range from 50 to 125 [dm3/h], while the ethanol mass flow
rate was varied in the range from 35 to 160 [dm3/h]. Temperature of
the hot water supplying the heat exchanger was 80 and 60 [oC],
whereas the ethanol temperature was in each measurements’ series
equal to 30±0.5 [oC]. In both type of experiments the pressure drop
was measured by differential pressure transducer (Huba Control
sensor) with accuracy of 1% of the full scale. Thermocouples of Jtype were used to measure temperature in four locations i.e. at the
inlet and outlet of heat exchanger cold side and at the inlet and
outlet of heat exchanger hot side. Prior to experiments all
thermocouples were calibrated to yield the accuracy of
measurements of ±0.5 [oC]. The reference temperature for
thermocouples measurements was equal to 0 [oC]. On the basis of
measurement results the heat flux (q), the Logarithmic Mean
Temperature Difference (LMTD) in the heat exchanger and the

In case of water-ethanol system the convective heat transfer
coefficient versus Reynolds number for one chevron channel is
presented in Figures 6 and 7. During tests the inlet temperature of
hot water and ethanol (cooling fluid) was kept constant. The
Reynolds number was calculated with application of the formula:
G DH
Re 1Ch =
(1)

µ

where hydraulic diameter DH, is usually taken as double corrugated
depth (DH = 2b), G - mass flux, µ - viscosity. The viscosity of both
fluids was taken from Refprop [13] software for average
temperature of hot passage (Th-in+Th-out)/2 and cold passage
(Tc-in+Tc-out)/2 in the heat exchanger, respectively.
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The heat transfer coefficients in the water-water system took
higher values for the commercial heat exchanger in all studied cases
(Figures 4 and 5). However it should be emphasized that for the
smaller flow rates this predominance is not obvious. In the waterethanol system (for small flow rates) the heat transfer coefficient on
the ethanol (cold) side took higher values for the modified heat
exchanger in all studied cases, but still on the water (hot) side it was
higher for the commercial one, see Figures 6 and 7.

where G1ch is the mass flux in one chevron channel, Lp - the active
length of heat exchanger.
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In the case of water-water system the experimental
investigations of hydraulic resistance were conducted with the same
thermal conditions in both (hot and cold) passages of the heat
exchanger, in which the water temperature was equal to 15.5 oC.
The pressure drop as a function of volumetric flow rate applied in
the experiment is presented in Figure 8. The friction factor profile
calculated with utilization of Eq. (5) is shown in Figure 9. The flow
characteristics in water-water system demonstrates smaller values
of pressure drop for the modified heat exchanger. It is connected
with lower values of friction factor for that case.

5000

Fig. 5 Heat transfer coefficient versus Reynolds number; water-water
system, Th-in = 60°C.

5. Determination of Flow Resistance
Generally, the total pressure drop (ΔPexp) consists of four
factors, namely the frictional term (ΔPf), elevation term (ΔPg), the
pressure losses at the test section inlet and outlet ports (ΔPp), and
the acceleration term (ΔPa). The latter term is included in the
analysis only if the phase change of particular fluid would be
observed. Therefore in the case of reported study, the acceleration
term was omitted because there was no phase change at this stage of
experiment.
The gravitational component was not taken into account due to
the horizontal position of heat exchangers. To evaluate the friction
factor associated with the water flows, the frictional pressure drop
(ΔPf) was calculated by subtracting the pressure losses at the ports
of heat exchanger from the measured total pressure drop:

The flow characteristics in the water-ethanol system is
presented in Figure 10. It shows that for very low flow rates the
overall pressure drop is higher for modified heat exchanger than for
commercial one. However this tendency is opposite for higher
values of flow rates. It corresponds to the friction factor presented
as a function of Reynolds number in Figure 11. With increasing
Reynolds number the friction factor of modified surface decreased
and finally became smaller than for the commercial plate.

6. Conclusions

∆Pf = ∆Pexp − ∆Pp

The experimental analysis of heat transfer enhancement for
plate heat exchanger was described. The results of heat transfer for
the exchanger with modified surface were always compared with
the results of the commercial one. Regarding the heat transfer
coefficients (obtained with the use of the Wilson’s method) of
water-water system, the results were always higher for the
commercial (original) heat exchanger. It means that the porous layer
did not intensify the heat transfer in this case. Analysis of waterethanol system gave very interesting data – the heat transfer
coefficient on the ethanol side for small flow rates took higher
values for the modified heat exchanger. It is in agreement with the
results presented in [9,10], where the heat transfer intensification
was also observed for smaller flow rates. The first attempt to the
understanding of this phenomena was undertaken. Authors
considered the values of water and ethanol surface tension. The
surface tension of ethanol is about four times smaller than the
surface tension of water. Therefore the wettability of ethanol is

The pressure drop at the inlet and outlet ports of heat exchanger
was empirically suggested by [14]. This is approximately 1.5 times
the head due to the flow expansion at the inlet:
 G p2 

(3)
∆Pp ≈ 1.5
 2ρ 


where ρ is the density of fluid, while the mass flux inside the port,
Gp, is defined as:
.

4m

π Dp

600

Fig. 7 Heat transfer coefficient versus Reynolds number; water-ethanol
system, Th-in = 60°C.
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Fig. 6 Heat transfer coefficient versus Reynolds number; water-ethanol
system, Th-in = 80°C.

Fig. 4 Heat transfer coefficient versus Reynolds number; water-water
system, Th-in = 80°C.
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In Eq. (4) m is the mass flow rate, whereas Dp is the port diameter.
The friction factor is described by formula:
∆Pf DH ρ
f =
(5)
2
2 G1Ch L p
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larger than water and it can explain the better results of heat transfer
in the case of porous layer.
30

layer and turbulization. In the case of water-ethanol system the
Authors obtained opposite results. It means that the overall pressure
drop was slightly higher for the modified heat exchanger surface,
what corresponds with the higher value of friction factor. The
explanation could be also connected with the surface tension and
wetting ability of ethanol. It looks like the porous layer caused
higher ethanol friction, because due to the smaller surface tension it
goes “deeper” into the pores.

commercial
modified

25

∆pexp [kPa]

20
15

Presented data shows that described surface finishing is not
suitable for working fluids with high values of surface tension (for
example water), but can be utilized in the system, in which the
working fluid has low value of surface tension (for example
ethanol, refrigerants). Therefore there is open area of such passive
enhancement in the ORC systems.
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Analytical analysis of this phenomena is in progress. The
smaller overall pressure drop values for the heat exchanger with
porous layer in the water-water system corresponds to the lower
values of friction factor. It looks like the porous layer caused
decrease of the friction, probably due to the breaking of boundary
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INFLUENCE OF THE POSITION OF THE SWASH PLATE ROTATION AXIS ON THE
VOLUMETRIC EFFICIENCY OF THE AXIAL PISTONS PUMPS
MSc. Eng. Zaluski P.
Gdansk University of Technology, Faculty of Mechanical Engineering, Hydraulic and Pneumatic Team – Gdansk, Poland
gorgopothamos@wp.pl
Abstract: The article describes the influence of the position of the swash plate axis of rotation on the size of the dead space and the
volumetric efficiency of the axial pistons pump. Superposition of the two motions have been proposed - the rotation of the swash plate with
respect to axis intersecting the axis of rotation of the pump shaft and the shifts of swash plate yielding a result of the rotation axis offset
effect. In the article it is also made the comparison of the volumetric efficiency of the pump with the axis intersecting with the axis of
rotation, and the construction with the shifted axis.
Keywords: HYDRAULIC DRIVE, HYDRAULIC PUMPS, FLUID COMPRESSIBILITY

1. Introduction
𝜂𝑣 =

Axial piston pumps are one of pomp types used in power
hydraulics. Such pumps are widely used due to their advantages –
easy delivery control and high delivery pressures. Depending on
structure, these pumps may be divided to pump types with swinging
rotor and with swinging swash plate. Figure 1 shows the pump with
swinging swash plate. When the shaft 1 rotates, the cylinder drum 5,
which is mounted to the shaft, moves pistons 4. Piston feet 3 touch
the swinging disk 2, thus forcing the reciprocating movement of
pistons, when the cylinder drum rotates. Fixed timing gear 6
touches the cylinder drum, and it connects proper cylinders to either
suction or delivery manifold. Pump delivery is controlled by
changing disk 2 swing angle.

𝑄𝑟𝑧

𝐷∙𝑡𝑔𝜑∙

𝜋∙𝑑2
∙𝑧∙𝑛
4

(1)

Where ηv is the volumetric efficiency, Qrz – actual flow, D – pistons
spacing, φ – angle of the swash plate, d – diameter of the piston, z –
number of pistons, n – speed of rotation.
Leakages are the first and main source of volume losses (see
Fig. 2). These include, first of all, leakages supplying hydrostatic
supports between piston feet and keep plate and between cylinder
drum and timing gear disk. The leakages mentioned above are
necessary for pump operation. They depend on delivery pressure
and medium viscosity.

Fig. 1 Construction of axial piston pump with swinging swash plate: 1shaft; 2-swinging swash plate; 3-feet; 4-piston; 5-cylinder drum; 6-timing
plat 3.

For all solutions of serially produced pumps, the disk centre line
intersects with the shaft centre line1. That is forced by structural
demands – moments of forces balance with each other for such
positions of centre lines only, therefore, relatively small force is
needed to adjust the disk position. Such solution has one relatively
serious disadvantage – when the disk angle is reduced, so called
dead space increases, negatively influencing the volumetric
efficiency, which, in particular, is well seen for small disk swing
angles3. However, the effect of shifted centre line may be obtained
by composition of two movements – rotation of the disk around its
original centre line and additional disk movement. This is a subject
matter of this article.

Fig. 2 Main sources of leakages in the axial piston pump: S- suction
manifold, T- delivery manifold.

Medium compressibility is the other factor influencing the
volumetric efficiency. It is seen for high pressures. The coefficient
of compressibility β (formula 2)2 determines the change in oil
volume for increasing pressure. The bulk modulus K is a reverse of
coefficient of compressibility, and it reaches the value of 1700 MPa
for hydraulic oils1.

𝛽=−

2. Volumetric efficiency

𝑑𝑉 1
∙
𝑉0 𝑑𝑝

(2)

Where β is the coefficient of compressilibity, dV – variation of
volume, dp – variation of pressure, V0 – initial volume

The volumetric efficiency is a relation of actual flow intensity
to theoretical flow intensity, which depends on piston travel and
diameter and number of pistons, as well as on pump shaft rpms.
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Figure 4 shows three positions of swinging disk – position A
with centre line (axis of rotation) in point 1 and swing angle φmax,
which corresponds to maximum pump delivery, position B with
axis of rotation in point 1 and swing angle φ, and position C with
shifted axis of rotation located in point 3 and swing angle ϕ. In case
of traditional solution – i.e. when the disk axis of rotation crosses
with shaft axis of rotation (point 1) – minimum dead space capacity
Vm min corresponds to maximum disk swing angle φmax. When the
disk axis of rotation is located in point 2, the dead space capacity is
always constant, and it is Vm min. From meeting the condition that
the dead space capacity is not less than Vm min independently of disk
swing angle value, it results that the disk axis of rotation may be
located in any point of the straight line section, which connects
points 1 and 2. Then, independently of position of disk axis of
rotation, the dead space capacity will be Vm min for disk swing angle
value of φmax.

3. Influence of compressibility of fluid in the dead
space on the volumetric efficiency
The dead space is the working chamber volume at the end of
delivery phase. When the pump runs, each piston makes a
reciprocating movement. During suction phase, the piston moves
backward and the cylinder chamber is connected to suction
manifold, and the medium is sucked. Then, for the extreme
backward piston position, the suction manifold is disconnected and
the delivery manifold is opened. The piston starts to move the
timing gear plate and removes the medium from the cylinder. For
the other extreme piston position, oil outflow is disconnected. The
residual oil under high pressure is located in the dead space. Thus,
when the suction manifold opens, the medium cannot be sucked at
the beginning of cycle, because the oil contained in the dead space
expands, causing back-flow to the suction duct (figure 3).

Fig. 3 Back-flow of expanding fluid to the suction manifold: 1-piston; 2timing plate; 3-suction manifold; Vs-displacement volume; Vm-death space
volume; ∆Vm-volume of the expanded fluid.

Therefore, the volume of actually sucked oil is reduced, thus
reducing the volumetric efficiency. The higher delivery pressure
and the larger dead space, the higher influence of the phenomenon
mentioned above. When neglecting leakages and focussing on
phenomena resulting from liquid compressibility in the dead space,
the pump volumetric efficiency is as follows2:
𝑠
𝜂𝑣𝑝
=1−

𝑉𝑚
𝛽∙∆𝑝
∙
𝑉𝑠 1−𝛽∙∆𝑝

Fig. 4 Influence of shifted axis and rotation of the swash plate on death
space volume : A-swash plate with axis of rotation in point 1 and maximum
swing angle; B-swash plate with axis of rotation in point 1 and swing angle
φ; C-swash plate with axis of rotation in point 3 and swing angle φ.

(3)

Where ηvps is volumetric efficiency without the impact of leaks, Vm
– volume of the death space, Vs – displacement volume, β –
compressilibity factor, ∆p – increase of pressure.

When the disk axis of rotation is located in point 1, the dead space
capacity versus disk swing angle ϕ is described with formula (3).
When the parameter h is introduced, which describes the location of
disk axis of rotation:

4. Change the position of the axis of rotation of the
swash plate

𝐷

ℎ ∈ 〈0, 2 〉

For traditional axial-flow piston pumps, minimum dead space
capacity corresponds to maximum disk swing angle. When reducing
disk swing angle ϕ, the capacity of dead space increases according
to the formula4:

𝑉𝑚 (𝜑) = 𝑉𝑚𝑚𝑖𝑛 +

𝜋∙𝐷∙𝑑 2
8

∙ (𝑡𝑔𝜑𝑚𝑎𝑥 − 𝑡𝑔𝜑)

the formula for dead space capacity versus disk swing angle ϕ and
position of disk axis of rotation h is obtained:

(4)

𝑉𝑚 = 𝑉𝑚𝑚𝑖𝑛 + 𝑚2 ∙

Where Vm is volume of the death space, Vm min – minimal volume of
the death space for φmax [mm3], D – pistons spacing, d – diameter of
the piston

𝐷
2

𝑉𝑚
𝑉𝑠

𝜋 ∙ 𝑑2
=
4

= 𝑉𝑚𝑚𝑖𝑛 + � − ℎ� ∙ [𝑡𝑔𝜑𝑚𝑎𝑥 − 𝑡𝑔𝜑] ∙

The relative dead space capacity ε may be defined by comparing the
dead space capacity to the displacement volume2:

𝜀=

(6)

𝜋∙𝑑 2
4

(7)

(5)
In order to obtain position C of the disk, where disk axis of rotation
is located in point 3, the disk shall be rotated around axis of rotation
1 by an angle ϕ and move the disk towards the cylinder drum by s
value:

For small disk swing angle values, the dead space capacity is
even few dozen times larger than the displacement volume,
resulting in considerable influence of medium compressibility in the
dead space on volumetric efficiency.

𝑠 = ℎ[𝑡𝑔𝜑𝑚𝑎𝑥 − 𝑡𝑔𝜑]
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(8)

5. Object of research
The subject matter of testing is the pump, which is modified so
that the disk swing angle may be changed and the disk may be
shifted in the direction parallel to shaft centre line independently on
each other. Combination of those two movements – disk swing
angle, when the disk rotates around the axis crossing shat axis of
rotation, and disk movement parallel to shaft axis of rotation – gives
the effect of shift of disk axis of rotation. The basic parameters of
the pump:
- spacing pistons D = 58mm
- piston diameter d = 14,15mm
- maximum swing angle of swash plate 15,56°

Fig. 6 The diagram of testing station: p1, p2, p3- manometers; Q- piston
flow meter; n- rpm measurement; M- torque measurement; t- termocouple;
Z.B.- safety valve; Z.P.- relief valve.

- minimal volume of the death space 4,274cm3
The pump is shown in Figure 5. Swinging disk necks (3) are
located in bearing half-sleeves mounted in a cradle (2). The disk
axis of rotation crosses the shaft axis of rotation. The cradle may be
moved in parallel to the drive shaft axis of rotation along the guides
located in the front body part, cradle position is adjusted with the
use of two adjusting screws (4). The disk swinging mechanism (1)
is independent of disk shifting mechanism. The swinging disk is
pressed against bearing half-sleeves with the use of pressing spring
(5). Such pump structure makes possible testing the influence of
position of disk axis of rotation on volumetric efficiency. Testing to
compare traditional and modified positions of disk axis of rotation
are made for the same pump model.

6. Research methodology and results
The testing is a comparative one, and its aim is to prove that the
position and location of swing disk axis of rotation influences the
volumetric effectiveness. The testing is carried out as follows –
first, measurements of flow and rpms for traditional location and
position of disk axis of rotation is carried out, while the pump load
is increased gradually. Then, the disk is, without changing the disk
swing angle, shifted towards the cylinder drum by such a value of s
so that the effect of shifted axis of rotation is obtained (h = D/2). By
shifting the disk towards the cylinder drum the dead space volume
is reduced to obtain the value of Vm min = 4.274 cm3. The change of
dead space volume depending on disk swing angle and location of
its axis of rotation is shown in Figure 7. When the disk axis of
rotation, which crosses the shaft centre line, the volume of dead
space increases, when the disk swing angle is reduced. For the disk
axis of rotation as shown at the right-hand side in Figure 7 (h =
D/2), the volume of the dead space is constant and it does not
depend on disk swing angle.

Fig. 5 The pump, in which the swash plate may be moved in the direction
paralel to the shaft centre line: 1-screw angle adjustment; 2-cradle; 3-swash
plate; 4-screw adjustment of the cradle; 5-pressing spring4.

The diagram of testing station is shown in Figure 6. The tested
pump is pre-supplied, so, overpressure of 0.2 MPa is in the suction
duct. The pressure is measured upstream and downstream the pump.
The intensity of flow is measured by means of the piston flow
meter, and the pump is loaded with the use of relief valve. The disk
swing angle is determined by measurement of adjusting screw
projection. The results are compared with calculated disk swing
angle for the lowest pumps delivery pressure (0.2 MPa), where the
volumetric efficiency equal to 1 is assumed for that case.

Fig. 7 Influence of swing angle of swash plate and position of rotation axis
of swash plate on death space.

On the basis of formula (2), theoretical volumetric efficiency curves
(see Figure 8) have been determined for parameters of the pump
tested (with hollow pistons). Those values have been compared with
pump version with solid pistons, for which minimum dead space
capacity is reduced from 4.274 to 1.06 cm3.
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Fig. 10 Comparison between volumetric efficiencies of the pump with disk
axis of rotation crossing the shaft centre line (broken line) and the pump
with the disk axis of rotation shifted by the value of h = D/2 (full line) in
relation to disk swing angle and delivery pressure. Measurements for n =
1000 rpm and oil viscosity of 80 cSt.

7. Conclusions
The testing made as above shows that the volumetric efficiency
increases, when the disk axis of rotation is shifted. In particular, the
volumetric efficiency increase is seen for small disk swing angles
and high delivery pressures. For a given pressure and oil viscosity,
leakages do not depend on location and position of the disk axis of
rotation. Therefore, the increase in efficiency is connected with
reduced dead space capacity. Further testing was made for delivery
pressures up to 35 MPa for various oil viscosity and rpms. The
measurements already made confirm the influence of oil
compressibility in the dead space on the volumetric efficiency.

Fig. 8 Influence of disk axis of rotation shift on the volumetric efficiency
component resulting from medium compressibility in the dead space for the
pressure of p = 20 MPa and oil bulk modulus of K = 1800; A-E – the
positions of the axis of rotation of swash plate.

At the beginning, measurements of flow intensity versus load
pressure for constant rpms were carried out. On the basis of those
measurements volumetric efficiency curves as a function of load
were determined for various disk swing angles, as shown in Figure
9. For small disk swing angles, the volumetric efficiency is reduced
considerably. For the swing angle of 1.2o and delivery pressure of
25 MPa, the volumetric efficiency is just 15 %. The data mentioned
above are for disk axis of rotation, which crosses the shaft centre
line.
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Fig. 9 Volumetric efficiency versus delivery pressure for various disk swing
angles for the pump tested. Intersecting the axis of rotation of the swash
plate with the axis of shaft . 1000 rpm, viscosity 60cSt.

Then, the results obtained were compared with the results of
measurements obtained for disk axis of rotation shifted by the value
of h = D/2. The comparison of the results mentioned above is
shown in Figure 10.
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Abstract: For handling of partial or continuous goods, belt conveyors are very efficient way. Belt conveyors are used in mining, iron and
steel plants, thermal power plants, ore, coal, limestone, sinter transmission, automotive and the other sectors. There are several factors that
have to be taken into consideration when a belt conveyor being designed. That means belt conveyor design process requires repetitive
strength calculations. But analytical calculations are not capable of determine to entire stresses which occured at whole body. During the
design process, time can be saved with the assistance of Finite Element Method. In this study; as a result, it has been seen that, F.E.M is the
most practical method which can be utilized during belt conveyor design process.
Keywords: BELT CONVEYOR, DESIGN, ANALYSIS, FINITE ELEMENT METHOD

1. Introduction

2. Analytical Analysis of the Belt Conveyor

In this study; belt conveyor which is carrying lignite and has
2.5m/s carrying velocity and 50 meters horizontal length was
investigated. (250t/h capacity)

Belt conveyor has been analysed analytically, before it was
analysed with finite element method. Firstly the total deformation of
the belt conveyor was checked. After that, basic conveyor elements
and their dimensions have been defined. For analysis of belt
conveyor there was not a formula to determine all types of stresses.
So, determining of occured stresses was difficult. Some empirical
approaches were used to calculate stresses.

For this purpose, conveyor drums, shafts and belt were chosen
by tables. As a first step of projection, belt width was described as 1
meter with using of slope angle of lignite and capacity of belt
conveyor. Then, belt mass was taken from table for values of
lignite’s density and belt width. For idlers, values of mass, diameter
and width were taken from table for belt width. With this values,
weight of conveyor’s moving parts were calculated.

After all stresses were determined, shafts diameters were
calculated for idlers and drums also bearings were chosen in
accordance to idlers and drums diameters.[8]

As a second step, necessity of engine power was calculated
after the calculations. Then, type of the motor drive was chosen as
drive from head. For this selection, friction forces were calculated
for idlers and belt. Also, the value of take-up force was described
with friction forces which were calculated and the take-up was
projected to be connected to tail pulley. Belt deflection was
calculated analytically.

Equation 1: Total deformation calculation formula.

f≤

LT 2 ( GB + G )
≅ 17.5mm
8T1

LT =1400mm, GB =15daN/m, G =27.8daN/m, T1 =900daN.

As a final step of projection, carcass of belt conveyor and
number of plies were described. Then, axle diameters of idlers and
pulleys were determined with tables. [1, 2, 3, 4, 5, 6] Also, head
drive pulley’s width was determined too. Head drive pulley’s
rotation speed was calculated and the reducer was chosen from the
catalogue. [7] The conveyor which was designed during this study
is shown in the figure below.

Equation 2: Stress calculation formula.

σ max =

( M e )max
ymax
Ix

Table 2: Values for stress calculation.
Part name

Me [Nm]

Idler

114785

Idler shaft

23485,40

Tail
pulley

114711,19

Tail
pulley
shaft
Take-up
pulley
shaft
Diversion
pulley
Diversion
pulley
shaft
Head
drive
pulley
Head
drive
pulley
shaft

Fig. 1 Designed belt conveyor.
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44205,04

124078,10
127167,19
36180,07

210222,75

855000

Ix [mm4]

ymax [mm]

σ max [MPa]

π (1334 − 1254 )

133
2

2,26

25
2

15,31

320
2

0,198

20
2

56,29

30
2

46,8

320
2

0,174

20
2

46

400
2

0,180

70
2

26

64

π .254
64
π (3204 − 3004 )
64

π .204
64

π .304
64

π (3204 − 3004 )
64

π .204
64
π (4004 − 3804 )
64

π .704
64

lignite(13900N) was applied to belt, take-up force(7050N) was
applied to take-up pulley and finally, fixed supports were applied to
all supports’ bottom faces. Belt conveyor model is shown in figure
3.

3. Analysis of the Belt Conveyor with Finite
Element Method
The next stage of the study includes the analysis of the belt
conveyor with finite element method. To be able to analyze the belt
conveyor by means of this method, firstly 3D solid model of the
belt conveyor must be generated.[9]
3.1 Modelling of Belt Conveyor
For the design of the belt conveyor, usage of one pulley for
tail, one for head, one for take-up and three for diversion was
decided. Thicknesses of pulleys were determined for all of them as
ten millimeters. Also, usage of sixty seven idlers was decided for
the design. Forty six idlers of sixty seven were used to support of
belt. Thicknesses of idlers were determined as four millimeters for
every idler. With the tables, thickness of the belt was calculated
eight millimeters.
For the chassis parts of the belt conveyor, U160 profiles were
chosen for main frame, U120 profiles were chosen for supports
which are thirty six, and for the connections between main frame
parts, square section eighty millimeters profiles were chosen which
are forty two.
In this study SolidWorks 3D design software has been used for
modelling the belt conveyor. All the belt conveyor components
were modelled one by one, and then they were combined.

Fig. 3 Belt conveyor model.

3.2 Analysis of the Belt Conveyor Using ANSYS FEA Software

4. Results
The software was run with these boundary conditions and the
load combinations mentioned above. According to this analysis, we
can see that maximum total deflection (Fig. 4) is smaller than 17.5
mm which is calculated analytically.

After the design of belt conveyor, there was a necessity for the
analysis of belt conveyor to be sure about the conveyor’s safety and
capability for usage. For this purpose, finite element method which
is one of the realistic approaches to analyze stress, strain, deflection
etc. was chosen.
Designed belt conveyor model was transferred to ANSYS
Workbench to analyze the belt conveyor. Static structural mode was
opened to make linear and static analysis for the conveyor.
Engineering data were given to analyze. Then model was being
prepared. For the preparation of the model, materials specifications
were assigned firstly. Then contacts were determined and contact
types were assigned. After that, the model was divided into 804828
elements and 2640145 nodes for application of finite element
method. At this point, belt was thought to be shell, and the others
solid. Meshed model is shown in figure 2.

Fig. 4 Total deflection.

This result show us, if the analytical formula is customized for
belt conveyor, results have proximity between analytical method
and finite element method.
Unfortunately, at the belt conveyor topic, we have not any
customized stress calculation for belt conveyor parts, only we have
generalized stress calculation formula which comes from strength of
materials approach.
Analytical approach results is shown in the table 1. For making
a comparison between analytical approach and finite element
method in this section, we need FEM results. So results are shown
in Fig. [5-9]. From this results, we can see that some regions have
stress concentrations which depend on design features. These

Fig. 2 Meshed model.

For finishing of the model preparation, all of the conditions
were applied. Gravity were applied to all bodies, rotational
velocity(120rpm) was applied to drive pulley shaft, weight of
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unpredictable stresses and hardnesses on calculation stage cause
diffrences between analytical and FEM results.
Comparison between analytical approach and finite element
method is shown table 2.
In accordance to these results, FEM is only way to determine
all types of stresses which occur at belt conveyor parts.

Fig. 8 Occurred stresses at tail pulley and tail pulley’s shaft.

Fig. 5 Occurred stresses at idlers and idlers’ shafts.

Fig. 9 Occurred stresses at head drive pulley and head drive pulley’s shaft.
Table 2: Comparison between analytical approach and finite element
method.
Analytical
Finite
Approach
Element
Method
Part name
σ max [MPa] σ max [MPa] Difference
(%)
Idler

2,26

13,822

83,6

Idler shaft

15,31

77,972

80,3

Tail
pulley

0,198

2,1735

90,8

56,29

95,546

41

46,8

42,163

-10,9

0,174

10,344

98,3

46

134,48

65,7

0,180

2,59

93

26

135,69

80,8

Tail
pulley
shaft
Take-up
pulley
shaft

Fig. 6 Occurred stresses at diversion pulleys and diversion pulleys’ shafts.

Diversion
pulley
Diversion
pulley
shaft
Head
drive
pulley
Head
drive
pulley
shaft

Fig. 7 Occurred stresses at take-up pulley’s shaft.
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5. Conclusion
During the design process of belt conveyors or the similar
structures, it is not enough only system’s being safe in terms of
strength. The design must fulfil the minimum safety conditions and
should be light and cheap as well. Therefore, to be able to reach the
optimum design, system should be modified and revised numerous
times.[9]
Calculating the system with analytical approaches causes
design process to take long and inccorrect. In belt conveyor design
process and the similar studies which require repetitive calculations,
designers can save time by using finite element method. Constructor
can change the model in computer environment and get the results
of the new design via finite element method without wasting time.
Also, this is the most practical and reliable way to reach the
optimum design in terms of strength, weight and cost.[9]
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DAMAGE QUANTIFICATION RELIABILITY IN BEAMS USING INCOMPLETE
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Abstract: In the paper a new procedure based on the simple arithmetic operations for location and quantification of damage in beams
using incomplete static information is presented. The grey system theory is employed to locate damage in beam structure using static
displacements for two structural stages. Once the location of damage is known, the damage quantification can be done by comparing the
displacement curvatures of intact and damage stage of structure. The set of numerical simulations on simply supported beam is conducted to
determine the damage quantification reliability of proposed procedure for different damage severities. Also, the results of laboratory test are
employed to verify results obtained by numerical simulations.
Keywords: DAMAGE DETECTION, STATIC TEST, DISPLACEMENT, BEAM STRUCTURE

If damage is defined as EId=(1-δ)EI , the decrease in bending
stiffness δ can be express as:

1. Introduction
In the past decades a lot of researches dealt with damage
detection, damage localization and damage quantification in
different structures such as beams [1,2], plates [3,4], frames or
trusses [4]. In general, the damage detection methods can be
categorized as: methods based on static structural responses [1,5,6]
and methods based on dynamic structural responses [2,4,7]. Also,
some researchers combine foregoing structural responses [3]. Some
of developed methods can detect and locate the damage [1,8,9] and
some of them, beside detection and location, are able to determine
the damage severity (quantified the damage) inside the damaged
section [2,5,7]. The main problem in both, static and dynamic
damage detection methods is incompleteness of structural response
information (displacement, mode shape, etc.) i.e. sparseness of
measurement [8,9]. Often, algorithms for damage quantification
using sparse measurement include solving complicated inverse
problems, solving nonlinear optimization problems or using
iterative methods [10]. In this paper a new procedure based on the
simple arithmetic operations for location and quantification of
damage in beams using incomplete (sparse) static displacement is
presented. Results of the numerical study and laboratory test are
used to determine the damage quantification reliability of proposed
procedure for different damage severity.

δ ( x) = 1 −

κ ( x) =

d 2 w( x)
dx 2

M d ( x)
EI d ( x)

.

0

1

i-2

i-1
j-1

1

xi-1
xi

(5)

dx 2

i
j

i+1

n-1

n

n

j+1

x

xi+1

w
Fig. 1 The beam's segments “j” and measuring positions “i”
The decrease in bending stiffness δj inside the segment j, can be
now rewritten as:

δ j =1−

κj
κd j

(6)

(1)

where κj and κjd are intact and damaged curvature of the segment j.
Unfortunately, κj and κjd cannot be calculated directly from known
discrete values of displacement.

(2)

The curvature of discrete values of displacement can be
calculated at the point xi using next equation:

where M(x), EI(x), κ(x), Md(x), EId (x), κd (x) are bending moment,
bending stiffness and curvature for intact and damaged state of
structure. In statically determinate beam, where bending moment is
not dependent of the bending stiffness, M(x)=Md(x), equating the
equations (1) and (2) gives relationship between bending stiffness
and curvatures for two stages of the structure:

EI d ( x)
κ ( x)
= d
.
EI ( x)
κ ( x)

d 2 wd ( x)

κ d ( x) =

Due to limited number of measurement equipment, only a
limited number of displacements can be measured on the structure,
i.e. structure may be treated as it is divided in limited number of
segments j between measured displacements in positions i=1 to n
(Figure 1).

In bent beams, where influence of transversal force on curvature
may be neglected, the relationship between curvature, bending
moment and bending stiffness can be written as:

κ d ( x) =

;

where w(x) and wd(x) are displacement lines of intact and damaged
structure, respectively.

Damages in the structures may cause a degradation of structural
properties which manifest itself as a change in static responses of a
structure. It can be concluded that if there is damage present in the
structure its static response will not be the same as the response of
an intact structure.

M ( x)
EI ( x)

(4)

κ d ( x)

The curvature of a geometrically and materially linear intact and
damaged beams can be written as:

2. Theoretical formulation of damage detection
and quantification method

κ ( x) =

κ ( x)

κ ( xi ) ≈

w( xi −1 ) − 2 ⋅ w( xi ) + w( xi +1 )
( xi − xi −1 ) ⋅ ( xi +1 − xi )

(7)

where w(xi) is the value of displacement at the point xi, w(xi-1) and
w(xi+1) are the values of displacement at the points xi-1 and xi+1,
respectively.
Similar equation can be written for displacement curvature of
damaged structure κd(xi) using values wd(xi), wd(xi-1) and wd(xi+1).

(3)
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As it can be seen form Eq. (7), the curvatures κ(xi) and κd (xi), at
the position xi (i=1 to n-1) are calculated taken into account the
values of displacement in positions xi-1, xi, xi+1. Bearing that fact in
mind the curvature at the position xi can be treated as average
curvature κ at the adjacent segments j and j+1

κ ( xi ) = κ j( x ) = κ j +1( x )

(8)

κ d ( xi ) = κ d j( xi ) = κ d j +1( xi ) .

(9)

i

i

i) if δ n
j) if δ n
k) if δ j
l) if δ j

κ ( xi )
κ ( xi )
d

= δ j( x ) = δ j +1( x ) .
i

i

min R + 0.5 ⋅ max R
R ( xi ) + 0.5 ⋅ max R

= 0 or δ j

( xi )

( xi )

≠ 0 and δ n −1
( xi −1 )

≠ 0 and δ j

0

(11)

1

1

2

2

3

4

3

δ1 = 2 ⋅ δ ( x1 )

(13)

δ n = 2 ⋅ δ ( xn −1 )

(14)
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7
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3.62 m
4.525 m

Fig. 3 The position of damage (example 1)
Comparison of identified (calculated) and present (simulated)
damage for all damage scenarios can be seen in Figures 3-7.

min R + 0,5 ⋅ max R
R + 0,5 ⋅ max R

e) if ζ ( xi ) < 0,6 then δ ( xi ) = 1 −

identified
22,90
20 [%]
present

15 [%]
10

10,8

10

0

0
12
3 4

κ ( xi )
d

i

5

12
3 4

6

7

8

element number

= 0 then δ1 = 0
= 0 then δ1 = 2 ⋅ δ1

identified
present

20

10

5

κ ( xi )

δ ( xi ) = δ j( x ) = δ j +1( x )

( x2 )

7

7

damaged
section

d) if ζ ( xi ) ≥ 0,6 then δ ( xi ) = 0

( x1 )

6

6

The damage has been simulated by reducing the bending
stiffness of the whole 5th finite element (at the distance of 3.62 m to
4.525 m from the left support) as it can be seen in Figure 3.
According to the proposed algorithm in Chapter 2 the values of
decrease of bending stiffness for each finite element are calculated.

b) R(xi) =κ(xi)-κd(xi).

≠ 0 and δ 2

5

3.1 Example 1
(12)

a) define κ(xi) and κd (xi)

h) if δ1

5

4

The beam is modelled using beam finite elements with knots at
both ends of the element (Figure 2). The model has 11 finite
elements (1-11) of 0.905 m length and 12 knots (0-11). The
displacement have been computed at every finite element knot for
both the intact and the damaged state. The bending stiffness of
damaged section is reduced by reducing the moment of inertia of
intact section for 9 damage scenarios: DS1=10%, DS2=20%,
DS3=30%, DS4=40%, DS5=50%, DS6=60%, DS7=70%,
DS8=80% and DS9=90%.

1

( x1 )

≠ 0 then δ j = δ ( xi −1 ) + δ ( xi ) , when

Fig. 2 The beam model

because the curvatures in the points i=0 and i=n cannot be
determined according to Eq. (7).
Based on the previous considerations, the following damage
quantification algorithm is proposed:

g) if δ1

( xi −1 )

L=11⋅0.905=9.955 m

2 ⋅ δ ( xi −1 ) + 2 ⋅ δ ( x)
= δ ( xi −1 ) + δ ( xi )
2

i

= 0 then δ j = 0 , when i=2 to n-1

F=0.484 kN

Determination of decrease of bending stiffness in edge elements
(j=1 and j=n) can be obtained by using following equations

f)

( xn −1 )

The analysis has been carried out for simply supported beam
with different damage severities inside the damaged section of the
beam. The span length of the beam is L=9.955 m. The cross section
area of the beam is A=2.19⋅10-3 m2, the moment of inertia of intact
beam is I=3.83⋅10-6 m4 and Young's modulus is E=2.1⋅108 kN/m2.
The applied force at 4.252 m from the left support is F=0.484 kN.

In the points where ζ(xi)≥0.6 it will be assumed that there is no
significant changes in curvatures, i.e. δ ( xi ) = 0 [1,10].
Suppose the damage is situated within a single segment j. The
grey relation coefficients at the point xi-1 and xi, which are situated
at the beginning and at the end of the damaged segment j, will be
less than 0.6, i.e. δ(xi-1)≠0 and δ(xi) ≠0. According to Eq. (10)
calculated vales δ(xi-1) and δ(xi) shows the average value of
decrease in bending stiffness in segments j-1 to j and j to j+1,
respectively. As we know that there are no damages in segments j-1
and j+1 the decrease of bending stiffness in segments j=2 to n-1 can
be calculated as follows:

c) ζ ( xi ) =

= 0 then δ n = 2 ⋅ δ1

3. Numerical examples

(10)

where R(xi) =κ(xi)-κd(xi).

δj =

( xn −2 )

m) print δ j .

Measured or calculated values of displacements usually
contained some errors due to different causes, thus, theoretical
assumption of zero curvature difference in intact segments will not
be fulfilled. Hence, the grey relation coefficient ζ(xi) is employed to
detect the position of significant changes in curvature associated
with the damage position [1, 10]

ζ ( xi ) =

( xn −1 )

= 0 then δ n = 0

i=2 to n-1

Then

δ ( xi ) = 1 −

( x n −1 )
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Fig. 3 Damage quantification for DS1 (left) and DS2 (right) –
example 1
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Fig. 10 Damage quantification for DS3 (left) and DS4 (right) –
example 2
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The damage has been simulated by reducing the bending
stiffness of a 1/2 of 5th finite element (at the distance of 3.846 m to
4.298 m from the left support) as it can be seen in Figure 8.
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Fig. 12 Damage quantification for DS7 (left) and DS8 (right) –
example 2

3.2 Example 2

3

9

102

40

element number

Fig. 7 Damage quantification for DS9 – example 1

2

8

0
12
3 4

6

7

element number

11

0
5

6

identified 120 [%]
present
80

75,4

40

90

12
3 4

5

Fig. 11 Damage quantification for DS5 (left) and DS6 (right) –
example 2
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Fig. 13 Damage quantification for DS9 – example 2

3.2 Example 3

Fig. 8 The position of damage (example 2)

The damage has been simulated by reducing the bending
stiffness of a 1/3 of 5th finite element (at the distance of 3.922 m to
4.223 m from the left support) as it can be seen in Figure 14.
According to proposed algorithm in Chapter 2 the values of
decrease of bending stiffness for each finite element are calculated.

According to proposed algorithm in Chapter 2 the values of
decrease of bending stiffness for each finite element are calculated.
In Figures 9 to 13, the comparison of identified and present damage
for all damage scenarios is presented. Present values of damage are
expressed as the mean values of damage in the whole 5th element
(i.e. for DS1 the mean value of damage in the whole element is
5%).

In Figures 15 to 19, the comparison of identified and present
damage for all damage scenarios is presented. Present values of
damage are expressed as the mean values of damage in the whole
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5th element (i.e. for DS3 the mean value of damage in the whole
element is 10%).

4. Test examples
Experimental validation is done by using results of measured
deflection on simply supported intact and damaged beam presented
in paper [8]. The properties of the test intact beam are the same as
those of the numerical example described in Chapter 3. The
deflections due to force F=0.484 kN acting at 4.252 m from the left
support were measured at every 0.905 m from the supports (at
positions N2-N11 in Figure 20).
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3.922 m
4.223 m

Fig. 14 The position of damage (example 3)
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The damage was introduced by subsequently grinding cuts
inside the 5th segment as it is shown in figures 20, 21 and 22 [8].
The decrease in bending stiffness in damaged cross section is about
60% in comparison to intact cross section in both test damage
scenarios.
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Fig. 15 Damage quantification for DS1 (left) and DS2 (right) –
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Fig. 20 Test beam specimen [8]
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The identified values of decrease of bending stiffness calculated
using the proposed algorithm and real decrease of bending stiffness
are shown in Figure 22 for test damage scenario 1 and 2 (TDS1 and
TDS2), respectively.
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example 9
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Fig. 23 Damage quantification for TDS1 (left) and TDS2 (right) –
test example
The real value of decrease in bending stiffness due to grinding
cuts of 60% of intact bending stiffness at the 60% of segment of
0.905 m for TDS1 is expressed as the mean value of damage to the
whole segment.

values of decrease in bending stiffness for TDS2 is 45% and for
DS6-1 is 46%.
If we suppose that overestimation up to 50% of identified over
present/real damage is acceptable in engineering purposes it can be
concluded that presented method can be successfully used in
detection and quantification of those damages where decrease of
bending stiffness is not greater than 40%.

5. Discussion and conclusion
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As it can be seen from Chapter 3 and Table 1, all identified
values in numerical examples are greater than present/real values of
decrease in bending stiffness. Generally, proposed method give
overestimated values of damage severity. In Chapter 3.1, in case of
damage scenarios DS7-DS9, as well as in Chapter 3.3 in case of
DS9, identified decrease in bending stiffness is greater than 100%
what is fiscally impossible. This phenomena is a result of using
algorithm based on simple arithmetic operation and insufficient
number of structural response data.
Tab. 1 Deviation of identified and present values of decrease in
bending stiffness for numerical examples [%]
Damage scenario

Example 1

Example 2

Example 3

DS1

8

12

9

DS2

15

21

24

DS3

21

34

38

DS4

28

48

56

DS5

38

64

77

DS6

46

87

106

DS7

56

115

147

DS8

69

153

206

DS9

83

211

306

In cases where a present damage is the smallest (10%) the
deviation of identified over present damage is approximately 10%.
In cases of the greatest damage severity of 90% the deviation of
identified over present damage is between 83 and 306%. If we
compare the same damage scenario it can be seen that
overestimation of damage is greater in case where damage is
situated on the smallest section, i.e. overestimation of damage is
greater if sparseness of data is greater.
Tab. 2 Deviation of identified and real values of decrease in
bending stiffness for test examples [%]
Damage scenario

Test Examples

TDS1

96

TDS2

45

The results of using test data confirm numerical conclusion.
Test damage scenario 1 (TDS1), where damage covers
approximately 60% of length of 5th segment can be compared with
damage scenario 6 in numerical example 2 (DS6-2) while test
damage scenario 2 (TDS2), where damage covers approximately
the whole 5th element can be compared with damage scenario 6 in
numerical example 1 (DS6-1). The deviation of identified and
present/real values of decrease in bending stiffness for TDS1 is 96%
and for DS6-2 is 87%. The deviation of identified and present/real
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LATTICE (CAGE) BEAM DESIGN AND FINITE ELEMENT ANALYSIS OF
GANTRY CRANE
İ. Gerdemeli 1, S. Kurt 2 and B. Bige3
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ITU Faculty of Mech. Eng., Mech. Eng. Department, İstanbul, Turkey.

Abstract: Gantry cranes are particularly suited to lifting very heavy objects, especially in shipbuilding industry are used massive objects
like ships' engines to be lifted and moved over the ship. Capacity of the overhead gantry cranes increased proportionally through the needs.
In this study dual-trolley heavy duty overhead gantry crane that can carry loads up to 800 tons was designed and analyzed. Stress and
displacement values of main beam were calculated by both Finite Element Method and using mechanical formulas. As a result, it has been
seen that, F.E.M. is a quite practical method to handle stress analysis problem of gantry cranes.
Keywords: GANTRY CRANE, CAGE STRUCTURE MAIN BEAM, DESIGN, ANALYSIS, FINITE ELEMENT METHOD

case. The loads were increased by the proper coefficients to add
dynamic effects. The total load affecting from trolley’s wheels
(P=5824882N) and the distributed load coming from weight
(w=117384N/m) of the main beam were calculated. The maximum
moment occurred at 46m far from rigid leg and the moments are
calculated as shown in equations below.

1. Introduction
Because of the fact that overhead gantry cranes are the
structures, particularly designed according to the needs of the users,
the parameters that are needed to be determined before the design.
In this study a dual-trolley (2x400 tons) heavy duty overhead gantry
crane that has 102 meters long cage structure main beam, 800 tons
lifting capacity and 62 meters effective lifting height was designed
and analyzed.

Equation 1: Moment from the distributed load.

M dis( 46 ) =

Classifications were made to determine coefficients to be used
in analytical calculations by using FEM and DIN norms and the
basic structural elements like ropes and pulleys were selected. All
loads affecting the crane were determined by taking into
consideration the chosen structural elements.

w.l.c w.c 2
−
= 151190592 Nm
2
2

l =102m, w =117384N/m, c =46m
Equation 2: Moment from the singular load.

c2
M=
=
P
2.
.
241675496.3 Nm
snglr( 46 )
l

Occurring result of these affecting loads, maximum stresses
were calculated analytically by using mechanical formulas.
Calculated stresses were checked whether they are under allowable
limits or not. For the case calculated stresses were over allowable
limits the design was renovated and provided to remain under
allowable limits.

l =102m, P =5824882N/m, c =46m

According to the various loading conditions the generated solid
model was analyzed by the finite element method with the help of
ANSYS Workbench 14.5.

Also moments coming from rope effect and trolley’s braking force
were calculated and all moments were summed. Finally, maximum
stress values occurring on the main beam by result of total moment
was calculated by using mechanical formulas. For the case
calculated stresses were over allowable limits the design was
renovated.
According to the maximum shear force occurring on the main
beam, compressive and tensile forces affecting cross bars that are
forming cage structure were calculated individually and then
stresses on bars were calculated.

Finally, the stress and displacement results obtained from
analytical calculations were compared with the results obtained
from the finite element program and percentages of errors were
calculated.

Consequently, displacement occurring on main beam by weight
and lifting capacity were calculated. The displacement was checked
that it is under allowable limits. Reverse displacement value that
will be used at production was calculated.

All 3-D models were created with the help of the draft
drawings which were formed by mechanical calculations and the
selection of the structural elements. The gantry crane which was
designed during this study is shown in the figure below (Fig. 1).

3. Analysis of the Gantry Crane with Finite
Element Method
The next stage of the study includes the analysis of the gantry
crane with finite element method which is one of the most common
numerical methods that can solve many engineering problems. To
analyze the gantry crane by this method, 3D solid model of gantry
crane must be generated.
3.1 Modelling of Gantry Crane
All parts of the gantry crane were 3-D modeled by using the
SolidWorks 2012 drawing program with the help of the draft
drawings which had been formed by mechanical calculations and
the selection of the structural elements. Then all modeled parts were
assembled.

Fig. 1 Designed gantry crane.

2. Analytical Analysis of Gantry Crane
The free body diagram of the main beam was created as shown
in the figure below (Fig. 2). Trolley position creating maximum
moment was used in our calculations to see the stresses in the worst

3D modeled gantry crane was shown in the figure below.
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wheels were considered fixed to the ground. Created finite element
model was shown in the figure below (Fig 5).

Fig. 4 Finite element model.

4. Results

Fig. 2 3D modeled gantry crane.

From these static analysis, stress and displacement values on
the crane body were obtained for all loading conditions. To obtain
the exact deformation value of main beam, arithmetic mean value of
legs’ deformation was subtracted and the obtained value was
checked that it is under allowable limits. The deformation value
occurring as a result of the working load was calculated as
80.68mm. Exact value of deformation of the main beam was
calculated as shown in the figure below by using formulas below.

3.2 Analysis of the Gantry Crane by Using ANSYS FEA
Software
According to the various loading conditions the generated solid
model were analyzed by the finite element method with the help of
ANSYS Workbench 14.5 analyzing program. Loading conditions
were created by taking maximum effects into consideration. For that
reason for 4 different trolley position (left side, right side, center
and maximum moment position) 8 different loading conditions were
created and also for without trolley situation one more loading
condition was created.
Static structural mode which allows static analysis with
materials’ linear behavior was used to analyze in ANSYS
Workbench 14.5. In static analysis which is commonly used in
engineering applications, it is thought that forces and supports are
applied momentary and calculations are made for this moment.
Dynamic
coefficients
to
increase
static
forces
and
acceleration/braking forces were used to dynamic analyze in static
structural mode.

Fig. 5 Deformation calculation.
Equation 2: Exact deformation of the main beam.

жh + h ц
h2 = h2' - зз 1 3 ч
ч
и 2 ш

To prepare finite element model, contacts were
determined and no separation contact type for flexible joints and
bounded contact type for fixed joints were assigned. Then the
modeled body was meshed by using proper sizing as a result
836048 elements and 2492913 nodes were created. Meshed body
was shown in the figure 3.

When evaluating the results of the finite element method, point
defects occurring on generally corners were neglected. So, it’s
easily seen that maximum stress (172.67 MPa) occurred at upper
beam.

Fig. 5 Stress distribution of main beam.
When the result of stress distribution was examined in detailed
manner, it was seen that high stresses occurred on some local zones
at the balancing beams of carrying groups.

Fig. 3 Meshed model.
After meshed body was created, all of the loading conditions
were applied. Earth gravity and acceleration coming from crane’s
move which equals to 1/30 of the crane’s weight were applied to
whole body. Working load (y direction) and the forces (x and z
direction) coming from trolley’s move which equals to 1/30 of the
working load were applied to the touching points of the trolleys’
wheels to the main beam. And also in the calculations the crane’s
Fig. 5 Stress distribution of carrying group.
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Finally, the stress values on main beam obtained from
analytical calculations were compared with the results obtained
from the finite element program and percentages of the error were
calculated.

5. Conclusion
It was concluded that St 52-3 which has 210 MPa tensile strength is
the proper material for the main beam. Determining nodal stresses
provided us that dimensions and thicknesses at excessive safe areas
to be simplified in order to reduce the manufacturing cost and at
unsafe areas to be strengthened. As a conclusion, finite element
method is a very effective and useful way to see applicability of
design of gantry crane.

Table 1: Comparison between analytical approach and finite element
method.
Finite
Analytical
Loading
Element
Approach
Method
Combination
σ max [MPa] σ max [MPa] Difference
(%)
110

56.43

53.08

6

121

134.34

142.07

6

122

90.43

94.78

5

123

134.75

145.7

8

124

86.86

89.56

3

131

169.56

171.91

1

132

116.22

113.35

2

133

170.66

172.67

1

134

107.6

104.32

3
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The basic reasons of the difference occurring between
mechanical calculations and finite element method are the
acceptances in creating mechanical model and the mathematical
approaches in finite element method.
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GEOMETRICAL SYNTHESIS OF FINE-MODULE RATCHET TOOTHING
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Abstract: Geometrical synthesis of fine-module ratchet toothing in which the contacting surfaces of the teeth formed by the straight
segments are considered. The proposed profile of fine-module ratchet teeth allows increasing the load capacity and manufacturability
production. The formulas for determination of the main geometrical parameters of the proposed fine-module ratchet teeth are obtained.
Keywords: RATCHET TOOTHING, SYNTHESIS OF TEETH PROFILE, SHAPING TEETH, ONE-WAY CLUTCH

1. Introduction

X B 2 [1 + (cos 2 γ1 sin 2 γ1 )] + 2r f 1 X B ctgγ1 + r f21 = r f22 ;

Ratchet toothing is used in a variety of mechanisms for load
transfer by normal forces. For example, in the non-friction eccentric
one-way clutches can used fine-module ratchet teeth with the
module mt =0,3…1,0 mm [1-4].
When designing of non-friction eccentric one-way clutches the
question of synthesis (calculating geometrical parameters) of ratchet
tooth profile is important, because they are the main working
elements of these mechanisms.
The profile of teeth of non-friction eccentric one-way clutches
is selected to meet two main criteria: manufacturability production
and the working capacity of toothing in the transmission of large
loads.
Load capacity of non-friction eccentric one-way clutches can be
improved by using fine-module ratchet teeth with the new profile,
which provide their contact in engagement on the surface.
Modern methods used for the synthesis of profiles of involute
and ratchet teeth can not be applied to proposed teeth of nonfriction eccentric one-way clutches due to the peculiarities of their
geometry [5-6].

X B2 sin 2 γ1 + 2r f 1 X B ctgγ1 − (r f22 − r f21 ) = 0 ;
− 2r f 1ctgγ1 + 4r f21
XB =

cos 2 γ1
sin 2 γ1

+

4(r f22 − r f21 )
sin 2 γ1

2 − (1 sin 2 γ1 )

;

X B = ( r f22 − r f21 sin 2 γ1 − r f 1 cos γ1 ) sin γ1 ;
YB = ( r f22 − r f21 sin 2 γ1 − r f 1 cos γ1 ) sin α

cos α
+ rf 1 .
sin α

2. Determining the geometrical parameters of finemodule ratchet teeth.
Let us assume initial data for calculating the geometrical
parameters of profile of fine-module ratchet teeth: r f 1 , r f 2 – radii
of the addendum circle of external and internal ratchet teeth; γ1 –
gradient angle of the front edge of ratchet teeth.
Theoretical height of ratchet teeth is assume equal to the
module mt and is expression as H t = r f 2 − r f 1 .
The circular and angular pitch of ratchet teeth is defined as
pt = πmt and τ = 180mt / r f 1 .
The theoretical profile of ratchet tooth (Fig. 1) is determined by
the position of points A , B , C in the coordinate system xOy .
The coordinates of the points A and C are determined by the
formulas:

Fig.1 Geometrical parameters of fine-module ratchet toothing.

Using of the solution of system (1) and taking into account
r f 2 = r f 1 + H t we can obtain the expressions for determining the

X A = 0 ; YA = r f 1 ;

X C = r f 1 sin τ ; YC = r f 1 cos τ .

position of a point B in the coordinate system xOy :

The coordinates of point B correspond to the coordinates of the
intersection point of the straight line AB and the circle of radius
rf 2

 X = ( r 2 cos 2 γ + 2r H + H 2 − r cos γ ) sin γ ;
B
f1
1
f1 t
t
f1
1
1


 YB = ( r f21 cos 2 γ1 + 2r f 1H t + H t2 − r f 1 cos γ1 ) cos γ1 + r f 1.


Thus, coordinates of point B cam be express system of
equations:
YB = X B tg (90 − γ1 ) + r f 1;
 2
2
2
YB + X B = r f 2 .

The theoretical length of the front edge of ratchet teeth Lt1 can
be express as Lt1 = AB = ( X B − X A ) 2 + (YB − YA ) 2 ;

(1)

Lt1 = ( r f21 cos 2 γ1 + 2r f 1H t + H t2 − r f 1 cos γ1 ) 2 sin 2 γ1 +

The system of equations (1) can be solve in the following order:

+ ( r f21 cos 2 γ1 + 2r f 1H t + H t2 − r f 1 cos γ1 ) 2 cos 2 γ1 ;

YB2 = X B2 ctg 2 γ1 + 2r f 1 X B ctgγ1 + r f21 ;
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Finally the formula for determining the taper angle of ratchet
teeth can be write in the form

Lt1 = ( r f21 cos 2 γ1 + 2r f 1H t + H t2 − r f 1 cos γ1 ) 2 (sin 2 γ1 + cos 2 γ1 ) .
Taking into account H t = mt can writing

γ 5 = arccos

Lt1 = r f21 cos 2 γ1 + 2r f 1mt + mt2 − r f 1 cos γ1 .

(2)

Lt 2 = BC = ( X B − X C ) 2 + (YB − YC ) 2 ;
Lt 2 = [( r f21 cos 2 γ1 + 2r f 1H t + H t2 − r f 1 cos γ1 ) sin γ1 −
− r f 1 sin τ]2 + [( r f21 cos 2 γ1 + 2r f 1H t + H t2 −

ra1 = r f21 + lt211 − 2r f 1lt11 cos(180 − γ1 ) .

Finally, we obtain

ra 2 = r f21 + ( Lt1 − lt 21 ) 2 − 2r f 1 ( Lt1 − lt 21 ) cos(180 − γ1 ) .

Next we will found expressions for the angles characterising a
theoretical profile of ratchet teeth.
Let us define the gradient angle γ 2 of the back edge of ratchet

2

3. Analysis of shaping methods of external finemodule ratchet teeth

.

Modern production methods of teeth are diverse and include
more than 50 types [5-10]. One of the most efficient and widespread
methods for shaping of different teeth profiles on cylindrical
surfaces is tooth-cutting by continuously indexing method.
Let us analyze the methods used for shaping fine-module
ratchet teeth of the described profile on the basis of a procedure for
the generating of working surfaces by continuously indexing
method [6-7].
Shaping external teeth by the continuously indexing method is
possible in two ways – shaper cutter or rack cutter [6, 8-10].
For the preparation of design models let us assume: rU and rU 1
– radii of dedendum and addendum circles of teeth of edge tool; r
and r1 – radii of blank circles, passing through the dedendum of

Then we can write the formula for determining the gradient
angle in the form
L2t 2 − 2r f 1mt − mt2
2r f 1Lt 2

) .

(4)

To determine the angles γ 3 and γ 4 of the coordinates of the
point B , we can use the law of sines for triangles OAB and OBC :

rf 1
sin γ 3

=

rf 2
sin(180 − γ1 )

Whence: γ 3 = arcsin(
γ 4 = arcsin(

and

r f 1 sin γ1
rf 2

sin γ 4

=

rf 2
sin(180 − γ 2 )

.

);

r f 1sin γ 2
rf 2

rf 1

(5)

).

external and internal the shaped teeth ( r = r f 1 и r1 = r f 2 ).
Shaper cutter with the centre OU and blank with the centre O
(Fig. 2) are shown in reversed motion with respect to each other
with motionless blank. During forming the point M the shaper
cutter is in the position OU and a point on the shaper cutter with at

(6)

Let define the taper angle of ratchet teeth γ 5 . From the triangle
OAC on the law of cosines we will have:
2

2

2

AC = OA + OC − 2 OA OC cos τ or AC

2

= 2r f21 (1 − cos τ)

the moment is coinciding with the point M . Because which is
owned by its cutting edge.
There is a point M 0 (Fig. 2), which is forming by the tooth

.

From the triangle ABC on the law of cosines we will have:
2

2

point of the shaper cutter, located on the circle of radius rU 1 .

2

AC = AB + BC − 2 AB BC cos γ 5 .

Then cos γ 5 =

L2t1 + L2t 2 − 2r f21 (1 − cos τ)
2 Lt1Lt 2

.

All points located on a segment AM 0 don't have conjugate
points on the shaper cutter, because when are formed outside the
circles of radius rU and rU 1 . Consequently, the shape of the cutting

(7)

teeth will be created: at the segment BM 0 = lt11 by straight line

Substituting the relation (3) into equation (7) we obtain the
formula

cos γ 5 =

(11)

Then working depth of ratchet teeth can be defined as
(14)
ht = ra1 − ra 2 .

OB = OC + BC − 2 OC BC cos(180 − γ 2 ) ,

γ 2 = 180 − arccos(

(10)

The depth of external and internal ratchet teeth is expressed by
formulas: ht1 = ra1 − r f 1 (12) and ht 2 = r f 2 − ra 2 .
(13)

teeth to the radial line. From the triangle OBC using the law of
cosines we will have

2r f 1Lt 2

(9)

The radius of the addendum circle of internal ratchet teeth is
determined from the triangle OAD on the law of cosines as

Lt 2 = L2t1 + 2r f21 (1 − cos τ) + 2r f 1Lt1[cos γ1 − cos(τ − γ1 )] . (3)

r f21 + L2t 2 − r f22

(8)

The radius of the addendum circle of external ratchet teeth is
determined from the triangle OAE on the law of cosines as

Lt 2 = ( Lt1 sin γ1 − r f 1 sin τ) 2 + [ Lt1 cos γ1 + r f 1 (1 − cos τ)]2 .

cos(180 − γ 2 ) =

.

lt1 = lt11 + lt 21 − Lt1 .

− r f 1 cos γ1 ) cos γ1 + r f 1 − r f 1 cos τ]2 ;

2

Lt1

In the calculation of ratchet toothing one should consider that in
addition to the straight segments of the front edge profile of the
external lt11 and internal lt 21 ratchet teeth there will be some
curvilinear fillet surfaces. The contact of teeth on curved surfaces
should be excluded. The length of the straight segments depend on
the geometrical parameters of the toothing and the cutting tools for
their manufacturing.
The length of the contacting slot of the front edges of the
external and internal ratchet teeth can be defined as

The theoretical length of the back edge of ratchet teeth Lt 2 can
be express as

2

Lt1 + r f 1[cos γ1 − cos(τ − γ1 )]

Lt1 + r f 1[cos γ1 − cos(τ − γ1 )]
Lt1

and at the segment AM 0 by transition curve formed by the tooth
point of shaper cutter.
When selecting the type and size of the cutting tool for shaping
external teeth it is necessary to provide a greater length of the
straight segment of the tooth profile in relation to its theoretical
length.

.
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Fig. 3 shows that the desire to increase the length of the straight
segment lt11 for the same tooth leads to the need to significantly
increase the radius of the shaper cutter.
Therefore, for shaping the external teeth is the most appropriate
the use of rack cutter which rU = ∞ .
Fig. 4 shows the position of a rack cutter and blanks when the
tooth point of rack cutter is forming extreme point M 0 on the

Using the triangle ONK we can be written
r1 − lt11 cos γ 3
r1
.
=
sin ψ1
sin (90 + γ 3 )
After the transformation we will have lt11 = r1 (cos γ 3 − sin ψ1 ) ,
(16),
where sin ψ1 = 1 − cos 2 ψ1 or

straight segment of the tooth edges lt11 .
Using the triangle OBS we can written

sin ψ1 =

r − H t cos 2 ψ1
r1
,
= 1
sin(90 + ψ1 )
sin γ 3

r1 (2 − sin 2 γ 3 ) − sin γ 3 r12 sin 2 γ 3 + 4r1H t − 2 H t
2r1

.

where H t = PN - theoretical depth of the rack cutter tooth.

Fig.4 Shaping the external ratchet tooth by rack cutter.

After the transformation of the formula (16) and taking into
account H t = mt the length of the straight segment on the front
edge of the external ratchet tooth can be expressed as

Fig.2 Shaping the external ratchet tooth by shaper cutter.

Then we obtain the expression


r1 (2 − sin 2 γ 3 ) − 2mt − sin γ 3 r12 sin 2 γ 3 + 4r1mt

lt11 = r1 cos γ 3 −
2r1



r1 cos 2 ψ1 − r1 sin γ 3 cos ψ1 − H t = 0 ,
where cos ψ1 =

r1 sin γ 3 + r12 sin 2 γ 3 + 4r1H t
2r1

.

(15)


 .(17)




4. Analysis of shaping methods of internal finemodule ratchet teeth
Internal teeth can be shaped by the continuously indexing
method only by a shaper cutter [6, 8-10]. Fig. 5 shows the shaping
the front edge of the internal ratchet tooth in reversed motion.
Each point M of the shaped profile will match conjugated
point on the profile of shaper cutter tooth. To determine the position
of the last known point let us use the property of engagement –
common normal at the meshing point of conjugated profiles to pass
through a pitch point [5-7].
In the selected point M on straight line AB we can draw a
normal line to the profile of shaped tooth until crossing with a circle
of radius r in the point N . When continuously indexing the point
N at a certain moment will take the position N ′ and will become a
tool pitch point.
The same time the point M will take the position M ′ and
become common point for shaper cutter and forming profile. It this
moment the point M is formed. If one repeats the plotting of all
points on the straight line AB , one will get a set of points M ,
which determine the profile of the shaper cutter tooth.
There is a critical angle of the tooth front edge γ1∗ (Fig. 6)
when the normal to the tooth theoretical profile AB , is drawn at its
extreme point B , touches the circle of radius r in point N .

Fig.3 Effect of shaper cutter diameter on the straight segment length
of tooth front edge.
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If the angle γ1 > γ1∗ , normal line to the profile at any point of
the length AB will cross a circle of radius r .
If the angle γ1 < γ1∗ , then there will be the point M 0 on the
length AB restricting the possible straight segment of the tooth
profile lt 21 , as shown on Fig. 7.
Let us lt 0 = AM 0 . To connect the points O and N , and draw
a normal to the length ON from the point A . Get a rectangle
ADNM 0 for which DN = AM 0 = lt 0 . Using the triangle OAD
we can write r cos γ1 = r − lt 0 .
The length of the straight segment of the internal ratchet tooth
can be express lt 21 = AB − lt 0 = Lt1 − r (1 − cos γ1 ) .
(20)

5. Conclusion
The selection of shaping method of fine-module ratchet teeth is
important, because it determines the manufacturing capability and
economic feasibility of their production.
For shaping ratchet teeth to use continuously indexing method it
is recommended. One can select a shaper cutter or rack cutter as the
cutting tool. Shaper cutter is a universal cutting tool because it
allows shaping both external and internal fine-module ratchet teeth.
For shaping the external ratchet teeth the use of rack cutter is
the most appropriate. In this case can be formed the greatest
possible length of the straight segment on the front edge of the
ratchet tooth.
Shaping the internal ratchet teeth has a significant differences
compared with the shaping the external teeth.
First, the size of shaper cutter for their shaping is limited by the
condition rU 1 < r .
Second, normal line drawn to any point of the profile will cross
with a circle of radius r not all angles γ1 . Therefore, the position

Fig.5 Shaping the internal ratchet tooth by shaper cutter.

Angle γ1∗ matches to a certain angle γ ∗3 . Let us to connect the
points O and N , and to raise a perpendicular OC on the
continuation of the length AB . We will get the rectangle OCBN
for which CB = ON = r .

of the extreme point M 0 on the straight segment of the front edge
lt 21 in some cases is determined by the size of ratchet toothing, and
in the other shaper cutter.
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Fig.6 Determining the critical angle of the tooth front edge.

Consequently: γ1∗ = arccos(r r1 ) ,

γ ∗3 = arcsin(r1 sin γ ∗3 r ) .

(18)
(19)

Fig.7 Effect of gradient angle on the straight segment length of tooth profile.
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Abstract: One of the main problems in appraiser work is to determine speed the car immediately before the accident, basing only on the
collision of two vehicles or collision of a car with an obstacle. One of the research directions providing a solution to this problem are
analysis of the energy necessary to cause permanent deformation. Since the early ‘70s used was the method based on the analysis of the
permanent deformation depth, that are defined as proportional to the force causing deformation.
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deformations appearing as its acting result. According to McHenry
it can be illustrated by equation (3) and graphic (figure 1).
𝐹 =𝐴+𝐵∙𝐶
(3)
where:
F - unit force of deformation,
A - unit boundary force, after transformation of which it plastic
deformation occurs,
B - directional coefficient of linear body model deformation,
defining its lengthwise unit stiffness,
C - Permanent body deformation.

1. Introduction
One of the main problems in appraiser work is to determine
speed the car immediately before the accident, basing only on the
collision of two vehicles or collision of a car with an obstacle. One
of the research directions providing a solution to this problem are
analysis of the energy necessary to cause permanent deformation.
Since the early ‘70s used was the method based on the analysis of
the permanent deformation depth, that are defined as proportional to
the force causing deformation and approximated by the following
relationship.
1

where:

𝑊𝑑𝑒𝑓 = ∙ 𝑏 ∙ ℎ ∙ 𝑘 ∙ 𝑓𝑡𝑟2
2

(1)

b - width of deformation zone [m],
h - height of deformation zone [m],
ftr - depth of deformation zone [m],
k - stiffness coefficient or energy-consumption [N/mm2].

Fig. 1 Stiffness model of the vehicle during a collision by Mc.Henry.

In literature [1] the following ranges of the stiffness coefficient
can be found:

The value of the C coefficient is obtained from the measurements of
deformation’s depth. In the crash test used was procedure of measuring its
value in n points, that are evenly disposed on length of the indentation, as
shown on the figure 2.

 k=(9,0 – 11)∙ 105 N/m2m,when the vehicle strength
structure was broken as a result of the deformations
 k=(2,0 – 4,0)∙ 105 N/m2m, when the deformations are
located only in the skin plate elements
 when the vehicle strength structure was broken:
•
•
•

k=(13,5 – 22,6)∙ 105 N/m2m for small vehicles,
k=(9,1 – 13,5)∙ 105 N/m2m for medium cars,
k=(5,2 – 7,2)∙ 105 N/m2m for big car.

2. Crash test model by Campbell

Essential part in ensuring vehicle safety are the crash tests. The
basic type of investigation is vehicle frontal crash test with stiff
roadblock. During this test, the crash velocity is measured. Crash
test model proposed by Campbell [2] introduces the proportionality
between deformations and speed collision.
𝑉 = 𝑏0 + 𝑏1 ∙ 𝐶

(2)

where:
V – collision velocity when the deformation C occurs [m/s],
b0- limit velocity where the permanent deformation do not occur
[m/s],
b1 – characteristic inclination [𝑚/𝑚𝑠],
C – depth of the permanent deformation [m].

Fig. 2 Method of depth dimensioning of the permanent deformation.

On beginning of 70’s R. McHenry [3] proposed linear
dependence between a force acting on the car and permanent

65

where:

3. Depth of deformation

𝑛−1

𝛼 = 𝐶1 + 𝐶𝑛 + 2 ∙ � 𝐶𝑖

The effective depth of deformation is defined as mean value on
the length of indent and can be presented by the following
relationship:
𝐶𝑠𝑟 =

𝐶1 𝐶𝑛
𝐶1
+ +∑𝑛−1
2
2
2

𝑛−1
𝑖=2

The energy which causes permanent deformation on length L is
expressed in the following way:
𝐿

𝐶

𝐿

∫0 ∫0 (𝐴 + 𝐵 ∙ 𝐶)𝑑𝑐𝑑𝑙𝑙 = ∫0 (𝐴 ∙ 𝐶 + 𝐵 ∙

where:
G - integration constant equal,

𝐺=

𝐶2
2

+ 𝐺)𝑑𝑙

𝐴2

(5)
𝐵

𝐸 = �𝐴 ∙ 𝐶 + � � ∙ 𝐶 2 +
2

𝐿 𝐶2

𝐿

2

𝑑𝑙 +

𝐴2

2∙𝐵

∙𝐿

𝑚∙(ΔV)2

(7)

2

(∆𝑉)2 = �

Individual modules of the equation (7) can be defined in the
following way:



𝐿

∫0 𝐶𝑑𝑙 as indent projection’s surface,
𝐿

𝐴2

2∙𝐵

�∙𝐿

(11)

If then, the energy absorbed by the vehicle for the deformation work
is equivalent to the car kinetic energy , that is lost during the crash,
then we can to assume, that :

L - width of the deformation area [cm].
After integration we obtain:
𝐸 = 𝐴 ∫0 𝐶𝑑𝑙 + 𝐵 ∫0

𝑖=1

In case of symmetrical deformation, the equation (10) takes the
form:

(6)

2∙𝐵

𝑛−1

𝛽 = 𝐶𝑖2 + 𝐶𝑛2 + 2 ∙ � 𝐶𝑖2 + � 𝐶𝑖 ∙ 𝐶𝑖+1

(4)

𝑛−1

𝑖=2

2∙𝐴∙𝐿
𝑚

=𝐸

�∙𝐶+�
𝐵∙𝐿

∆𝑉 = �

𝐶2

∫0 2 𝑑𝑙 as moment of the first degree of projection of the
indent surface in relation to primary body profile (product
of surface of projection and distance of its center of
gravity from the first outline of the car body).

𝑚

(12)
𝐵∙𝐿
𝑚

� ∙ 𝐶2 +
𝐴

∙ (𝐶 + )
𝐵

𝐴2 ∙𝐿
𝑚∙𝐵

(13)

(14)

Therefore, the conclusion is that the border speed of the crash
that do not result in permanent deformation and for which the C = 0,
has the form
∆𝑉𝑔𝑟 = 𝑏0 = 𝐴 ∙ �

𝐿

𝐵∙𝑚

(15)

Conducted by NHTSA investigations show, that border speed b0
contains in range b0 = 2÷4 m/s = 7,2÷14,4 km/h.
Figure 4 presents graph which is speed characteristic in function
of depth of body deformation (coefficients b0 and b1 correspond to
coefficients defined by Campbell).

Fig. 3 Method of the determination of the deformed surface gravity
center location.

As show in figure 3, it is assumed that all deformation areas
have shape of trapeze. The surface of deformation unit is equal:
𝑃=

𝐿

𝑛−1

∙

𝐶𝑛−2 +𝐶𝑛−1
2

(8)
Fig. 4. Campbell dependence of the velocity of the body at the moment of the
crash form the depth of the deformation.

while the distance of centre of gravity from primary profile of body
is obtained from:
𝑋=

2
2
𝐶𝑛−2
+𝐶𝑛−2 +∙𝐶𝑛−1 +𝐶𝑛−1

3∙(𝐶𝑛−2 +𝐶𝑛−1 )

Coefficients A, B and G are defined during cars crashes test in
such way, that the surface of barrier in which the vehicle hits is
perpendicular to longitudinal or transverse vehicle axis. In the case
of diagonal crashes, tangent component of friction force contained
among barrier and the vehicle increases the stiffness efficiency in
direction of main impulse of force.
Coefficients A and B can be found in literature [4,5,6]. For
specific models of vehicles, it is possible to find in the NHTSA
reports the speed of crash during tests, the mass of cars as well as
depth of deformation in six evenly disposed points of the
deformation area obtained. These reports are accessible in [7]. It is
the database including information about crash tests and contains

(9)

The energy necessary to cause the indentation of the surface L and
of average depth Csr can be expressed by:
𝐸=

𝐿

𝑛−1

𝐴∙𝛼1

∙(

2

+

𝐵∙𝛽
2

+ (𝑛 − 1) ∙ 𝐺)

(10)
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the vehicles ranked according to manufacturer, type, model and
year of production. In enclosed tables of included are values of the
speed answering the zero permanent deformation and knowing both
mass of the vehicle and length of the deformation area, it is possible
to calculate:
b0=V0
𝑏1 =

𝑉𝑧𝑑 −𝑉0
𝐶𝑠𝑟

(16)
(17)

The next step is calculate the coefficients:
𝐴=

𝐵=

𝑚𝑏0 𝑏1
𝐿

𝑚𝑏12
𝐿

(18)
(19)

In the database included are also the photos of the tested
vehicles that can be useful for estimation of speed of crash.

4. Conclusions
Basing on the presented dependences and methods it is possible
for the expert to accurately estimate the energy absorbed during
permanent deformation of the vehicle.
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PROBABILITY STRESS CONDITIONS IN MACHINE ELEMENTS
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Abstract: Ordinary in the theory of machine elements a deterministic stress conditions are used. In general case there are relationships
between “acceptance stress” and “working stress”. In practice the stresses are random values. Therefore the stress conditions have got
probabilistic formulation.
In this paper the probabilistic formulation of stress conditions for machine elements are presented.
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1.Introduction

β ( x − X )β
pW (x) = X
ϑX
ϑX

In the theory of machine elements a deterministic stress conditions
are used [1]. In general case there are relationships between
“acceptance stress” and “working stress”. In practice the stresses are
random values. Therefore
the stress conditions have got
probabilistic formulation[2].
This paper the probabilistic formulation of stress conditions for
machine elements are presented.

parameters β X ;ϑ X ,
=S

({σ

[2]

where σ WORK

({σ

σ ij ; ij = 1,2,3

ij

σ WORK ≥

0)

where

σ YS ;σ UTS

≥

0}

({σ

the
ij

vector

K I and KIC are know from fracture mechanics [4]. In overt type
the probabilistic of stress condition (5) is

(2)

R=

M ≡ M (σ YS ;σ UTS ; E; G;ν ) ,

S ≡ S ({σ ij };{ε ij }; ij = 1,2,3) ,

};{ε ij }; ij = 1,2,3) -

∫

∞

−∞

pK IC ( K IC ) I (K IC )dK IC

(6)

∞

where

where

I (K IC ) = ∫ pK I ( K I )dK I

are known. If

respectively.
The relationship (2) is transform to

the

.

S

In (6) the densities of distributions

tensors of stress and deformation

∞
∞
R = ∫ pM ( M )  ∫ pM ( S )dS dM (3)
 S

−∞
If in (3) the densities of distribution - pM (M ) и pS (S )

(5)

where KI - stress intensity factor, KIC – critical coefficient of
stress intensity if load, imperfection geometry is know. The values

where E ;G;ν are elastic modulus [4] and stress-deformation state
is

[3].

Pr ( KIC - KI ≥ 0 )

-

where for a construction clement the mechanical characteristics is
start diving by the vector

βS

In this case the probabilistic of stress condition is

yield stress limit and ultimate tensile stress respectively. The
condition (1) is generalization to concept of “reliability”. The
reliability R for safety work for machine design free of
imperfections is define by the probability Pr { S – M ≥ 0 } [3]
R = Pr { M - S

ϑ
 M − S 

h( y ) =  M y1 / β M + 
 ϑS 
 ϑS

3. Probability stress condition for body with
imperfections

(1)

}; ij = 1,2,3) , σ ACC (σ YS ;σ UTS ;...) ,

- tensor of mechanical stress,

to

(4)

0

0 [1]. The probabilistic of stress condition is

Pr ( σ ACC –

};{ε ij }; ij = 1,2,3) , then relationship (3) transform
∞

In general case the formulation of deterministic stress condition

σ WORK ≥

=

  x − X β X 
  with
exp − 
  ϑ X  
M (σ YS ;σ UTS ; E ; G;ν ) and X

−1

R = 1 − ∫ e − y exp{− h( y )}dy

2. Probability stress condition for body free of
imperfections
is σ ACC –

ij

X

X

pK I ( K I ) and pK IC ( K IC )

pK I ( K I ) and pK IC ( K IC ) are

numeric

characteristics:

Е( K I ),E( K IC )

and dispersion

not known, then

mathematical

expectation

D( K I ), D( K IC ) [8] are

used. In this case the probabilistic of stress condition is Chebishev’s
inequality [2]
are with

{. K

Weibull’s distributions, then

I

} (

(E)
(E)
− K I( E ) ≥ K IC
≤ K IC

where K I( E ) =Е( K I ), K I

( D)

[E( K IC )]2 =
68

1
3

)

−2

K I( D )

(7)

(E)
=D (K I ) , K IC
=E( K IC );

E( D ). ξ (E ,ν ) η (σ S ,ψ ) ;

ξ (E ,ν ) ≈ E(E){1 + [E(ν )]2 };

The values

η (σ S ,ψ ) ≈ E( σ S ){E(ψ ) - 0.5[E(ψ )]2 }.
The evaluation of (D ) , E(E), E(ν ), E( σ S ), E (ψ ) is look at

VL ;VT ;α L are

measure by means digital ultrasonic

flow detectors. The methods for measure of
according ASTM E 494:2010 are presented.
The yield stress limit –

[8].

σ YS

VL ;VT ;α L in

by Holl – Petch’s model [9] is

obtained

( )

4.Evaluation of K I and KIC
For evaluation of

σS = σ0 + Ky D

K I look at plate with crack (fig.1.).

−1 / 2

σ 0; K y

The material constants

(11)
are evaluation by means

experiment [8,9]. The elastic modulus [8] are obtained by means

ν=

σ∞

h

0.5 − (VT / VL ) 2
1 − (VT / VL ) 2

 3 − 4(VT / VL ) 2  2
 ρVT
E = 
2 
 1 − (VT / VL ) 

σ∞

fig.1. Depth of crack evaluation– h, by means
ultrasonic measures [8] with transducer type CDS
(300-700-700), PANAMERTICS, САЩ
Measurement by EN 583-1, EN 583-5.

where

(12)

(13)

ρ - material density.

The relationship between ultimate tensile strength
In this case [4]

σ UTS

and

Brinel’s hardness is [6]

K I = σ ∞ π .h F (λ )
1 X
where h = VT ∆τ cosθ - crack length
2
angle, ∆τ = τ 1 − τ 2 - time derivation

(8)
(fig.1.),

1
3

σ B = HB

θ - reflection

where НВ – Brinel’s hardness.
The value of HB is obtain by means Leeb method of hardness
testing, according ASTM A 956:2012

in propagation of
longitudinal and transversal ultrasonic waves with velocity
4

(14)

h
< 0.7 ;
b
a3 =21.7, a 4 =30.4.

VTX ; F (λ ) = ∑ (−1) K aK λK ; λ =

5.Conclusion

a 0 =1.12, a1 =0.23, a 2 =10.6,
The value KIC is material characteristics.

The probabilistic of stress condition are written for body free of
imperfections. A body with imperfections is look. In this case
probabilistic of stress condition is written by Chebishev’s
inequality. The method for evaluation of the

k =0

relationship

with

mechanical

For

KIC

there is
characteristics

(E ,ν ,σ YS ;σ UTS ) and structural characteristic D of the

value K I and KIC and average grain size
measure are shown.

material [5].

Reference

( K IC )2 =

where

1
3

. D.σ YS .ξ .ζ

(9)

1. Lefterov L., &, Machine elements, Tehnika, Sofia, 1994 (In
Bulgarian).
2. Svetlickii V.A., Statistical mechanics and theory reliability,
MGTU im.N.E.Baumana, Moskow, 2002 (In Russian).
3. Alexandrovskaia D.N., &, Safety and reliability technical
systems, Logos, Moskow, 2008 (In Russian).
4. Hellan K., Introduction to fracture mechanics, McGraw-Hill
Book Company, New York,1984.
5. Andreykiv A.E., Three-dimensional problems in crack theory,
Naukova dumka, Kiev, 1982 (In Russian).
6. Markovec M.P., Non-samples methods to evaluation of
mechanical properties of metals, MEI, Moskow, 1983 (In Russian).
7. Physical acoustics, vol. IV, B, Edition by U. Mezon, Fizmatlit,
Moskow, 1963 (In Russian), Papadakis E., Ultrasound attenuation
dependent from scattering in polycrystalline materials.
8. Popov l., Probabilistic methods in evaluation of mechanical
properties in ferro-carbon alloys (Mon0graphy). Edited by Institute
of mechanics – Bulgarian Academy of Science, Series
“Mechanics”, April 2014 (ISSN 1314-3034), (In Bulgarian).
9. Trefilov V.I., &, Deformation at strengthen and destruction of
polycrystalline materials, Naukova dumka, Kiev, 1987 (In Russian).

 E 

;
ξ =
2
1 − ν 

 

ζ = ln1 +
 

D by means ultrasonic

420
2.σ UTS + σ YS

The average grain size


 .


D is obtain by [8]

 4.π 2 VT4  2
3   3
 5 + 5 . f  D −α L= 0

3 
1125 VL  VL VT  

( )

(10)

where VL ;VT ; α L ; f are respectively velocity, attenuation and
frequency in ultrasonic propagation [8].
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Abstract: Today the development of formalized methods of synthesis of chain transmission for mechanical engineering are observed.
Solving it gives the opportunity to raise designing quality and labor productivity of the designer and the constructor when applying these
methods directly in computer-aided design.
Comparative analysis of dynamics 3D computer design modeling of chain transmission in metal and polymer design by means of
program complex SolidWorks are presented. From the analysis of graphic dependences precisely traced advantages of application
components of polymer composites as compared with traditional metal parts of chain transmission: dynamic loads in chain contour, force of
the impact between the oncoming roller and sprocket, dynamic irregularity of rotation the sprockets.
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1. Introduction

[М ]t + Dt {U}(i ) + [C ]t + Dt {U }(i ) + t + Dt [K ](i ) t + Dt [DU ](i ) = t + Dt {R}− t + Dt {F }(i−1) , (1)
where [М ] – matrix of mass system;

Today the development of formalized methods of synthesis of
chain transmission for mechanical engineering are observed.
Solving it gives the opportunity to raise designing quality and labor
productivity of the designer and the constructor when applying
these methods directly in computer-aided design.
A multi mass chain drive is the system, which consists of
interactive and intercaused indivisible elements, has many possible
realization in the process of functioning and that is why behaves to
the complicated systems. The new approach to calculation and
designing of chain drives must be based on the account of the real
dynamic processes which take place during their work, use of
polymeric composites for making of sprockets and chains and
change-over to the automated optimal design, which will enable to
choose the aggregate of values of their parameters, at which yet on
the stage of design high dynamic quality of transmissions and drives
will be provided. The majority of machines demands advancing
their drives, in particular chain drives, with the purpose of a
decrease of specific consumption of materials and power costs of
speeding up and braking of driven parts. One of basic directions of
achievement of this aim there is the use of modern CAD of the
programs [1-3]. Main reason of the use of CAD of the programs is
ability of realization of computer experiment on the terms of work
of machine or mechanism, near to the real.
The decline of the dynamic loading, pin tensions and wear of
parts of chain drive is reached at by application of polymeric and
metal-polymeric sprockets and chains. Production of parts for
chain-drives from the polymeric compos of low-waste and not very
much power-consumption. From polymeric compos it more easily
to make the parts of complicated form, they are so technological,
that allow to create the so-called integrated parts production of that
from a metal far more expensive or it is impossible in general.

t + Dt

t + Dt
t + Dt

[С ] – damping matrix of the system;
[К ]( ) – stiffness matrix of the system;
{R}( ) – vector of external nodal loads applied;
{F }( ) – vector of internal forces generated in the nodes
i

i

i −1

upon repetition (і – 1);
t + Dt

[DU ]( )
i

– vector of nodal displacements at increasing

repetition (і);
t + Dt
t + Dt
t + Dt

{U }( ) – complete displacement vector to repeat (і);
i

{U }( ) – vector full speed on repeat (і);
{U}( ) – vector of full acceleration on repeat (і).
i

i

Using implicit time integration schemes such as Newmark-Beta
or Wilson-Theta and using the iterative Newton method, equation
(1) has the form:
t + Dt
t + Dt

where
t + Dt

[K ]( ) {DU }( ) = {R }( ) ,
i

{R }( ) – effective loading vector;
i

{R }( ) = {R}− {F }(
i

t + Dt

i

t + Dt

i

t + Dt

t + Dt

[K ]

(i )

( (

+ [C ] − a1

i −1 )

t + Dt

( (

+ [M ] − a0

{U }

(i −1)

{U }(

) {}
{ })

{ })

t
t
− t {U } + a2 U + a3 U +
t
− t {U } + a4 U + a5 U
t + Dt

)

i −1 )

t

{}

– effective stiffness matrix;
t + Dt

[K ](i ) =t + Dt [K ](i ) + a0 [M ] + a1[C ]

а0, а1, а2, а3, а4 і а5 – constants implicit integration methods.
Iterative schemes for solving nonlinear dynamic analysis
available: Newton-Raphson algorithm (NR) and variable algorithm
Newton-Raphson (MNR).
Equation contact force between two contacting parts, N [4]:

2. Preconditions and means for resolving the problem

( )

Fn = k ⋅ g e + Step(g, 0 0 d MAX , cMAX ,) ⋅ dg dt ,

2.1. Theoretical Model
A linear dynamic analysis is based on frequency researches.
Software expects the reaction of model by means of summation
influences of every mode (functions, equation) on loading [4].
Influence of mode depends on the frequency spectrum of loading,
value, straight, duration and coordinates of location of model. The
equations of motion are not only linked the parameters of mass,
rigidity and damping, but depends on the coordinate system used to
describe them.
In cases where the linear dynamic analysis generates false
results, such as a violation of the assumptions on which it is based,
uses a non-linear dynamic analysis is based on the incremental
method of managing loading. It is used to solve the problems of
nonlinearity, caused by material behavior, large displacements and
contact conditions.
In nonlinear dynamic analysis equation equilibrium of dynamic
system in the time interval t + Dt, will have the form [4]:

where k – stiffness of the material at the boundary interaction
between two contacting parts;
g – penetration of one body into another geometry;
е – rate of perceived exponential force compared with offset
model;
dMAX – limit penetration;
сМАХ – maximum damping on the boundary interaction;
dg dt – speed of penetration at the point of contact.
Consider the example of using SolidWorks to analyze the
dynamic parameters of the chain transmission according to [5] in
the metal (Fig. 1) and the polymer performance (Fig. 2). In 3D
simulation used parameters and qualitative characteristics of
sprockets chain transmission ГОСТ 592-75; metal chain - ГОСТ
13568-97, corresponding to ISO 606-94, and polymer – according
to [6]. Unfortunately, Fig. 1, 2 not fully reflect the actual movement
of the chain contour (exists authored animated version).
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Fig. 4. Change of kinetic energy in polymer performance (J)
The maximum change in kinetic energy is several times greater
in metal chain transmission (Fig. 3), as compared to its performance
polymer (Fig. 4). The reduction of the kinetic energy increases the
reversibility of chain transmission, ie to change the motion direction
of the system it is necessary to apply less force.

Fig. 1. 3D model of experimental stand in metal performance

Fig. 5. Changing impulse force along the axis Y, (N · s) in metal
performance

Fig. 2. 3D model of experimental stand in polymer performance
The main dynamic parameters conducted analysis of motion 3D
models of chain contours SolidWorks software package are:
- change of kinetic energy with a change in velocity of the metal
(Fig. 3) and polymer (Fig. 4) performance;
- change of impulse force oncoming on the sprocket in a metal
joint (Fig. 5) and the cylindrical part of the elastic monolithic link
[6] in the polymer (Fig. 6) performance;
- the power contact (impact) between the leading sprocket and
oncoming joint chain (Fig. 7) in metal and elastic monolithic link in
the polymer performance (Fig. 8);
- dynamic irregularity rotation driving mass with metal an
sprocket (Fig. 9) and polymeric sprocket (Fig. 10);
- dynamic load of metal (Fig. 11) and polymeric (Fig. 12)
performance contours.
Changes in the value of the velocity u1 to u2 leads to the
changes of the kinetic energy:
∆Wк =

(

m 2
u 2 − u12
2

Fig. 6. Changing impulse force along the axis Y, (N · s) in
polymeric performance
The upper graph peaks characterize the changing in force
impulse of joint chain (Fig. 5) and of elastic monolithic link (Fig. 6)
during contact with the driven sprocket, and lower peaks are with
the driving. The intervals of time between the contacts with the
sprocket joint chain and elastic monolithic link are in driving and
driven branches of the chain contour. The graphs (Fig. 5, 6) clearly
show the advantages application of chain transmission parts of
polymeric materials: maximum and minimum values of change
impulse force is several times smaller.

)

Fig. 7. Power contact between the sprocket and the driving
oncoming joint

Fig. 3. Change of kinetic energy in metal performance (J)
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Fig. 8. Power contact between the driving sprocket and elastic
monolithic link

Fig. 12. The dynamic loading contour in polymeric chain
performance

Figures 7 and 8 show that the force of contact (impact) between
the driving sprocket and oncoming joint chain (Fig. 7) higher
compared to monolithic elastic contact links and driving sprocket
(Fig. 8).

Fig. 12 clearly shows the decrease of dynamic load in polymeric
performance chain contour (mean 134N) in comparison with a
dynamic load (Fig. 11) in a metal contour (mean 182N).
2.2. Experimental stand
In Fig. 13 and 14 are photos of the experimental stand [5]
equipped a metal and polymeric chains and sprockets.
In experimental researches used 4 sensors ohmic resistancethat
are sealed in a special link measurement (2 - on the outside of the
link and 2 - on the inside), which fixed the change in tensionsqueeze deformation. For greater sensitivity of sensors connected
by half-bridge scheme. In order to amplify the signal from the
sensors used instrumentation amplifier AD 8555.

Fig. 9. Dynamical irregularity rotation of driving mass with metal
sprocket

Fig. 13. The experimental stand is equipped with a metal chain
transmission

Fig. 10. The dynamic irregularity rotation of driving mass with
polymeric sprocket
The curve of the graph (Fig. 10) clearly shows a decrease of
dynamic range values dynamic irregularity of rotation driving
sprocket and its constancy and stability in performance compared to
the metal (Fig.9), in which it is much more.

Fig. 14. The experimental stand is equipped with polymeric
chain transmission
As a result of experimental research of chain drives (Fig. 13,
14) were obtained oscillograms dynamic loading of the chain
contour (Fig. 15).

Fig. 11. The dynamic loading chain contour in metal performance
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Fig. 15. Experimental oscillograms dynamic loading:
- blue curve - a metal chain drive at speed n1 = 300s-1,
- red curve - polymer chain drive at speed n1 = 290s-1.
From the analysis of oscillograms (Fig.15) that the average
value of the dynamic loading in metal chain contour is 191N, and
his performance polymeric - 128N.

3. Conclusion
From the analysis of the curves as the experiment and the
simulation shows that the chain transmission to polymer
performance provides:
- reducing the kinetic energy that allows to obtain greater
reversibility, ie to change the direction of motion of the system is
necessary to apply less force;
- reducing the force impulse oncoming on the sprocket joint several
times that allows to put less force to change the direction of rotation
of the contour;
- reducing the contact force (impact) due to greater damping
coefficient of the material;
- lowering range, stability and constancy values
dynamic
irregularity rotation of driving mass.
Analyzing the graphs (Fig. 11, 12) and oscillograms (Fig.15),
one could argue that the difference of theoretical and experimental
mean values of dynamic loading in the chain contours does not
exceed 5%, which demonstrates the possibility to use SolidWorks
software for the calculation of any chain contours.
Application of SolidWorks software allows not only to
modeling and simulation of real work chain drives, but also conduct
their analysis with a view to switching to automated optimal design
for high dynamic quality of material and energy consumption.
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