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Abstract: Paper deals with the dynamic behavior of pump unit electric drive. The electric motor, subject of development, is a new
standard efficiency induction motor with squirrel cage rotor, designed to operate in continuous operation. The determination of operating
characteristics of induction motor in dynamic modes is necessary to establish the properties of the machine in specific conditions. In some
industrial areas can occur very often sags with a depth of between 10% and 15% of the rated voltage as a result of switching electrical loads
on systems of users. As a result of simulation studies the influences of the supply voltage and total torque of inertia of the electric drive have
been assessed on arising impact torques and currents and electric energy losses of electric drive for pump unit. The results obtained are in
addition to experimental studies of the same motor. Some of the study results have been presented graphically. An analysis and conclusions
from the results obtained have been done.
KEYWORDS: INDUCTION MOTORS, MATHEMATICAL MODEL, MOTOR DRIVES, PUMPS.

a wide spectrum of energy-efficient solutions and wasting energy
must be avoided.

1. Introduction
Electricity represents one-third of all energy consumed around
the world. Growing energy prices are causing the industry and
consumers to rethink things. Therefore the future belongs to
intelligent solutions for low energy consumption in the industrial
plants as well as household.

Losses in electrical machines are converted into heat and cause
heating of individual parts. For work safety and for a certain life,
the heating of the parts must be limited.
As induction motors became more popular, then consumer
expectations increase, leading to greater chalenges for designers.
Efficiency is a key concern of many consumers, driven by rising
energy costs worldwide and by the increase regulations strictness.
Designers also have to be concerned with safety and reliability,
ensuring that a product does not fail. A significant percentage of the
induction motors used have a power output of up to 2.2 kW.
Modern electric drives are developed dynamically and are
characterized by a wide range of technical solutions. Studies done
have shown that the number of produced electric motors worldwide
is huge and the share of electricity consumed by them is
considerable.

The topic of electricity quality is comprehensive. It covers all
aspects of the design of electrical systems, analysis of transmission
and distribution levels and problems for end users. Therefore, the
quality of electricity is an important issue for electricity distribution
companies and end-users as well as for manufacturers. Low power
quality can disturb the customer's production process, and this, in
turn, leads to loss of revenue. It is in the user's interest that the
downtime of the manufacturing process due to power supply
problems is minimized. Conversely, customer activity may also
affect the quality of electricity and it is in the interest of the
electricity distribution company that this effect be limited.

One of the major applications where electric motors are used is
where motors are connected to the grid and are operated at a fixed
rotor speed. Examples of fixed frequency grid driven applications
are pumps or fans that move medium without the need to adjust the
medium’s speed. In these cases driven motors always deliver full
power and a significant portion of power is converted into heat. At
the same time, there is a widespread use of induction motors for
pump drives with different applications.

Voltage deflections may include instantaneous low voltage
(voltage drop), high voltage (peak) or voltage loss (interruption).
Breaks are the most severe in terms of their consequences for end
users. But the voltage drops may be more important because they
are more common. In case of failure, it is possible to monitor
voltage drops in many places in the system without interrupting the
end users. This is the case for many electricity transmission failures.
Many end-users use equipment that could be sensitive to such
changes.

2. Theoretical considerations

The electric drive is a power-operated device, driven machine or
mechanism. The basic component of each electric drive is an
electric motor designed to convert electrical energy into mechanical
or mechanical energy into electrical. Among the most widely used
electric motors are induction, both due to their direct supply of
mains voltage and due to their dynamic characteristics, their
economical cost and the simple, easy to maintain layout.

Despite the many important documents, articles and books on
the quality of electricity, there is no unambiguous definition of this
term. Almost everyone, however, is of the opinion that this issue is
of paramount importance for electrical systems and electrical
equipment and has a direct bearing on the efficiency, safety and
reliability of systems. The term "electrical power quality" is used
both for reliability of power supply, service quality, voltage quality,
power quality and consumption quality. Considering the different
definitions, the quality of the energy is generally used to express the
quality of the voltage and / or the quality of the electricity.

Despite the fact that the design of the induction motor has been
worked on for decades by many design groups of investigators,
work continues on its improvement and modification. The problem
of saving materials forced us to look for ways to create a no-waste
technology and replace traditional materials used in electric
machine manufacturing. On the other hand, it is becoming more and
more demanding to reduce energy consumption and losses through
optimal design with a view to the ubiquitous orientation towards
energy-efficient technical solutions. In addition, it is known that to
boost overall system efficiency, it is necessary to improve the
efficiency in each constituent circuit. The focus is now placing on
energy efficiency. In view of the rising cost of energy, it is obvious
that a reduction in consumption should be part of the plan for the
future. So the challenge is to the engineering community to develop

First of all, it is important to understand what deflections in the
quality of electricity can cause problems. Sustained-state deflections
include normal variations in RMS voltage and harmonic distortion.
In fact, there is no sustained state in the electrical system. The loads
are constantly changing and the system constantly adapts to these
changes. All these changes and the corresponding reactions lead to
deflections in voltage. This can be reduced or increased voltages,
depending on the specific conditions in the circuit.
Most of the end-user equipment is not particularly sensitive to
these voltage deflections, provided they are within certain limits. It
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is assumed that the changes are long-term when they go beyond
these set limits within more than one minute.

If the primary voltage drops significantly, the maximum torque
may be less than the torque applied to the motor shaft. This causes
the motor to stop completely and it is in a short-circuit state.

Consumers whose equipment is of high power and critical to not
stopping work need constant voltage power supply with sinusoidal
waveform at nominal frequency and current strength. Therefore, a
electricity supply problem occurs when there is a voltage violation.

The aim of the research was to evaluate the influence of the
deflection in voltage on the performance of specific induction motor
as part of the electric drive. In the studies the approach is to adopt
more different intervals and the tolerances of the voltage (+ 10% ÷ 20%) as defined in EN 50160:2010, in order to obtain general
regularities.

There are two main approaches to solving problems with the
quality of electricity. One is a load stabilization consisting of a
selection of technological equipment that is less susceptible to
disturbances in the power supply and, when it is occurring, it suffers
them without damage. The other approach involves installing power
stabilization devices that suppress interruptions. To ensure that the
production process will not be interrupted during such downtimes, a
dynamic voltage regulator (DVR) can be installed. The DVR must
be able to react quickly and be equipped with a power source and a
voltage transformer.

3. Mathematical model
Transient processes when starting electric drive of pump unit
are considered. Speed variations depends on the total torque of
inertia of the rotating masses [1]. The electric motor, the object of
development, is a new induction motor with squirrel cage rotor,
produced by Caproni JSC, Bulgaria whose technical data and
parameters are given in the Appendix.

Technical progress and competition are the driving forces
behind the development of systems with higher productivity and a
degree of automation. In this respect, the requirements for electric
drives in terms of parameters such as the range of speed control,
overload capability, etc., are constantly increasing. Another
direction is to prevent overheating of the motors.

We transform the three-phase system into a two-coordinate
system. The equations for the voltages of the windings of the
induction machine are represented in a coordinate system rotating at
the synchronous rotational speed. Using this coordinate system
provides the convenience that the system of differential equations
attend important parameter of the induction machine slip s. In
studies we use the parameters of the T-shaped equivalent circuit of
the motor which are determined by calculation methodology of the
manufacturing company to slip s =1.

The development of the technique is constantly leads to
simplification of driven mechanisms kinematics, reducing the
application of mechanical brakes and heavy gears, as more flexible,
responsive and reliable electric drives takes over all complicated
acceleration and deceleration modes, speed control and speeds
coordination.

The complete system of differential equations representing
mathematical model of electromechanical system of electric drive
for pump unit consists of five equations. After converting equations
for voltages of windings and presenting expressions received in the
form of Cauchy, for ease of solving them, we get four equations to
model stator currents. Fifth equation is fundamental relationship
between torques, so called equation of motion [2]. It includes torque
developed by the electric motor and resisting torque of the pump
unit. Engineering accuracy requirements in studying the dynamics
of the pump unit driven by induction motor, fully able to meet with
using one-mass dynamic model. The torque-speed characteristics of
pumps are often approximately represented by assuming that the
torque required is proportional to the square of the speed, giving
rise to the terms ‘square-law’ load [3].

During the transient processes in the electromechanical system
arise considerable impact currents that cause impact torques and
loads of the motor and the components of the drive mechanism [6].
With direct-on-line start of the motor and low drive inertia, the
motor speed quickly reaches a set value and the starting current also
fast decreases without causing overheating of the stator windings.
But such a significant current shock in power supply can cause a
remarkable voltage drop. In applications characterized by a lowpower mains supply, powerful induction motors with a squirrel cage
rotor are started up by starting current and starting torque
limitations. Technically, the lower voltage supplied by the stator to
the motor is made through three basic solutions - the inclusion of
additional resistors, reactors or autotransformers in the machine's
start-up process.

The total torque of inertia of the electric drive I TOT is set by

The need to limit the current of the motor is dictated by
electrical and mechanical reasons. Electrical reasons for limiting
peaks of current may be the following:
Reducing the shocks of the currents in the network;
Reducing electrodynamic forces in motor windings.
Mechanical reasons for limiting motor torque peaks may be
varied, for example, prevention of:
Breakage or rapid wear of gears;
Greater acceleration or deceleration, unacceptable for
equipment.

means of factor of inertia FI as

I TOT = FI × I r

(1)

where
rotor torque of inertia [4].
Ir
We introduced the term multiplicity of supply voltage as [4]

KV = V / Vrated

(2)

where

V
Vrated

In all cases where the operating conditions do not require forced
accelerations or decelerations, it is desirable to calculate the modes
for the minimum current peaks, and hence the torque, thereby
preserving the gears, the motor and the equipment. It is necessary to
pay attention to the fact that the limitation of the current and torque
of the motors is obtained due to the complication of the control
circuits and the cost of the installation, and therefore should only be
used where it is justified.

current value of supply voltage;
nominal value of the supply voltage.

The electrical losses in the windings of the stator and the rotor
are variable losses as their magnitude depends on the values of the
currents in these windings.
The amount of electrical losses in the stator and rotor can be
expressed so [5]:

∆P1 + ∆P2 ≈ 3I 2'2 r1 + 3I 2'2 r2'

Primary voltage deflections at constant mains frequency and at
near-nominal loads cause deterioration in the operating conditions
of induction motors. For this reason, primary voltage deflections
should be limited.

(3)

where

∆P1 = 3I12 r1 – electrical power losses associated with stator
windings heating when current flows thereon.

∆P2 = 3I 22 r2' – electrical power losses in the rotor windings.
Since
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Tω 0 s

I 2' =

Table 1: Influence of supply voltage and factor of inertia FI
FI Timp , i * t st , Electrical power Energy losses –
imp
losses – steady state starting regime
KV
s
regime
Nm
W START ,
∆P1 + ∆P2 , W
kWh

(4)

3r2'

therefore overall electrical losses can be represented as

∆P1 + ∆P2 = Tω 0 s + Tω 0

r1
r2'

s = Tω 0 s (1 +

r1
r2'

(5)

).

1.00

On the other hand, the electrical losses in the rotor can be
represented as follows:

∆P2 = PEM − PMECH = T (ω1 − ω 2 ) =

ω1 − ω 2
= Tω1s = PEM s
ω1
⇒ T = ∆P2 / (ω1 s )
= Tω1

(6)

0.95

(7)

The electrical losses in the rotor are directly proportional to
motor slip, induction motor operation is more economical for small
slips, since as the slip increases the electrical losses in the rotor
increase.

0.90

1.05

4. Results obtained
For solving the differential equations system the software
MathCad® of Parametric Technology Corporation (PTC®) has been
used and specifically laid down therein functional method
"Rkadapt" - method for solving differential equations with adaptive
size of approximating step.

1.10

Using the proposed mathematical model, the electrical power
losses and energy losses have been calculated in case of different
values of supply voltage and factor of inertia. Some of the results
obtained are presented tabular and graphically.
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Fig. 3 Starting time versus Factor of Inertia FI.

Fig. 1 Torque-slip dynamic characteristic for KV=0.90 and FI=3.5
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Fig. 4 Electrical Power Losses versus Multiplicity of Supply Voltage.

Fig. 2 Speed characteristic for KV=0.90 and FI=3.5
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operated at their optimum speed and torque which is determined by
the load ot work required to be delivered.
The results obtained could be of great practical importance
when considering to start and possibly control the speed of
induction motors.

Appendix
INDUCTION MOTOR DATA AND ELECTRIC
EQUIVALENT CIRCUIT PARAMETERS

Description
Type, Designation
Rated power ( Prated )
Rated stator voltage ( Vrated )
Operating frequency (f)
Line stator current (I1)
Rated torque ( Trated )
Pole pair number
Rotor speed (Nr)
Power factor
Efficiency
Stator resistance r1
Rotor resistance r2’
Stator leakage reactance x1
Rotor leakage reactance x2’
Magnetizing reactance xm

Fig. 5 Energy Losses versus Factor of Inertia FI

5. Conclusions
As a result of simulation studies the influences of the supply
voltage and total torque of inertia of the electric drive have been
assessed on arising impact torques and currents and electric energy
losses of electric drive for pump unit.
The voltage deflections of the supply line voltage related to its
nominal value are accompanied not only by torque changes but also
by variations in the rotor speed. By reducing the supply line
voltage, rotor speed decreases (slip increases). Mains voltage affects
the maximum torque value and also the motor overload capacity.
When starting induction motors to increase the starting torque,

1. H. Merz, Electrical Machines and Drives. Berlin,
Germany: VDE VERLAG GMBH, 2002, pp. 348-355.
2. R. Crowder, Electric Drives and Electromechanical
Systems. Oxford, U.K.: Elsevier, 2006, pp. 35-42.
3. A. Hughes, Electric Motors and Drives. Oxford, U.K.:
Elsevier, 2006, pp. 369-375.
4. Rachev S. R., and Koeva, D. Y. (eds), (2016),
Electromechanical Model and Operating Modes of Highvoltage Induction Motor Electric Drive – Part I: Impact
Torque and Currents, Proceedings of 2016 International
Symposium on Fundamentals of Electrical Engineering
(ISFEE), 30 June-2 July 2016, University Politehnica of
Bucharest, Romania – sponsored by IEEE (published in
IEEE
Xplore
https://www.ieee.org/conferences_events/conferences/xplo
re_conference_proceedings.html
INSPEC
Accession
Number: 16563023, DOI: 10.1109/ISFEE.2016.7803188,
Part Number: CFP1693Y-POD, Xplore PU Number:
7786011). ISBN 978-1-4673-9576-2.
5. Rachev S. R., and Koeva, D. Y. (eds), (2016),
Electromechanical Model and Operating Modes of Highvoltage Induction Motor Electric Drive – Part II: Power
Losses, Proceedings of 2016 International Symposium on
Fundamentals of Electrical Engineering (ISFEE), 30 June2 July 2016, University Politehnica of Bucharest, Romania
– sponsored by IEEE (published in IEEE Xplore
https://www.ieee.org/conferences_events/conferences/xplo
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INSPEC
Accession
Number: 16563051, DOI: 10.1109/ISFEE.2016.7803189,
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7786011). ISBN 978-1-4673-9576-2.
6. Stoyanov I, T. Iliev, G. Mihaylov, E. Ivanova “Synthesis
and Design of Virtual Measurement System for
Investigation on Photovoltaic Modules”, 10th International
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(ATEE), pp. 915 – 918, 2017 (published in IEEE Xplore
http://ieeexplore.ieee.org/document/7905070).

r2' must be less to be slip in the 1-4% range.
Given the low slip value at nominal load, it follows that with a
deflection of the primary (feed) voltage the rotational speed changes
slightly.
'
The stator current of the engine I1 = I µ − I 2 also changes. Its

magnetizing component I µ is practically equal to the reactive
component of the magnetizing current I µr . It depends non-linearly
on the magnetic flux of the motor. As the primary voltage drops, the
magnetic flux also decreases. When the primary voltage drops, the
stator current I1 increases with a dominant rotor current I 2'
(working at a load close to nominal) or decreases with a dominant
reactant of the magnetizing current I µr (low-load operation). In
this case, the electrical losses in the rotor winding increase.
Electrical losses in stator winding as well as primary current
increase at significant load or decrease in small motor loads.
Generally, with a significant motor load, lowering of the primary
voltage causes an increase in the total loss in the machine.
Some technology solutions to reduce total losses in order to
increase the efficiency of induction motors are:

-

-

ATM 100L4
2.2 kW
400 V
50 Hz
4.95 A
14 Nm
2
1435 rpm
0.80
80.1%
2.400 Ω
2.206 Ω
3.040 Ω
3.243 Ω
76.831 Ω

References

it is necessary to increase r2' and in the nominal mode to increase
the efficiency and the power factor and to reduce electrical losses

-

Data

Use of suitable steel for housings with elongated
structures and thinner walls to reduce eddy current losses
(losses in the metal part);
Using more copper as well as thicker wires to increase the
cross-section of stator windings, reduce their resistance
and reduce electrical stator losses;
Use of larger rotor grids to increase cross-section, reduce
their resistance and reduce electrical losses in the rotor;
Use an efficient fan to reduce friction losses.

In many applications, like pumps, a large percentage of the
electric energy is wasted because these uncontrolled motors are not
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PASSAGE
THROUGH RESONANCE OF STATICALLY UNBALANCED ROTOR WITH
ECCENTRIC
AUTOMATIC BALL BALANCER
Cand. Phys.-Math. Sc. Kovachev A.S.
Faculty of Mathematics and Mechanics – St. Petersburg State University, Russia
alex0303@mail.ru
Abstract: Different modes of direct and reverse passage of the resonance region of the statically unbalanced rotor equipped with an
imperfectly mounted eccentric ABB (Automatic Ball Balancer) are investigated with the help of the mathematical model. It is shown for the
mode of a constant angular acceleration that the maximum amplitude during the reverse passage of the critical region is always lower than
the maximum amplitude in the steady-state mode; at the same time the amplitude of whirling in the direct passage, on the contrary, may be
greater than the maximum steady-state value. The case of rotor passing through the resonance under the action of a constant external torque
was also investigated. The effect of viscous friction in the ABB's cage was studied for both types of modes. The effect of the rapid oscillations
of the amplitude caused by the slippage of the balancing balls was discovered in the case of insufficient damping in the ABB.
Keywords: PASSAGE THROUGH RESONANCE, UNBALANCED ROTOR, AUTOMATIC BALL BALANCER

statically unbalanced, i.e. its center of gravity G does not coincide
with the point C of fastening the disk to the shaft.

1. Introduction
In works devoted to the study of automatic balancing of rotors
with an automatic ball balancer (ABB), it is usually assumed that
the center of the ABB lies exactly on the axis of symmetry of the
rotor. In practice, these models correspond to ABBs, which are
rigidly mounted on the rotors. However, in a number of devices,
replaceable ABBs have found application, which are attached to the
rotor by means of a threaded connection. For adequate
mathematical modeling of this kind of devices, it is necessary to
take into account the presence of possible eccentricity between the
axes of symmetry of the ABB and the rotor.

An automatic ball balancer is installed for compensation of the
imbalance and the center E of the circular cavity of the ABB also
does not coincide with the point C.

The non-stationary motions of unbalanced rotors equipped with
ABB were considered in the works [1]-[6]. In [1], the transient
processes of establishing balanced modes at constant angular
velocity of the rotor were investigated. In [2], the influence of the
angular velocity of the rotor on the value of the maximum whirling
amplitude in the process of automatic balancing was studied.
Numerical methods have shown that a sharp change in the speed of
rotation of the rotor can lead to a significant increase of the whirling
amplitude. In [3] the synchronous and asynchronous modes of
motion of the ABB for the dynamically unbalanced rotor were
analytically investigated. In [4], the influence of the mass of balls
and friction in the ABB on the modes of nonstationary passage of
the critical region at constant angular acceleration of the rotor was
studied. It was found that, due to the motion of the balancing balls,
the maximum amplitude of the oscillations of the rotor during a
nonstationary transition through the critical speed can exceed the
maximum amplitude in the stationary case. In [5], nonstationary
modes of passage through the critical region for a fixed in elastic
orthotropic bearings rotor equipped with an ABB
were
investigated. In particular, it was noted that in the supercritical
region the complete balancing of the rotor in orthotropic bearings is
faster than for a similar rotor in isotropic bearings. In [6] it was
found that the amplitude of whirling of a rigid rotor with an
orthotropically elastic shaft in the "slow" passage mode of the
critical region significantly exceeds the whirling amplitude of a
similar rotor with an isotropic shaft.

Fig. 1 Rotor with eccentrically mounted ABB.

The presented rotor model with a "non-ideally" mounted ABB
is described in [7] and the following notations were introduced: s1 =
| CG | is a static eccentricity of the disk; m1 is the mass of the disk,
m2 is the mass of the ABB's hull (without balancing balls), m3 is the
mass of one balancing ball; r is the radius of the circular cavity of
the ABB; IG is the central moment of inertia of the disk; k is the
coefficient of elasticity of the shaft; c and cθ are the coefficients of
the external viscous resistance to the transverse motion of the rotor
and the rotation of the shaft in the bearings; cψ is the coefficient of
viscous damping in the ABB. Two parameters are introduced for
the description of the ABB's eccentricity: the distance s2 between
the points C and E and the angle γ = ∠ GCE.
If the ABB contains n balancing balls, and the disc movement is
considered only in the plane of the static eccentricity, then the
described system has n + 3 degrees of freedom. Choosing the
absolute coordinates X and Y of the point C in the fixed system
XOY, the angle θ of the rotation of the rotor and the angles of
deviation of the balancing balls in the coordinate system ξCη
associated with the rotor disk ψi (i = 1,...,n) as generalized
coordinates, we write the equations of motion of the system (see
[7])

The present work continues the research begun in [7], [8] and is
devoted to the study of modes of non-stationary passage through the
resonance of a rotor equipped with an ABB, taking into account the
imperfection of its mounting.

m0 X + cX + kX = −

n
d2
[m1s1 cos θ + (m2 + nm3 ) s2 cos(θ + γ ) + m3 r ∑ cos(θ +ψ j )],
2
dt
j =1

m0Y + cY + kY = −

n
d2
[m1s1 sin θ + (m2 + nm3 ) s2 sin(θ + γ ) + m3 r ∑ sin(θ +ψ j )],
2
dt
j =1

2. Mechanical model
Fig. 1 presents the rotor model, in the form of a massive hard
disk fixed in the middle of a weightless elastic shaft rotating in
vertical hinged bearings O1 and O2. It is assumed that the disk is

n

J Cθ + cθ θ − cψ ∑ψ j = M (t ) +m1s1 ( X sin θ − Y cos θ ) + (m2 + nm3 ) s2 ( X sin(θ + γ ) −
j =1
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n

occupy a position as far as possible from the point O, which
minimizes the overall imbalance of the rotor (Fig. 3c).

− Y cos(θ + γ )) − m3 rs2 ∑ ((θ + ψ j ) 2 sin(γ −ψ j ) + (θ + ψ j ) cos(γ −ψ j )),
j =1

m3 r 2 (θ +ψ j ) + cψψ j = m3 r ( X sin(θ + ψ j ) − Y cos(θ + ψ j )) + m3 rs2 (θ 2 sin(γ −ψ j ) −

− θ cos(γ −ψ j )),

(1)

j = 1,..., n,

where
m0 = m1 + m2 + nm3 ,
J C = I G + m1s1 + (m2 + nm3 ) s2 .
2

2

Fig. 3 Direct and reverse passage of the critical region with constant
angular acceleration in the case when the mass of the balls is sufficient for
the balancing.

The first two equations of (1) describe the motion of the point
C in the plane XY. The third equation describes the rotational
motion of the rotor. The last n equations describe the motion of the
balancing balls.

Fig. 3 demonstrates the case when the mass of balls is sufficient
for balancing (m3 = 0.03 kg). The graph in Fig. 3a, which
corresponds to the case of a direct passage through the critical
region, shows that in the supercritical region a half-balanced mode
is being established, whose amplitude is independent of the angular
velocity and numerically equals to the value of the ABB's
eccentricity indicated by the dotted line. We note that during the
transition to a half-balanced mode, the effect of "instantaneous
balancing" is observed, when the whirling amplitude rapidly
decreases to zero, and then quickly returns to the value
corresponding to the half-balanced mode. This effect is explained
by the fact that the balls in the process of movement (Fig. 3b) pass
through a position which balances the imbalance of the rotor. We
also note that the maximum amplitude for the reverse passage is
substantially lower than for the direct one, since the balls, as seen
from Fig. 3c, initially occupy the best position corresponding to the
half-balanced mode.

3. Results and discussion
3.1 Passage of the critical region with constant angular
acceleration
We suppose that the motion of the rotor occurs under the action
of an energy source ensuring the constancy of its angular
acceleration θ = b = const . Then the expressions for the
instantaneous angular velocity ω and the rotational angle of the
rotor θ take the following form:

ω (t ) = θ = ω 0 + bt ,
t2
θ (t ) = ω 0 t + b ,
2

(2)

where ω0 = ω(0) is the initial angular velocity of the rotor.
We assume further for simplicity that the rotor is equipped with
a two-balled ABB. Taking into account (2), the system (1), will be
represented by four second-order differential equations. The
numerical integration of the system (1) was carried out for the
following values of the parameters: m1 = 1 kg, m2 = 0.2 kg, γ = 0, s1
= 0.003 m, s2 =0.0005 m, c = 50 kg/s, cψ = 0.1 kg/s·m2.

Fig. 2 Direct and reverse passage of the critical region with constant
angular acceleration in the case when the mass of the balls is insufficient for
the balancing of the rotor.

Fig. 4 Passage of the critical region for different angular acceleration
values.

Fig. 2 presents the results of calculating the direct (b = 0.25 s-2,
ω0 = 0) and the inverse (b = -0.25 s-2, ω0 = 1000 s-1) passing
through the critical region in the case where the mass of the
balancing ball is m3 = 0.01 kg. In [7], the following condition was
obtained for balancing the rotor: σ = 2 m3 r / (m1 + m2) s1> 1. In our
case, this condition is not satisfied, and therefore after passing
through the critical region, there is an unbalanced whirling mode.

To determine the effect of the angular acceleration on the value
of the amplitude maximum, calculations are made of the passage of
the critical region for various values of the angular acceleration b.
Fig. 4a and 4b show the amplitudes of whirling motions for direct
and reverse resonance respectively for the following angular
acceleration values: b1 = 0.25 s-2, b2 = 2.5 s-2, b3 = 12.5 s-2. We can
see from Fig. 4a that for the small values of angular accelerations
(i.e. "slow" passage of the critical region), the maximum of the
amplitude increases along with the increase in the angular
acceleration. However, with a "faster" passage, further growth of
the angular acceleration leads to a decrease in the amplitude
maximum. The opposite picture is observed in the case of the
reverse passage of the critical region (Fig. 4b): for the "slow"
passage, the maximum amplitude decreases with increasing
acceleration, and increases at a "faster" passage. To explain this
phenomenon, let us consider in more detail the case of "slow"
passage of the critical region. In Fig. 4c, the time dependences of
the direct passage amplitude are presented for the following values

Fig. 2a shows the amplitude of the whirling motion of the point
C as a function of the instantaneous angular velocity ω. The dashed
line indicates a stationary amplitude-frequency response. It can be
seen from the figure that the maximum amplitude with direct
resonance passing exceeds the maximum amplitude of the
stationary amplitude-frequency response. This effect is explained by
the additional imbalance that arises from the motion of the balls at
the moment of transition of the critical region shown in Fig. 2b. In
the case of an reverse transition of the critical region, a similar
effect does not occur, since the balls in the supercritical region

211

of the parameter b: b4 = 0.04 s-2, b5 = 0.08 s-2 and b6 = 0.2 s-2. The
effect of increasing the maximum of the amplitude with increasing
angular acceleration is explained by the additional perturbation that
arises from the motion of the balancing balls, as shown in Fig. 4d.

Fig. 7b. The graphs in Fig. 7d - 7f are calculated for a small torque
value M = 0.06 N·m. The smallness of M, as seen from Fig. 7d,
leads to an increase in the time required for the passage of the
resonance region, and, as a consequence, leads to an increase in the
maximum amplitude of the oscillations. After the torque ceases, the
amplitude changes in a manner similar to the previous case.

Fig. 5 Effect of the damping coefficient in the ABB.

Let us now investigate the influence of the damping coefficient
in the ABB. Fig. 5 shows whirling motion amplitudes and ball
angles as a function of time for the case when b = 0.2 s-2 for three
values of the coefficient cψ. The graphs show that for cψ = 0.1 kg /
s·m2 the best auto-balancing mode is achieved (see Fig. 5b and 5e),
because in a case of a too small coefficient (cψ = 0.01 kg / s·m2),
after passing the first resonance peak, rapid oscillations of the
amplitude are observed, caused by slipping of the balls in the cage
of the ABB (Fig. 5a). This process ends at a certain moment with a
"breakdown" of the amplitude and the transition to a half-balanced
mode. Too large damping coefficient (cψ = 0.4 kg / s·m2) leads to an
increase in the maximum value of the whirling amplitude and
increases the time required to establish a half-balanced mode (Fig.
5c and 5f).

Fig. 7 Motion of the rotor and balancing balls during acceleration and
coasting.

Let us now consider the influence of the damping coefficient cψ.
Fig. 8a - 8c shows the acceleration of the rotor with a small
damping coefficient (cψ = 0.004 kg / s·m2). As in the case shown in
Fig. 5a, fast amplitude oscillations are also observed here due to the
sliding of the balls in the cage of the ABB, which end with a
"breakdown" and a transition to a half-balanced mode. Fig. 8d - 8f
presents the case when at t = t1 = 1 s the applied moment becomes
zero. From the graph of the amplitude in Fig. 8d, we see that for t >
t1 the average amplitude of the oscillations decreases slowly to zero.

3.2 Passage of the critical region under the action of
constant torque
Let us investigate the motion of the rotor under the action of a
constant external torque applied to the disc. Fig. 6 presents the
results of the numerical integration of the system (1) for three
values of the external torque M. Fig. 6a shows the graph of the
amplitude of the whirling motion of the rotor in case when the value
of the torque M = M1 = 0.03 N·m is insufficient for a transition
through resonance. The graphs in Fig. 6b are calculated for the
values M2 = 0.15 N·m and M3 = 0.27 N·m. In these cases, the value
of the moment is sufficient to pass through the critical region, as a
result of which a half-balanced mode is established (the value of the
eccentricity of the ABB is indicated by the dotted line). It can be
seen from the graph that with increasing torque, the time for
establishing a half-balanced mode is shortened. Fig. 6c shows
graphs of the rotor's angular velocity variation

ω = θ .

Fig. 8 The effect of slippage of balancing balls in case of insufficient
damping in the ABB.

Thus, the comparison of Fig. 3 and 5 with Fig. 7 and 8,
respectively, shows that both models similarly describe the nonstationary transition of the rotor with an eccentrically mounted ABB
through the critical region.

4. Conclusion
Fig. 6 Passage of the critical region under the action of a constant torque.

Thus, the calculations above show that the value of the
maximum whirling amplitude for a nonstationary transition through
the critical speed depends on the angular acceleration and the
damping coefficient in the ABB, and in the case of reverse passage,
on the magnitude of the additional imbalance introduced by the
ABB balls.

Let us consider the case when the rotor is first accelerated by
the torque M = 0.3 N·m, and then, at t = t1 = 1.8 s, the moment
becomes zero (Fig. 7c). From Fig. 7a, we see that after passing
through the critical region, a half-balanced mode is established.
After the torque ceases, the rotor moves in the coasting mode, with
the amplitude again beginning to grow, due to the "unbalancing" of
the rotor due to the movement of the balancing balls, as shown in
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FUZZY - ROBUST CONTROL OF A TWO-LINK ROBOT ARM
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Abstract: Parameters of the robots are always changed due to the load being carried. Robust control is a method that considers the changes
of control system performance related to the modification of system parameters. Stability and performance of the system can be well
protected in case the change of system parameters does not affect the system. Even if there is several modified parameters, robust control
system still provides the ability of control in a desired manner.
In this work, parameters are made changeable and the upper limit of the uncertainty parameter is kept constant unlike other robust
control studies. Control parameter is updated over time depending on the trigonometric functions. The values of the constant control
parameters in trigonometric functions affect the performance of the system and it is quite difficult to find appropriate control parameter
values. Logical fuzzy compensator is designed to find this parameter and investigated the effects on the tracking error of two-link robot.
Fuzzy Logic associated robust control methods developed using robust control has been compared through a computer simulation
using the same trajectory and same model. Thanks to the designed fuzzy logic associated robust controller, robust control is improved and
two-link robot’s trajectory tracking error has been reduced to a very small value.
Keywords: Robot Manipulators, fuzzy logic control, robust control, adaptive control

1. Introduction
Slotine et al. [1] and Sciliano et al. [2] developed parameter
estimation law for adaptive control of robot manipulators. After
that, Spong [3] developed a robust control law based on the
adaptive control law [1]. In robust control law [3], upper uncertainty
bound is fixed and upper uncertainty limit is used as a control
algorithm. Usage of the robust control creates a chattering with
large tracking error in case of the uncertainty of parameter.

2. Development Of A New Controller
The dynamic model of an n-link manipulator can be written as [3].

τ
M(θ )θ + C(θ ,θ)θ + G(θ ) =

(2.1)

Y(θ ,θ,θ)π = τ

In order to reduce the tracking error, appropriate upper
uncertainty bound limit should calculated well [4, 5, 6]. Burkan and
Uzmay [7, 8], designed a new robust control rule for the robot face
to uncertainty and stability of the system was guaranteed based on
the Lypunov theory. As distinct from the earlier other earlier works,
estimation of uncertainty bound is estimated as a function of
exponential function depending on tracking error and robot
kinematic. As a result, trajectory tracking error of the system is
reduced. Fuzzy logic control has been studied by some researchers.
The advantages of the fuzzy logic may be generated by fuzzy logic
rules utilizing uncertain, time-varying, complex and simple
solutions to bring the control of undefined systems, and experiences
of the system control experts. Moreover it can be used for the
nonlinear and unknown mathematical model systems. After Zadeh
[9] and Mamdani [10], many research groups started to work on this
particular topic and many studies were conducted in this area.

where π is constant p-dimensional vector of robot parameters, θ
denotes generalized coordinates, τ is the n-dimensional vector of
applied torques (or forces), M (θ ) is the nxn symmetric positive
definite inertia matrix, C(θ ,θ)θ is the n-dimensional vector of
centripetal and Coriolis terms and G(θ) is the n-dimensional vector
of gravitational terms. The control parameters are defined as


θ= θ −θ d ; θ=
θd − Λθ ; σ = θ − θr = θ + Λθ
r

(2.2)

Based on the control parameters, the robust control law is
defined as [3].

τ=r M 0 (θ )θr +C0 (θ ,θ)θr +G(θ )+Y (θ ,θ,θ r ,θr )u p −Kσ

(2.3)
In this work, improvement of the robust control published
in the earlier works [4, 5, 6] have been aimed. For this purpose, =
at
Y θ ,θ,θ r ,θr π 0 +u1 −Kσ
first, an uncertainty estimation algorithm was designed for the
robust controller [3] algorithm based on the Lyapunov theory, thus
Based on the control law (2.3) [3], let us define the control
stability of uncertain system is guaranteed. In previous robust
inputs u2 in terms of the control vector (2.3) as
controllers [4, 5, 6], upper uncertainty bounds are updated in time.
In this work, the parameters are adaptive while the uncertainty
τ =
τ 0 + Y(θ , θ, θr , θr )(u1 + u 2 )
(2.4)
bound are kept constant. Control parameters are estimated
, θ , θ )(π + u + u ) - Kσ
=
Y(
θ
,
θ
depending on the trigonometric functions such as Cos and Sin
r
r
0
1
2
functions. The values of the fixed control parameters in Cos and Sin
where u2 and u1 is an additional control inputs that will be designed
functions significantly affect the system performance, however, it
to achieve robustness to parametric uncertainty. Control parameters
becomes too difficult to find the appropriate values. In order to find
are defined as
the appropriate control parameter, fuzzy logic based compensator
was designed and the effects on the robot tracking errors were
(2.5)
u 2 = −πˆ
investigated. After computer simulations, it is seen that tracking
performance of the system is improved.
(2.6)
πˆ = ( β 2 / α ) cos( α Y T σ dt ) sin( α Y T σ dt )

(

)(

)

∫

214

∫


Y Tσ
ρ
If Y T σ > ε
−

Y Tσ

u1 = 
 ρ T
T
 − ε Y σ If Y σ ≤ ε

Control parameters are defined in Equation (2.11) such
that u1 =−πˆ . Substitution the control parameters u1 =−πˆ , and the

(2.7)

following Equation is obtained.

 -θ T Kθ - θ T Λ T KΛθ + σ T Yu(t) + σ T Yπ
=
V
2

Where ε > and β, α ЄR are adaptation gains. Substituting (2.4) into
(2.1) and after some algebra yields

M(θ )σ + C(θ , θ)σ + Kσ
= Y(θ , θ, θr , θr )(π 0 − π ) + u1 + u 2 ) + Kσ
= Y(θ , θ, θ , θ )(π + u + u ) + Kσ
r

r

1

(2.18)

Eq. (2.18) is the same as would be robust control law in [3] and
the rest of the proof is given in [3].

3. Fuzzy-Robust Controller
(2.8)

Fuzzy logic controller has two inputs and two outputs. As input
values, the first and second manipulator of the orbital tracking error
values (e1, e2), as the value of output torque to be applied to the
joints used to calculate the values of α and β values were obtained.

2

It is assumed that there exists an unknown bound on parametric
uncertainty such that.

~
π = (π 0 − π) ≤ ρ

(2.9)

∫

Input values (e1, e2): figure 3.1, figure 3.2
Output values (α, β): figure 3.3, figure 3.4

∫

In previous studies [4], the ( β 2 / α ) cos( α Y T σ dt ) sin( α Y T σ dt )
was used as estimation of uncertainty bound. In this work, the
function
( β 2 / α )cos( α Y T σ dt )sin( α Y T σ dt ) is used as a

∫

∫

parameter estimation law. In order to derive the control law, the
following Lyapunov function candidate is defined.

1 T
1
1
σ M(θ )σ + θ T Bθ + πˆ T Φ 2πˆ ; V ≥ 0
2
2
2

V
=

(2.10)

where B∈Rnxn is a positive diagonal matrix, Φ is chosen as a
pxp dimensional diagonal matrix changing in time. The time
derivative of V along the system (2.10) is

1 
 =
σ T M(θ )σ + σ T M(
θ )σ + θ T Bθ
V
2
T 2 
T

+πˆ Φ πˆ + πˆ ΦΦπˆ

Figure 3.1 Membership function for tracking error of first
manipulator

(2.11)

then
Figure 3.2 Membership function for tracking error of second
manipulator

 σ T [ 1 M(
 θ ) - C(θ , θ)]σ − σ T Kσ + θBθ
V
=
2
 πˆ
+ Y(θ , θ, θr , θr )(π + u1 + u 2 ) + πˆ T Φ 2πˆ + πˆ T ΦΦ
Taking B

= 2 ΛK ,

using

the

(2.12)

property

 (q) - 2C(q, q )]σ = 0 ∀σ ∈ R n and Equation (2.12) becomes
σ T [M

 -θ T Kθ - θ T ΛKΛθ + σ T Y(u + u ) + σ T Yπ
=
V
1
2
T
2 
T

+ πˆ Φ πˆ + πˆ ΦΦπˆ

(2.13)

Figure 3.3 Membership function of α

The time varying function Φ is defined as [4].

Φ = diag (

1

β i Cos(α i ∫ Y T σdt ) i

)

πˆi = ( βi 2 / α i )Sin(α i ∫ Y Tσ dt)i Cos(α i ∫ Y Tσ dt)i

(2.14)

(2.15)
Figure 3.4 Membership function of β

Substituting Eq. (2.14) and (2.15) into Eq.(2.13), the last term in
Eq. (2.13) will be

 πˆ = πˆ T Y Tσ
πˆ T Φ 2πˆ + πˆ T ΦΦ

Found by trial and error limit values as follows:

(2.16)

As a result, the time derivative of the Lyapunov function is
written as.

 -θ T Kθ - θ T Λ T KΛθ + σ T Y(u + u )
=
V
1
2

(2.17)

+σ Yπ + σ Yπˆ
T

T

215

e1 :

[-0.8 ; 0.5]

e2 :

[-0.3 ; 0.7]

α:

[0.5 ; 1.5]

β:

[1 ; 15]

g(π 4 + π 5 ) cos(θ1 ) + gπ 6 cos(θ1 + θ 2 ) 
G=

gπ 6 cos(θ1 + θ 2 )



Table 1: Rule table for fuzzy logic controller.

(4.4)

Table 2: Parameters of the unloaded arm [3].

Table 3: πi for the unloaded arm [3].

Using (If ... and ... Then ...) structure of the rule table is created
and is shown at Table 1.
Defuzzification method is used in the Centroid. Coefficients α
and β in order to improve the performance of error found by fuzzy
logic and was added to the system in Figure 3.5

Table 4: Nominal parameter vector π0 [3].

Table 5: Uncertainty bound [3].

Figure 3.5 Block diagram of the proposed fuzzy-robust
controller.
For the simulation, the trajectory is chosen as 0.5cos (0.5πt)-0.5
for each joint.

4. Simulation Results
In order to investigate the controller performance,
the proposed control law is applied to a two-linked
manipulators.

Proposed and known robust controller [3] was applied to the
same model under the same conditions with the same trajectory and
obtained results are given in Figures 4.2-4.3.
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Figure 4.2 Tracking error for known robust controller [3] with
the parameters Λ=dia(50 50), K=diag(15 15)

Figure 4.1 Two dimensional planer manipulators [3].
Robot parameters are given as follows.

1. Uzuv
0.025

Yörünge izleme hatası

Yörünge izleme hatası

=
π 2 m2lc 2 2 + I 2

-0.005

0.02

-0.01

0.015

İzleme Hatası(rad)

π + π 2 + 2π 3 cos(θ 2 ) π 2 + π 3 cos(θ 2 ) 
M(θ ) =  1

π2
 π 2 + π 3 cos(θ 2 )


İzleme Hatası(rad)

(4.1)

π 3 = m2l1lc 2
π 4 = m1lc1
π 5 = m2l1
π 6 = m2lc 2

-0.015

-0.02

0.01

0.005

(4.2)
-0.025

0

1

2

3
Zaman(s)

 −π sin(θ 2 )θ2
C(θ , θ) =  3

 π 3 sin(θ 2 )θ1

2. Uzuv

0

π 1 = m1lc12 + m2l12 + I1

−π 3 sin(θ 2 )(θ1 + θ2 )  (4.3)

0


4

5

0

0

1

3

2

4

5

Zaman(s)

Figure 4.3 Tracking error for proposed robust controller with
the parameters. Λ=diag(50 50), K=diag(15 15), α= 1.5, β=1.7
216

-3

3

-3

1.Uzuv

x 10

3

4. Conclusion

2.Uzuv

x 10

Yörünge izleme hatası

2

2

1

1

Beta

İzleme Hatası(rad)

Yörünge izleme hatası

0

-1

-2

-2

0

1

2

3

4

-3

5

From the obtained results, it is seen that the tracking error of
robust control is large. This tracking error is significantly reduced
by the suggested adaptive control algorithm. It is observed that
tracking error is changed according to the values of α and β
however, these values are fixed. Selection of these values is quite
difficult, and also the tracking error is not exactly enhanced due to
these fixed values, α and β. Therefore, fuzzy logic based robust
control algorithm is developed to improve this control law. The
obtained results are given in Figure 4.6. As can be seen from the
figures, the tracking error is reduced to very small levels because of
the fuzzy logic based controller.
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For comparisons, same model and same trajectory were used for
computer simulations. To investigate the effect of control
parameters, α and β the values of K and Λ are kept constant while α
and β are changed.
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Figure 4.4 Tracking errors for the proposed fuzzy-robust
controller with the parameters. Λ=diag(50 50), K=diag(15 15)
As seen from the Figure 4.4, the tracking error was reduced. By
using the fuzzy compensators, α and β values are updated in time
and the most appropriate values of α and β are updated. As a result,
tracking error was reduced. The time history of the α and β are
given in Figure 4.5
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According to trajectory tracking error, the best values of alpha
and beta is obtained by fuzzy logic and is entered the system.
As a result, very small tracking error is obtained. Combination
results of the proposed fuzzy-robust and known robust controller
are given in Figure 4.6.As seen from Figure 4.6, the proposed
fuzzy-robust controller gives much better results.
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Assist. Prof. Dimitrina Koeva PhD 1, Assoc. Prof. Rachev S. PhD. 1, Assist. Prof. Lyubomir Dimitrov PhD 1
Technical University of Gabrovo 1, Republic of Bulgaria
dkoeva@abv.bg
Abstract: In the case of energy-efficient drives with induction motors, the tendency to implement optimally designed motors, combined
with intelligent control, incorporating an integrated monitoring and diagnostics system, is becoming increasingly important. Induction
motors in industrial systems operate with frequent starting, dynamic loads and sometimes unbalance of supply voltage. In order to maintain
an optimal operating condition, reduce the number of failures and build up an optimal repair and maintenance system, it is important to
have an advanced monitoring system coupled with fault identification techniques. The behavior of optimally designed three-phase induction
motors designed to operate integrated into hydraulic units with continuous duty operating mode is considered.
KEYWORDS: INDUCTION MOTORS, MOTOR DRIVES, CONDITION MONITORING.

MCETM (Parameter Analyzer) and DMA (Dynamic Analysis
System) manufactured by PdMA® Corporation. The MCEGold®
software is used to analyze data from measurements and databases,
thus tracking the trend of variables over time. The diagnostic
system and algorithm is aimed at detecting the most damaging
components and machine assemblies. It is possible to conduct an
operational analysis of the significance of the defects and to make
recommendations for further actions. The work of the system is in
line with the criteria imposed by standards of the EPRI (The
Electric Power Research Institute, USA) and IEEE (Institute of
Electrical and Electronic Engineers). The following parameters are
subject to constant control:
• Voltage quality - overvoltage, phase asymmetry, presence
of high frequency impulses;
• Complex resistance of windings, inductances;
• Mutual inductance between stator and rotor windings.
Thus defects in the rotor winding - breaking the
connection of rotor rods and short-linking rings, short
circuits between the rods and steel, static and dynamic
rotor eccentricity are detected.

1. Introduction
In general, the physics of operating failures in induction motors
(IM) is very complex and many failures can occur almost
simultaneously. The mechanism of aging of the insulation and the
wear mechanism of the bearings is combined with the simultaneous
action of the operating loads. Both work and startup processes are
altered. Diagnostics of IM in working mode is preferred because the
damages are established at the stage of their origin. One of the main
directions for the improvement of modern diagnostic systems (DS)
is the most reliable assessment of the technical condition. The
behavior of optimally designed three-phase induction motors of a
particular manufacturer, the ATM series, designed to operate
integrated in hydraulic units in continuous duty mode S1, such as
metal cutting machines, injection molding machines and other
hydraulic equipment, is considered. Two types of motors are being
tested, which are complied with in accordance with EN
60034/2014: ATM 100L-4 and ATM 100L-BH-4.

2. Electrotechnical considerations
To evaluate the functional state of an electric motor, a complex
criterion based on observation and analysis of the momentary
values of phase currents and voltages in operating mode can be used
[1], [2]. A method of symmetrical components of stator currents and
angle of inclination of the mechanical characteristic in the field of
operating slips is applied. This non-contact method can be
automated and used to diagnose turn-to-turn faults (interwoven
short circuits) in the stator winding, bearing failure, increased
eccentricity, defects in mechanical reinforcement and mechanical
parts of the machine.

Conclusion of the occurrence site (stator or rotor) and the type
of failure (interruption of parallel branches from stator winding,
interruption or loosening of rotor rods, turn-to-turn faults, disturbed
contact between short circuit rings and rotor rods) is given after a
detailed analysis of multiple measurements.
Any failure results in electrical or magnetic asymmetry in the
machine, therefore the magnitude and frequency of the reverse
sequence current provides good information for most common
failures: turn-to-turn faults, dropping parallel clones or rotor
winding rods, defects in the mechanical part, etc. The accurate and
immediate measurement of phase currents and the selection of a
suitable algorithm for calculating the symmetrical components of
currents or voltages at their instantaneous values ensure the
reliability and accuracy of the diagnostics. In addition, the main
drawbacks of most DSs associated with the use of multiple sensors
are avoided [3].

Similarly, turn-to-turn faults can be detected in the stator
winding, bearing failure and increased eccentricity. The degree of
failure is determined by signal gradation compared to its magnitude
at 50 Hz. Frequencies typical of individual failures very rarely
coincide or are close. In addition, the monitoring system and
subsequent spectral analysis allows accuracy of up to 0.01 Hz. In
the case of repeated measurements, a database is created to track the
course of the damage in time, which in turn allows repairs to be
planned. Voltage monitoring allows detecting asymmetry, presence
of higher harmonics at different rotational frequencies, presence of
pulse overvoltages, common in working with power electronic
devices. It is known that the first two causes overheating of the
stator winding and damage to the bearings due to the occurrence of
high-frequency torques with reverse sequence.

Comparative analysis of diagnostics approaches have been
presented in [4].

3. Measurements and results obtained
In order to assess the functional condition of induction motors
as part of a hydraulic installation, dynamic monitoring has been
conducted. Non-contact monitoring techniques are selected by realtime analysis of instantaneous values of currents, voltages, and
power in operating mode. The tested motors are fed by a powerful
grid, their load is changed by a dynamometer, and the operating
parameters are monitored using a METREL MI 2292 energy quality
analyzer.

In the case of high-frequency harmonics in voltage and phase
asymmetry, these methods make errors in the diagnostic evaluation.
For database completeness it is recommended to collect both
parameters in static (inactive) and dynamic (active) state. The
correlations between these test data allow for a realistic assessment
of the current working situation and a reliable forecast of its
working ability. Systems operating on this principle are the
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The aim is to establish the technical condition and reliability in
case of different loads. The observed operating parameters are:
currents and voltages in each phase, active and reactive power for
each phase, voltage frequency, temperature. Under experimental
conditions, different loads are imitated when changing the supply
voltage. The technical data and parameters of the equivalent circuit
of the investigated induction motors are given in Appendix. These
electric motors, the object of development, are new induction motor
with squirrel cage rotor, produced by Caproni JSC, Bulgaria.

mutual inductances. In the composition of the magnetic flux, a third
harmonic is the strongest manifestation. When connecting the stator
winding to a star, as in the case we are considering, the respective
harmonics of electromotive force (e.m.f.) is induced in each phase.
Some of the experimental data taken at different supply voltages are
presented in Table 1 as the base voltage value is assumed to be the
nominal value.
Table 1: Values of third harmonic according to supply voltage
U(3), %
Phase B
Phase C
Phase A
0,90
1,37
1,34
1,37

In fact, in an unsaturated asynchronous machine, there are many
spatial harmonics, determined by the non-sinusoidal distribution of
the magnetizing forces and the unevenness of the air gap (presence
of stator and rotor channels, presence of eccentricity). In the
saturated magnetic system of the machine, harmonic spectra also
arise due to the non-linearity of inductances and mutual
inductances. Only a small part of the harmonics have an impact on
the operation of the machine. Most of them have very small
amplitudes and can practically be ignored.

U*

0,95
1,00
1,04

1,35
1,42
1,45

1,38
1,48
1,48

1,39
1,45
1,47

Determining the magnitude of the third harmonic is the degree
of saturation of the steel and the position of the operating point from
the magnetization curve, i.e. the value of the magnetic induction.
When working under load the position of the working point is
changed. When the load is increased, the operating point descends
down the B(H) curve, as a consequence of the rise of the falls
I1 × r1 , I1 × x1 and the dissipation inductive resistance of the

By acquiring the three line voltages and currents of the motor in
real time total harmonic distortion is calculated in [5].
The measurements for the voltages and currents of the threephase induction motor type ATM 100L4 are presented in Fig. 1 and
in Fig. 2 - their harmonics composition.

winding, and the degree of saturation of the steel.
Reduces inducted e.m.f. and the corresponding harmonics.
When the load is reduced, a phenomenon is observed, contrary to
what has been described - increasing the inducted e.m.f. and
harmonics. Thus, when changing the operating point, the inducted
e.m.f. and its third harmonic are altered simultaneously. The
connection between the voltage and its third harmonic is, Fig. 3:

U (3) = c × U 3

(1)

where the coefficient c depends on the winding type, the type
of the winding curve, the winding coefficient and the frequency of
the voltage.
On the basis of the data obtained, it is possible to trace the
degree of saturation of the steel at different loads if necessary.

Fig. 1 Voltages and currents measured of the three-phase induction motor
type ATM 100L4

Fig. 3 Dependence of the percentage of the third harmonic U(3) from
the relative value of the voltage U*.

With some approximation, it's getting

∆U (3)
U (3) STEADY

= 3×

∆U
U STEADY

,

(2)

where U (3) STEADY and U STEADY are the values in steady-

Fig. 2 Harmonics composition of the voltages and currents measured

state mode, and ∆U (3) and ∆U are the variations for deflection

A simple and reliable technique for diagnostics of induction
motor current electrical and technical condition uses the ratios
between the main and third voltage harmonics [3]. It is known that
the stator's magnetization curve is highly non-linear. In the
sinusoidal shape of the current, the curve of the magnetic flux is
non-sinusoidal due to the non-linearity of the inductances and the

from the established operating condition.
Spectral analysis of stator current is another established and
popular diagnostic technique. There are basically two approaches
[6], [7]: stator current monitoring and its harmonic composition and
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monitoring of generalized stator current. Stator current spectral
analysis is used as a non-contact sensorless technique to determine
the rotational speed of the motor under consideration. The arrays
with instantaneous current data are used for Fourier harmonic
analysis (FFT) and on this basis the amplitude-frequency
characteristic of the stator current ic is built. In Fig. 4 an oscillogram
of stator current and its amplitude-frequency characteristic is
presented for the motor under consideration.

4. Conclusion
Voltage and current harmonics lead to additional losses in stator
and rotor windings and in steel. Additional losses are the most
serious effect of harmonic influences and lead to local overheating,
most commonly in the rotor. The tolerance levels of the harmonics
are determined by what voltage levels and reverse link currents are
created. The rotational torques created by the higher harmonics are
small and are usually not taken into account but can cause
significant shaft vibrations.
Typical of the motors studied is that they are subject to specific
requirements for the operating mode and the limited space in which
they are placed. A robust and compact automated monitoring
system is needed. The non-contact diagnostic techniques offered
provide this capability to track motors performance in line with the
specific application.

Appendix
INDUCTION MOTOR DATA AND ELECTRIC
EQUIVALENT CIRCUIT PARAMETERS
Description

Fig. 4. Amplitude-frequency characteristic and oscillogram of stator
current

Rotor rotational frequency and slip rates can be determined by
the known formulas:

n = n1 (1 − s ),

s = fr / f

Data

Data

Type, Designation

ATM 100L4

ATM 100LBH4

Rated power ( Prated )

2.2 kW

3.0 kW

Rated stator voltage ( Vrated )

400 V

400 V

Operating frequency (f)
Line stator current (I1)
Rated torque ( Trated )

50 Hz
4.95 A
14 Nm

50 Hz
6.30 A
19 Nm

Pole pair number
Rotor speed (Nr)
Power factor
Efficiency
Stator resistance r1
Rotor resistance r2’
Stator leakage reactance x1
Rotor leakage reactance x2’
Magnetizing reactance xm

2
1435 rpm
0.80
80.1%
2.400 Ω
2.206 Ω
3.040 Ω
3.243 Ω
76.831 Ω

2
1450 rpm
0.79
86.5%
1.680 Ω
1.686 Ω
2.564 Ω
2.559 Ω
62.287 Ω
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where f r - frequency of the main component of the rotor
current, f - frequency of the power supply grid, n - rotor rotational
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frequency, n1 - rotational frequency of the stator magnetic field.
Direct measurement of the frequency of the rotor current in a
short-circuited rotor winding is impossible. It is therefore
convenient to use a non-contact sensorless technique to determine
the rotor rotational frequency of the stator current spectral
composition. After Fourier transforms (FFTs) for the data array
with the instantaneous stator current values, we detect the existence
of both the power supply grid frequency f and the higher (fH) and
lower (fL) components, then we use the established relationships
between them to determine the frequency of the rotational
frequency only by spectral analysis of stator current.
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Relationships are as follows:

f r1 = f − ( f H − f ) ; f r 2 = f − 2( f − f L )

s1 = 3 − 2

fH
;
f

s2 = 2

fL
−1
f

nr1 = n1 (1 − s1 ) ; nr 2 = n1 (1 − s2 )

5.

(3)
(4)
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(5)
7.

where f r1 , s1 , nr1 аre respectively the rotor current
frequency, slip and rotor rotational frequency determined using the
frequency of the stator current component fH;

f r 2 , s2 , nr 2 аre respectively the rotor current
frequency, slip and rotor rotational frequency determined using the
frequency of the stator current component fL.
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Abstract
The present paper was focused on the importance of the distance of the applied force on the value of the measured bending force. The paper takes
in to consideration six different monofilaments, differing from their linear density and their cross section profile. The filaments used as pile layer
in artificial turf systems are produced from Linear Low Density Polyethylene (LLDPE). The filament samples were randomly chosen from
different not used synthetic fields. The bending tests were performed in the Dynamic Mechanical Analyzer (DMA) TA instrument, where the
bending force is monitored very precisely. The tests were focused on two different distances of the applied bending force respectively 2 mm and
3 mm. From the obtained results was found that by increasing this distance, the bending force decreases significantly. Also, was observed that
this relation is the same for all the tested samples.
Keywords: bending force, distance of applied force, monofilament, DMA.

1. Introduction
Synthetic carpets used in different sports applications have been the
subject of many studies, with one objective, to improve their
performance. The performance of artificial turf, although widely
accepted in different sports, is still one of the main discussions in
terms of long life service and quality. In addition, artificial turf is
composed by different layers [G Schoukens 2009; P Sandkuehler, E
Torres and T Allgeuer. 2010] and following the way of producing, it
seems that the pile layer is the key for long term performance [T
Joosten 2003]. Pile layer is composed by LLDPE fibres which are
fixed on the backing part of the product-carpet [G Schoukens 2009].

The most discussed ones are football fields, considering that in these
cases, the fibres are subject of many deformations, among which,
bending is the most important.[FIFA] The bending force is applied at
a certain distance from the fixed point of the filament. This is named
as the distance of the applied force. The total length of the filament
corresponding to the length from the point where the filament is
clamped to the other end is called the free pile length.
In this paper the focus will be on the importance of the distance
of the applied force on the value of the measured bending force.

2. Materials and Test method
2.1 Materials
Six different monofilament fibers were used in the testing program.
All the fibers are composed of Linear Low Density Polyethylene
(LLDPE) and the samples were randomly chosen from different not
used synthetic fields. The monofilaments have resulted of different

dimensional characteristics, in terms of linear density and cross
section shape. [Kola, Kolgjini and al, 2017]. About the producing
methods and processing parameters of the testing fibers. there is no
information.

2.2 Test method
fibers, B and F, for the reason of being “c” shape, are tested in both
sides of the “c”, because the fiber performs differently in each of the
sides. The sides are denoted as (l) - the concave side, and (m) - the
convex. For data analyses is used the TA Instruments Universal
Analysis (UA) Program [Universal Analysis 2000]. For the 3
measurements of each fiber, the static bending force (N) is plotted
versus the displacement (μm). The Onset Point (OP) 1 and Onset
Point (OP) 2 are found in each graphic, through the UA Program (see
Fig. 1) and the mean value is calculated. The same plot as below is
obtained for each repetition of each sample.

The test method is performed in the DMA (Dynamic Mechanical
Analyzer) TA Instrument. This test is performed by modifying the
DMA instrument, in order to use it for bending. The modification is
done by the Department of Textile at University of Gent. The DMA is
set to Controlled Force Mode [Kevin P. Menard. 2008] and the
distance of applying the force is set to 2 mm and 3 mm. The detailed
information is restricted from the University of Gent. In this test, the
bending force is measured for a single monofilament.
For each fiber are performed 3 repetitions. The testing is done at
the room temperature, which corresponds to 23 ±20C. Two of the
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Sample: Bend_contr_force_A_RT
Size: 17.3900 x 1.0000 x 1.0000 mm
Method: Displacement Ramp

File: C:...\Bend_contr_force_A_RT.001
Operator: Ilda Kola
Run Date: 03-Aug-2016 11:47
Instrument: DMA Q800 V20.24 Build 43
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Fig. 1. The bending force of fiber A versus displacement and the Onset Points on the DMA.
Figure 1 represents the static bending force (N) plotted versus the displacement (μm). The Onset Point (OP) 1 and Onset Point (OP) 2 are found
in each graphic, through the UA Program and the mean value is calculated.

3. Results and discussions
The results of the bending forces measured on the DMA, more
precisely the Onset Points 1 and 2, are extracted from the UA
Program, as shown on the test methods paragraph. The mean values,
calculated for each fiber, are summarized in Table 1. In this analysis

are considered both distances of applying the force 2 mm and 3 mm.
As it is noticed from the results presented below, the bending force
decreases significantly when the distance of applying the force
changes from 2 mm to 3 mm. All the fibers undergo the same trend.

Table 1. Bending static force measured for the 2 and 3 mm distances. Onset Points (OP) 1 and 2.
Point of applying the force
2mm

Fiber Sample
OP 1 (cN)

3mm

OP 2 (cN)

OP 1 (cN)

OP 2 (cN)

Fiber A

3.361

4.243

2.272

3.213

Fiber B(l)

4.669

6.115

2.759

3.543

Fiber B(m)

7.433

8.278

3.465

4.291

Fiber C

2.210

2.807

1.106

1.401

Fiber D

3.125

3.869

1.423

1.764

Fiber E

4.717

6.121

2.299

2.809

Fiber F(l)

2.835

4.474

1.672

2.256

Fiber F(m)

6.124

6.690

3.625

4.168

To have a better view of the behavior of monofilaments under the
bending force a comparison of this behavior for the two distances is
done by combining the fibers two by two in terms of their cross
sectional shape. The combinations of the fibers is done based more on
function of the cross sectional shape and not on their linear density,

because that is the physical property that affects significantly the
bending force [Kola, Kolgjini at al. 2017].
Using the UA Universal Analysis Program, the static bending force is
plotted versus the displacement for all the fibers. The curves are
overlaid two by two in terms of the distance of the applied force and
the similarity of the fibers cross section.
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Fig.2. Bending force for fibers A and E for 2mm and 3mm.
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Fig.3. Bending force for fibers B(l) and F(l) for 2mm and 3mm.
0.10

n
–––––––
l
–––––––
l– – –
–
n– – –
–

l

l

0.08

l l

l

l

l
l
l

Bend_contr_force_B_m_3mm_RT
Bend_contr_force_B_m_2mm_RT
Bend_contr_force_F_m_2mm_RT
Bend_contr_force_F_m_3mm_RT

Static Force (N)

l
l

0.06

l
l
n

l

0.04

l

n

l
n
n
l
l
0.02 n n
l
l
n
n
l
l
0.00 n

0

n

n

n

l

n

n

n

2000

4000

6000

Displacement (µm)

8000

10000

Fig.4. Bending force for fibers B(m) and F(m) for 2mm and 3mm

223

12000

Universal V4.5A TA Instruments

0.10
l
–––––––
n
–––––––
l– – –
–
n– – –
–

Bend_contr_force_C_2mm_RT
Bend_contr_force_C_3mm_RT
Bend_contr_force_D_2mm_RT
Bend_contr_force_D_3mm_RT

Static Force (N)

0.08

0.06

l

l

0.04
l
l
l

0.02
l
l
n
l
n
0.00 l

0

n

n

n

n

l

n

n

n

n

n

2000

4000

6000

Displacement (µm)

8000

10000
Universal V4.5A TA Instruments

Fig.5. Bending force for fibers C and D for 2mm and 3mm.

In figure 2 are plotted the graphs for fibers A and E for both distances,
and it is clearly noticed that the bending force decreases for both
fibers in the distance of 3 mm. They perform almost the same in this
distance of applied force.

In Figure 4 are plotted the best performing fibers in their convex side,
B and F. It is clearly noticed that they perform similarly in both
distances and the bending force is halved when the distance increases
from 2mm to 3mm.

In Figure 3 are plotted the graphs for fibers B and F performing on the
concave side (l), for both distances. The reducing of the bending force
for the 3 mm distance is almost in the same amount for both fibers.

The last figure (Fig.5) shows the graphs of the fibers C and D. These
are the worst performing fibers as it is easily noticed from the values of
the static bending force. Despite this, both fibers have the same
decreasing behavior by reducing the distance of the applied force.

4. Conclusions
The influence of the distance where the force is applied on the static
bending force was the aim of this paper. Six different fibers and two
distances were considered. From the obtained results is observed that
fibers bending force is significantly related to the distance of applied
force. By increasing the distance from 2mm to 3mm, the bending force
is reduced by a considerably amount of force. Also, was observed that
this relation is the same for all the tested samples. In the future, the
research will be focused on the influence of the free pile length on the
bending force.
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HAMILTONIAN – BASED TECHNIQUES FOR SOLVING PENDULUM – LIKE
NONLINEAR OSCILLATORS
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Abstract: In the paper, HE’s energy balance method and HE’s Hamiltonian approach are used to derive simple approximate formulas
for the dependence of the frequency of a pendulum-like nonlinear oscillator on its amplitude. Such kind of oscillators are frequently
encountered in many fields of engineering and three examples from mechanical domain are given and utilized in the numerical simulations.
By comparison with the exact solution, it is shown that obtained formulas lead to high accuracy for initial amplitudes lower than 900 (when
the relative errors do not exceed 0.2%) and acceptable closeness for amplitudes well beyond the small-angle regime (here the relative errors
are about 5-6% for amplitudes as high as 1500). Results furnished by energy balance method and Hamiltonian approach are contrasted with
those provided by other techniques which generally need much more sophisticated procedures.
Keywords: PENDULUM, ENERGY BALANCE METHOD, HAMILTONIAN APPROACH, NUMERICAL SIMULATION
techniques have been proposed to obtain analytical approximate
solutions for the nonlinear pendulum.
The paper is organized as follows: in Section 2 we present some
simple mechanical oscillators behaving like an ordinary pendulum;
in Section 3 we shortly describe two Hamiltonian – based methods
which are suitable for solving our problem; in Sections 4 and 5 we
apply those methods to derive period (or frequency) – amplitude
dependences for the pendulum and then we check the accuracy of
the obtained results by comparing them with their exact
counterparts and with other formulas in the literature; finally, our
conclusions are presented in the last Section.

1. Introduction
One of the most familiar nonlinear mechanical oscillator in
many textbooks at different levels or scientific papers is the
pendulum in the gravitational field. The single pendulum consists of
a particle mass (a massive small ball) suspended from one end of a
stretchable, massless string of length l which, at its turn, is fixed on
a ceiling at the other end O (see Fig. 1 (a)). A physical pendulum is
any rigid body that undergoes a fixed axis rotation about a fixed
point O around which it can swing or rotate (see Fig.1 (b)).
For both cases, in the stable equilibrium position the center of
mass is located vertically below the axis of rotation. When the
pendulum is deflected with an angle A from this position and then it
is released, it performs oscillations according to the differential
equation
••

2. Some pendulum – like nonlinear oscillators
Apart from simple or physical pendulums, a lot of nonlinear
phenomena in many fields of science are governed by pendulum –
like differential equations [3]. Here, we present three mechanical
oscillators whose motions are described by equation (1).

•

θ + Ω 2 sin θ = 0, θ (0) = A, θ (0) = 0

(1)

where θ is the angle between the pendulum and the vertical
direction at time t and Ω represents the natural frequency of the
small oscillations of the pendulum (when sin θ ≅ θ ). For the simple

Example 1: A small cylinder of radius r rolls without slip on the
interior surface of another cylinder of radius R (see Fig. 2). The
governing equation is

pendulum it is given by Ω = g / l , while for a physical pendulum

••

Ω = M g a / J , with J denoting the body’s moment of inertia

θ+

relative to the axis of rotation and a the distance between the center
of mass and the axis of rotation. Finally, g ≅ 9.81 m / s 2 is the
acceleration due to gravity [1, 2].

2g
sin θ = 0
3 (R − r )

(2)

thus Ω = 2 g / 3(R − r ) .

O

O
θ

θ
m

R

O

a

l

C

θ

r

→

Mg

→

mg
(a)

Fig. 2. Small cylinder rolling without slip on a circular surface

In Fig. 3 is plotted the function Ω = Ω(r, R ) for r ∈ [0, 5] and

(b)

R ∈ [10, 60] (r and R being given in centimeters).

Fig. 1. a) Simple pendulum; b) Physical pendulum.

For small initial deflections A and in the absence of friction, the
pendulum executes a simple harmonic motion as per law
θ (t ) = A cos Ω t , that means with the period T = 2 π / Ω . However,
for large A the motion remains oscillatory but now it is not simply
harmonic and the period of oscillation depends on amplitude A.
The present study is focused on the determination of the period
– amplitude relationship for this last case. This topic has been
considered by many researchers and an important number of

Example 2: A rigid bar of length 2l slides back and forth on the
smooth interior side of a circular cylinder of radius R (see Fig. 4). It
can be proven that the bar is oscillating according to the differential
equation
••

θ+
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g R 2− l 2
R 2− 2l 2/ 3

sin θ = 0

(3)

M
g R −l
2

thus Ω =

2

R 2− 2 l 2/ 3

values for l ∈ [10, 18] and

Ω

. The

L

R ∈ [20, 40] are displayed in Fig. 5.
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k
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Fig. 6. Four heavy particles joined by bars and elastic springs
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3. Hamiltonian – based techniques for conservative
nonlinear oscillators
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Consider a single-degree-of-freedom conservative nonlinear
oscillator whose motion is described by the differential equation
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Fig. 3. The dependence of frequency Ω on the radii r and R of the two
cylinders in Fig. 2

••

•

u + f (u ) = 0, u (0) = A, u (0) = 0

(5)

where u and t are (eventually dimensionless) displacement and time
variables, respectively. There exist a Hamiltonian
H=

R

O

where F (u ) =

l

θ

l

1•2
u + F (u ) = F ( A)
2

(6)

∫ f (u) du .

The He’s energy balance method uses the residual
R(u ) =

Fig. 4. Rigid bar slides back and forth on a smooth circular surface

1•2
u + F (u ) − F ( A)
2

and assumes that the oscillations are well depicted by the function
u (t ) = A cos ω t , with ω being the unknown angular frequency of
the motion. Substituting this function into the residual, it becomes

7
7.5
6.8

R (t ) =

6.6

7

Ω (rad / s)

6.4
6.2

6.5

Generally, R(t) is different to zero for the vast majority of
ω t values. The frequency ω is determined by using collocation at
ω t = π / 4 or, with other words, imposing the condition
R (ω t = π / 4) = 0 . This yields

6
6

5.8
5.6

5.5
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40
5
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1 2 2
ω A sin 2ω t + F ( A cos ω t ) − F ( A) .
2

5.2

30
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EBM
ω apx
=

20
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Example 3: Four massless rods of length L are hinged together at
their ends to form a rhombus (see Fig. 6). A particle of mass M is
attached to each vertex. The opposite corners are joined by springs
of elastic constant k which are un-stretched for square
configuration. Assume that the particles move only along the
diagonals of the rhombus (in its plane). Denoting φ =

4

~
H (u ) =

+ θ , than

θ+

2k
sin θ = 0
M

T /4

1

•

∫  2 u
0

(7)

2

T

(t ) + F (u (t ))  dt = ⋅ H = constant
4


(8)

where T = 2 π / ω . By introducing the trial function u (t ) = A cos ω t

the system’s motion is governed by equation
••

)

The main advantage of this method consists in its simplicity but
we must to point out a drawback too: the results somewhat depend
on the collocation point [4].
The He’s Hamiltonian approach tries to overcome the problem
~
[5]. To do this, a new function, H (u ) , is introduced as

Fig. 5. The dependence of frequency Ω on the length l of the bar and the
radius R of the cylinder

π

(

2
F ( A) − F A / 2
A

~
T
into the integral, after computing it one has H ( A, ω ) = ⋅ H , so
4
~
∂ H / ∂ T = H / 4 = constant. The frequency-amplitude relationship
~
∂  ∂H 
results from the equation
= 0 or, equivalently
∂ A  ∂ T 
~
∂  ∂H 
(9)
=0
∂ A  ∂ (1 / ω ) 

(4)

thus Ω = 2 k / M .
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solutions are excellent in the first case and very good in the second,
as indicated in Table 1.

4. Application to pendulum equation

A = π /12, Ω = 4.3327 (R = 40 cm, r = 5 cm)

The Hamiltonian associated to equation (1) is
(10)

θ (rad)

 • 1 •
H θ ,θ  = θ 2 − Ω 2 cosθ

 2

0.3

(a)

0.2

so F (θ ) = −Ω 2 cos θ . As a consequence, the energy balance
method yields the following frequency-amplitude dependence

0.1
0
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0

5

4.5
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3

2.5

2

1.5

1

0.5

A = π /2, Ω = 7.1396 (R = 20 cm, l = 10 cm)
2

A
2Ω
EBM
ω apx
=
cos
− cos A
A
2

(b)
1

θ (rad)

(11)

~
Regarding He’s Hamiltonian approach, the function H (θ ) for
θ (t ) = A cos ω t is

~
H ( A, ω ) =

π / 2ω

∫
0

=

πA ω
2

8

−

Ω

∫

ω

-2

cos( A cosτ ) dτ =

0

π A2
8

⋅

π Ω 2 J 0 ( A) 1
1
−
⋅
ω
1/ ω
2

A

Ω

ω ex

EBM
ω apx

HA
ω apx

π / 12
π /2

4.3327
7.1396

4.304187
6.048784

4.304190
6.057379

4.304194
6.065333

(12)

6

5. Numerical results and discussions

5

ω ex, ω EB, ω HA (rad/s)

with J1 signifying the Bessel function of first kind and order 1.

The pendulum equation (1) can be explicitly integrated in terms
of elliptic functions. Its solution is



where

 
A
A
A  
⋅ sn  K  sin 2  − Ω t ; sin 2  
2
2
2  
 

(13)

Ω=6

4

Ω=4
3

2

sn(u; m ) denotes the Jacobi elliptic function sn and

Ω=2

1

0

1

K (k ) =

∫ (1 − z )(1 − k z )
dz

2

2

represents the complete elliptical
Fig. 8. Comparison between the exact frequencies and their approximate
counterparts given by energy balance method and Hamiltonian approach
for A ∈ [0, 5π / 6] and Ω ∈ {2, 4, 6} . The symbols significance is the same as
in Fig. 7.

integral of the first kind. On the other hand, the exact expressions
for the frequency and the period of oscillation are

A

2 K  sin 2 
2


, T ex =

2π

ω ex

A

4 K  sin 2 
2

=
Ω

12

(14)
A = π/12
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πΩ

5

The relative errors between the exact and approximate solutions
remain smaller than 1% for a large domain of pairs ( A, Ω) , as
shown in Figs. 8 and 9. The only notable differences appear for
large initial amplitudes (greater than 2π / 3 ) and Ω values.

It follows that

θ (t ) = 2 arcsin sin

4.5

4

3.5

3

2.5

2

1.5

Table 1. Exact versus approximate values of frequency for the same pairs
( A, Ω) as those used in Fig. 1

~
∂  ∂ H 
π A ω 2 π Ω 2 J 1( A)
=
−
+
=0.
4
2
∂ A  ∂ (1 / ω ) 

2 J 1( A)
A

1

0.5

Fig. 7. The approximate and exact solutions for pendulum equation (1)
when: a) A = π / 12 , Ω = 4.3327 ; b) A = π / 2 , Ω = 7.1396 .
The continuous black curve corresponds to the exact solution while the red
circles and the asterisks stand for energy balance method and Hamiltonian
approach, respectively.

where J 0 denotes the Bessel function of first kind and order 0.
~
∂ H ( A, ω )
π A 2ω 2 π Ω 2 J 0 ( A)
, so
But
=−
−
∂ (1 / ω )
8
2

HA
ω apx
=Ω

0

t (sec)

1 2 2 2
 τ =ω t
2
 2 A ω sin ω t − Ω cos( A cos ω t ) dt =



π /2

2

0

-1

In what follows, to illustrate and verify the accuracy of the
Hamiltonian – based techniques, a two-fold comparison is
considered. First we contrast the exact solution (13) with his
approximate counterparts (11) and (12). In Fig. 7 (a) is presented
the time evolution of oscillator (1) when A = π / 12 (the limit of
small oscillation approximation) and
Ω = 4.3327 (which
corresponds to Example 1 with R = 40 cm and r = 5 cm). The black
continuous line stands for the exact solution while the red circles
and blue asterisks are used for energy balance method and
Hamiltonian approach, respectively. The same symbols and colors
are used throughout the section. Fig. 7 (b) shows the same type of
results for A = π / 2 and Ω = 7.1396 (corresponding to Example 2
with R = 20 cm and l = 10 cm). The agreement between the
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Fig. 9. Comparison between the exact frequencies and their approximate
counterparts given by energy balance method and Hamiltonian approach
for Ω ∈ [0, 12] and A ∈ {π / 12, π / 2, 5π / 6} . The symbols significance is the
same as in Fig. 7.

227

Fig. 10 reveals us important discrepancies between the exact
solution and energy balance or Hamiltonian approach solutions. The
shape of curves θ ex (t ) and dθ ex / dt (t ) ceases to be sinusoidal so

0.05%, meaning a high accuracy. The best results have been given
by max - min and energy balance techniques (upper part of Fig. 11).
For large amplitudes the relative errors remain acceptable,
excepting Kidd and Fogg formula. The results furnished by Lima
and Arun , max-min and energy balance approaches are relatively
close each other and give the smallness error compared with the
exact ones (lower part of Fig. 11).

the assumed approximation θ (t ) = A cos ω t if far from the truth
pendulum’s behavior.
A = 11π /12, Ω = 5
3

6. Conclusions

2

θ (rad)
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The purpose of the paper was to apply the HE’s energy balance
method and HE’s Hamiltonian approach to the pendulum problem
for finding the dependence of the frequency of oscillation on its
amplitude. The two methods have the merit of simplicity and the
results provided by them are extremely accurate for small
amplitudes and good enough for moderate and large amplitudes of
oscillations. Contrasted with the results of other techniques, those
delivered by the analyzed methods are among the closest to the
exact ones.
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Secondly, we compared the previous results with those provided
by other techniques. Thus, based upon a linear interpolation for the
integrand of the elliptical integral that appears in the exact period
expression, Lima and Arun [6] derived the following frequencyamplitude relationship for the pendulum

ω

LA
apx =

A
2
−Ω
A

ln cos 
2

1 − cos

(15)

Kidd and Fogg [7] proposed another approximate formula,
starting from the analogy between the period of a pendulum in the
small-angle regime and the period of a simple harmonic oscillator.
It is
KF
ω apx
= Ω cos

A
2

(16)

Using Max – Min method, Ibsen et al [8] founded for the same
problem the formula
MM
ω apx
= Ω 1−

A 2 5 A4
+
8 1152

(17)

Similar results have been reported by other researchers [9 – 12].
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Fig. 11. The relative errors in the values of pendulum’s frequency provided
by Kidd and Fogg, Lima and Arun, energy balance, Hamiltonian approach
and Max – Min techniques for small (up) and large (down) amplitudes of
oscillations

Fig. 11 presents a comparison of the relative errors committed
by using the approximate formulas (11 – 12) and (15 – 17) for
representing the exact expression of the dependence of pendulum
frequency on its amplitude. For amplitudes lower than one radian
all the discussed methods provided relative errors smaller than
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Abstract: This paper presents a two-dimensional numerical algorithm for creep analysis of the elastic beams under uniform torsion.
Torque is assumed to be constant during the whole creep process. Tangential stresses are calculated following the warping function
distribution. Material creep behaviour is simulated using the effective stress function. Analysis takes in consideration the torque acting on
cross-sectional surface independently on the beam length. The proposed numerical algorithm enables the stress analysis to be carried out
regardless of the cross-sectional shapes. Viscoelastic effects of the material are modelled by the creep power law formula. Numerical
algorithm was developed in Python code and its effectiveness is validated through the benchmark example.

Keywords: UNIFORM TORSION, CREEP, EFFECTIVE STRESS FUNCTION

1. Introduction

ε =
z

The viscoelastic, viscoplastic and plastic effects form two main
groups of phenomena acting on any material. First phenomenon is
creep, which results in creep strains that developed over a finite
time. The second phenomenon is plasticity, which results in
permanent plastic strains independent of the time. Although
different in nature, this two phenomena cannot be treated
separately.

∂w
= ϕ ' ' ω = 0 ϕ ' = const.
∂z

∂u ∂w
∂ω
+
= ϕ ' 
− y 
∂z ∂x
∂
x


∂v ∂w
 ∂ω 
γ zy =
+
= ϕ '
+ x
∂z ∂y
 ∂y


γ zx =

If the linear relation between stress and strain is given in a form
of a Hooke’s law, the non-zero stress components are

Important works covering the area of viscoelastic, viscoplastic
creep and plasticity are given in Refs. 1-5.


 ∂ω
τ zx = G γ zx = Gϕ ' 
− y

 ∂x
 ∂ω

+ x 
τ zy = G γ zy = Gϕ ' 
∂
y



Uniform torsion theory, also referred to as St. Venant’s torsion
theory, is well described in literature [6-9]. This torsion theory has
been, for a long time, a fundamental theory applied by many
researchers in the field of torsion. With the evolution of the beam
theories, especially the thin-walled beam theory, it was also
necessary to include the warping effects. Therefore, in particular
problems, non-uniform torsion theory has to be applied [10, 11].
Some numerical solutions to the uniform torsion problem are
presented in Refs. 6, 12 and 13.

(3)

With G as the shear modulus, stress resultant acting on each
cross-section of the beam can be defined as follows
T = G It ϕ'

This paper presents a numerical algorithm for the creep analysis
of beams subjected to constant torque. Warping effects are
neglected, which means that uniform torsion theory is assumed. The
element stiffness matrix and load vectors are derived using the
warping function. The proposed numerical algorithm enables the
stress analysis to be carried out regardless of cross-sectional shapes.
Creep algorithm is defined by effective-stress-function presented by
Kojić and Bathe [1,2]. Viscoelastic effects of the material are
modeled by the power creep formula. The numerical algorithm code
is written in the Python 2.7.11 programming language [14]. The
effectiveness of the numerical algorithm discussed is validated
through a benchmark example.

(4)

where T is the torsional moment or torque, while It represents
St. Venant’s torsional constant. If the stress components are
expressed in the form of the stress resultant, they follow as

τ zx =

T
It


 ∂ω
− y


 ∂x

τ zy =

T
It

 ∂ω


+ x 
 ∂y


(5)

Since there are only two non-zero stress components, the stress
deviator takes its form as

{

S T = τ zx τ zy

2. Basic considerations

}

(6)

Considering the Hooke’s law in the elastic area, the strain
deviator, for this problem, can be expressed by the stress deviator as

3.1 Beam kinematics
Displacement filed is given as

u ( y, z ) = − y ϕ ( z )
v ( x, z ) = x ϕ ( z )
w( x, y, z ) = ϕ ' ( z ) ω ( x,y )

(2)

e=

(1)

S
2G

(7)

Partial differential equation for the warping function is obtained
from one of the equilibrium equations

where u, v and w are the rigid-body translations of the crosssection in the x-, y- and z-directions, respectively; φ is the angle of
twist; ω is the warping function. The non-zero strain components
are found from the first order strain-displacement relations as

∇ 2ω =

∂ 2ω ∂ 2ω
+
=0
∂x 2 ∂y 2

(8)

Boundary condition for the partial differential equation (8) is
τ zx n x + τ zy n y = 0
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(9)

Since the inner torsional moment has to be constant during the
whole creep procedure, it will be manually increased. The torsional
moment is increased indirectly by increasing the stresses in all
points of a domain. The stresses are increased for a segment of the
starting elastic solution at t = 0. The segment is determined by the
difference between starting torsional moment and the torsional
moment in the current iteration, for the i-th iteration as

4.2 Elastic creep (time iteration)
In the next two sections basic creep procedure of the numerical
algorithm will be presented. First section will describe numerical
algorithm in relation to real time. The elastic creep procedure is
based on the Kojić’s and Bathe’s effective stress function [1].
Analysis takes in consideration the torque acting on cross-sectional
surface independently on the beam length. The effective stress
function is calculated for every time step and for every point in the
domain as
f ( t + ∆t σ ) = a 2

t + ∆t

σ 2 + b wγ − c2 wγ2 − d 2

(τ zx )d = ∫ T
A

(10)

(τ )

where σ is the effective stress defined as

(

3 2
τ zx + τ zy2
2

σ =

)

zy d

 ∂ω


+ x dA
 ∂y


(19)

(20)

where e is the tolerance constant.

3. Numerical Example

(12)

On the basis of the proposed numerical algorithm, a computer
program for the creep stress analysis is developed. Program code is
written in Python 2.7.11 programing language. The accuracy of the
presented model is illustrated by one example. Stresses calculated
by the computer program are in the form of the resultant shear stress
τ, which is given as

(13)

τ = τ zx + τ zy
2

where k1, k2 and k3 are the creep constants, obtained
experimentally. Increment of the effective creep strain is the time
derivative of Eq. (12) at weighted time w = t + αΔt
e C = ∆t f1 ( w σ ) f2 ( w) f 3 ( wϑ )

T 0 −T i
=∫
It
A

T 0 −T i = e

where t is the time and ϑ the temperature. If the creep law is
given by the power creep formula, it is represented in the following
form
e C = k1σ k2 t k3

− T i  ∂ω

− y dA

I t  ∂x


where T0 is torsional moment at time t = 0. This procedure is
repeated until the following criteria is satisfied

(11)

The Eq. (10) is described in detail in [1]. To solve Eq. (10)
further information is needed. This information is acquired
experimentally and formed in a creep formulae. General
formulation for the creep law is
e C = f1 (σ ) f 2 (t ) f 3 (ϑ )

0

2

(21)

From Eq. (21), one should note that the resultant shear stress τ
will always be positive since it only represents the intensity of the
stress and not the direction.

(14)

The effective stress is obtained by finding the root of the
effective stress function given by the Eq. (10). This procedure is, in
the most cases, solved numerically (e.g. bisection method,
Newton’s method, secant method, etc.).
By obtaining the effective stresses for every point in the
domain, the stress deviator at the new time step t+ΔtS is calculated as
t + ∆t

S = 2G

t + ∆t

e' '− (1 − α )∆t w γ t S
1 + 2Gα∆t w γ

(15)

5.3 Elastic creep (torque correction)
The purpose of this algorithm is to keep the resultant of the
inner forces in equilibrium with the external forces applied on the
cross-section (between every two time steps). The first time step at
t = 0 is simple elastic solution of a uniform torsion problem. In
every next time step creep defections are applied in a form of a
creep law. The inner torsional moment is calculated as

[

]

T = ∫ τ zy x − τ zx y dA
A

Fig. 1 Cantilevered square beam
Figure 1 shows a cantilevered beam of square cross-section.
Beam is subjected to a constant torque T = 400kN. Warping effects
are neglected. The elastic moduli are E = 200 GPa and G = 100
GPa. The integration parameter α = 1. Creep strains are calculated
by the following creep law:

(16)

Following the procedure from the previous section, for a
constant torque applied at the cross section, there is a relation
t + ∆t

S ≤t S

e C = 10 −16 σ 3t 2

(17)

until the steady state creep is reached at time t = 100h. The same
example is solved by the Kojić and Bathe in [2]. Figure 2 shows
stress distribution over the surface of the cross-section for different
time steps. The comparison of the results obtained by this numerical
algorithm and the results obtained by Kojić and Bathe is shown in
figure 3.

and therefore
t + ∆t

T ≤t T

(18)
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a)

b)

c)

d)

e)

f)

Fig. 2 Stress distribution over the surface of the cross section for
a) t = 0, b) t = 20, c) t = 40, d) t = 60, e) t = 80 and f) t = 100 hours
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Fig. 3 Stress distribution over the O – A line

4. Conclusion
This paper has presented a model for the elastic creep stress
analysis of the beams under the constant torque. Numerical
algorithm was developed in Python code and its reliability has been
verified by the study of one example. The results of the example
presented are compared to results of Kojić and Bathe original ones
[2]. Further research will extend the proposed algorithm to a model
with non-uniform torsion.
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HYDRO-MAGNETIC FLOW OF A VISCOUS FLUID WITH HEAT TRANSFER
PHENOMENA BETWEEN TWO VERTICAL PLATES
Boğaç Bilgiç, Serdar Barış
Department of Mechanical Engineering, Engineering Faculty – Istanbul University, Turkey
bilgicbogac@gmail.com

Abstract: The paper aims to study the combined effects of uniform magnetic field and inertia on a three-dimensional flow of a viscous
fluid in a vertical channel. It is assumed that the fluid is injected into the channel through one side of the channel. The flow and heat transfer
phenomena have been characterized by non-dimensional parameters R (cross-flow Reynolds number), M (magnetic parameter), Pe (Peclet
number), and 𝛼𝛼 (heat generation parameter). The basic equations governing the flow and heat transfer are reduced to set of ordinary
differential equations using the appropriate transformations for velocity components and temperature. These equations have been solved
approximately subject to be relevant boundary conditions by employing a numerical technique. The effects of the above-mentioned
parameters on the velocity and temperature distributions have been examined carefully.
Keywords: VISCOUS FLUID, HYDRO-MAGNETIC FLOW, HEAT TRANSFER.

2

1. Introduction

V0
d g
−V0 f (η ) , w =
u=
x f ′ (η ) , v =
h (η )
d
ν

The problem of flow through a channel with porous walls has
attracted the attention of mathematicians and engineers in view of
its multiple applications. Examples of these applications are the
boundary layer control, transpiration cooling, gaseous diffusion,
preventing corrosion, reactions addition and drag reduction. Berman
[1] was the first to study a two dimensional, incompressible, steady,
laminar suction flow of a Newtonian fluid in a parallel-walled
porous channel. He found a series solution for the case of a very
low cross-flow Reynolds number. After his pioneering work, this
problem has been studied by many researchers considering various
variations in the problem, e.g., Choi et al. [2] and references cited
therein. Wang and Skalak [3] considered the three-dimensional
problem of fluid injection through one side of a long vertical
channel for the Newtonian fluid. They obtained an approximate
solution and integrated numerically for comparison. They reported
that the perturbation series method is fairly accurate only for low
cross-flow Reynolds number. Huang [4] investigated Wang and
Skalak’s problem by a quasi-linearization technique which relaxes
the limitation on the magnitude of the cross-flow Reynolds number.
The same flow problem was solved for large cross-flow Reynolds
number by Ascher [5] using a spline collocation method. Sharma
and Chaudhary [6] reconsider the above-mentioned problem by
introducing a second order fluid. They obtained the second order
perturbation solution. Baris [7] continued the last mentioned
research by substituting thermodynamically compatible fluid of
second grade instead of second order fluid. In his subsequent study
[8], he extended the analysis of the same problem to a Walter’s B
elastico-viscous fluid. Recently, Joneidi et al. [9] have found an
approximate analytical solution using Homotopy Analysis Method
(HAM) for the problem discussed in [8]. The aim of this work is to
generalize Wang and Skalak’s problem in two directions. The first
generalization concern with the flow consideration in the presence
of a constant magnetic field and second to consider the effect of
heat generation on the temperature distribution.

(1)

is the kinematic viscosity, 𝑔𝑔 is the gravitational
where ν
acceleration, η= 𝑦𝑦⁄𝑑𝑑 is the similarity variable and the prime
denotes the differentiation with respect to 𝜂𝜂.

Fig. 1 Physical model and coordinate system

The three-dimensional Navier-Stokes and energy equations
governing such type of flow are written as:




∂u




∂v




∂w

ρ u

∂x

+v

∂u

∂u 

∂p
∂ u ∂ u ∂ u 
=
−
+µ
 ∂x 2 + ∂y 2 + ∂z 2  + Fx
∂x

∂v 

∂p
∂ v ∂ v ∂ v
=
−
+µ
 ∂x 2 + ∂y 2 + ∂z 2  + Fy
∂y

+w

∂y

2

∂z 


2

2

2. Governing Equations
Figure 1 represents the flow model and coordinate system in a
vertical channel. An incompressible fluid is injected through a
vertical plate at 𝑦𝑦 = 𝑑𝑑 with uniform velocity 𝑉𝑉0 . The fluid strikes
another vertical plate 𝑎𝑎𝑎𝑎 = 0 . It flows out through the opening of
the plates, due to the action of gravity along the z-axis. An external
uniform magnetic field 𝐵𝐵0 is applied in the y-direction. Since the
gap 𝑑𝑑 is small, we may assume that both planes extend to infinity.
Due to this assumption the edge effects are ignored and the isobars
are parallel to 𝑧𝑧-axis.

ρ u

ρ u

... −

Let 𝑢𝑢, 𝑣𝑣, 𝑤𝑤 be the velocity components in the directions of
𝑥𝑥, 𝑦𝑦, 𝑧𝑧 respectively. We shall seek a velocity field, compatible with
the continuity equation, of the form [3]
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(4)
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+w

2

∂z



The corresponding boundary conditions are

=
...

∂T
2

+

∂T 

∂z

2

 + Q ( T − T )
0

0

(3)

=
θ ( 0 ) 0=
, θ (1) 1

It is recorded that in the absence of 𝑀𝑀 and 𝛼𝛼 Eqs. (7), (8) and
(12) together with the associated boundary conditions (10) and (13)
are the same as those obtained by Wang and Skalak [3].

where 𝜌𝜌 is the density, 𝑝𝑝 the pressure, 𝜇𝜇 the dynamic viscosity, 𝑇𝑇
the temperature, 𝑐𝑐𝑝𝑝 the specific heat at constant pressure, 𝑘𝑘 the
thermal conductivity, 𝑄𝑄0 the volumetric rate of heat generation, 𝑇𝑇0
the temperature of the plate at 𝑦𝑦 = 0 and 𝐅𝐅 = (𝐹𝐹𝑥𝑥 , 𝐹𝐹𝑦𝑦 , 𝐹𝐹𝑧𝑧 ) is the
source term due to the imposed magnetic field. The electromagnetic
body force per unit volume is can be simplified as:
F
= σ 0 (V × B) × B
where is the electrical conductivity and 𝐁𝐁 = (0, 𝐵𝐵0 , 0)
transverse uniform magnetic field applied to the fluid.

3. Numerical Results
In the presence of a transverse uniform magnetic field and heat
generation, the flow and heat transfer problem involving threedimensional flow between two vertical plates is governed by the
similarity equations and boundary conditions given in Eqs. (7), (8),
(12) and Eqs. (10), (13). Since the equations have no analytical
solutions, they must be solved numerically. Numerical solutions
were obtained using the Matlab solver boundary value problem
(bvp4c) designed for the solution of two point boundary value
problems. The code is based on a collocation formula. An error
estimate for the global error of the approximate solution is also
provided. Mesh selection and error control are based on the residual
of the continuous solution. We set the relative and absolute
tolerance equal to 10−6 . We refer the reader to the book by
Shampine et al. [10] for details about how to solve boundary value
problems with bvp4c. As a test of accuracy of the numerical
solutions, the results are compared with those known from the
literature [3,4,7] and an excellent agreement is found for the case of
𝑀𝑀 = 0 and 𝛼𝛼 = 0 .

(4)

is the

Our investigation is restricted to following assumptions:
(i)

All the fluid properties are constant.

(ii)

The flow is steady and laminar.

(iii)

The plates are electrically non-conducting.

(iv)
The magnetic Reynolds number is so small that the
induced magnetic field produced by the motion of fluid can be
ignored in comparison to the applied one. In addition, the imposed
and induced electrical fields are assumed to be negligible.

We computed the velocity components and temperature field
for the problem under discussion by assigning some specific values
to the parameters entering into the problem.

(v)
The effects of viscous dissipation, Ohmic heating and Hall
current are not included in the analysis, since they are generally
small in the flow region. Also, the radiant heating is neglected.

The effects of these parameters on the above mentioned fields
are presented Figure 2 to 5. Figure 2 depicts the normal velocity
component for various values of the magnetic parameter 𝑀𝑀2 when
𝑅𝑅 is fixed at 10 and 20. It is clear from this figure that the normal
velocity decreases slightly with magnetic parameter. Figure 3
illustrates the effect of magnetic parameter on tangential velocity
profiles for the same values of cross-flow Reynolds number.

Substituting Eq.(1) into Eqs.(2)-(4) and eliminating the pressure
term from these equations, we arrive at the following equations:

(

f '''+ R f f ''− f

2

)−M

2

f '=
C

h ''+ R f h '− M h =
−1

(13)

(5)
(6)

2

where 𝐶𝐶 is an unknown constant, the cross-flow Reynolds number
𝑅𝑅 and magnetic parameter 𝑀𝑀 are defined through, respectively

R
=

V0 ρ d
, M B0 d
=

µ

σ0 µ

(9)

The boundary conditions for the velocity field are
=
η 0 =
: f (0) 0 =
, f '(0) 0=
, h (0) 0 ,
=
η 1 =
: f (1) 1 =
, f '(1) 0=
, h (1) 0 .

(7)

Next, we introduce a temperature field of the form
T =T0 + ( T1 − T0 ) θ (η )

(11)

where 𝑇𝑇1 is the temperature of the plate at 𝑦𝑦 = 𝑑𝑑 . Using usual nondimensional procedure and substituting Eq.(1) and (11) into Eq.(5),
we get

θ ''+ R Pr f θ '+ α θ =
0

Fig. 2 (a) Normal velocity profiles for = 10 , (b) Normal velocity profiles
for 𝑅𝑅 = 20

(12)

where Pr = 𝜇𝜇𝑐𝑐𝑝𝑝 ⁄𝑘𝑘 is the Prandtl number and 𝛼𝛼 = 𝑄𝑄0 𝑑𝑑2 ⁄𝑘𝑘 is the
heat generation parameter. Note that the product of 𝑅𝑅 and Pr is
equivalent to the Peclet number (Pe = 𝑅𝑅 ∗ Pr ) in the context of the
transport of heat.
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4. Conclusion
It is interesting to note that the tangential velocity decreases with an
increase in the magnetic parameter, up to the point near the middle
of the channel, and thereafter increases with increasing 𝑀𝑀2 . Again
from this figure we observe that with an increase in the value of
cross-flow Reynolds number, the point at which maximum
tangential velocity occurs moves away from the porous plate. This
is because the increment of shear stresses on impermeable surface at
𝑦𝑦 = 0 . The axial component of velocity is due to the action of
gravity along the z-axis. This velocity component is shown in Fig.
4. It is obvious from this figure that the velocity profiles decrease
with an increase in the cross-flow Reynolds number. Also
increasing the magnetic parameter decreases the axial velocity
further. This is expected since the application of a transverse
magnetic field normal to the flow direction has a tendency to create
a drag-like Lorentz force. This force has a decreasing effect on the
axial velocity. To investigate the effect of the Peclet number and the
magnetic parameter on the temperature, we have presented the
temperature profiles in Fig. 5(a) in the absence of heat generation.
Due to the convection effects, increasing of Peclet number leads to
intensify the temperature distribution in the channel. Again from
Fig. 5(a), we notice that the effect of the magnetic parameter is
insignificant on the temperature distribution. It is apparent from Fig.
5(b) that an increase in the heat generation parameter 𝛼𝛼 leads to an
increase of temperature. This result qualitatively agrees with
expectation, since the effect of internal heat generation is to
increase the rate of energy transport to the fluid, thereby increasing
the temperature of fluid.

Fig. 3 (a) Tangential velocity profiles for 𝑅𝑅 = 10 , (b) Tangential velocity
profiles for 𝑅𝑅 = 20
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Abstract: In this paper we study in detail the influence of the longitudinal constant electric field on the energy values of a digital
quantum well AlxGa1-xAs/GaAs structure and its equivalent graded-composition analog quantum well. We calculate the energies of the
electron and hole bound states, the energies of the main optical transitions and their Stark shifts. The spatial distributions of the main
electronic and hole states at various given values of the applied electric field are also calculated. The semi-empirical tight-binding
approximation in the spin dependent sp3s* basis is used and is carried out by surface Green function matching employing an algorithm
previously developed and used to study inhomogeneous systems. The aim of these calculations is to find out in detail to what extent these two
structures have similar or different properties in the presence of an applied electric field. We compare our results with the results for the
conventional rectangular quantum well and with the available experimental data for quantum wells with similar parameters.
Keywords: DIGITAL AND ANALOG GROWTH TECHNIQUES, QUANTUM CONFINED STARK EFFECT, GRADED-GAP
QUANTUM WELLS, AlGaAs, TIGHT-BINDING METHOD, ELECTRONIC STATES IN QUANTUM WELLS

practical example of analog versus digital QWs under an applied
electric field.

1. Introduction
Nowadays, semiconductor nanostructures (superlattices and
quantum wells) are already employed in electronic and
optoelectronic devices. This possibility is due to the ability of
modern crystal growers to make good quality composition
semiconductor heterostructures with very small dimensions. Many
semiconductor devices with built-in quantum wells work under
application of an electric field [1].
In semiconductor quantum wells (QWs), sharp excitonic
absorption peaks are clearly observed even at room temperature.
When an electric field is applied perpendicular to the QW layers,
the energy of the fundamental absorption edge shifts by a large
amount without severe broadening of the exciton resonance. This is
the well-known quantum confined Stark effect (QCSE). These
properties enable one to utilize QWs for high-performance room
temperature optoelectronic devices. Moreover, to improve the
performance of these optical devices, band structure modifications
in QWs have also been investigated. The electric field effects (Stark
effects) on the graded-gap QW structures, where the band gap of the
well is inclined along the growth direction, are one of the most
promising among the modifications for applications of making
various fast optoelectronic devices [1-4]. The modification of the
well potential shape can create different optical properties and thus
optimize nanostructure-based devices compared to conventional
rectangular QWs (RQWs).
In this paper we present a realistic tight-binding (TB) numerical
calculation of the energy values for the main bound electronic and
hole states as well as their spatial distributions in graded-gap QWs
of two different types – analog (AQW) and digital (DQW) without
and under application of a constant electric field F. AQWs are
realized by the analog alloy method by varying the alloy
composition linearly in the AlGaAs well layer, i.e. one growth
directly inhomogeneous QWs with different composition profiles.
However, with this experimental growth method, it is technically
difficult to control the alloy composition precisely in the narrow
well region, and there will be some structural non-uniformities
along the QW. To solve this problem, an alternative approach called
the digital alloy approximation was applied in [5,6]. In this
approach a supposedly equivalent QW is growing, where the AQW
is being replaced by a sequence of wells and barriers with the same
well depth but with a programmed sequence of varying widths.
Although analog and digital structures are regarded as equivalent,
some doubts have been raised [5-8].

Fig. 1 Schematic band diagram of: (a) genuine analog graded-gap QW
(AQW); (b) the equivalent digital graded-gap QW (DQW); (c) conventional
rectangular QW (RQW). (a) The alloy composition of AlxGa1-xAs in the well
varies linearly from x=0.3 to x=0.0 (from the left to the right side of the
QW). (b) The alloy composition x of the inserted AlxGa1-xAs barrier layers is
0.3, the minimum width of the structure is one monolayer (ML), the
composition of the wells of the inserted region is x=0. (c) The alloy
composition x of the well is 0, i.e. pure GaAs. In these three cases we have
pure AlAs at the barriers.

2. Model and Method

The aim of the present work is to explore this issue further in
terms of a realistic model, which allows one to calculate not only
average properties but also detailed features. A comparative study
will be carried out of the two structures shown in Fig. 1 as a

We study AlAs/AlxGa1-xAs/AlAs QWs with the graded-gap well
structures (Figure 1). The external constant electric field F is
applied to the QWs parallel to the growth axis [001]. Similar
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structure is partially investigated experimentally and theoretically in
[6,7]. Theoretical works about the electric field effect in analog and
digital QW systems have been done mainly in the effective mass
approximation. In the calculations we use the sp3s* spin-dependent
semi-empirical tight-binding model as it is described in [8-11]. The
virtual crystal approximation is used for the description of the TB
parameters TB(x) for the ternary compound AlxGa1-xAs:

field, the transition energy decreases. In the whole range of the
electric field, the value of the energy E(C1-HH1) for AQW is
greater than for the corresponding value for the DQW. Figure 3(b)
shows the dependence of the main optical transition energy E(C1LH1) from the electric field for the three QWs. The influence of the
electric field for the three QWs is similar to E(C1-HH1). The
transition energy decreases with increasing of applied electric field.

(1) TB(x) = x.TB(AlAs) + (1 − x).TB(GaAs).

Figure 4(a) shows the Stark shifts of the main optical transition
energy E(C1-HH1) from the applied external constant electric field
for the three QWs. The Stark shift of the energy is defined as the
absolute value of the difference of this energy at a given electric
field minus the value of this energy at field zero. The dependence of
the Stark shift for the three QWs is similar. The increase of the field
increases the Stark shifts. This increasing is better pronounced for
DQW than for AQW, for all values of the field F. This increasing is
also better pronounced for RQW than for both DQW and AQW, in
the region of large values of the applied electric field. For low
electric fields (smaller than ~ 25 kV/cm) the Stark shifts of RQW
are smaller than for both DQW and AQW. The conclusion is that
DQW structure probably will be applicable to high-speed optical
modulators with low driving voltages. Figure 4(b) shows the same
as Figure 4(a) but for the transition energy E(C1-LH1). Here one
can see that the influence of the electric filed on the Stark shifts in
the three QWs is similar to E(C1-HH1). The Stark shifts decrease
with the increase of the applied field.

The surface Green function matching technique is developed in
[9-12] and is applied for calculating the Green function of the
infinite system (AlAs) containing the finite inhomogenious slab.
Here the presence of an external static electric field is defined
similarly to [13,14], by adding a linearly varying with the distance
term Δn to the diagonal elements of the TB Hamiltonian matrix:
(2) TB(n, x) = TB(x) + Δn,

Δn = (n − 1).F.(a/4),

Transition energy [eV]

where a is the lattice constant, F is the intensity of the longitudinal
constant electric field, TB(x) are the diagonal TB parameters
without an electric field for the bulk material with Al concentration
x, and n is the number of the layers (i.e. layer index) in the QW. The
electric field F is applied to the structure under study at two points
in the barrier regions (AlAs) situated at the distance of 5
monolayers (MLs) from the edges of the graded-gap QWs. The
width of both QWs under study is 36 MLs (102 Å). The zero value
of the intensity of applied electric field F is defined at the point
which corresponds to 5 MLs from the left edge of the QWs. In
numerical calculations we use a wide range of electric fields, from 200 to +200 kV/cm with a step of 5 kV/cm. We also made
calculations for the conventional rectangular QW (RQW) in order
to compare it with our results. The RQW has a 36 MLs (102 Å)
GaAs well and AlAs barriers. The calculations are made at the
center of the two-dimensional Brillouin zone.
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Fig. 2. The dependence of the ground state energies for: (a) – E(LH1) light
holes; (b) – E(HH1) heavy holes; (c) – E(C1) electrons, on the applied
electric field strength; A (AQW) – red triangles, D (DQW) – green circles, R
(RQW) – black squares.

Fig. 3. The dependence of the main transition energies: (a) E(C1-HH1) and
(b) E(C1-LH1) on the applied electric field; A (AQW) –red triangles, D
(DQW) – green circles, R (RQW) – black squares.

Figure 2 displays the calculated ground state energies of the
conduction E(C1) and valence E(HH1), E(LH1) states in the three
kinds of QWs studied versus the applied constant electric field. We
notice that the electric field effects are similar for all QWs under
consideration. For the valence states, at the same value of the
electric field F, the Stark effects are stronger for the AQW and the
DQW, than for the RQW. For the electron energy the tendency is
opposite.

Table 1 gives some differences of the Stark shifts measured and
calculated for DQW and RQW in [6] (see Figure 3, [6]). These
results are compared with the calculated here results with the tightbinding model described above. The calculation in [6] was done in
the effective mass approximation. The experimental data for the
Stark shifts in [6] were obtained by absorption current spectroscopy
method. The discrepancies are likely due to the difference between
real and ideal DQW structures. However, the calculated values are
for the ideal QW, which actually differs from that of the measured
composition profile. Here the Stark shift energies were calculated
not at room temperature but at temperature T = 0K. That is the
exciton effects are not included in the calculations.

Figure 3(a) shows the dependence of the main optical transition
energy E(C1-HH1) from the electric field for the three QWs. Here a
similar dependence is observed: the influence of the electric field on
these QWs is qualitative equal. When increasing the applied electric
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The results of the total spectral strength spatial distributions are
depicted in Figures 5, 6 and 7. The applied electric field intensity F
is respectively 0 kV/cm, -50 kV/cm and -100 kV/cm. For the three
QWs there is a complete overlap of the spatial distributions at F=0.
A displacement of the spatial distributions of C1, HH1 and LH1
states appears at electric field F ≠ 0. It is larger for analog and
digital QWs than for rectangular QW. In the DQW case some
features begin to emerge and reflect its multiwell structure [8]. This
type of behavior, of course, never appears in an AQW.

of applied electric field. We also would like to demonstrate the
practical use of the applied calculation method. Although the two
QW structures are considered as equivalent, there is lack of detailed
investigation on this issue. Our calculations allow a detailed
electronic structure investigation of AQWs and DQWs in the
presence of a constant electric field. On the basis of a realistic
model calculation, we show that even in the Stark shifts of the main
electronic energies there are some small differences in the AQW
and DQW [7]. Nevertheless the energy eigenvalues of these two
QWs are quite similar they have some different properties [7]. We
find also differences in the spatial distributions of the electron and
hole spectral strength for these two QWs. In the case of DQW, its
multiwell nature becomes quite obvious.
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Similar results concerning the calculation of the ground state
energies of the conduction E(C1) and valence E(HH1), E(LH1)
states in three QWs in dependance of applied constant electric field
F were already published and discussed in [7].
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– black squares. The electric field intensity is 0 kV/cm.
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Table 1: A comparison of the calculated values with the calculated and
experimental values from the literature [6] for the Stark shifts (in meV) of
E(C1-HH1) for AQWs, DQWs and RQWs.
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4. Conclusion
The real purpose of this calculation is to make a detailed
comparative study of the AQW and DQW structures in the presence

The actual composition profiles experimentally obtained may
differ significantly from those of the ideal DQW stricture. Then a
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more realistic calculation would require taking account of the
measured composition profile. With the method used here there
would be no difficulty in taking in full account of any details of a
realistic model that one might want to study. The work is in
progress in this direction.

9.

10.

Such investigations will help to find a QW potential profile with
better Stark effect characteristics. The investigation of the electric
field effects on the optical properties of the QW structures with
graded-gap potential profiles is essential for the optimization of
QW-based devices.
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Abstract: During the latest decades the polymer pieces have been appearing in the different areas of the industry. Nowadays polymer
and composite materials are used not only as covering but as the material of concrete mechanical elements as they have a wide workable
and usability spectrum. The pieces made of polymer materials in the telecommunication industry take an honoured place. It is because they
are good insulators, they are light, and cheaper than the metal materials. In the European Union it is a regulation that the most of the pieces
must be recyclable. It means not only the reuse of the raw material but the recycle of the pieces. So the new and economical types of
connection in the polymer pieces have appeared, and their examination have become important, too. Detailed technical literature is
available for self-tapping screwed joints applied on thermoplastic polymers and duromers. The screwed joints’ aspects (screw geometry,
binding strength, parameters of assembly, possibilty of automatization) have been examined by way of experiments and by theoretical
models. On the basics of these experimental investigations they have created application-oriented connections which give an important fact
to the calibration of the self-tapping screwed joints and to the choice of the material. The aim of this essay is to make a basis for the further
research by the comparison of known experience and theory so as to create a more developed, and extended model with more parameters.
Keywords: SELF-TAPPING SCREWS, VOLUTION, THREAD CUTTING, BIASING FORCE

the cross-section of the thread profile grows inside the cutting part
of the screw.

1. Introduction
We have a detailed literature connected to the screwing joint.
Experts have investigated various aspects of screwing bonds for
example the geometry of screw, the stability of the joint, the
parameter of setting-up, the possibility of automation of setting-up,
the forms of crash. These parameters have been investigated by
theoretical ways and by models. On the basics of these theoretical
investigations they have created connections based orientation on
adoption, which present a basis for choosing the material or the
measurement of the bolted joint. Nowadays experts often describe
the behavior of the joint or the different work phases by numerical
models.
The screwing machines in most cases have got torque limit,
which undo at a given pull torque and at the same time it ensures
the same pull torque to each screwing joint. During the latest
decades higher and higher demand emerged on the automation of
the screwdriving process, which have developed to a reliant area of
research. The aim of these researches is the development of the
automatic controlling and supervisory strategies in support of
increase of production. The aim is to make a model, which can
determine that in the case of given pull torque how big is the axial
moving away of the screw.

Fig. 1 Theoretical model of self-tapping screw joint (a) and the change of
cross-section of the thread profile

2. The sliding friction of connected thread surfaces: During
the process of screwing in the reaction force on the cutting part of
the screw pushes the material in the wall of the female around the
inner thread out. In accordance with the rule of action and reaction
the female thread pushes the screw-thread with the same but
contrary direction force. In short between the connected thread and
the female thread there is a certain sized connected pressure, while
the screw – during the process of screwing in - moves forward
gradually along its longitudinal axis. So as to overcome the
frictional force between the thread surfaces we need to exert torque.

2. Theoretical overview
The experts separated and examined four different processes to
estimate the pulling torque of the joint. They made [1] a force
illustration (the whole force acting on the screw) suitable to the
quasi-static condition in each process. They built it into their model
in a form of an equilibrium equation.
1. Thread forming or cutting: The formation of the female
thread depending on the type of the screw and the type of the
material can be made by pressure or cutting. In the first case the
thread comes into being by the plastic deformations, while in the
second case it is made by chipping. We call cutting part or nib the
beginning part of the thread which is responsible for the thread
forming or cutting. It is on the cone-shaped end of the screw. On the
nib the cross-section grows gradually till it goes up to the maximum
value (Ac) (Fig. 1). The measure of the torque which is required to
the force of forming or cutting is directly proportional to the female
yield point, to the cross-section of the thread profile, to the measure
of the radial distance between the centre of thread profile and the
longitudinal axis of the thread, to the cosinus of the angle of pitch,
and it is inversely proportional to the measure of the angle
measured around the axis of rotation. The quotient of the crosssection of the thread profile and this latter shows the progress how

Fig. 2 The frictional force acting on the thread of the screw

The torque needed to overcome (Fig. 2) the friction is directly
proportional the value of friction factor between contact thread
surfaces, to the measure of the radial distance between the centre of
thread profile and the longitudinal axis of the thread, to the cosinus
of the angle of pitch and to the value of contact pressure between
contact thread surfaces.
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part becomes compressed with the measure of ∆It12 and the
connecting threads bend because of the bending stress. The bending
of the threads (fm) will decrease the deflection of the equal cylindric
part, which can be considered by the equation bellow
𝑝𝑝∗∆𝜑𝜑
(5) ∆𝑙𝑙𝑡𝑡12 =
− 𝑓𝑓𝑚𝑚

3. The joining of the screw: The arithmetics above supposed
that the thread was already moving along helically while it was
making the suitable to the thread profile inner thread in the female.
The authors drew our attention to the fact that this motion state will
not form very quickly. There is a junction till the moving position
of the screw changes from the free moving into the thread
producing moving. So it is an examination of the starting etap,
when the thread snatches at the body of the female. By the
presumption of the authors this etap takes as long as the screw takes
a total rotation around its axle. It means that the screw takes a 360o
rotation and an axle direction moving suitable for the pitch.
According to the worked out theoretical model – which gives the
change of the torque during this initial period – the torque which
needed to the moving of the thread is directly proportional to the
female yield point, to the radial distance of the connecting point
(between the screw and the female) and the longitudinal axis of the
thread. The relationship – beyond more other parameters –
considers the measure of the frictional factor between the surfaces
and the measure of the cross-section of the thread profile.
4. The pretension of the screw connection: The conditions
examined in points 1-3 cover the process when the thread goes
forward inside the female and it makes the inside thread in the
previously made countersink. After some time the bottom surface of
the screw-head leans up the piece fixed between the female and the
screw-head. By the turning onwards of the thread amount of stock
between the connected threads and the screw-head suffers
additional pressing employment. During the examinations the
authors considered that in the piece (1) in Fig. 1 the diameter of the
passing bore is bigger than the diameter of the screw. And that
between the piece 1 and the piece 2 (as female, too) there is no
relative moving. It means that during the biasing force in the
consideration of the additional frictional resistance it is enough to
concentrate only on the bottom surface of the screw-head. In terms
of the future examinations it is useful to analyse in detail the part of
the worked out model related to the biasing force.
The force(F) parallel with the axle of the thread can be
calculated by the next general relation:
(1) 𝐹𝐹 = ∫ 𝜎𝜎 𝑑𝑑𝑑𝑑
where 𝜎𝜎 shows the compressive stress acting on the bottom
surface of the screw-head, while A marks the measure of the
nominal surface of contact of the screw-head. The compressive
stress supposed steady stress distribution can be written like this:
(2) 𝜎𝜎 = 𝐸𝐸 ∗ 𝜀𝜀
where E and 𝜀𝜀 are the elastic modulus of the fixed piece, and the
specific stretching of it

2𝜋𝜋

Fig. 3 Model of self-tapping screw joint with abutment screw head

On the basis of these the form-change of the equal cylindrical
part is:
=

∆𝜑𝜑
�−𝑓𝑓𝑚𝑚
2𝜋𝜋

�𝑝𝑝∗

𝑙𝑙 𝑡𝑡1 +𝑙𝑙 𝑧𝑧𝑧𝑧𝑧𝑧

(7) 𝐹𝐹 =

𝜋𝜋∗𝐸𝐸∗(𝐷𝐷 2 −𝑑𝑑 2 )
4∗(𝑙𝑙 𝑡𝑡1 +𝑙𝑙 𝑧𝑧𝑧𝑧𝑧𝑧 )

𝑙𝑙 𝑡𝑡1 +𝑙𝑙 𝑧𝑧𝑧𝑧𝑧𝑧

By the reduction of equations (6) and (3) the force having an
effect on the screw-head can be written as
∗�

𝑝𝑝∗∆𝜑𝜑
2𝜋𝜋

− 𝑓𝑓𝑚𝑚 � = 𝑠𝑠 ∗ �

𝑝𝑝∗∆𝜑𝜑
2𝜋𝜋

− 𝑓𝑓𝑚𝑚 �

where s is the rigidity of the spring of the material parts exposed
to the press-force between the screw-head and the connected
threads.
The torque required to defeating friction resistance on the
bedding surface of the screw-head can be determine by the relation
below
𝑅𝑅
(8) 𝑀𝑀𝑠𝑠 = ∫ 𝜇𝜇𝑓𝑓 ∗ 𝜎𝜎 ∗ 𝑟𝑟 ∗ 𝑑𝑑𝑑𝑑 = ∫𝑅𝑅 2 2𝜋𝜋 ∗ 𝜎𝜎 ∗ 𝑟𝑟 2 ∗ 𝑑𝑑𝑑𝑑
1
where µf is the frictional factor between the screw-head and the
𝑑𝑑
𝐷𝐷
fixed piece and 𝑅𝑅1 = , 𝑅𝑅2 = . We suppose that the distribution of
2
2
pressure is steady and the friction factor is continual inside the
contact domain, the equation after the integration can be written like
below
𝐷𝐷 3 −𝑑𝑑 3

(9) 𝑀𝑀𝑠𝑠 = 𝜋𝜋 ∗ 𝜇𝜇𝑓𝑓 ∗ 𝜎𝜎 ∗
12
The equations (1)-(7) determined the rigidity of the spring of
the material exposed to the press-force between the screw-head and
the connected threads (s). Here it is worth to examine that
supposition, that additional axial force from the screw driver does
not influence on the head of the screw, in fact there is always some
axial force so that the screwdriver does not slide during the pulling
in the bolted. The authors suppose by their model, that the measure
of the additional axial force influencing on the screw-head in each
etap is the same as the resultant of the axial reaction force
consequently because of the press onto the screw. In other words
the additional axial force makes the axial force system to balanced
force system. But in this case the additional axial force influencing
on the screw-head from the screw driver balances the force
influencing on set up surface of the screw head, that means that
there is no pulling force in the tang of the screw and consequently
the connected threads are unloaded. The direct consequence of it,
that the threads can not bend. On the basis of it the measure of the
force influencing on the surface of the screw-head can be given like
this:
𝑝𝑝∗∆𝜑𝜑
(10) 𝐹𝐹 = 𝑠𝑠 ∗ �
�
2𝜋𝜋
Torque greatness of the ∆𝜑𝜑 angular increment:

(𝐷𝐷 2 −𝑑𝑑 2 )𝜋𝜋

(3) 𝐹𝐹 = 𝐸𝐸 ∗ 𝜀𝜀 ∗ 𝐴𝐴 = 𝐸𝐸 ∗ 𝜀𝜀 ∗
4
where D marks the diameter of the cylindrical screw-head, and
d marks the nominal diameter of the screw. The force acting on the
screw-head is delivered through the threads of the screw on the
threads of the finished females, while the same size but
countermove the force influences on the threads according to the
low of action and reaction. The requisition of the screw shank is
pulling. In that case if additional axial force does not influence from
the screw-driver on screw-head the force working on the threads of
the female is equal with force (F) influencing on the screw-head.
This force works in a form of distributed force system on the
surface connected with the female thread. If we take in
consideration the force equal with the power F influencing on the
piece fixed on the surface but the contrasting direction force, too,
we can establish, that these forces cause bending load in the threads
and compression load in the piece to be fixed and the female. In
Fig. 3 It1 shows the thickness of the fixed piece, It2 shows the
thickness of thread as a female. In case the screw is inside the
thread – so it did not cross through the female (Fig. 1) – the heigh of
the cylindric part put out to compressive stress can be calculated by
�

∆𝑙𝑙 𝑡𝑡12

(6) 𝜀𝜀 =

(11) 𝑀𝑀𝑠𝑠 = 𝜇𝜇𝑓𝑓 ∗ 𝑠𝑠 ∗ �

𝜑𝜑
�∗𝑝𝑝
2𝜋𝜋

(4) 𝑙𝑙𝑧𝑧𝑧𝑧𝑧𝑧 =
2
relation, where p is the pitch, 𝜑𝜑 is the angle turning in radian
suited to made turnings by the screw from the beginning of the
thread making. While the screw – calculated from the bedding of
the screw-head - traverses with ∆𝜑𝜑 angle, the equipollent cylindric

𝐷𝐷 3 −𝑑𝑑 3

�∗�

3∗(𝐷𝐷 2 −𝑑𝑑 2 )

𝑝𝑝∗∆𝜑𝜑
2𝜋𝜋

�

In the following to examples the material of the plate used for
producing the female was ABS (acrylic-butadiene-styrene) and PC
(polycarbonate). Using the model we need data of the geometry of
screwing joint (parts we need to fix), the characteristics of the
material, friction facts, the diameter of the pilot hole and the

241

geometric measures of the screw. On the Fig. 4 we can see the
theoretical torque-turning away curve belonging to the PC female.
The numbers on the table show the characteristic linear phases of
the graph.
Phase 1: The cone-shaped end of the screw is touching the pilot
hole of the female (Fig. 5 T0). Then the screw is going into the
female by the time when its tang touches the pilot-hole (Fig. 5 TE).
The first step of the screwing-in process, the screw is snatching at
the female. The torque which influences on the screw is devoting to
the overcoming of the resistance caused by the making thread and
the friction.

The different conditions of the 5 phases are well seen on the
Fig. 5. And at last the comparison of the estimated and the measure
torque-moving-away graph is on Fig. 6. The results show good
conformities, which support the usefulness of the model.

3. Comparison of models
Seneviratne and his colleagues report [2] torque-displacement
graphs decided by measuring. These measurements account for the
presence of expected five different steepnessic quadrant inside the
torque-displacement by the earlier showed theoretical model.
Althofer and his colleagues [3] show a new method for the
control of the self-tapping screwed joints. The artifical neural
network on the basis of the worked out, built on the theoretical
torque-displacement graph is able to distinguish the well or badly
worked out screwed joints. By the authors the torque-displacement
diagram depends on the self-tapping screw connecting them
geometric and mechanic nature of the pieces fixed to each other. So
the graph depends on the elastic modulus, the frictional factor, the
rigidity of the materials, the thickness of the fixed pieces, the
diameter of the countersink holes.
Ellwood and his colleagues [4] worked out an axisymmetric
finite element model to model the process of making threads. The
connected thermomechanic model is able to take into the heat
generation and the plastic deformationon the threads of the tube.
The source of the calorification in their finite element model is the
plastic deformation produced during the thread forming, and the
sliding friction between the connected thread surfaces while making
the model. The most important assumptions are the nain data as
follows:
1. The deformation speed and the temperature dependent
yield point of the examined policarbonat (PC) and the
polipropilen (PP) tubes can be modelled by the Eyring theory.
2. The modulus of elasticity in the case of both material
depends on the temperature, while the value of the Poisson factor
is permanent.
3. The making of the thread is made by thread-press screw,
which means the screw – on the contrary of the thread cutting
screws – does not remove material out of the wall of the mortise
of the tube during the producing thread.
4. The material of the examine screws is steel, which can be
modelled as an ideal rigid material because of its much bigger
elastic modulus; plus the heat conveying factor and the specific
heat of the steel screw independt of the temperature can be
considered permanent.
5. The rising of the thread compared to the diameter of the
screw is small, so the segment belonging to one turning round of
the thread can be modelled as a ring command a suitable to the
thread profile cross-section and an axis of rotation concidental
with the longitudinal axis of the screw; the individual rings are in
a distance of thread pitch (Fig. 7). The supposition of the
modelling of the thread with the series of rings is important in that
respect we can treat the problem as an axisymmetric task.

Fig. 4 Theoretical displacement-torque graph of polycarbonate female
(lt1=0mm, lt2=3mm, E=2.3GPa, p=1.1mm, D=5.03mm, d=2,87mm)

Phase 2: The screw is continuously going in the pilot-hole (Fig.
5 TP). The torque on the screw is now devoting to the overcoming
of the resistance of the thread making by the cutting edge and the
friction between the screw and the female thread. The thread in the
female is growing and it causes more and more friction resistance.
Phase 3: The cone-shaped and of the screw is turning up at the
end of the pilot-hole (Fig. 5 TB), then it is emerging step by step till
the cylindrical part of the screw is at the end of the pilot hole. In this
phase there is thread-making and friction yet. The ready thread
made in the female at the end of this phase achieves its final length.

Fig. 5 Phases of making self-tapping screw joint

Phase 4: The cylindrical part of the screw is turning up at the
end of the in and out pilot-hole (Fig. 5 TF), then it is coming out. In
this phase there is no thread-making, the torque on the screw is
totally devoted to overcoming the resistance of the friction on the
threads. The torque is the same, because the length of the thread in
this phase does not change, so the friction resistance remains the
same, too.
Phase 5: The head of the screw lies on the piece (Fig. 5 TFTF2). The torque on the screw is devoted to the overcoming of the
resistance friction on the surface of the screw-head.

Fig. 7 Approximation of screw thread by series of axisymmetrical rings

6. The thermal conductivity factor and the specific heat of
tubes PC, PP depend on the temperature.
7. The screw-shank is cylindrical.
8. The material of the examined tubs is homogeneous and
isotropic.

Fig. 6 Theoretical (unmarked graph) and measured (graphs with symbol)
torque-displacement graphs in case of polycarbonate female
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9. The measure of the frictional factor depends on the
connecting press, but it is independent from the temperature.
10. The process of thread seen by the Fig. 8 can be modelled
according to the discretized approach.

speed of engagement 340 rotation/minute. The temperature
distribution belonging to the end of the thread producing is shown
in Fig. 10.

Fig. 8 Modelling of screw thread making by separate segments of screw
shank

Fig. 10 Temperature distribution after the thread making (PC tube): in case
of (a) plastic deformation and sliding friction, (b) only plastic deformation
[4] (initial temperature T=20oC)

According to the discretization the thread screw shank is made
up by pitch length segments each of which is capable of
independent axial and radial displacement. The axial displacement
of during one turning round can be modelled so that the authors
moved away the screw shank segment into the axial direct. Of
course we need the radial movements, too.
The responsible for the producing of the thread suitable for the
beginning thread-press part first or more screw shank segments. The
outside diameter is continuously grows by advanced on the thread.
The diameter of the threads after the thread press part is on the
contrary is constant, so the screw shaft segments belonging to these
to axial movement during the process of screwing. The screw is
pressured into the wall of the tube during one turning round the first
screw shaft segment done from the depths of the geometry. At the
end of the total turning this segment moves forward a distance of
thread pitch, while it makes a radial movement, too. The aim of the
radial movement is, that in the new position the i thread-press screw
segment will touch the wall of the hole. Of course the screw shank’s
axial movements happens by the safe of nodal temperatural values.
In the case of the continuity of the screw shank the other segment
arrives in the place of the other screw shank, and it is shown in Fig.
8.
During the producing of the thread this process goes on again
and again, which causes warming in the screw, in the female, and
plastic deformation in the female. They solved the thermodynamic
task connected to making thread as a transient thermal problem,
during that the generating heat was distributed in the ratio of the
thermal conductivity between the connecting surfaces. In this case
the biggest part of evolved heat goes on the twice bigger thermal
conductivity steel screw. The network structure of the finite element
model and its characteristic geometrical measurements can be seen
in Fig. 9. The discretization of the ideally rigid screw was needed
because of the solving of the thermal finite code task.

By the comparison of the results it emerges that the dominating
quantity of the temperature grows because of the sliding friction. By
the statement of the authors the measure of the the friction factor
can be changeable between wide limits with the help of lubricant or
coating, so as the behaviour of the polimer tube. During the
examination of the influence of the speed engagement on the
thermal condition the authors established the measure of the speed
engagement is secondary important in the respect of the forming
temperature in the female. The dicrease with 50% of the speed
engagement in the female dicreased the highest temperature formed
in the female only with 15%. The torque operated on the screw after
finishing the thread producing mainly goes on the biasing force of
the screwed joint.

Fig. 11 Vertical normal stress distribution in the PC tube after the screw joint
preload [4]

Fig. 12 Comparison of measured and calculated torque-time graphs (PC
tube) [4]

Fig. 9 Axisymmetrical finite elements model (dimensions in mm)

The measure of the time step used during the connected thermomechanical task was equal with the 1/80 part of the turning round of
the screw. During the examinations the authors considered the

To model this the authors used the next technics. They put in
contact the screw head movable independenty from the screw shank
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with the top surface of the polimer tube, and then they adjusted the
biasing force with the axial vertical moving of the screw shank (Fig.
11).
To justify the results of the model the authors used torque-time
graphs and determined by measurings temperature values. Fig. 12
shows the comparison of the torque-time graphs lasting till the end
of the thread making process detected by measurement and finite
element model. The authors explain the slight dicrease of the
measured torque with the stress relaxation formed in the polimer
tube, but they do not take up modelling of it.
Erdős-Sélley [5] suggest axisymmetrical finite element model to
model the screw engagement process and the biasing force, too. The
mechanical behaviour of the screw and the thermal condition after
the screwing-in was modelled, but not as a connected, but an
individual thermal task. They modelled the screwing-in and the
biasing force by MSc. Marc programme, while the friction heat
generation between the connected threads they modelled by
Cosmos/M finite element programme. The study does not talk about
the consideration of the forming heat bacause of the plastic
deformation worked out during the thread making. The more
improtant suggestions during the establishing the model will be
displayed in the same sequence in order to be comparable to the
study [4]:
1. The material of the examined tube is poliamid
strenghtened with short fibrous glass. The yield point of the tube
is constant independently from the heat and speed of deformation.
To estimate the contact press in the finite element thermal model
independent from the stress analysis the author uses a specialized
literature analytic relation, which determines the measure of the
average contact press in the function of the yield point of the tube.
The thermal model considers the yield point of the tube depending
on temperature.
2. A room-temperature elastic plastic material model
describes the material behaviour of the tube in the mechanic
model, which shows increasing plastic deformation and dicreasing
hardening. The elasticity modulus is independent from the
temperature, while the value of Poisson factor is constant.
3. By the author thread will be produced by thread press, so
the screw does not remove material from the wall of the tube
while it produces the thread. In reality, the self-tapping screws
used in the fiber strengthed composite tubes do thread-cutting
amd thread-press, too.
4. The steel screw can be considered ideally rigid. The
forming heat because of the slidding friction between the threads
in the individual thermal finite model was modelled by heat
source in a distance of pitch from each other, which come into
activation in different times depending on the progression of the
screw shank. The thermal conductivity factor and its specific heat
is independent from the temperature.
5. An axisymmetric serial of rings replaces the screw thread.
6. Thermal conductivity factor and the specific heat of the
composite tube are independent from the temperature.
7. The screw shank is cylindrical.
8. The tube material is homogeneous and isotropic.
9. The measure of the friction coefficient is independent
from the temperature and the contact press.
10. The author takes the process of the thread producing in
consideration in a very simplified form. He examined the process
in a form of independent from time stress analysis, when the
shank with threads of the screw (each working thread in the same
time) presses into the wall of the bore of the tube doing a radial
rigid body movement. After the 50 steps modelled indentation the
thread shank of the screw makes the needed biasing force by the
axial movement. A rigid profile curve replaces the thread shank in
the finite element model.
Mathurin and his colleagues suggested a 3D 1/8 finite element
model [6] to model the process of screwing in. The modelled thread
press screw makes thread in 4mm deep steel plate, which lets us
think of using of the model in the car industry. By the estimation of
the authors the time (calculated) needed for the running of a total
360o model would result nearly one month, which means an unreal

long time. The suggested model means a compromise solving
between the accuracy of the calculated time and the process of the
thread producing. Similarly to the previous studies the authors
modelled the screw as an ideally rigid body. The main aim of the
examinations was the calculating of the press needed for the
screwing in, which consists of the press needed for the thread
producing and the press needed for ocercoming the friction. In order
to being easily fixed the geometry of the screw – avarding the
analytic describing – the authors devided the screw into end units.
The finite element model and the applied netted structure can be
seen in Fig. 13. The model does not take the influence of the
generating heat during the thread producing. It is estimated to
mention that the calculated time belonging to the simulation of the
process of screwing in was remarkable (1,5-4,5 day).

Fig. 13 1/8 finite element model for modeling of screw in process

Onasch [7] in his dissertation communicates experimental and
theoretical results, too. He examined the mechanic processes step
during the screwing in his work dealing with the different thread
shaping screws. He established directives from the connection of
stress-deformation and the torque and pulling-out force meterings
reffered to the measuring of screwed joints. He examined the
polimer material accumulated around the threads by microsectional
pictures.
Drahtschmidt [8] compared different kinds of weaves (selfcutting screws, copper inserts, polimer inserts) usable in polimer
structures while static and dynamic demand. He estimated the
measure of the biasing force relaxation in the case of self-cutting
screwed joints by a modified Findley relation.
Tome [9] in his study threw light upon very important
connections by theoretical examinations in the biasing force
relaxation in self-cutting screwed joints: the biasing force relaxation
comes out of mainly because of the different heat expansion of the
two units taking part in the joint (metal screw and polimer tube), the
stresses forming by the heat output in the polimer tube cause
plastic/permanent deformation. Depending on the place of force
input this influence in case of cyclic thermal load leads to running
off a characteristic biasing force, where the main parts of the
relaxation effects happen during the first heating of the joint. In this
work there are detailed experiments which examine the screwing in
parameters, the material of the tube, and the types of the thread in
the respects of their influences on the biasing force.
The literature [10] which shows further experimental
examinations, mainly deals with the self-cutting screwed joints
exposed to dynamic impact load, and the same time it contains
some measurements in the connection with the surface deformation
of the polimer piece.
Tome’s and his colleagues study [11] deals with the
deteriorating forms of the self-cutting screwed joints and the joints
equipped with copper insert. They examined the joints with
dynamic load. They loaded the self cutting screwed joint with the
help of tensile test machine with maximum 3,4kN tensile load in
one case with intermittent burden, and in the other case with single
burdened. They established that in the case of tensile load the
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drawing out of the screw, while in the case of single burden the
breaking of the screw is the typical form of ruining.
Further deteriorating forms are shown by Drahtschmidt and his
colleagues [12]. The authors call attention to the deterioration of the
polimer tubes caused by the defective shaping. If the thickness of
the tube wall is too small, then it can be broken characteristically at
the last thread. And also if the thickness of the tube wall is not
suitable or if the profile angle of the thread is too big, cracks can be
formed in the polimer.

[5] Erdős-Selley, Cs.: FE modelling of the mounting process of
metal screw and composite part, Periodica Polytechnica, Vol.
48, No2, pp: 133-143 (2004)
[6] Mathurin, F.; Guillot, J.; Stephan, P.; Daidie, A.: 3D finite
element modeling of an assembly process with thread froming
screw, Journal of Manufacturing Science and Engineering, Vol.
131, pp: 151-158 (2009)
[7] Onasch, J.: Zum Verschrauben von Bauteilen aus
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Dissertation Universitat GH Kassel (1982)
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Fig. 14 Typical breakdown forms of self-tapping

4. Conclusion
After studying the technical literature [1], [2], [3] we can
establish that numerous essays deal with the examination of the
pulling torque and with its optimization. A number of theoretical
models have been produced, which have examined the pulling
torque taken as a function of the screw moving away. These
theoretical models determined the value of the pulling torque by the
help of analytic functions. They take into consideration the sizes of
the screw and the countersink hole and the characteristics of the
material, but they neglected the generating heat. The theoretical
models in most cases were verificated experimentally, but there are
no results on the further operating phases of screw joints.
A group of essays brings the screwing in process into focus by
the adoption of numerical methods. We can meet axisymmetric
finite element models in most case.
[5] devides the screwing in process into two separated tasks. It
does not deal with the heat generated during the process of the
thread producing, but it examines the condition after the screwing
ina s sepapate thermodynamical model. A more detailed model is
shown in [4]. The here appearing heat generation was modelled as a
connected thermodynamical task. We can see here a more realistic
model to model the screwing in, since here the total threads are not
impressed in the wall of the tube at the same time.
To sum it up it can be told that none of the numerical
examinations deals with the viscous behaviour of the polimer unit,
and with its modelling, with the examination of screw joints and/or
of that polimer unit sin different loading cases, and with the
influence of the relaxation of the biasing force and of the
deformation of the tube. And also they do not deal with the screw
fixing adhesive, the lubrication and the coating.
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Abstract: The continuous evolution and development of the society caused a significant increase in the number of construction works.
Regarding road works, in the recent years, these have escalated as the need for bitumen increased. Given Romania’s conditions, for fulfilling
the need of bitumen economy and thus reducing the costs correlated with road pavement, due to the fact that this material is currently
brought only from abroad, it is desired to design an asphalt mixture with a smaller quantity of contained bitumen or even replacing it with
bituminous sand, a solution which is advantageous in areas where one can find these natural resources. In Romania, bituminous sand or oil
sand can be found in two geographic areas, namely: in Bihor County, Derna-Tatarus-Budoi in Prahova County, at Matita, and Pacureti.
Further, these bituminous sands have a naturally occurring bitumen percentage of approximately 20% in their composition. In this context,
this paper aims to emphasize, through static and dynamic methods, the physical and mechanical characteristics of two bituminous asphalt
mixtures containing bituminous sand from Derna - Tatarus - Budoi. Both of asphalt mixtures have been designed based on departmental
normative CD 42-85, containing various sorts of crushed gravel, natural sand and bituminous sand and are intended to be used for the base
course of the road pavement. Furthermore, one of bituminous mixtures is performed with bituminous sand and hard paving grade bitumen
compared with the second one, which only contains bituminous sand, in this case the bituminous binder consisting in the bitumen contained
into the oil sand.
Keywords: NATURAL AGGREGATES, BITUMEN, BITUMINOUS SAND, ASPHALT MIXTURE, PHYSICAL AND
MECHANICAL PROPERTIES

bitumen that fills the pore spaces between the sand granules, as can
be seen in Fig. 1 (Ronald F. Probstein E. Edwin Hicks, 2006).

1. Introduction
The progressive demand increase for asphalt mixtures and
consequently for road bitumen, correlated with the quantitative and
qualitative deficiency of this essential material for road works,
highlighted the importance of using bituminous mixtures with
unconventional components such as bituminous sand. The use of
bituminous sands is imposed by the significant increase in the price
of bituminous binders, together with the gradual degradation of the
road network in Romania, as well as the increase in the degree of
motorization and thus the limitation of the rehabilitation
possibilities mainly due to the high costs. By incorporating
bituminous sands in the asphalt mixture, a significant reduction in
the amount of conventionally bitumen used is achieved, this binder
currently only being imported. Further the quantification of specific
benefits related with the use of bitumen sands in Romania in terms
of bitumen content are presented. The results are obtained through
specific tests carried out in the Roads Laboratory of the "Gheorghe
Asachi" Technical University of Iasi, for further development of
effective asphalt recipes that incorporate these materials and,
finally, to implement this procedure into practice.

Fig. 1 Bituminous sand composition (Dayna Linley, 2010).

According to specialized literature, bituminous binders
represent complex mixtures of animal origin hydrocarbons or being
obtained through a pyrogenic reaction, often accompanied by their
combinations with oxygen, nitrogen, sulfur, etc. They are in the
form of liquid, viscous or solid, having a dark brownish and black
color and being completely soluble in carbon disulfide (Mătăsaru et
al., 1966, Ionita et all, 2016).

In Romania, bituminous sands or oil sands are found in two
geographical areas, namely: in Bihor County, at Derna - Tatarus Budoi and Prahova County, at Matita and Pacuret (Fig.2). These
bituminous sands have an average of 10 to 20% pure bitumen in
their structural composition and are used for road works. Depending
on the road works to which these bituminous sands are used, the
bituminous mixtures can be designed only with bituminous sand or
bituminous sand and additional hard paving grade bitumen (Nicoară
şi colab., 1985).

In order to fulfill their role as road binders, bituminous
materials must have a bond strength or agglomeration. This
condition is satisfied only by two categories of compounds, namely
natural bitumen and tar. Bituminous binders, which occur in nature,
are most often associated with minerals and also are used from
ancient times (Les ENROBES bitumineux - Tome 1 + 2, 2005).
The largest oil field is located near Athabasca, Alberta Canada,
but there are significant oil reserves located in Venezuela (Lake
Bermudes), Cuba, Madagascar, Syria, Albania (SELENE) (Joseph
K. Anocha -Boateng, Erol Tutumluer, 2012).
Bituminous sands represent sand deposits impregnated with a
thick, viscous material called bitumen (James G. Speight, 2009). If
we were to give a definition of bituminous sand, it would be a
mixture composed of 80 % quartz sand and fine particles, a thin
water cover representing 5% from their total composition, and 15%
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Fig. 2 – The geographic location of the bituminous sand areas in Romania
(Source: google maps.com)

2. Laboratory studies
In order to highlight the physical and mechanical characteristics
of bituminous sand mixtures, two technological asphalt mixture
recipes containing this type of material have been designed in the
road laboratory in the frame of “Gh. Asachi” Technical University.
The first recipe designed is for asphalt base associated with road
pavements for light traffic (A.31.nb.), containing bituminous sands
and hard paving grade bitumen. The second warm asphalt mix
recipe, namely asphalt concrete (open graded concrete) with
crushed gravel (B.a.31.nb.f), have only bituminous sand, without
additional hard paving grade bitumen and it is envisaged to be used
for the binder course.

Fig. 3 – Particle size distribution of natural aggregates (gradation)

Laboratory studies conducted for these two alternatives of
unconventional asphalt mixtures complies with the directions of
departmental normative CD 42-85 concerning the direct use of
bituminous sands with and without adding hard bitumen for the
execution of warm asphalt mixtures for road pavements.
The materials used for the bituminous mixes are represented by
crushed sand and gravel delivered from Cristesti (Iasi), natural sand
from Boureni (Iasi) quarry, filler originated from Bicaz (Neamt
County), bituminous sand from Derna Tatarus (Bihor County)
career and the hard paving grade bitumen have been supplied by
OMV Refining & Marketing GmbH (Austria). The preparation of
asphalt mixtures in the laboratory is carried out by heating and
mixing the mixture components for 10-15 minutes at 170-180°C in
the case of the bituminous mixture A.31.nb (asphalt mix with
bituminous sand and hard paving grade bitumen) and at 175 – 190
ºC for Ba.31.nb.f (asphalt mix with only bituminous sand) (CD 42 –
85 Norm). Based on laboratory tests performed previously, the
natural bitumen content in the used bituminous sand is 19.39%. The
particle size distribution curve of natural aggregates and bituminous
sand is shown in the graph below (Fig. 3).

Fig. 4 – Hard paving grade bitumen characteristics
The calculation of the additional hard paving grade bitumen
value required in the case of asphalt base concrete with crushed
gravel, designed for road pavements with light traffic A.31.nb has
been performed based on CD 42-85 Romanian Norm, as follows:
the natural bitumen contained in the mix is required to be 70% and
the hard bitumen is 30%.
For each type of mixture performed in the laboratory five binder
dosage have been calculated as presented below:

The hard paving grade bitumen characteristics, used for the
preparation of the asphalt mixture envisaged for asphalt base
associated with road pavements for light traffic A.31.nb are
presented in Fig. 4.
For each of the two bituminous mixtures conducted in the roads
laboratory, five bitumen dosages have been made and, based on the
measurement results, the optimal bitumen dosage have been
determined. For the asphalt base concrete with crushed gravel,
designed for road pavements with light traffic A.31.nb, have been
used bitumen percent of: 5.00%, 5.20%, 5.40%, 5.60%, 5.80% (the
recommended values ranging between 5.00% and 6.00%), resulting
an optimal bitumen dosage of 5.40%. In the case of the asphalt
concrete (open graded concrete) with crushed gravel for the binder
layer B.a.31.nb.f, have been used bitumen percent of: 4.00%,
4.20%, 4.40%, 4.60%, and 4.80% (the recommended values ranging
between 4.00% and 5.00%) resulting an optimal dosage of 4.40%.



natural bitumen percentage: binder percentage x 0.7 = a%;



hard bitumen percentage: binder percentage x 0.3 = b%;



dosage of bituminous sand: = c %;



dosage of natural sand contained in the bituminous sand: c –
a = d %.

The dosage of natural aggregates used in the asphalt mixes and
the aggregates curve for each type of mixture is represented in the
tables below as follows: Table 1 for A.31.nb and Table 2 for
Ba.31.nb.f.
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Table 1: The natural aggregates dosage for asphalt base concrete with
crushed gravel, designed for road pavements with light traffic A.31.nb
(Ionita G., Gugiuman Gh., 2016)

In Figure 6 below, the physical and mechanical characteristics,
determined through dynamic tests, are presented for both
bituminous mixtures: A.31.nb and B.a.31.nb.f.

Percentage of weight passing sieve, [%]
Aggregate [%]
31.5 25

20

16 12.5

8

4

2

0.12 0.06
5
3

1

Crushed
25.3 23.7 17.8
gravel 25.37
7.79 1.65 0.14 0.05 7
2
6
16 – 31.5
Crushed
10.5 10.5 10.5 10.5
gravel 10.57
8.51 2.76 0.44 0.16 0.09 0.04 0.02
7
7
7
1
8 – 16
Natural
39.9 39.9 39.9 39.9 39.9 39.9 39.6 31.6 25.0
sand 39.92
4.45 1.48
2
2
2
2
2
2
3
4
4
0–4
Bituminous
17.8 17.8 17.8 17.8 17.8 17.8 17.8 17.7 17.5
17.80
2.75 1.02
0
0
0
0
0
0
0
4
7
sand
Filler

6.34 6.34 6.34 6.34 6.34 6.34 6.34 6.34 6.34 6.34 5.62 4.57

Total

100. 98.3 92.4 82.3 74.2 66.9 64.2 55.8 49.0 12.8
7.09
0
5
9
6
2
6
6
8
4
6

Limits
particle
size area

90… 85… 77… 70… 63... 55... 46... 39.. 36... 12...
100 100 94 90 86 80 65 .59 56 26

Fig. 5 – The values of physical - mechanical characteristics
determined by static methods

-

Table 2. The natural aggregates dosage for asphalt concrete (open graded
concrete) with crushed gravel for the binder layer B.a.31.nb.f (Ionita G.,
Gugiuman Gh., 2016)

Percentage of weight passing sieve, [%]
Aggregate [%]
31.5 25

20

16 12.5

8

4

2

1

0.12 0.06
5
3

Crushed
26.1 26.1 24.4 18.4
gravel
8.03 1.70 0.15 0.05 5
5
5
1
16 – 31.5
Crushed
15.6 15.6 15.6 15.6 15.6 12.6
gravel
4.10 0.65 0.24 0.14 0.06 0.03
9
9
9
9
1
4
8 – 16
Natural
35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.8 35.6 28.4
sand
4.00 1.33
9
9
9
9
9
9
9
9
3
5
0–4

Fig. 6 – Values of physical and mechanical characteristics
determined by dynamic methods

Bituminou 19.1 19.1 19.1 19.1 19.1 19.1 19.1 19.1 19.0 18.8
2.96 1.10
3
3
3
3
3
3
3
3
7
8
s sand
Filler

3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 3.14 2.78 2.26

Total

100. 98.3 92.2 81.8 72.5 62.4 58.6 50.9 44.6
9.80 4.72
00 0
6
0
0
1
0
0
7

Limits
particle
size area

90… 85… 77… 70… 57... 40... 33... 29... 26… 9...2
100 100 94 90 81 70 61 56
52 5

Based on the results obtained from the dynamic tests performed
on both asphalt mixture containing bituminous sand one can notice
that the asphalt concrete (open graded concrete) with crushed gravel
for the binder layer B.a.31.nb.f as well as asphalt base concrete with
crushed gravel, designed for road pavements with light traffic
A.31.nb have physical and mechanical characteristics within the
norms limits.

-

4. Conclusions
Analyzing the results obtained from the studies conducted in the
roads laboratory in the frame of “Gh. Asachi” Technical University
of Iasi, the asphalt base concrete with crushed gravel, designed for
road pavements with light traffic A.31.nb. (asphalt mix containing
bituminous sand and hard paving grade bitumen) as well the asphalt
concrete (open graded concrete) with crushed gravel for the binder
layer B.a.31.nb.f. (asphalt mix carried out only with bituminous
sand and without added bitumen) have physical and mechanical
characteristics determined by static and dynamic methods which
respect the limits set by the actual norms. Based on these positive
results obtained through laboratory analyzes we can state that the
use of bituminous sands in the production of asphalt mixtures,
especially in the areas near natural deposits, presents an

3. Results and discussions
For the two mixtures carried out in the roads laboratory physical
and mechanical characteristics have been determined through static
and dynamic tests. Fig. 5 presents the physical-mechanical
characteristics determined by static methods for both mixtures:
A.31.nb and B.a.31.nb.f.
As can be seen in the Figure 5, the values for both mixtures
carried out in the laboratory are within the limits imposed by the
actual norms, showing thus that both mixtures exhibit good physical
and mechanical characteristics determined through static methods.
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advantageous solution, significantly reducing the costs compared
with a typical asphalt mix in which only bitumen is used.
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INNOVATIVE SOLUTIONS USING NITROGEN-CONTAINING STEELS
ИННОВАЦИОННЫЕ РЕШЕНИЯ С ИСПОЛЬЗОВАНИЕМ АЗОТСОДЕРЖАЩИХ СТАЛЕЙ
Dr. Sci. M.V. Kostina, PhD S. O. Muradjan, Baikov Institute of Metallurgy and Materials Science, Russian Academy of Sciences, Moscow,
Russia, e-mail: mvk@imet.ac.ru
Abstract: The report provides examples of two innovative solutions using nitrogen-containing steels. The use of nitrogen-containing steels
allows to increase the durability and reliability of products; to reduce the thickness of work sections; to reduce the cost of maintenance and
repair downtime. The proposed solutions: 1. Austenitic corrosion resistant cast steel with 0,5%N. After homogenizing heat treatment the
steel surpasses traditional cast austenitic steels at yield strength at ~1.5-2 times, impact toughness ~ 4.5 times, hardness - by about 25%. It is
recommended for the manufacture of cast valves. 2. The martensitic steel grade with 0,11-0,17% N. This steel is well proved as a material
for the manufacture by cold heading of very high strength corrosion resistant fasteners.
KEYWORDS: NITROGEN-CONTAINING STEELS, CAST STEEL, HIGH STRENGTH, CORROSION RESISTANCE, CORROSION
RESISTANT FASTENERS, CAST VALVES

1.

Introduction

The report provides examples of two innovative solutions
using nitrogen-containing steels. As an interstitital element,
nitrogen ensures considerable solid solution strengthening. In
nitrogen steel, dispersional hardening is also possible on account of
nanoparticles of chromium nitride CrN. Alloying with nitrogen
increases the resistance to local corrosion. Since nitrogen
effectively stabilizes austenite, its introduction in steel reduces the
consumption of expensive austenite stabilizers such as Ni, Co, and
Cu. Nitrogen as an alloying element in the composition of corrosion
resistant steels provides a simultaneous combination of their
strength, ductility and toughness, corrosion and wear resisting. The
use of nitrogen-containing steels allows to increase the durability
and reliability of products; to reduce the thickness of work sections;
to reduce the cost of maintenance and repair downtime.
Fig.1. Characteristics of strength and plasticity in tensile testing of
a new cast austenitic nitrogen containing steel and European and
American cast steel grades (with a nitrogen content of up to 0.3%).

2.1. Austenitic corrosion resistant cast steel with 0,5%N.
Many products of complex shape require manufacturing by
casting. The problem of increasing the strength of cast corrosionresistant products can be solved, including, through the use of
nitrogenous steels. Our proposed solution: austenitic corrosion
resistant high strength casting steel 05Kh22AG15N8MFL
(0.05C21Cr0.5N15Mn8NiV) with nitrogen concentration 0,45–
0,62% [1].
This steel has good fluidity in the process of mold casting.
When crystallized, it is not prone to the formation of hot cracks.
After the heat treatment, the cast steel has an austenitic structure,
(% of δ-ferrite =5÷0, depending on nitrogen concentration),
hardened with nano sized nitride particles of the MeN type, ~ 10 nm
in size [2]. Its high yield strength in the absence of hardening
deformation treatment (in the presence of coarse-grained structure)
can be explained not only by solid solution strengthening of
austenite by nitrogen, but also by the effect of dispersion hardening
due to the presence of nano sized nitride particles. In cross-sections
from 20 to 50 mm the mechanical properties of steel do not depend
on the morphology of the cast structure.
Mechanical properties (tensile testing, impact test). After
homogenizing heat treatment, this steel exceeds not only traditional
Russian austenitic cast steels (without nitrogen in their chemical
composition), but European and American nitrogen containing
steels [2, 3]. Fig.1 illustrates a comparison of strength and ductility
levels of proposed steel and the same mechanical properties levels
of cast austenitic steel grades. New cast steel exceeds traditional
cast austenitic steels by a factor of ~1.5 - 2 in terms of the yield
strength, ~3 - 4.5 in terms of the impact, and 15-25% in terms of the
hardness).

The new cast steel is not prone to cold brittleness: it is keeping
the impact toughness at least 2.3 MJ/m2 with cooling to -70 ° C [2,
3]. At elevated temperatures (in the 200-350 ° C range) steel has a
yield strength of 200-230 MPa, high ductility (El = 47-55%),
exceeding not only foundry steels, but also conventionall
deformable stainless steels. These statements are illustrated in the
table. 1 and by Fig.2.
Table 1. Cold and heat resistance of the new cast steel
05Kh22AG15N8MFL

Steel grade Mechanical properties

Testing temperature, oС
-70

Rp
New austenitic
cast steel

0,2,

MPa

558 506 229 214 211

R , MPa

841 851 575 547 542

El/ RA, %

24/25 47/50 55/57 45/39 47/52

m

2

КСU, МJ/m
Rp
AISI 316

0,2,

2,31 2,46

MPa

-

-

-

160 150 140

R , MPa

400 360 340

m

El, %

23
.
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-40 +200 +300 +350

18

16

test confirmed the beneficial effect of alloying with nitrogen not
only on the static but on the cyclic strength.
.

R 50 ± 0,5

56,5 ± 0,05

Ra 3,2

40 ± 0,5

20 ± 0,5

40 ± 0,5
40 ± 0,5

5 ± 0,05

R 50 ± 0,5

40 ± 0,5

Stress, MPa

Fig.3. Sample for fatigue tests

Number of cycles, N
Fig. 4. Fatigue curve of the flat cast samples of the
05Kh22AG15N8MFL steel after heat treatment under conditions of
repeated tension.
Wear resistance. The cast steel has a high wear resistance.
The Hadfield steel (110G13L) was used as a standard of wear
resistant material when the relative wear resistance ε in the dry
friction on the abrasive was tested. (ε = ΔМs / ΔМt where ΔМs is
weight loss of standard, ΔМt is weight loss of the tested samples). It
was demonstrated that wear resistance of the cast steel
05Kh22AG15N8MFL (specimens with nitrogen concentration 0,47
and 0,62% N) is comparable to that of the Hadfield steel: ε= 0,941,08 (depending on nitrogen concentration in tested steel
05Kh22AG15N8MFL).
High wear resistance is an advantage of structure material, but
especially for providing of normal technological process we
developed, on the base of catting experiments using different catting
parameters, the optimal catting technology (which is saving cutters,
with a minimum time of cutting (turning)).
Corrosion resistance of cast steel was investigated. It was
shown that steel 05Kh22AG15N8MFL is not prone to intergranular
corrosion; steel has a high resistance to pitting corrosion. Their
corrosion resistance parameters – calculated Pitting Resistance
Equivalent (PREN), which depends on Cr, Mo and N
concentrations in steels and the experimentally detected Critical
Pitting Temperature (CPT) in comparison with the parameters of
common stainless steels are shown in table 2.

Fig.2. Characteristics of strength (a) and plasticity (b) in tensile
testing of a new cast austenitic nitrogen containing steel and
conventional foundry and deformable stainless steels steel grades at
elevated temperatures
The fatigue strength of the annealed 05Kh22AG15N8MFL
corrosion-resistant austenitic cast steel containing 0.47% N was
investigated ∗. The fatigue curve of the 05Kh22AG15N8MFL steel
(Fig. 4) was constructed on the basis of the experiments at
maximum stresses ranging between 200 and 600 MPa. The curve
allows us to assess the fatigue life in the fields of both low cycle
fatigue (up to 105 load cycles) and high-cycle fatigue. With
decreasing the applied stress, the fatigue life increases.
After heat treatment, this steel contained up to 5% ferrite in the
structure and exhibited a good combination of strength and
ductility. Due to alloying with nitrogen, the steel at such type of
loading does not undergo transformation of austenite to martensite,
and its fatigue strength on the basis of 107 cycles is 210 MPa, which
is equal or close to the yield strength of traditional hot-worked and
then solution-treated 18-10 type corrosion resistant steels. The
smooth fatigue curve of the cast steel indicates that its structure is
free from coarse defects and no formation of strain-induced
martensite occurs under the action of applied stresses (Fig. 4). This

Table 2. Comparison of corrosion resistance parameters of
conventional stainless steels and 05Kh22AG15N8MFL cast steel
Steel grade
AISI 316
Type 317
AISI 904L
05Kh22AG15N8MFL

%Cr
16.5
18.5
20.5

% Mo
2.1
3.1
4.5

% N PREN 1 CPT ,°C 2
0.05 24.2
15
0.06 29.7
18,9
0.05 36.2
40

20-22 0,8-1,5 0,5

30-33

40-43 3

∗

The fatigue tests were performed according to GOST 25.502-79
"Fatigue testing methods" with an Instron 8801 setup at 30 Hz under
conditions of repeated tension at cycle asymmetry R = 0.1 at room
temperature. The test base was 107 cycles. The flat samples (type IV
according to GOST 25.502-79) 3 mm thick and 100 mm long (Fig. 3)
were ground and polished on cloth

1

Pitting Resistance Equivalent N = %Cr + 3.3 %Mo + 16 %N
Critical Pitting Temperature (CPT), ASTM G-48A (72 h in 6%
solution FeCl3);
3
RU-standard (5 h in 10% solution FeCl3)
2
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Weldability. As well as the deformable steel prototype, the
cast steel can be welded, in common ways for stainless steels. The
strength of weld is 85-95% of the strength of the base metal.
On the finishing stage of tests 05Kh22AG15N8MFL stainless
steel they were experimental (pilot) castings produced from it (fig.
5). Samples of castings metal showed a high level of mechanical
properties.

reliability [6]. The composition of 05Kh16N5AB (0.05C16CrNNb)
steel and recommendations for its use were incorporated in Russian
State Standard GOST 5632–2014 "Alloyed stainless steels and
alloys, corrosion-resistant and heat-resistant. Grades» (October 24,
2014).
Mechanical properties (tensile testing, impact test). Steel
05Kh16N5AB can be used for the manufacture of critical parts of
machines, including fasteners, operating at temperatures from -70°
C to + 300° C. After hardening heat treatment steel has the
following tensile test characteristics:
- R ≥ 1400 MPa,
m
- Rp ≥ 1100 MPa,
0,2
- El ≥ 20%,
- RA ≥ 60 MPa.
Static tensile testing of M8 ready-made bolts has shown that
the rupture of bolts occurs with the breaking force of P = 3,600 kg.
Bolts are not sensitive to distortions under the head and under the
nut during tensile testing.
Impact tests on specimens with a sharpy notch (according to
Charpy) showed that 05Kh16N5AB steel is cold resistant, steel
retains its plasticity at lower climatic temperatures (fig. 6)..:

Fig.5 Cast blanks for a high-strength corrosion-resistant
05Kh22AG15N8MFL (0.05C21CrN15Mn8NiV) steel regulator:
Rp0.2 = 400 MPa; Rm = 680 MPa; A5 = 37%; RA =50%;
KCV–70 = 1.8MJ/m2;
2.2. Conclusions on the steel 05Kh22AG15N8MFL
The studies revealed the following advantages of the new cast
stainless steel 05Kh22AG15N8MFL:
 Austenitic structure with 0-5% of δ-ferrite. (Steels
CF10SMnN, CF3MN, A 447, CG6MMN, CN3MN can
contain up to 20% ferrite).
 Significantly higher level of mechanical properties caused
by solid solution strengthening of austenite by nitrogen
and by the effect of dispersion hardening due to the
presence of nano sized nitride particles in solid solution.
 A markedly higher level of corrosion resistance than that
of conventional stainless steels without nitrogen.
 Wear resistance is at the level of Hadfield steel.
 Fatigue strength (based on 107 cycles) of 225 MPa is
close to the yield strength of traditional stainless steels:
18-10 (hot-rolled, followed by solution treatment).
 Weldable steel.

Fig.6 Temperature dependence of fracture toughness for
05Kh16N5AB steel Sharpi-specimens after different treatments: 1 –
water quenching; 2, 3 – heat treatment at different temperatures
after water quenching.
The fatigue strength. Testing of smooth samples by the
method of cantilever bending after hardening heat treatment
demonstrated fatigue strength on the basis of 107 cycles 770 MPa.
After tests on high-cycle fatigue alternating load (Pmax = 1400 kg
and Pmin = 140 kg) bench tests of the bolts were carried out. After
the operating time 500 000 cycles the bolts were removed from the
stand without damage.
Corrosion resistance. Comparative corrosion tests of steels
07Kh16N6B (without nitrogen) and 05Kh16N5AB were carried
out. Below are the results of these studies.
Tendency to pitting and crevice corrosion in 6% FeCl3 for 5
hours at 20° and 50° C was studied. Steel 05Kh16N5AB has
corrosion rate (vcor) at 20 and 50оС 4,5-5 and 2-2,5 times lower than
steel 07Kh16N6B corrosion rate (fig.7).

The use of steel 05Kh22AG15N8MFL will:
-

save Ni (due to stabilization of austenite steel with
nitrogen);
save material in the product (due to the higher level of
mechanical properties);
ensure high reliability of products and steel constructions;
reduce operating costs (due to reduction of repair costs).

3.1. Martensitic steel grade with 0,11-0,17% N.
Martensitic steel 05Kh16N5AB (0.05C16CrNNb) with 4–5%
Ni and ~0.11–0.17% N is a high strength, weldable, corrosion- and
wear resistant steel, having good manufacturability [4–6].
Applications under consideration include the following branches.
(1) The manufacture of bolts and screws, which are capable to
replace bolts and screws made of 614V, VT16, and VT35 expensive
titanium alloys and martensitic stainless steels like 07Kh16N6
(0.07C16Cr6Ni), which are prone to intergranular corrosion,
austenitic steels 12Kh18N9T (0.12C18Cr10NiTi), which are having
low strength level, and other stainless steels, with improvements in
strength and cost [4–6]. (2) The manufacture of flat springs and
shafts for submersible electric oil pumps, in place of 12Kh18N9T
steel, with increase in the working life by a factor of 2–3 for springs
and 2.8 for shafts [6]. (3) The manufacture of sealing surfaces in
cryogenic valves in place of 03Kh9K14N6M3D (ЭП921,
0.03C9Cr14Co6Ni3MoCu) steel, with no loss of working life or

Fig. 7. The rate of pitting (1) and crevice (2) corrosion when testing
samples by chemical method
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3.2. Conclusions on the steel 05Kh16N5AB
Pitting corrosion tests using anodic polarization showed that
nitrogen positively affects the resistance characteristics of pitting EPO and EPR potentials (fig. 8).
Stress-corrosion cracking tests under tension in air and in
3.5% of NaCl solution with deformation rate ε⋅ = 2·10-7 s-1
demonstrated that the strength of 05Kh16N5AB steel is much
higher than 07Kh16N6B at the same level of plasticity.
The tendency to intergranular corrosion (boiling 24 h in a
solution of CuSO4 + H2SO4) was investigated. These experiments
showed that steel 05Kh16N5AB is not prone to intergranular
corrosion.
Test on resistance to atmospheric corrosion demonstrated that
steel 05H16N5AB is not prone to corrosion in the industrial
atmosphere.

The studies revealed the following advantages of the
martensitic stainless steel 05Kh16N5AB:
 Efficiency. The steel does not contain expensive alloying
elements (Mo, Co, etc.); it contains <18% Cr, ~ 5% Ni.
 Good manufacturability.
 High strength, weldable, corrosion- and wear resistant
steel.
The use of steel 05Kh16N5AB L will:
-

-

Economy of alloying elements (steel does not contain
expensive Mo, Co, Cu); Contains <18% Cr, ~ 5% Ni.;
save material in the product (due to the higher level of
mechanical properties);
allow to produce fasteners with any form of heads; allows
to produce them with the absence of rejects caused by the
formation of cracks
ensure high reliability and durability of products and steel
constructions and parts;
reduce operating costs (due to reduction of repair costs).
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S.Yu., Popov, V.I., and Khar’kov, A.A., Effect of nitrogen on the
corrosion and corrosion-mechanical properties of steels with a
nitrogen martensite structure, Russian metallurgy (Metally). 2003.
№4. С. 360-366.
6. Bannykh O.A., Blinov V.M., Kostina M.V., Lukin E.I.,
Blinov E.V., Rigina L.G. Effect of heat treatment on the structure
and the mechanical and technological properties of corrosion
resistant nitrogen-bearing 0KH16N4AFD steel for high- strength
welding constructions of railway engineering // Russian metallurgy
(Metally). 2015. Т. 2015. № 7. С. 571-575.

Fig. 9. Bolts produced from high-strength and corrosion-resistant
nitrogen containing steel 05Kh16N5AB by cold upsetting
technology
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DEVELOPMENT OF ROLLING MODES FOR SAMPLES MADE FROM NICHROME
POWDER ALLOY AND THEIR TESTING AT OPERATING TEMPERATURES
V. Solntsev1, G. Frolov1, L. Kravchuk2,V. Nazarenko1, I. Bilan1, K. Petrash1, I. Husarova3, F. Potapov3
Frantsevich Institute for Problem of Materials Sciences of National Academy of Sciences of Ukraine, Kyiv, Ukraine 1,
Pisarenko Institute for Problems of Strength of National Academy of Sciences of Ukraine2
SDO Yuzhnoye, Dnipro, Ukraine3
Abstract The rolling modes for samples of various thicknesses made of dispersed-hardened powder nichrome alloy have been developed. An
alloy sample has been tested at operating temperatures on a stand of the Institute of Strength Problems of the National Academy of Sciences
of Ukraine. It has been demonstrated that the existing set of properties makes it possible to use the created alloy for aerospace aircraft,
which repeatedly operate at extremely high temperatures under aerodynamic heating conditions.
KEYWORDS: DISPERSED-HARDENED POWDER NICHROME ALLOY, HIGH TEMERATURES, ROLLING

1. Introduction
For thermal protection of reusable space systems of Shuttle
and Buran type light carbon-carbon materials and superlight tale
heat protection made of lightweight fibrous on the basis of quartz
filaments with a specific weight of 110-250 kg/m3 heated up to 1250
°C had been used [1-3]. However, such thermal protection has relatively low mechanical and thermo erosion characteristics. Furthermore such thermal protection had often been destroyed due to influence of solid particles and accidental impacts. For example, mechanical damage of carbon-carbon coatings at reusable space craft
“Columbia” results to its catastrophe. That is why new ceramic and
metallic materials with good mechanical strength which are more
suitable for repair at ground service are now used for design of new
kinds of thermal protection systems. On the base of the investigations of nonequilibrium processes in self organizing systems [4]
dispersed hardened nichrome alloy [6, 7] for thermal protection
systems
had
been
proposed
in
[5].
However some problems had been appeared during the sample
production. During the production of the samples of required sizes
by rolling method the cracks in massive samples had been detected.
It is necessary to use the special modes of treatment for production
of the samples of required thickness.
The main aim of this work is the development of the modes of
rolling for the samples of dispersed hardened alloys on the base of
nichrome with the following their testing at the service temperatures
up to 1200 оС at the special stand of Pisarenko Institute for Problems of Strength of National Academy of Sciences of Ukraine [810].

successful.
It was established that developed heat resistant materials characterized by sufficient plasticity in porous state even at room temperatures is catastrophically hardened during rolling and if compression ratio exceeds 10% its hardness exceeds 40HRC. All these
factors required the special long term efforts for development of
rolling mode for such kinds of alloys.

3.

Rolling of billets from dispersed- hardened
nichrome based alloy

The presence of open porosity does not allow heating the materials before and during rolling at air environment. During the
heating till the temperatures more than 1000 оС the alloy structure is
saturated by oxygen and becomes brittle. To have a possibility to
make the hot rolling it is necessary to have the closed porosity. It is
possible if the relative density of the samples will be more than 90
%. So at the first step the cold rolling had been used.
During the cold rolling the degree of compression of sintered
materials depends upon their height. Samples with the height of
36 mm require the degree of compression not more than 10 % of
their height. If the degree of compression will exceed 12 % we will
observe the formation of macroscopic cracks in the middle part of
the sample and there are parallel to the surface of compression (Fig.
1), because the samples after sintering are characterized by alternative porosity with the maximum value of porosity in this zone. For
the samples with lower height with the density more than 90 %
destruction occurs only for the compression ratio more than 30 %.

2. The aim of investigation
It is known that simultaneous adding of chromium and aluminum to nickel based alloys results to reduction of their density and
increasing of their heat resistance and long term heat resistance.
However at the same time their level of plasticity reduced due to
formation of reinforcing phase γ´(Ni3Al) [11].
It is impossible to produce the samples with required density
by means of increasing of pressing pressure that is why for increasing of density it is necessary to introduce the operations of additional pressing or rolling. Using of additional pressing for big samples is
not reasonable because of press form wear enhancing. So the using
of rolling is preferable.
The first attempts of rolling for new heat resistant nanohardened alloy based on Ni-Cr at the temperature of porous billets
of 1120-1150 oC were unsuccessful. The attempts to change the
rolling speeds, rollers diameter and thicknesses were unsuccessful
too. Directed testing of all these processes required essential increasing of the number of billets to develop and confirm the rolling modes for such kind of alloys.
During the development of the production technologies for the
sheets, tapes and foils from the new heat resistant alloys on the base
of nichrome it was established empirically that such material has the
recrystallization temperature of 0,9Тm (about 1200 0С). That is why
the rolling at the billet temperatures up to 1120-1150 0С cannot be

Fig. 1. Common view of the billet after compression more
than 10 % during the rolling process
The investigation of sample microstructure under the ultimate
deformations showed the formation of large number of plane microscopic cracks (Fig. 2). The process of destruction takes place in the
whole sample volume. So depending on sample size, kind of rolling
machine, roller diameter and the speed of rolling the optimal values
of compression ratio should be determined after sintering and after
the following steps of annealing.
For the following rolling steps of the samples with closed porosity the hot rolling had been tested. Corresponding experiments
had shown that hot rolling resulted to the development of the formed
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cracks (Fig. 3).

verse direction. Intermediate annealing should be performed at the
temperature 1200 оС during 2 hours in vacuum furnace after every
cycle of rolling.
At the unit DUO 300 (Fig. 5, b) it is possible to obtain the sizes from 3,5 mm till 1,8 mm and at the unit Qvadro 160/100 (Fig. 6)
it is possible to obtain the sizes from 1,8 mm till 0,3 mm.

Fig. 2. Microstructure of the material after compression
more than 30 % during the rolling

a

b

Fig. 5. Rolling unit DUO 500 (a) and DUO 300 (b)
(IPMS NASU)

Fig 3. Common view of the billet after compression more
than
10 % during hot rolling at 1100 оС
The following tests showed that required parameters of rolled
samples can be obtained by means of cold rolling with compression
ratio not more than 10 % with the following annealing at the temperature not less than 1200 оС. The initial annealing should be performed in protective environment (inert gas or vacuum). At the next
steps it is possible to perform the annealing in air environment. The
samples after cooling in air have the black color due to the formation of spinel which prevents further rolling. During the heating in
vacuum spinel decomposes and at the surface of the sample pure
chromium oxide is formed. So it is reasonable to use annealing in
vacuum at all stages of rolling process.
After the sintering or annealing in vacuum furnace during two
hours the samples had been cooled in air with the formation of solid
solution during the quenching process. X ray investigations confirm
the structure of ideal solid (Fig. 4).

After three cycles of cold rolling with intermediate annealing
at the temperature 1200 оС porosity decreased up to 7,3-7,4 %.
During the following rolling cycles porosity decreased too and
required value about 3 % can be reached after the fifth cycle. Corresponding values of alloy density in that case are equal 7450-7500
kg/m3.

NiCr (III)

6000

Intensity

5000
Fig. 6. Rolling unit «Qvadro 160/100» (IPMS NAS of Ukraine)

4000

It should be noted that the sheets of the alloys with the thickness less than 0,3 mm had been produced on rolling unit Mill
DUO-280 at the Rubin company, Kharkov, Ukraine. (Fig. 7).
According to practical requirements (the calculations of the
specialists from SDO Yuzhnoye) the sizes of the billets for the
production of heat protection system model should be equal (0,151,0) х150х150 mm. To ensure such sizes using above described
equipment it is necessary to produce by pressing the samples with
the thickness up to 12 mm. It is not difficult to calculate that for the
production of the billet with the thickness 0,4 mm from initial sample with the thickness 12 mm using intermediate annealing in vacuum at the temperatures 1200 oС during one hour and compression
ratio not more than 10 % it is necessary more than 40 working days.

3000
NiCr (200)
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NiCr (220)
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Fig. 4. X-Ray diagram for disperse-hardened nichrome based
alloy
By means of the experiments the following rolling regimes for
rolling unit DUO 500 (Fig. 5, a) at room temperatures for developed
alloys for the thicknesses from 20 mm till 3,5 mm had been established: 5 cycles – rolling along the samples, deformation per one
pass 2-3 % and the last rolling cycle should be performed in trans-
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namic stand of Pisarenko Institute for Problems of Strength of National Academy of Science of Ukraine [8-10]. Test cameras of gas
dynamic stand and common view of this stand during the experiments are presented at fig 7 and fig.8. The sample of alloy before
testing is presented at fig.9.

Fig. 7. Rolling unit Mill DUO-280 (Rubin company, Kharkov)
It should be noted that in parallel with the production of billets
it was necessary to make the modernization of the rolling machine
to have a possibility of realization of the full cycle of rolling operations that had been developed in IPMS NASU for such kind of heat
resistant nichrome based alloys. Developed technology allows decreasing of the time of billet production for heat protections models
up to 10 times due to the possibility of rolling of the sheets with the
thickness of about 1 mm and in that case the required size of billets
of about 0,3 mm can be obtained much faster.

4.

Fig. 7. Cameras of gas and dynamic stand

Physical and mechanical properties of nichrome based alloys

Physical and mechanical properties of developed nichrome
based alloys had been investigated at the temperature interval of 201200 оС ( table 1). It was established that its tensile strength limit at
room temperatures is equal 1020 MPa. Its specific strength at room
temperature exceed the corresponding value for developed earlier
alloy ЮИПМ-1200 [6] of 1,5 times and at high temperatures the
enhancing of two times had been obtained.

Fig. 8. Tests on gas and dynamic stand

Table 1. Physical and mechanical characteristics of nichrome
based alloys
Property
Density
Tensile strength
limit, σв, MPa /
MPa/kg
Yield strength, σ0,2,
MPa

Relative elongation,
δ, %

Relative compression, ψ, %

Т, °С
20
800
1100
1200
20
800
1100
1200
20
800
1100
1200
20
800
1100
1200

ЮИПМ1200
8300
738/0,09
237/0,03
45
364
228
40
36,5
36,7
32,8
34,2
32,6
19,0
-

Developed
alloy
7900
1020/0,13
542/0,07
40
624
457
35
21
18,1
18
18
22
19
20

а
b
Fig. 9. Sample of alloy before tests (а)
and witness sample (b)
The sample from developed alloy had been tested under the
thermal loadings simulated the working conditions of heat protection systems in correspondence with given program. The changing
of the temperature for gas flow (1) and witness sample (2) and also
the temperature of gas flow simulating the working conditions of
heat protection system (3) during the performed tests are presented
on fig.10. Changing of the temperature for the witness sample and
for the sample from developed alloy during the cycle of thermal
loading are presented on fig. 11.

5.
High temperature tests of the developed
nichrome based alloy at the special stand in
IPS NASU
To test the efficiency of developed alloys at the conditions simulating the service ones and to evaluate the possibility of using of
such stand for the further tests of thermal protection system model
the experiments on thermal and mechanical resistance of materials
in high temperature gas flows had been performed at gas and dy-
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Fig. 10. Temperature changes for:
1 – gas flow; 2 – edges of witness sample;
3 – flow during service ( calculated value)

sure.
3 High temperature tests of developed alloys had been made
according to the special program at gas and dynamic stand at IPS of
NASU. This program simulated the service conditions of heat protection systems. These tests showed that developed alloy has required level of thermal resistance in high temperature gas flow and
it can be used for production of heat resistance constructions of
thermal protection systems.
4 It was established that at present time in Ukraine gas dynamic stand situated in IPS of NASU is the most reliable for testing of
real models of heat protection systems using given program.

7. References
Fig. 11. Temperature changes during the cycle:
1 – edge of witness sample; 2 – edge of powder alloy and
witness sample at the distance of 3 mm from the edge; 3 –
back side of witness sample; 4-powder alloy sample
To test the influence of high temperature gas flow on the developed alloy its macro and micro hardness had been determined
before and after high temperature tests
Macro hardness had been studied using portable hardness tester COMPUTEST SC produced by ERNST company (Switzerland).
Rockwell hardness had been investigated in correspondence with the
scale C (HRC). Loading on the diamond indenter in the form of
cone with the top angle of 1000 was equal 49 N...
The measurements of micro hardness had been made on the ПМТ-3
machine for the micro sections with indenting of diamond tetrahedral pyramid at a load of 100 g (table 2).
Table 2. The values of Rockwell macro- and micro hardness before
and after tests.
Rockwell hardness, HRC scale
Before tests
After tests
35,7
33,4

Microhardness, Hμ, GPa
Before tests
After tests
3,06
2,83

It should be noted the slight decreasing of hardness values
(33,4 НRС) in comparison with corresponding values after high
temperature tests (35,7 НRС) which was equal of about 6 -7 %.
Micro hardness of tested samples had been equal ~3 GPа.
Changing of micro hardness values for the experiments before and
after high temperature tests was equal 6-7 %. It changing is within
the range of the data scatter, which is due to the process which takes
place after deformation hardening.
Analysis of obtained results had shown that slight decreasing
of macro- and micro hardness (6-7 %) is an evidence of saving of
strength properties of developed materials after double exposure in a
high-temperature gas flow..
So the developed material meets the requirements of thermal
resistance in high temperature gas flow and it can be recommended
and used for the production of heat resistant thermal protection
systems constructions.

6. Conclusions
1 Rolling regimes for dispersed hardened powder nichrome
based alloy had been developed. These regimes allow to produce the
sheets of such alloy with the thickness from 0,6 mm till 0,4 mm and
the size of 150x150 mm necessary for production of the heat resistance system model.
2 Physical and mechanical properties of developed alloy had
been developed. It was found the following:
- alloy density is equal 7450-7500 g/cm3;
- tensile strength limit at room temperature is equal 1020 MPa
and at 800 оС corresponding value is equal 542 MPa and its specific
strength at this temperatures exceed corresponding values for
YuIPM-1200 alloy developed earlier on 1,5 times at room temperatures and on more than 2 times at high temperatures;
- alloy has sufficient plasticity so it may be processed by pres-
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INTERNAL OPTICAL BISTABILITY OF QUASI-TWO-DIMENSIONAL
SEMICONDUCTOR NANOHETEROSTRUCTURES
Derevyanchuk O.V.1, Kramar N.K.2, Kramar V.M.1
Physical, Technical and Computer Sciences Institute 1, College of Education 2
– Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine
Abstract: We represent the results of numerical computations of the frequency and temperature domains of possible realization of internal
optical bistability in flat quasi-two-dimensional semiconductor nanoheterostructures with a single quantum well (i.e., nanofilms). Particular
computations have been made for a nanofilm of layered semiconductor PbI2 embedded in dielectric medium, i.e. ethylene-methacrylic acid
(E-MAA) copolymer. It has been shown that increasing thickness of a nanofilm results in the long-wavelength shift of the frequency interval
of realization of bistability, increasing size of the hysteresis loop, and broadening temperature interval of realization of this phenomenon.
KEYWORDS: OPTICAL BISTABILITY, EXCITON, NANOSYSTEM, NANOFILM, EXCITON-PHONON INTERACTION.

resonator filled by sodium vapor under low pressure [7]. The
essence and variety of this phenomenon have been studied in
numerous theoretical and experimental papers (see, for example, [4,
8-15]). Searching for the media where OB is realized with the
minimal energy consumption and the rate of switching between two
states, investigation of the mechanisms of nonlinearity favorable for
this, as well as influence of external factors on realization of this
phenomenon are continuing [16-23]. Following to the report on
design of an optical processor [24], the interest to OB increased
considerably, and the problem of searching for new physical
mechanisms for realization of an OB and media for implementing it
was actualized.
Peculiar feature of optical absorption in semiconductors is
caused by peculiarities of the structure of the energy spectrum and
the mechanisms of excitation of electron and phonon sub-systems.
Just these peculiarities are responsible for the nonlinear optical
properties governing OB in semiconductors. Such nonlinearities
result from the dependence of the absorption coefficient or the
refraction coefficient on the intensity of illumination of a crystal.
The physical processes, such as dynamical Burshtein-Moss effect,
screening of the electron-hole Coulomb interaction by nonequilibrium carriers, saturation of absorption due to the Franz-Keldysh
effect (cf. [9]), saturation of absorption at the exciton resonance
lines [12], temperature dependences of the fundamental absorption
edge [25] and the relaxation time of free carriers of charge [17], as
well as the shift of the energy levels due to applying the electrical
field of high-power laser radiation [22]. Revealing of new
mechanisms of realization of OB in semiconductors as well as
determination of influence on the range of manifestations of it of
electric [22] and magnetic [26] fields argues topicality and
prospects of further elaboration of this problem showing that the
theory of the phenomena of interest is far from completion.
In this paper, we represent the results of the theoretical study
of peculiarities of the phenomenon of inner (resonatorless) OB [14]
into semiconductor nanofilm (NF), viz. into quasi-two-dimensional
nanoheterostructure with a single quantum well (QW). Topicality of
this investigation follows from that the results of it provide the
feasibilities of the expedient searching for the conditions of
experimental observation of internal OB within the domain of the
exaction absorption of a NF. The main difficulty of observation of
OB in bulk semiconductors is that the frequency range where this
phenomenon is realized is too narrow. Its position and extension are
determined by the structure of the energy spectra of the electron and
phonon systems of a semiconductor, as well as by the efficiency of
interaction of them. For that, the problem arises concerning to the
choice of a laser with the radiation frequency corresponding to the
possible realization of OB. Dependence of the energy of transition
into the exciton state and the efficiency of its interaction with
phonons on a NF thickness provides the feasibilities for matching of
the frequency of laser radiation with the frequency domain of the
OB realization. Besides, increasing energy of coupling of exciton
into nanostructures in comparison with the one into massive crystals

1. Introduction
Along three last decades, attention of many researchers is
attracted boy searching for the materials for development of pure
optical systems for registration, storing, retrieval and transmission
of information as well as for development of the devices for data
processing (optical computers) [1, 2]. The advantages of the use of
an optical radiation for the mentioned purposes consist in exploiting
the carriers much higher than ones for radio waves that results of
considerable broadening the frequency range and, as a consequence,
data transmission rate. Optical systems are applicable for
implementation of parallel data processing as their ensure
implementation not only the temporal light modulation but the
space modulation, including independent modulation of the part of a
signal. Besides, such systems provide high density of data recording
using miniature optical storage devices. One can, in principle, to
design on the base of the single technological process such
integrated-optics devices as laser sources, modulators, thin-film
waveguides, beam splitters, logical storing device, what opens the
perspectives for design of an optical computer.
Creation of a pure optical information system presumes the
solving of two practically important problems, viz., development of
the optical techniques for data transmission and for data storage and
processing. The first of these problems (replacing the transmission
of EM pulses in wire-, radio- and TV nets by the transmission of
optical signals into fiber-optical systems) has found up to now
comprehensive technological solution. Technology of fiber-optical
systems with low optical losses and high-efficient techniques of
inputing the light pulses from laser sources into the processor has
stipulated impetuous progress of fiber optics telecommunications of
high information capacity.
Emergence of optical computers (in form and in time) depends
on the choice of physical processes on the base of which the optical
logical device will be created. The prospect of design of such device
is connected with the use of the phenomenon of optical bistability
(OB) [4] revealing the feasibilities for control of optical radiation
and ensuring implementation in the optical domain of the analogues
of various electronic devices, such as storing cells, transistor,
discriminator, switching etc. [4-6].
Bistability is the phenomenon inherent in wide class of matters
and devices, based on the nonlinearity of the system’s response on
intense action of external EM field. Under interaction of EM wave
with any resonant nonlinear system, this system (under certain
conditions) occurs in one of two steady (dynamically stable) states
differing in the magnitude of absorption of the exciting field energy.
The systems where this phenomenon takes place are referred to as
bistable ones.
OB is one of the manifestations of the mentioned phenomenon
being a more general property of a nonlinear optical system with the
feedback. Observability of this phenomenon has been predicted in
[6] and firstly demonstrated by McCall et al. observed the presence
of the hysteresis anomaly in transmittance of laser radiation of a
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helps to observe this phenomenon due to higher stability in respect
to thermal dissociation.

mh – the transversal components of the tensor of effective masses
┴

of electron and hole, respectively; mex and aex – the mass and radius
of an exciton at the ground state [28, 29].
One considers the direct transitions in the region of the bottom

of the exciton zone ( k ⊥ = 0 ), that is why at low intensity of illumi-

2. Statement of the problem
To solve this problem, we have computed the coefficient of
exciton absorption of a flat semiconductor NF illuminated by
powerful laser radiation providing the densities of exciton states
which are enough for arising the nonlinearities into absorption
spectrum [14]. Computation have been performed for the model of
a NF of layered semiconductor 2H-PbI2 introduced into dielectric
medium, viz. ethylene-methacrylic acid (E-MAA) copolymer.
Microcrystallites shaped as the hexagonal plates of several layers
of PbI2 synthesized using the chemical-thermal technique in organic
medium бреде E-MAA have been obtained and investigated in
paper [27]. As thickness of a microcrystallite is much less of its
transverse sizes, such structure can be considered as quasi-twodimensional. By modeling it as a flat nanoheterostructure with a
QW of infinite depth, we have calculated the energy of transition
into the ground exciton state and the spectral dependence of the
exciton absorption into SF of various thicknesses, for various
temperatures [28, 29]. It has been shown that decreasing of the NF
thickness causes increasing energy of coupling of exciton and the
energy of its ground state.
Using the technique described in papers [28, 29], one can
calculate the spectral dependence of the coefficient of exciton
absorption of a NF
(1)
α (ω , T ) = 2π | D0 |2 S (ω , T ) ,
where D0 is the dipole momentum of the direct exciton transition;
Γ(ω , T )
(2)
S (ω , T ) =
[ω − ω0 − ∆(ω , T )]2 + Γ(ω , T ) 2
– the dependent on the transition frequency ω and temperature T
function of the form of the absorption band, determined by the real
and imaginary parts of the mass operator of the exciton-phonon




nation of an NF (I0) the exciton concentration is also low, so that the
mass operator (3), the form function of the absorption band (2) and
the absorption coefficient (1) depend only on the frequency of an
exciting wave and temperature. For that, absorbing capacity of a
nanosystem is controlled only by the processes of phonon relaxation
of excitation of excitons, and the dependence of intensity
(5)
I (ω) = I 0 e −α (ω) d
at the output of a NF of thickness d on I0 becomes linear.
Increasing intensity I0 causes increasing density of the exciton
gas Nex. In this case, the magnitudes of Δ, Γ and, as a consequence,
the absorption coefficient α are determined not only by frequency ω
and temperature Т, but also by intensity of absorption at crystal at
the specified frequency. Indeed, due to existence of coupling
between the chemical potential of excitons and their concentration
into nanosystem, the numbers of filling of the exciton states are
dependent on Nex, whose magnitude is determined by intensity of
illumination І0. As so, the dependence (5) of І on І0 becomes nonlinear. It leads to the possibility for existence of some frequency and
temperature ranges where two different magnitudes of І correspond
to one magnitude of intensity І0, so that OB is realized [14].
Using the explicit form of the functions of coupling [28], one
can calculate the spectral dependence of the absorption coefficient
for a fixed temperature, and using the technique described in paper
[30] one can find the dependence of the absorption coefficient, α, or
transmittance, τ = І/І0, on І0 at fixed magnitudes of frequency and
temperature T. Due to nonlinearity of absorption, the range of
changing І0 can exist, where α and τ become two-valued functions
of intensity of illumination I0. Extension of the region of OB can
change with changing frequency, temperature and NF thickness.



interaction M ( ω, k ) = ∆ ( ω, k ) − iΓ ( ω, k ) ; ω0 – frequency of the
exciton transition in a NF calculated neglecting the exciton-phonon
interaction [28].
The mass operator of the exciton-phonon system, under strong
absorption associated with the transition only in the ground exciton
state, can be represented in the form

M (k ⊥ , ω , T ) =

3. Results and discussion
Computation has been performed for the nanoheterostructure
E-MAA/PbI2/E-MAA, as the example, the parameters of which as
well as the technique of computation of the energy of the exciton
(0)
transition E ex
are represented in paper [31]. Using the magnitude
of an optical density measured in [9] for ultrathin microcrystallites
of 7 layer-thickness 2H-PbI2 (thickness of one layer is 6.979 Å) equaling 0.387, one can find that the maximal magnitude of the absorption coefficient equals α = 1.84∙106 cm-1, and the corresponding
magnitude of the transmittance coefficient equals τ = 0.41.
The altitude of the function of the absorption band, calculated
for a NF of 7 layer-thickness 2H-PbI2 accounting interaction only
with the bounded phonons, is Smax = 0.3536. On these data, we have
determine the coefficient of proportionality of α and S, that provides
making further calculations of the spectral dependence of the
absorption coefficient for various magnitudes of intensity and
temperature.
The results of computation are represented in Table 1 and in
Fig. 1, where we use dimensionless energy units applying the
normalizing on the width of exciton energy band in 2H-PbI2.



 2 1+ν α (q ⊥ , T ) + N (q ⊥ , T )
(α )
 
∑ | Φ1n (q ⊥ ) | [
 +
n , α , q⊥
ω − ω 0 (k ⊥ − q ⊥ ) − Ω α (q ⊥ )


+




 ],
ω − ω 0 ( k ⊥ + q ⊥ ) + Ωα ( q ⊥ )

ν α (q ⊥ , T ) − N (q ⊥ , T )

(3)

where


Φn(αn′) (q ⊥ ) = Fnαn′ (q ⊥ )[

1
1 + (mh⊥ aex q ⊥ / 4mex ) 2

−

−

1
1 + (me⊥ a ex q ⊥ / 4mex ) 2

];

(4)


Fnαn′ (q ⊥ ) – the function of coupling of an electron from the n-th
level within a QW with a phonon (the component that is transversal

in respect to the direction of the NF growth equaling q ⊥ ),
involving the higher (n') states of electron spectrum;



ν α (q ⊥ , T ) = [exp


Ωα (q ⊥ )
k BT

Table 1. The limits of the frequency (for T = 40 K) and temperature
(for w = ws) intervals of OB at an N layer-thick NF of 2H-PbI2
N
w1
w2
ws
T1, K
T2, K

) − 1] −1

and



ω (k ⊥ ) − µ
) − 1] −1
N (k ⊥ , T ) = [exp
k BT
– the numbers of filling of the phonon and exciton states,
respectively; μ – the chemical potential of excitons; α – the index
determining the kind of a photon and the longitudinal component of


its wave vector q = (q ⊥ , q|| ) ; Ωα – the phonon frequency; me and

5

-0.013952

-0.013774

-0.013815

32

114

7

-0.018160

-0.017908

-0.018034

33

117

10

-0.027696

-0.027276

-0.027485

35

120

One can see that increasing of NF thickness leads to (i) longwavelength shift and broadening of the frequency range of
realization of OB, Δω = ω2 – ω1, (ii) broadening of the temperature
interval of realization of OB, ΔТ = T2 – T1. Increasing temperature
of a 10 layer-thickness NF of 2H-PbI2 results in decreasing of the
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18. Soljačić M., Lidorikis E., Ibanescu M., et al., Opt. Express, 12,
1518 (2004).
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(2006).
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reference frequency ws of observability of OB and in increasing the
hysteresis loop, cf. Fig.1.

Fig. 1. Dependence of transmittance τ of a 10-layer-thick NF of 2H-PbI2
on intensity of illumination І0 (in arbitrary units) calculated for the
reference frequency ws = –0.027432 and temperature: a) 100 К; b) 50 К.

The mentioned facts are explained by that increasing both NF
thickness and temperature amplifies the exciton-phonon interaction
with the bounded phonons.

4. Conclusions
The represented results of numerical calculation carried out for
a NF of 2H-PbI2 introduced into polymer E-MAA show that increasing of its thickness results in long-wavelength shift of the frequency range of realization of OB, increasing size of the hysteresis
loop and broadening temperature range of observability of this
phenomenon.
In contrast to bulk crystal, the conditions of experimental
observation of internal OB in NF are more favorable. Firstly, the
dependence of locus of the exciton maximum and the frequency
range of possible realization of OB on thickness of a NF ensures to
match the frequencies within this range with the exciting source.
Secondly, due to essentially increasing of the energy of coupling of
an exciton in respect to one in bulk semiconductors, the probability
of destroying of the bistable state resulting from the thermal
dissociation of excitons decreases.
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