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There are a number of applied problems in which it is neces-
sary to take into account the dynamic component of the process or 
phenomenon including the fact that the load is applied not instanta-
neously but in time. For example, in continuous rolling, such combi-
nations of mechanical systems appear in which action transfer from 
one rolling stand to another via the strip proceeds with some delay 
affecting transient processes and the strip gripping capability in the 
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We analyzed the methods of determining the characteristics of 
friction based on the experimental studies using the damped oscil-
lations of a pendulum. It was established that the available studies 
into characteristics of viscous friction lack the analytical description 
of the process of damped oscillations at viscous resistance and rec-
ommendations regarding practical calculation of the characteristics 
of friction. Here we propose a theoretical model of the swinging 
pendulum in the cylindrical sliding supports with a lubricant. It is 
demonstrated that for a pendulum in the lubricated sliding supports, 
the process of oscillations is described by a second order differential 
equation with viscous resistance, proportional to the deflection ve-
locity of the pendulum. 

It is found based on the solution of the equation that the ratio 
of adjacent amplitudes of damped oscillations is a constant mag-
nitude, hence it follows that the absorption coefficient is constant 
over the entire process. We established, based on the theoreti-
cal model of pendulum oscillations, that for the viscous friction 
the absorption coefficient is equal to the doubled logarithmic 
damping decrement and is determined by one or a cycle of oscil-
lations. The formulas are received for calculating the indicator of 
dynamic viscosity of a lubricant in the contact by the decrement 
of pendulum oscillations damping. The developed procedures for 
determining the characteristics of viscous friction are applied to 
examine the contact- viscous properties of different combina-
tions of lubricating and design materials. The results received are 
aimed at searching for design and technological solutions in order 
to reduce the energy losses to friction in the sliding supports of 
machines. 

Keywords: sliding support, method of pendulum, damped oscil-
lations, absorption coefficient, oil viscosity.

References

1.	 Bhushan, B. (2013). Introduction to Tribology. New York: John Wi-

ley & Sons, 721. 10.1002/9781118403259 

2.	 Dzhilavdari, I. Z., Riznookaya, N. N. (2008). An experimental as-

sessment of the components of rolling friction of balls at small cy-



67

Abstract and References. Applied mechanics

14.	 Noritsin, I. A. (1977). Proyektirovaniye kuznechnykh i kholodnoshtam-

povochnykh tsekhov i zavodov. Moscow: Vycshaya shkola, 422.

15.	 Chigirinskiy, V. V. (2009). Metod resheniya zadach teorii plastich-

nosti s ispolzovaniyem garmonicheskikh funktsiy. Izv. vuzov. Cher-

naya metallurgiya, 5, 11–16.

16.	 Chigirinskiy, V. V., Kresanov, Yu. S., Kachan, A. Ya., Boguslaev, A. V., 

Legotkin, G. I., Slepyinin, A. Ya. et. al. (2014). Proizvodstvo 

tonkostennogo prokata spetsialnogo naznacheniya. Zaporozhe, 285.

17.	 Chigirinsky, V. V., Lenok, A. A., Echin, S. M. (2015). Determination 

of integral characteristics of stress state of the point during plastic 

deformation in conditions of volume loading. Metallurgical and Min-

ing Industry, 11, 153–163.

18.	 Chigirinskiy, V. V., Sheyko, S. P., Plakhotnik, V. V. (2013). Novyye 

podkhody v reshenii dinamicheskikh zadach obrabotki metallov 

davleniyem. Vіsnik SevNTU, 137, 99–102.

19.	 Chigirinskiy, V. V., Putnoki, A. Yu. (2015). Vliyaniye dinami-

cheskogo nagruzheniya v smezhnykh kletyakh prokatnogo stana. 

Fundamentalnyye i prikladnyye problem tekhniki i tekhnologii, 

4 (312), 21–26.

20.	 Targ, S. M. (1998). Kratkiy kurs teoreticheskoy mehaniki. Moscow: 

Vyschaya shkola, 411.

DOI: 10.15587/1729-4061.2017.101832
METHODS OF BALANCING OF AN AXISYMMETRIC 
FLEXIBLE ROTOR BY PASSIVE AUTO-BALANCERS 
(p. 22-27)

Gennadiy Filimonikhin
Central Ukrainian National  

Technical University, Kropivnitskyi, Ukraine
ORCID: http://orcid.org/0000-0002-2819-0569

Irina Filimonikhina
Central Ukrainian National  

Technical University, Kropivnitskyi, Ukraine
ORCID: http://orcid.org/0000-0002-1384-6027

Kostyantyn Dumenko
Central Ukrainian National  

Technical University, Kropivnitskyi, Ukraine
ORCID: http://orcid.org/0000-0002-9718-6408

Vladimir Pirogov
Central Ukrainian National  

Technical University, Kropivnitskyi, Ukraine
ORCID: http://orcid.org/0000-0002-5843-4552

The conditions for the occurrence of auto-balancing when bal-
ancing a flexible axisymmetric rotor by any number of passive auto-
balancers of any type are determined. The problem is actual for the 
high-speed rotors working at supercritical speeds (rotors of aircraft 
engines, gas turbine engines of power plants, etc.).

The empirical criterion for the occurrence of auto-balancing is ap-
plied. Transformations were carried out on the example of the flexible 
axisymmetric rotor of constant section on two rigid hinge supports. 
The findings are applicable to rotors with another type of fixing.

It is established that auto-balancing of the rotor by n passive 
auto-balancers located in different correction planes is possible only 
if the rotor speed exceeds the n-th critical speed. The number of 
auto-balancers can be arbitrary. Between the critical rotor speeds, 
additional critical speeds appear. Auto-balancing occurs whenever 
the rotor passes a critical speed and disappears whenever the rotor 
passes an additional critical speed.

adjacent stands of the continuous mill. The strip between the mill 
stands is in an elastic state. When the rolls start acting on it during 
the bite in the next stand, they transfer disturbance to the strip in a 
form of oscillations or in a form of a stationary action.

The aim of this research was to expand the application field of 
the obtained solutions to satisfy boundary and initial conditions 
formulated by applied production problems. The wave problem was 
considered as the process of propagation of the initial deviation and 
initial velocity.

On the basis of the method, the essence of which is the use of 
argument-functions, solution of dynamic linear and spatial prob-
lems of the elasticity theory was shown. In the course of the study, 
conditions for existence of new solutions for the wave problem, 
which are limited by the boundary conditions of various processes 
were shown. The initial differential equations and boundary condi-
tions determine the type of differential equations for the argument-
functions that close the solution. Argument-functions can be 
restricted by the Cauchy-Riemann relations and the correspond-
ing differential invariants on the one hand and the differential 
relationships which result in that the argument-functions are the 
same for adjacent coordinate-time dependencies on the other hand. 
Besides, analytical dependences on the parameters entering into 
the d’Alembert formula were obtained.

Keywords: dynamic problem, wave equation, flat functions, 
adjacent stands, argument-functions, conditions for the existence 
of solutions.

References 

1.	 Putnoki, A. Yu. (2015). Mathematical model of rolling dynamics 

when filling finishing train of wide-strip mill with strip. Metallurgi-

cal and Mining Industry, 11, 218–222.

2.	 Bronshteyn, I. M., Semendyayev, K. L. (1964). Spravochnik po 

matematike Мoscow: Nauka, 608.

3.	 Sneddon, I. N., Berri, D. S.; Grigolyuk, E. I. (Ed.) (1961). Klassiches-

kaya teoriya uprugosti. Moscow, 219.

4.	 Mehtiev, M. F. (2008). Asimptoticheskiy analiz nekotoryih pros-

transtvennyih zadach teorii uprugosti dlya polyih tel. Baku, 320.

5.	 Krupoderov, A. V., Scherbakov, S. S. (2013). Reshenie nekotoryih 

dinamicheskih zadach teorii uprugosti metodom granichnyih ele-

mentov. Teoreticheskaya i prikladnaya mehanika, 28, 294–300.

6.	 Ermolenko, G. Yu. (2003). Reshenie dinamicheskoy zadachi aniz-

otropnoy teorii uprugosti so smeshannyimi kraevyimi usloviyami. 

Vestn. Sam. gos. tehn. un-ta. Ser. Fiz.-mat. nauki, 86–88.

7.	 Sinekop, N. S., Lobanova, L. S., Parhomenko, L. A. (2015). Metod 

R-funktsiy v dinamicheskih zadachah teorii uprugosti. Kharkiv, 95.

8.	 Zakaryan, T. V. (2013). O sobstvennyih kolebaniyah ortotropnyih 

plastin v pervoy kraevoy zadachi teorii uprugosti pri nalichie vyaz-

kogo soprotivleniya. Izv. NAN Armenii. Mehanika, 66 (3), 38–48.

9.	 Bagdaev, A. G., Vardanyan, A. V., Vardanyan, S. V. (2007). Reshenie 

nestatsionarnoy smeshannoy granichnoy zadachi teorii uprugosti 

dlya poluprostranstva. Izv. NAN Armenii. Mehanika, 60 (4), 23–37.

10.	 Kupradze, V. D., Burchuladze, T. V. (1975). Dinamicheskie zadachi 

teorii uprugosti i termouprugosti. Itogi nauki i tehn. Seriya “Sovre-

mennyie problemyi matematiki”, 7, 163–294.

11.	 Tikhonov, A. N., Samarskiy, A. A. (1966). Uravneniya matematiches-

koy fiziki. Moscow: Nauka, 724.

12.	 Panovko, Ya. G. (1976). Osnovy prikladnoy teorii uprugikh kole-

baniy i udara. Leningrad: Mashinostroenie, 320.

13.	 Babanov, I. M. (1968). Teoriya kolebaniy. Moscow: Nauka, 560.



68

Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 3/7 ( 87 ) 2017

automatic ball-balancers. Journal of Sound and Vibration, 321 (3-5), 

554–571. doi: 10.1016/j.jsv.2008.10.019 

13.	 Yu, H. H., Chung-Jen, L. (2015). Application of automatic balancers 

on a flexible-shaft rotor system. The 22nd International Congress on 

Sound and Vibration, ICSV22, 5, 3762–3770.

14.	 Majewski, T., Szwedowicz, D., Melo, M. A. M. (2015). Self-balancing 

system of the disk on an elastic shaft. Journal of Sound and Vibra-

tion, 359, 2–20. doi: 10.1016/j.jsv.2015.06.035 

15.	 Goncharov, V., Filimonikhin, G., Dumenko, K., Lychuk, M. (2016). 

Studying the peculiarities of balancing of flexible double-support 

rotors by two passive automatic balancers placed near supports. 

Eastern-European Journal of Enterprise Technologies, 4 (7 (82)), 

4–9. doi: 10.15587/1729-4061.2016.75115 

16.	 Goncharov, V., Nevdakha, A., Nevdakha, Y., Gutsul, V. (2016). 

Research of stability and transition processes of the flexible 

double-support rotor with auto-balancers near support. Eastern-

European Journal of Enterprise Technologies, 6 (7 (84)), 22–27. 

doi: 10.15587/1729-4061.2016.85461 

DOI: 10.15587/1729-4061.2017.101315
NUMERICAL STUDY OF FLOW IN  
THE STAGE OF AN AXIAL COMPRESSOR  
WITH DIFFERENT TOPOLOGY OF 
COMPUTATIONAL GRID (p. 28-33)

Yuriy Tereshchenko
National Aviation University, Kyiv, Ukraine

ORCID: http://orcid.org/0000-0003-4367-3232

Ekaterina Doroshenko
National Aviation University, Kyiv, Ukraine

ORCID: http://orcid.org/0000-0001-6495-3263

Ivan Lastivka
National Aviation University, Kyiv, Ukraine

ORCID: http://orcid.org/0000-0001-5226-9819

Yuriy Tereshchenko
National Aviation University, Kyiv, Ukraine

ORCID: http://orcid.org/0000-0002-1908-0923

We conducted a series of calculations with the models of tur-
bulent viscosity k–e, SST and three variants of three-dimensional 
unstructured computational grids. For each variant of the com-
putational grid we calculated each of the two models of turbulent 
viscosity at axial velocity at input from 110 to 150 m/s. Comparison 
of results of numerical experiments with data of the physical experi-
mental studies revealed that an error of the computational research 
is 0.3...8.6 %. Results of the study showed that at the first phase of 
calculation of the stage of an axial compressor one can recommend 
using the model of turbulent viscosity k–e and the coarse computa-
tional grid. To solve the problems on internal aerodynamics of com-
pressors taking into account the flow in the near-border layer and 
aerodynamic trail, it is expedient to employ the model of turbulent 
viscosity SST and the fine adaptive grid.

Keywords: simulation of flow, computational grid, model of tur-
bulent viscosity, stage of compressor, near-border layer.
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If n auto-balancers are located in the n nodes of the rotor flexural 
(n+1)-th mode, the j·n-th additional critical rotor speed matches 
with the j(n+1)-th critical speed, /j=1, 2, 3,…/. When balancing the 
flexible rotor between the n-th and (n+1)-th critical speeds, such 
number and placement of auto-balancers are optimum. Auto-balanc-
ers at the same time balance the first n distributed modal unbalances 
and do not respond to the (n+1)-th ones.

The additional critical speeds are due to the installation of the 
auto-balancers on the rotor. Upon transition to them, the behav-
ior of auto-balancers changes. At slightly lower rotor speeds, the 
auto-balancers reduce the rotor unbalance, and at slightly higher 
ones – increase it.

Keywords: flexible rotor, passive auto-balancer, auto-balanc-
ing, criterion for occurrence of auto-balancing, critical speeds of 
flexible rotor.
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The results of computer simulation of hydrodynamic flow were 
presented using the FlowVision software package (Moscow, Russian 
Federation). This program has enabled creation of hydrodynamic 
flow models using three types of mixers: a mixer with the proposed 
diaphragm of special design, a pipe mixer and an orifice mixer. The 
complete information on behavior of the processes was obtained 
taking into account design and technological parameters of the 
abovementioned types of mixers. Computer simulation of flow in 
mixers of various types made it possible to substantially shorten time 
for conducting studies and confirm the results of field experiments 
presented earlier by the authors [11].

As a result of the analysis of the data obtained in the computer 
simulation of motion of the flow of waste water with the reagent 
solution, the following can be distinguished: when using differ-
ent types of mixers, the best results of intensive flow mixing were 
obtained by using a mixer with a diaphragm of a special design and 
an orifice mixer. It is evidenced by the diagrams of distribution of 
pressure and velocities in these mixers. However, when using an 
orifice mixer, one can notice intensive mixing only at the center 
of the flow, and zones were noticeable at the walls of the pipeline 
in which there was practically no vortex formation and mixing 
respectively. In the pipe mixer, only a small region could be noticed 
in an immediate vicinity of the point of injection of the coagu-
lant solution. Pressure and velocity vary in this region but these 
parameters change insignificantly in the main flow. The obtained 
hydrodynamic models indicate that the proposed diaphragm of a 
special design provides more efficient mixing of wastewater with 
the reagent. Models for pipe and orifice mixers have shown worse 
results. The proposed diaphragm enabled mixing of wastewater 
with the reagent as fully and quickly as possible.

Keywords: static mixer, computer simulation, pressure and ve-
locity distribution diagram, turbulent dissipation.
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tive factors depending on the propeller flow direction relative to 
the plane of motion of the ship is within the few hundredths of 
the percent. We systematized and compiled in the table the list of 
parameters (factors) according to the operating mode of the ship, 
which are required to solve the basic equations in the formaliza-
tion of physical models of thrusters.

The designed principles of formalization of the physical mod-
els of thrusters could be employed in the process of selection and 
improvement of design of combined propulsive complex and ad-
justment of selected regulators of components of the ship pow-
er plant. 

Keywords: ship steering propeller, degradation effect, formaliza-
tion of the physical model, computational fluid dynamics.
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Based on theoretical and practical studies into the causes 
of losses of propellers, caused by the axial inflows, employing 
the methods of computational fluid dynamics, we calculated the 
geometry of physical model of the thrusters with two degrees 
of freedom. We specified the required physical conditions of 
implementation, formalized geometric parameters of the model, 
assigned the initial and boundary conditions of differential equa-
tions that describe behavior of propeller flows in the recirculation 
zones. The coefficients are calculated that take into account the 
existence of degradation effects.

The use of methods of computational fluid dynamics is neces-
sary to account for the losses of propellers caused by the axial water 
inflows that are dependent on the degradation effects, which will 
contribute to reducing the propeller thrust and torque.

As the result of the studies, we received the Reynolds 
and Froude numbers for the zero-velocity model of the ship: 
Rn=4.405×106; Fr=3.124. Components of the axial and tangential 
forces of the radial distribution of steering propellers thrusts are 
refined within the limits of 2.7–5.1 %. The largest deviation of 
similarity coefficients is in the region of 85–100 % of the rated 
propeller thrust. We obtained dependences of adjustment factors 
that affect the components of thrusts and torques proportional 
to the radius of propeller of the model and the actual steering 
propeller, related to the original geometry. The value of correc-
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The optimization of the parameters of the centrifugal juicer 
with the ball auto-balancer under the impulse change of the sieve 
unbalance at cruising velocity is conducted by 3D modeling. The 
dependence of the duration of the transition processes on the main 
parameters of the juicer and the auto-balancer is studied.

Using the example of a two-ball auto-balancer, the impulse 
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The following is established.
1. The proposed in previous works methods of optimizing the pa-

rameters of machines with an auto-balancer for minimization of the 
duration of transition processes are also efficient under the impulse 
change of an unbalance at cruising velocity.

2. The previously obtained results are confirmed, namely:
a) the increase of the number of the balls in the auto-balancer 

leads to the decrease of the duration of transition process; this is 
explained by the fact, that:

– when there are more than two balls in the auto-balancer, the 
multi-parameter family of the steady motions appears in the rotor 
machine;

– under the change of an unbalance, the balls make the transi-
tion between the two nearest steady motions;

b) the decrease of the running track radius leads to the decrease 
of the duration of transition processes; this is due to the fact, that the 
running track becomes more filled and the balls need to move less 
between auto-balancing positions;

c) the dependence of the optimal values of the parameters of 
the centrifugal juicer and the auto-balancer on the magnitude of 
an unbalance is revealed. The dependence is significant only for the 
two-ball auto-balancer and weakens with the increase of the number 
of the balls in the auto-balancer;

d) the use of the two-ball auto-balancer, both in practice and for 
theoretical and experimental studies of the duration of transition 
processes in auto-balancing of machines, is inexpedient.

3. It is established that at the centrifugal juicer run-up with the 
fixed unbalance and under the impulse change of its unbalance at 
cruising velocity:

– the trends in the influence of the running track radius of an 
auto-balancer and the number of the balls on the duration of transi-
tion processes are identical;

– the optimal values of the main parameters of the auto-balancer 
and the centrifugal juicer coincide, except for the coefficient of vis-
cous resistance forces of the relative motion of the balls;

– the optimal values of the coefficient of viscous resistance 
forces of the relative motion of the balls at run-up are less than 
the corresponding values under the impulse change of an unbal-
ance by 50 %.

Keywords: unbalance, auto-balancer, 3D modeling, impulse 
change of an unbalance, transition processes, centrifugal juicer.
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We obtained equations for the curvilinear trajectory of a four-
wheeled vehicle in the parametric form of a function of turning 
angle of the machine frame. The equations are suitable for the 
sections of entering a turn and exiting a turn. The proposed equa-
tions make it possible to build the trajectories taking into account 
the intensity of turning the front steered wheels. For this purpose, 
the course angle is represented as a function of the turning angle 
of the body of a machine. For example, in the case of a linear de-
pendence, the proportionality factor (coefficient of intensity of 
change in the course angle, predetermined by the rotation speed 
of steered wheels) depends on the turning angle of a steering 
wheel. The solution was found based on the projections of veloc-
ity of the center of mass of a machine onto the inertial coordinate 
axes. In this case, the integrand functions are represented through 
a single variable – turning angle of the machine frame. For this 
purpose, we employed a special substitution, which replaces the 
differential of time with the differential of turning angle of the 
machine frame. Following the decomposition of integrand func-
tions into the Maclaurin series, the integration becomes possible. 
We also found the equation of motion along a circular trajectory 
at fixed position of a steering wheel. Along with the equations for 
entering a turn and exiting a turn, they allow us to build complex 
trajectories of u-turns in a unified coordinate system. For the con-
jugation of separate sections of the trajectory, we applied formulas 
of change in the coordinates at parallel carry and turn of the coor-
dinate axes. The coordinates of points along the trajectory can be 
calculated by using the software tools. 

The impact of the phenomenon of wheels slip under the action 
of lateral forces on the trajectory of curvilinear motion is accounted 
for by introducing to the equations the intensity coefficients that 
represent dependence of the course angle, caused by the slip, on the 
turning angle of the machine frame. 

Keywords: four-wheeled vehicle, curvilinear motion, equation 
of trajectory, course angle, lateral slip.
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