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The hydrodynamic Kelvin-Voigt model of production systems with a flow method of organizing production is considered. The main 
macro parameters of the state of the production line and the relationship between them are determined. The analysis of the main 
characteristics of models of elastic elements, which are used to analyze the occurrence of the dynamic stresses in a moving conveyor 
belt, is presented. A boundary value problem for elastic longitudinal vibrations in a conveyor belt with a moving material is 
formulated. It is assumed that the deformation of the conveyor belt element corresponds to the Kelvin-Voigt model and there is no 
sliding of the moving material on the belt. When determining the forces of resistance to motion acting on an element of the belt, the 
recommendations of DIN 22101: 2002-08 were used. The analysis of the Kelvin-Voigt model of the elastic element is carried out 
and the distinctive features of the model are demonstrated. The justification of the choice of the Kelvin-Voigt model of an elastic 
element for describing the process of occurrence of the longitudinal vibrations in a conveyor belt is given. The dependence of the 
non-uniform flow of material and the magnitude of tensions in the belt is estimated. An expression is written for the speed of 
propagation of disturbances along a moving conveyor belt with the material. The reasons for the acceleration and deceleration of the 
conveyor belt associated with the uneven supply of material at the entrance of the transport system are determined. The relationship 
between the speed of a conveyor belt and the mass of material along a section of the conveyor is demonstrated. It is shown that an 
increase in the power of the electric motor at the start and acceleration of the conveyor belt, as well as a decrease in power during the 
braking and stopping of the conveyor belt, is the cause of the appearance of dynamic stresses in it. The characteristic phases of the 
initial movement of the conveyor belt with the material are analyzed. The process of occurrence of dynamic tensions with the 
constant and variable acceleration of the conveyor belt for the phase of acceleration and deceleration of the conveyor belt is 
investigated. For the analysis, a dimensionless model of a conveyor line was used. An expression is obtained for static and dynamic 
tensions in the conveyor belt. The amplitude of oscillations of dynamic stresses and the characteristic time of damping of oscillations 
in a conveyor belt is estimated. A quadratic dependence of the speed of damping of a wave of dynamic tensions with an increase in 
the oscillation frequency is demonstrated. An inversely proportional dependence of the characteristic decay time of the generated 
dynamic tensions on the value of the viscosity coefficient of the composite material of the conveyor belt is shown. 
КEY WORDS: hydrodynamic model of a transport system, two-moment description, Hooke model, balance equations, PDE 
production model  

 
In article [1], the hydrodynamic Hooke's model of a transport system is considered, which was used to analyze the 

mechanism of the occurrence of longitudinal vibrations in a conveyor belt when material moves along a transportation 
route. To construct a model of the transport system, the equations of two-moment description (2) were used in the form 
[1, 2]: 

      (t)S
S

St

t

St












 ),(),( 10 ,     (1) 

      ),(),(),(),( 010 StfSt
S

μ
St

t

μ
St  









,  

 
  ),(

),(

0

1
St

St
μ




 ,   (2) 

where    St,0 ,    St,1  are respectively,  the density of the material and the flow of material at the moment in 

time t  at the point of the transport route, which is determined by the coordinate S ,  dSS ,0 ; dS  is the length of the 

transport route; (t) is the intensity of material receipt at the entrance of the transport system at the point 0S ; 

),( Stf is the force that acts on the material per unit mass of the material and the belt [3];  S is Dirac delta function. 

We will assume that the specific density of the conveyor belt is constant and equal   С0 , the conveyor section is 

located horizontally, and the material does not crumble from the conveyor belt. 
The force acting on the section dS  of the density conveyor belt    constС 0 ,  on which the material with 

density   ),(0 St  is located can be calculated as follows [1, Fig. 1]: 

WdFStRdSStRdmStf  ),(),(),( ,       dSStdm С00 ),(   ,  (3) 

BhStSR ),()(  ,         (4) 
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where dm is the total mass acting on the belt; B is conveyor belt width; h is conveyor belt height; ),( St is conveyor 

belt tensions; WF is sum of total resistances to belt movement [1]: 

SStNHW FFFFF  .      (5) 

Descriptions of each component of the secondary resistance (5) are discussed in detail in [1]. Detailed information 
on the methods for calculating secondary resistances is given in [4]. 

Primary resistances HF  are related to the frictional resistance along the conveyor belt, with the exception of 

specific resistances. The primary resistances HF , assuming a linear relationship between the resistances and the 

transported load, are determined by the expression 

       ССRmС StgfdSd  cos),(F 000H  ,     

Сf  is the coefficient of resistance to motion, which includes the rolling resistance of the driving rollers and the 

resistance of the belt being pressed; 81.9mg (m/sec2);   R0 is linear load from rotating parts; С  is the angle of 

inclination of the section of the conveyor section. The force NF , taking into account the influence on the movement of 

secondary resistances, can be expressed through the value of the primary resistance to movement HF [4]: 

  HN F1F  С , 05,1С .      

The force StF , characterizing the gradient resistance of the conveyor belt and transported material [4] 

    СmС StgindSd 00St ),(sF         

for a horizontally located conveyor section ( С =0) not present. 

The calculation of the force SF , associated with special resistances in the transport system is determined by the 

design features of the transport system.  For most conveyor-type transport systems, it is assumed 

HS FF  .       

Divide (3) by dm  
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substituting the result into (2), we obtain an equation that, together with equation (1), determines the propagation of 
stress disturbances along the conveyor belt, taking into account the distribution of material along the transport route  
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To solve the system of equations (1), (7), the relationship between the tensions and the relative deformation of the 
section of the conveyor belt must be known  

 ),(),( StfSt   .        

This dependence is determined by the properties of the composite material from which the conveyor belt is made and is 
a model of an elastic element. 

 
FORMULATION OF THE PROBLEM 

The cost of transporting material from the place of extraction to the place of material processing reaches 20% of 
the total cost of mining material [5]. These costs can be significantly increased in the case of underloaded transport 
systems. This is especially important for long-distance transport systems [6, 7]. To reduce unit costs, systems are used 
to control the speed of the conveyor belt μ  and the value of the incoming flow (t)  to the input of a separate section 

from the accumulating bunker. The control of the parameters of the transport system changes the linear density of the 
material   ),(0 St  along the transportation route. Control algorithms assume the operation of the conveyor section in 

the mode of acceleration or deceleration of the conveyor belt [8, 9]. This leads to the generation and propagation of 
tension disturbances along the conveyor belt [10]. If the maximum permissible tension value of the conveyor belt is 
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exceeded, such control modes destroy the transport system. The danger of such situations is relevant at the present time 
and requires a detailed analysis of the causes of disturbances for conveyor belts made of different materials. 
 

MODEL OVERVIEW 
The process of propagation of tension disturbances along the conveyor belt of the transport system largely depends 

on the properties of the material from which the conveyor belt is made. An overview of the models of elastic elements 
for materials of various properties is presented in [9]. The analysis of the main characteristics of elastic element models 
is presented: Hookean element, Newtonian element, Maxwell element, Kelvin element, Venant element, CDI geometric 
beam element and CDI five-element. The finite element method (FEM) is chosen to describe the transport system [11]. 
The calculation was carried out for the different start and stop modes of two operating transport systems with an elastic 
element of the CDI five-element composite model. The length of one of the conveyors was 9 km. The article [12] 
presents a comparative analysis of elastic element models: Vogit element and Maxwell element. A system of Lagrange 
equations was chosen to model the transport system. For the conveyor section, the calculation for speed, acceleration 
and tension in the belt for several modes of operation is performed. In [13], for the model of the elastic element 
Maxwell element and the model of the Winkler foundation transport system, a calculation was made for the speed of the 
conveyor belt. The article [14] presents the calculated “belt stretch curve” and “velocity curves” for the Kelvin-Voigt 
element model of the elastic element and the transport system model represented by the Lagrange system of equations. 
The article [15] analyzes the models of the elastic element Kelvin-Voigt element, the combination of Hooke and 
Kelvin-Voigt element, as well as the combination of two Kelvin-Voigt elements. The analysis of long-wave oscillations 
in the conveyor belt of the transport system for the Hooke element model and the analytical model of the transport 
system is presented in [1]. The mechanical properties of composite materials for the manufacture of a rubber conveyor 
belt with polyester and polyamide cartridges are given in [16]. The results of experimental studies of composite 
materials of a rubber conveyor belt with polyester and polyamide cartridges are presented. As a result of experimental 
studies, values were obtained for the tensile strength, elastic modulus, Poisson's ratio for new and operated rubber 
conveyor belts. Analysis of these indicators, which characterize the properties of a specific material of the conveyor 
belt, allows you to determine the model of the elastic element, and, accordingly, the type of dependence between the 
tension and the relative deformation. 

 
CONVEYOR TYPE PRODUCTION LINE MODEL 

In this paper, the Kelvin-Voigt element model will be used to analyze the arising stresses in the conveyor belt 
(Fig. 1): 

dt
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StESt
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  ,      (7) 

where E  is the elastic modulus of the element;  is element viscosity.  

 
Figure 1. Kelvin-Voigt element 

 
Equation (7) is used to calculate the normal tensions of an element. If the tension is constant constSt  0),(  , then 

the equation has a solution 
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At 0tt  ,  the limiting value for the element deformation is obtained: 
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At   ,  the limit transition to the model of an elastic element  follows, in which the stress and strain can be 

calculated in accordance with Hooke's law: 
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The analysis of the arising deformations in accordance with Hooke's law was investigated in [1]. Substituting 
expression (7), which determines the relationship between stress and strain, into equation (6), we obtain 
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Let us introduce the absolute elongation of the conveyor belt ),( StW  at the moment of time t  for the 

technological position S .  The ratio of the elongation ),( StdW  of the element by the conveyor belt to the length of the 

segment dS  is the relative deformation of the element 
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The speed of the conveyor belt μ , on which the material is located, consists of the speed of the belt in equilibrium 

  and the oscillatory part of the belt speed 
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Since the relative deformation of the element ),( St  is small, then 
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For the relative deformation, represented in the form of a plane wave )(~),( kStieStW  , it follows  
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where   is the oscillation frequency; k is wave vector; k is disturbance wavelength; phμ  is the phase velocity of 

propagation of the disturbance wave, that is, the velocity of movement of a point with a constant phase of oscillatory 
motion in space, along a given direction. A negative value of the wave vector corresponds to the case of propagation of 
a backward wave. In this paper, we will consider perturbations whose propagation satisfies the condition (8). Assuming 
that for the case when the functions ),( StW , μ  have a large gradient, the destruction of the conveyor belt occurs. 

Taking this into account, we write down the expression for the change in the speed of the belt, neglecting the values of 
higher orders of smallness 
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where the order of smallness is given below: 
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When the length of a segment dS of the transport route changes, the density changes     СSt 00 ),(   .  Let the 

length of the segment  dS  change and become equal  ),( StdWdS  , ),( StdWdS  . In this case, the linear density 

will change and become equal to          СС StSt 0000 ),(),(   . For a given segment of the transport 

route, we have 

                ССС StStStdWdSStdS 000000 ),(),(),(),(   . 
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Neglecting a quantity of the second order of smallness     СStStdW 00 ),(),(   , we obtain 

         СС StStdWStdS 0000 ),(),(),(0   , 

from where 
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The function ),(2 StC  determines the speed of propagation of disturbances along the conveyor belt [8]. The local 

change in density as a result of stretching the belt does not significantly affect the propagation of stress disturbances 
along the conveyor belt. Thus, we represent equation (8) in the form 
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where )(tf  is the acceleration of the conveyor belt for the steady state 
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For horizontal conveyor sections 1cos С , where 
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The solution of the equation for the case  
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is presented in [1]. In this paper, we consider the case for which the relation  /E  . 
Let's assume that at the initial moment of time the linear density of the material is distributed along the transport 

route according to the law 
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Let us supplement the system of equations (10) with boundary conditions for the equation describing oscillatory 
processes in the transport system. The tensions )0,(t  and ),( dSt  are determined by the tension forces of the 

conveyor belt 1T  and 4T  (Fig. 2). 

  
Figure 2. Conveyor belt tension diagram 

 
Let us write the system of equations for the forces iT , that determine the movement of the belt at the characteristic 

points of the horizontal conveyor section: 
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)exp(21 bkTT  ;    32  32W 23   FFTT ; 34 TkT s ,    14  14W 41   FFTT ,  (11) 
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where  32  F ,  14  F  are forces associated with the acceleration or deceleration of the conveyor belt. We believe 

that the effects associated with a change in the angular speed of rotation of the drum are small due to the insignificant 
value of the moment of inertia of the rollers. The solution of the system of equations (11) makes it possible to determine 
the tractive effort for the transport conveyor for a steady motion: 
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where bk is  the coefficient of adhesion between the drum and the belt; sk is drum loss factor "A";  is total belt wrap 

angle of drive drums. For steel drum without moisture is 3.0bk , 03.1sk [17] and   ,  we get 56.2)exp( bk . 

In accordance with (9), the expression for the tension in the conveyor belt takes the form  
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At points 0S , dSS  , the conveyor belt is engaged with the drive and driven shafts of the conveyor section. In 

this regard, it can be assumed that  
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Taking into account the values of the acting forces 1T , 4T , let write down the boundary conditions 
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Let us supplement the system of equations with initial conditions. Consider the mode of occurrence of oscillations, 
assuming that at the initial moment there were no oscillations  

0
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. 

The tension of the conveyor belt at the initial moment of time is determined by the initial distribution of material along 
the technological route )(S  and the acceleration of the conveyor belt )(tf . Then 
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Let us estimate the value of the acceleration of the conveyor belt )(tf . Asynchronous motors with phase rotor 

are usually installed on powerful belt conveyor sections. The acceleration and deceleration of the conveyor belt of a 
separate section occurs with the help of a rheostat, which sequentially changes the resistance in the rotor circuit. 
Simulation of starting up of the drive member of a mechanical system is given into [18]. The qualitative characteristic 
connecting the torque of the electric motor engM  and the engine speed engn  is shown in Fig.3 [19], where 0engM , 

0engn is the rated torque of the electric motor and the rated engine speed. For the mode of acceleration and 

deceleration, the relative torque of the electric motor  0engeng MM  fluctuates within insignificant limits with a 

change in the relative speed   0engeng nn ,  (Fig.3). If the engine power engN  is constant, the engine speed engn  

will fluctuate around the rated value 0engn . Let us estimate the amplitude of the oscillation, which is associated with 

the uneven flow of material at the input of the conveyor section. We write the engine power through the traction force 

1T , the radius of the drive shaft r  and the rotation speed of the drive shaft: 

rTNeng 1 ,  engn 2 . 

The change in force 1T  occurs due to uneven material receipt 
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Assuming for steady motion 0)(0 tf , the equation takes the following form 
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Figure 3. Mechanical characteristic of a phase rotor induction motor 

 
where )(tM  is the total weight of the material with a belt for a separate conveyor section; at is the characteristic 

duration of the acceleration or deceleration mode. The maximum change in the mass of the material on the conveyor 
section occurs when the material arrives at the maximum intensity at the entrance of an empty conveyor line. In this 



102
EEJP. 4 (2020) Oleh M. Pihnastyi, Valery D. Khodusov

case, the mass of the belt without material is equal to   dС StM 0)(  , and the intensity of the incoming flow of 

material is   rt  max0)(  . Then 
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where dT  is the time it takes for the material to pass the transportation route. The inequality allows us to formulate an 

important result: the uneven flow of material at the entrance of the transport system does not  accelerate or decelerate of 
the conveyor belt. Uneven material flow leads to the destruction of the conveyor belt as a result of shock loads [20]. 

 
DIMENSIONLESS MODEL OF CONVEYOR LINE 

Let's introduce dimensionless designations [1, 21, 22]: 
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where b  determines the ratio of the resistance force      dСmС SχgCf 00max   at maximum load  0maxχ  to the 

maximum permissible tension force, which ensures the belt break Bhb ; f  is the ratio of the inertia 

force      dС Stfχ )(00max   at maximum load  0maxχ  and acceleration )(tf  to the maximum permissible tensile 

force, which ensures the belt break Bhb ;  ddg TSC //  is the relative speed of wave propagation, which is 

defined as the ratio of the propagation speed of the disturbance wave C  to the characteristic speed of the conveyor 

belt  ddchar TSa / . The forces  32W F ,  32  F ,  14W F ,  14  F  taking into account dimensionless 

parameters can be written in the form:  
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Then equation (10), which describes the oscillatory processes in the transport system, takes the dimensionless 
form 
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with boundary conditions: 
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ANALYSIS OF THE SOLUTION FOR LOW-LOADED CONVEYOR LINES 
Let us consider a solution for the case of initial conveyor movement when the conveyor line is low loaded. The 

specific density of the material along such conveyor lines is low compared to the specific gravity of the conveyor belt 
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Taking into account this assumption, equation (13) takes the form 
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with boundary conditions: 
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During the initial movement of the conveyor belt, three characteristic phases should be distinguished: a) the period 
of time of the initial start-up, when the conveyor belt from a state of rest turns into movement along the entire route; b) 
the phase of the formation of a static force, along the conveyor belt; c) the phase of acceleration of the conveyor belt to 
the rated speed. Let us dwell on the analysis of the last phase of the start of the conveyor belt. The phase of acceleration 
of the conveyor belt to the nominal speed is characterized by a quasi constant value of the traction torque (Fig.3), [19] 
and a quasi constant value of the acceleration of the elements of the conveyor belt. In this regard, the function )( f  

will be assumed to be slowly varying during the characteristic time of the acceleration process at . 
Let us choose the solution to the equation in the form 

),(),(),( 01000  WWW  .       

Let us represent a function ),(01 W  as 
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2
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where 01C is an unknown constant. We define the coefficients )(A , )(B  in such a way as to ensure the presence of 

boundary conditions for the function ),(00 W  in the form 
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This implies the conditions for determining the coefficients )(A , )(B  
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From the solution of the system of equations it follows 
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Substitution  ),(0 W  into (18), an equation for ),(00 W  is obtained 
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with boundary conditions: 
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and initial conditions: 
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a) the acceleration of the conveyor belt is absent or constant   constff  0 . 

If the acceleration value is constant or absent, then by definition )(12   it follows 
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and equations (19) take the form 
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Let's represent the solution to the problem (20) in the view 
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Using the boundary conditions for solving the problem, the solution is written as 
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Let us search a solution to the equation in the form   nn pT exp)(  . Substituting )(nT  into the original 

equation, carrying out the differentiation and after cancellation by  npexp , the equation is obtained, that determines 

the parameter np  
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Of particular interest in the analysis of conveyor-type transport systems is the case nn  0  

pnnn ip  2,1  , 22
nnpn   . 

Let's represent the solution as 

    2 21 1 expexp)( nnnnn pСpСT  , 

and determine the constants of integration from the initial conditions 
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Thus, if there is a constant acceleration of the conveyor belt under the considered boundary and initial conditions, 
there are no oscillations in the belt. 
b) the acceleration of the conveyor belt is linearly dependent on time    10 fff  . 

With a linear dependence of acceleration on time 

С

С
1

12
1

)(









 fd

d
, 0

)(
2

12
2






d

d
, 

equation (19) takes the form 

С

С
1

2
12

00
3

2
12

00
2

2
12

00
2

1

),(),(),(


















 















f

WWW
,   (21) 



106
EEJP. 4 (2020) Oleh M. Pihnastyi, Valery D. Khodusov

0
),(

1

00 





W

,     0
),(

0

00 





W

,    


































12

2

С

С
1

0

00
21

),(
K

W
f ,  0

),0(00 





W
.     

 
Let us search a solution to the problem in the form of an expansion in a Fourier series in   
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considering   as a parameter. To find ),(00 W  we define the functions  nT . Let us write the initial conditions in 

the form of Fourier series: 
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Let's define the coefficients na  
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substitute the expected form of the solution ),(00 W  in (21) 
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The solution to equation (22) has the form 

 



















 


 




  3

1

221
12

2
2

1
С

С
10

K
T f .    (24) 

Let's search for the solution to equation (23) in the form   nn pT exp)(  . Substituting )(nT  into (23), 

differentiating and cancelling by  npexp , we obtain the equation that determines the parameter np  
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Consider the form of the solution for the case nn  0  

pnnn ip  2,1  , 22
nnpn   . 
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The solution to the equation is searching as 

    2 21 1 expexp)( nnnnn pСpСT  , 

the integration constants are determined from the initial conditions 
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After simple transformations, the solution can be represented as 
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This allows us to write the solution for the equation (18). The obtained solution makes it possible to determine the 
voltage value in the conveyor belt along the transport route 
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Over time, the amplitude of fluctuations in the magnitude of dynamic stresses decreases exponentially, so that after a 

time of the order of several 
n

n 


1
~ , the oscillations completely damp out. The decay time of oscillations is inversely 

proportional to the square of the circular frequency of oscillations 2~ 
nn  . 

 

CONCLUSION  
Changing the acceleration mode of the conveyor belt of the transport system is one of the sources of dynamic 

stresses along the conveyor belt. At the same time, the mechanical properties of composite materials that are used 
for the manufacture of conveyor belts have a significant effect on the occurrence of elastic vibrations and their 
propagation. The use of composite materials with mechanical properties corresponding to the Kelvin-Voigt model 
of an elastic element ensures damping of the resulting elastic vibrations. The paper investigates two modes of 
acceleration of the conveyor belt: constant acceleration mode and acceleration ramping over time. It has been 
demonstrated that the mode of movement of a conveyor belt with a linear change in the magnitude of acceleration 
in time is the cause of the occurrence of dynamic tensions. The damping rate of vibrations is proportional to the 
viscosity of the elastic element and the square of the vibration frequency in the transport system. The magnitude 
of the generated dynamic tensions is determined by the amplitudes of the oscillations of the first harmonics. 

During the characteristic time of change 1
1~1
 , the amplitude of oscillations for 2n will decrease by 

24 105.0 e times, for 3n  will decrease by 49 10e times. The system exhibits low-frequency oscillations of 

the first harmonics with a characteristic dimensionless time 1~ 
nn   of variation of the oscillation amplitude 

and, therefore, the oscillation energy. The use of composite materials with a high value of the viscosity coefficient 
ensures attenuation of the arising dynamic stresses, which increases the reliability and durability of the 
functioning of transport systems. 
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ГІДРОДИНАМІЧНА KELVIN-VOIGT МОДЕЛЬ ТРАНСПОРТНОЇ СИСТЕМИ  
О.М. Пігнастийa, В.Д. Ходусовb 

aНаціональний технічний університет «ХПІ», 61002 
Україна, м. Харків, вул. Кирпичева, 2 

bХарківський національний університет імені В.Н. Каразіна 
61022, Україна, Харків, м. Свободи, 4 

Розглянуто гідродинамічна Kelvin-Voigt модель виробничих систем з потоковим методом організації виробництва. Визначено 
основні макропараметри стану виробничої лінії і взаємозв'язку між ними. Представлений аналіз основних характеристик 
моделей пружних елементів, які використані для аналізу виникнення динамічних напружень в рухомій конвеєрній стрічці. 
Сформульовано крайову задачу для пружних поздовжніх коливань в конвеєрній стрічці з рухомим матеріалом. 
Передбачається, що деформація елемента стрічки конвеєра відповідає Kelvin-Voigt моделі і ковзання рухомого матеріалу по 
стрічці відсутній. При визначенні сил опору руху, діючих на одиничний елемент стрічки, використані рекомендації DIN 22101: 
2002-08. Проведено аналіз Kelvin-Voigt моделі пружного елемента і продемонстровані відмінні риси моделі. Дано 
обгрунтування вибору Kelvin-Voigt моделі пружного елемента для опису процесу виникнення пружних поздовжніх коливань в 
конвеєрній стрічці. Оцінена залежність нерівномірного надходження потоку матеріалу і величини напружень в стрічці. 
Записано вираз для швидкості розповсюдження збурень вздовж рухається конвеєрної стрічки з матеріалом. Визначено 
причини прискорення і гальмування конвеєрної стрічки, пов'язані з нерівномірним надходженням матеріалу на вхід 
транспортної системи. Продемонстровано зв'язок між швидкістю руху конвеєрної стрічки і масою матеріалу уздовж секції 
конвеєра. Показано, що збільшення потужності електродвигуна при старті і прискоренні конвеєрної стрічки, а також 
зменшення потужності при гальмуванні і зупинці конвеєрної стрічки є причиною виникнення в ній динамічних напружень. 
Аналізуються характерні фази початкового руху конвеєрної стрічки з матеріалом. Досліджено процес виникнення динамічних 
напружень з постійним і змінним прискоренням конвеєрної стрічки для фази розгону і гальмування конвеєрної стрічки. Для 
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аналізу використана модель конвеєрної лінії в безрозмірному вигляді. Отримано вираз для статичних і динамічних напружень 
в конвеєрній стрічці. Оцінена амплітуда коливань динамічних напружень і характерний час загасання коливань в конвеєрній 
стрічці. Продемонстровано квадратична залежність швидкості загасання хвилі динамічних напружень зі збільшенням частоти 
коливання. Показана обернено пропорційна залежність характерного часу загасання виникли динамічних напружень від 
величини коефіцієнта в'язкості композиційного матеріалу конвеєрної стрічки. 
КЛЮЧОВІ СЛОВА: гідродинамічна модель транспортної системи, двох моментное опис виробництва, Kelvin-Voigt 
модель, балансові рівняння, PDE-модель виробництва 
 

ГИДРОДИНАМИЧЕСКАЯ KELVIN-VOIGT МОДЕЛЬ ТРАНСПОРТНОЙ СИСТЕМЫ 
О.М. Пигнастыйa, В.Д. Ходусовb 

aНациональный технический университет «ХПИ» 
61002, Украина, г. Харьков, ул. Кирпичева, 2 

bХарьковский национальный университет имени В.Н. Каразина 
61022, Украина, Харьков, пл. Свободы, 4 

Рассмотрена гидродинамическая Kelvin-Voigt модель производственных систем с потоковым методом организации 
производства. Определены основные макропараметры состояния производственной линии и взаимосвязи между ними.  
Представлен анализ основных характеристик моделей упругих элементов, которые использованы для анализа 
возникновения динамических напряжений в движущейся конвейерной ленте. Сформулирована краевая задача для упругих 
продольных колебаний в конвейерной ленте с движущимся материалом. Предполагается, что деформация элемента ленты 
конвейера соответствует Kelvin-Voigt модели и скольжение движущегося материала по ленте отсутствует. При 
определении сил сопротивления движению, действующих на единичный элемент ленты, использованы рекомендации DIN 
22101: 2002-08. Проведен анализ Kelvin-Voigt модели упругого элемента и продемонстрированы отличительные 
особенности модели. Дано обоснование выбора Kelvin-Voigt модели упругого элемента для описания процесса 
возникновения упругих продольных колебаний в конвейерной ленте. Оценена зависимость неравномерного поступления 
потока материала и величины напряжений в ленте. Записано выражение для скорости распространения возмущений вдоль 
движущейся конвейерной ленты с материалом. Определены причины ускорения и торможения конвейерной ленты, 
связанные с неравномерным поступлением материала на вход транспортной системы. Продемонстрирована связь между 
скоростью движения конвейерной ленты и массой материала вдоль секции конвейера. Показано, что увеличение мощности 
электродвигателя при старте и ускорении конвейерной ленты, а также уменьшение мощности при торможении и остановке 
конвейерной ленты является причиной возникновения в ней динамических напряжений.  Анализируются характерные фазы 
начального движения конвейерной ленты с материалом.  Исследован процесс возникновения динамических напряжений с 
постоянным и переменным ускорением конвейерной ленты для фазы разгона и торможения конвейерной ленты. Для 
анализа использована модель конвейерной линии в безразмерном виде. Получено выражение для статических и 
динамических напряжений в конвейерной ленте. Оценена амплитуда колебаний динамических напряжений и характерное 
время затухания колебаний в конвейерной ленте. Продемонстрирована квадратичная зависимость скорости затухания 
волны динамических напряжений с увеличением частоты колебания. Показана обратно пропорциональная зависимость 
характерного времени затухания возникших динамических напряжений от величины коэффициента вязкости 
композиционного материала конвейерной ленты. 
КЛЮЧЕВЫЕ СЛОВА: гидродинамическая модель транспортной системы, двух моментное описание производства, 
Kelvin-Voigt модель, балансовые уравнения, PDE-модель производства 


