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A hydrodynamic model of production systems with a flow method of organizing production is considered. The basic macro-
parameters of the state of the production flow line and the relationship between them are determined. The choice of a lot of moment 
approximation for modelling the production line is justified. It is shown that the conveyor-type flow line is a complex dynamic 
system with distributed parameters. The boundary value problem is formulated for the longitudinal vibrations of the conveyor belt 
when the material moves along the transportation route. It is assumed that there is no sliding of material along the conveyor belt, and 
the deformation that occurs in the conveyor belt is proportional to the applied force (Hooke's elastic deformation model). The 
significant effect of the uneven distribution of the material along the transportation route on the propagation velocity of dynamic 
stresses in the conveyor belt is shown. When constructing the boundary and initial conditions, the recommendations of DIN 22101: 
2002-08 were used. The mechanism of the occurrence of longitudinal vibrations of the conveyor belt when the material moves along 
the transportation route is investigated. The main parameters of the model that cause dynamic stresses are determined. It is shown 
that dynamic stresses are formed as a result of a superposition of stresses in the direct and reflected waves. Analytical expressions 
are written that make it possible to calculate the magnitude of dynamic stresses in a conveyor belt and determine the conditions for 
the occurrence of destruction of the conveyor belt. The characteristic phases of the initial movement of the material along the 
technological route are considered. The process of the emergence of dynamic stresses with the constant and variable acceleration of 
the conveyor belt is investigated. The dynamics of stress distribution along the transportation route is presented. It is shown that the 
value of dynamic stresses can exceed the maximum permissible value, which leads to the destruction of the conveyor belt or 
structural elements. The transition period is estimated, which is required to ensure a trouble-free mode of transport operation during 
acceleration or braking of the conveyor belt. The use of dimensionless parameters allows us to formulate criteria for the similarity of 
conveyor systems. 
КEY WORDS: hydrodynamic model of a transport system, two-moment description, Hooke model, balance equations, PDE 
production model  
 

The methods of statistical physics are one of the tools for modelling production systems with the flow method of 
organizing production [1], [2]. The developed models of production systems in the hydrodynamic approximation are 
widely used in the design of highly efficient flow production line control systems at leading world enterprises [3]. The 
values of the macro parameters of the state of the production system are determined through the values of the state 
parameters of a large number of products that are in different stages of processing in technological operations along the 
technological route [4]. The main macro-parameters of the state used to describe production systems with the in-line 
method of organizing production are the density of products in inter operational backlogs [ ] ( )St,0χ  and the intensity 

of product processing [ ] ( )St,1χ  for technological operations. The trajectories of the movement of individual products 
along the technological route are determined by the laws established by the technological process of manufacturing the 
finished product and are reflected in the route maps of the enterprise. As a result of technological processing, the 
product passes from one state to another as a result of exposure to technological equipment and the interaction between 
individual products [1, 4]. The set of points that specify a continuous change in the state of the product determines the 
technological path of the product in the phase state space. The change in the condition of the product as a result of the 
influence of technological equipment occurs as a result of the transfer of technological resources to products. The 
balance equations for the macroscopic parameters of the production system with the flow type of organization of 
production are determined, to a large extent, by the technological laws of the interaction of products with each other 
and technological equipment.  
 

DISTRIBUTED MODEL OF THE PRODUCTION LINE  
In a multi-moment approximation, the system of balance equations for the macro parameters of the production 

flow line has the form [1–3]:  
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where S  is the technological position at which the product is in the technological route at a time t  (waiting for 
processing or processing), [ ]dSS ,0∈ ; μ)S,(t,χ is function of the distribution of subjects of labour by state in the phase 

technological space; [ ] ),(1 Stψχ is the rate of processing products along the technological route at the position 
determined by the coordinate S  (the processing rate of the product in accordance with the technical documentation or 
equipment data sheet). The pace of processing products [ ] ),(1 Stψχ  in most cases is considered a given. ),,( μStG is a 
function that determines the process of equipment transferring technological resources to the subject of labour [1]. The 
system of equations (1) is not closed. Closing conditions are determined from the specific operating conditions of the 
production line. To describe the state of a production system with a flow method of organizing production, in the vast 
majority of cases, the first two moments [ ] ( )St,0χ  or [ ] ( )St,1χ  of the distribution function of subjects of labour by 
the states μ)S,(t,χ  are used. When constructing models in the one-moment description, the closure condition is often 
applied: 
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The disadvantage of the one-moment description is that such a description does not provide an opportunity to 
study the fluctuations of the flow parameters of the production line. To describe production lines for which the presence 
of fluctuations in flow parameters is of practical importance, a two-moment description can be used: 
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Such systems may include conveyor-type production lines, for which fluctuations in flow parameters exceeding 
the limit level can lead to break down of technological equipment. As an alternative approach for studying fluctuations 
in the flow parameters of production lines, kinetic models of production lines can be called [5]. However, kinetic 
models are currently not widely used for designing highly efficient production line control systems. In this regard, the 
main focus of this article will be on the study of fluctuations in the flow parameters of the production line using a two-
moment model in the form (2). 

 
CONVEYOR TYPE PRODUCTION LINE MODEL 

Among the models of conveyor systems, two large groups should be distinguished. The first group includes 
models for calculating the flow parameters of the conveyor line. When building models of this group are used: the finite 
element method (FEM) [6]; finite difference method (FDM) [7]; Lagrange equations [8]; aggregated equation of state 
[9,10,11]; equations for neural network layers [12]; system dynamics equations [13] and multiple regression equations 
[14–16]. The models of the first group are used in the tasks of operational planning of production activities of the 
enterprise. For a given quality criterion, the algorithms of optimal control of the flow parameters of the transport system 
are built on the foundation of these models. The second group includes models for the force calculation of structural 
elements of the transport system [16–22]. Of particular practical interest are the models that determine the conditions 
for the destruction of the conveyor belt [6,8,23–29]. This allows you to determine the design parameters of the 
conveyor belt and the dynamic load modes, which ensure the stable operation of the transport system. The energy 
consumption required for the transport system (belt conveyor type 2LU120V) can be represented by the expression 
[30–32]: 

)()( 1 tMnNtN xx += ,      (3) 

where xxN  is the power of the conveyor idling; 1n  is increment of power consumption with an increase in the mass of 
cargo on the conveyor by 1 ton. According to the experiment for a belt conveyor type 2LU120V xxN =160(kW) , 

1n =1,11(kW/t). The theoretical calculation of the standard energy costs required for the operation of the 2LU120V 
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conveyor line [31, p.62] of length 730=dS  (m), with an average belt speed 3.15)( =ta  (m/sec), maximum 

productivity [ ] ( ) )/(14500,1 htt =χ  and mass per linear meter of moving parts  [ ] )138.1(kg/m=0Сχ  in the normative 

loading mode gives the following values model coefficients: )kW( 123.84=xxN , 1.23n1 = (kW/t). The maximum 
amount of material in the transport system with a uniform distribution of material on the conveyor belt is 

)(100max tM ≈   for the maximum allowable linear density [ ]0 max 134( / )kg mχ ≈ : 
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Experimental studies and theoretical calculations show that the maximum allowable linear density [ ] max0χ  and 

mass per linear meter of moving parts [ ] С0χ  are comparable quantities. The unit cost of energy for the movement of 
the material of a unit mass can be represented in the following form 
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where xxn is unit costs of electricity for moving a running meter of conveyor belt. Expression (4) demonstrates two 

ways to reduce the unit cost of energy. The first way is to reduce the weight of a running meter of moving parts [ ] С0χ , 
in particular, by changing the thickness of the cross section of the conveyor belt. The second way is to increase the load 
on conveyor systems [ ] [ ] max00 χχ →  when applying algorithms to control the speed of conveyor belts [25, 32, 33], 
which makes it possible to save up to 30% in the specific energy spent on moving the material [25, 30]. As a result of 
using conveyor belt speed control systems, a 30% reduction in specific energy costs is achieved by increasing the load 
on conveyor systems, for which the traditional filling level of conveyor belt material is 60–100%. However, as a result 
of controlling the speed of the belt, there is a constant acceleration and braking of the conveyor belt loaded with 
material. This causes additional stresses on the material of the conveyor belt and, as a result, its damage. One of the 
ways to avoid damage to the conveyor belt is to increase the thickness of the conveyor belt, and therefore the mass of a 
running meter of moving parts [ ] С0χ . An increase in the mass of a running meter of the conveyor belt leads to an 
increase in the specific energy costs required to move the extracted material of a single mass. In this regard, in the 
present work, the main attention is paid to the interconnection of the stream parameters of the conveyor and the design 
parameters of the conveyor belt. 

To build a model of the transport system, we use the two-moment description equations (2) in the following 
form [35]: 
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The system of equations (5) corresponds to the case when the material does not crumble during transportation 
along the technological route. We will also assume that the material does not spread along the technological route: 
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We introduce the notation for the speed of the belt in the equilibrium ψμ  and nonequilibrium state μ  [35]: 
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Taking into account (6), we multiply the first equation (5) by [ ] [ ]( )),(/),( 01 StSt χχ  and subtract the result from 
the second equation (5), we obtain a system of equations for a two-moment description of the transport system: 

[ ] [ ] ( ) (t)S
S

St
t

St
λδχχ

=
∂

∂
+

∂
∂ ),(),( 10 , [ ] [ ] [ ]

S
StPStfSt

S
μ

St
t
μ

St
∂

∂−=
∂

∂
+

∂
∂ ),(),(),(),(),( 010 χχχ . (7) 



124
EEJP. 1 (2020)  Oleh M. Pihnastyi, Valery D. Khodusov

For a conveyor line, the force moving the material acts on the element of the conveyor belt and can be represented 
in the form (Fig. 1): 
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where dm is total mass acting on the belt; B is width of the conveyor belt;; h – the thickness of the conveyor belt; WF  
is the sum of the total resistance to movement of the belt [21, p.12]: 

SStNHW FFFFF +++= . 

Primary resistances HF  are associated with the friction of resistance along the conveyor belt, with the exception of 
special resistances. Primary resistance HF  , assuming a linear relationship between the resistances and the transported 
load, are determined by the expression [21, p.13]: 

[ ] [ ] [ ]( )( )ССRmС StgfdSd δχχχ cos),(F 000H ++⋅⋅=  , 

where Сf  is coefficient of resistance to movement includes rolling resistance of driving rollers and belt indentation 

resistance [21, p.13]; (m / sec2); [ ] R0χ  is linear load from rotating parts [21, p.8]; Сδ  is conveyor section angle 

[21, p.9]. The linear load from the rotating parts [ ] R0χ  can be calculated as the ratio of the mass of the rotating 
element (roller) Rm  to the distance RS  between axes of symmetry of the rotating elements [22, p.153] 
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The force NF , taking into account the effect on the movement of secondary resistances, can be expressed in terms 
of the value of primary resistance to motion HF [21, p.17]: 

( ) HN F1F −= С . 

For belt conveyor systems with filling factors φ in the range from 0.7 to 1.1, the standard values of the coefficient 
C are presented in [21, p.17]. For a conveyor section of length 0.2>dS km this coefficient is equal 05,1=С . The force 

StF , characterizing the gradient resistance of the conveyor belt and the transported material, is calculated for each 
section of the part as follows [21, p.17]: 

[ ] [ ]( )СmС StgindSd 00St ),(sF χχδ +⋅⋅=  . 

The calculation of the force SF , associated with special resistances in the transport system, is presented in 
[21, p.18]. The value of SF  is determined by the design features of the transport system. For most conveyor-type 
transport systems, it is assumed 

HS FF << . 
Divide (8) by dm , get the value ),( Stf : 
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For the model under consideration, it is believed that stress and strain are related by a linear relationship  
 ),(),( StESt εσ = ,  210),( −≈Stε ,     (10) 

where E is elastic modulus; ε  is relative deformation of the conveyor belt element. If we introduce the absolute 
elongation of the conveyor belt ),( Stω  at a point in time t  for the technological position S , then the ratio of the 
elongation ),( Stdω  of the element of the conveyor belt to the length of the segment dS  is the relative deformation of 
the element 
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If we substitute (9) - (11) in (7) then obtain the equations of oscillation of the conveyor belt 
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Fig. 1. The forces acting on the element of the conveyor belt 

The speed μ  of the conveyor belt, on which the material is located consists of the speed of the belt in the 
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We substitute the expression for the speed of movement of the conveyor belt in the oscillation equation (12),  
obtain  
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Belt speed for steady motion is a known quantity that is set by program control of the conveyor line 
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One of the main features of conveyor-type transport systems is that within the conveyor section for a steady-state mode 
of operation, the material at each point of the transport route moves at the same speed, which is equal to the speed of the 
conveyor belt 
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We introduce the notation 
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and taking into account expression (15), we represent equation (14) with small perturbations  
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The speed of the conveyor belt μ  can have a large gradient, for example as a result of sudden acceleration or 
deceleration of the conveyor belt. In this paper, we will pay attention to the steady mode for which condition (10) is 
satisfied, i.e., there are no large gradients for variable speed. Using the passage to the limit using the limit ratio 
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and taking into account (13), it follows 
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When you change the length of a segment of the transport route, the density [ ] [ ]( )СSt 00 ),( χχ +  changes. Let the 
length of the segment dS  changes and becomes equal ( )),( StddS ω+ , ),( StddS ω>> . In this case, the linear density 
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have 
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The function ),(2 StCψ  determines the propagation speed of disturbances along the conveyor belt [36]. Thus, 
using assumption (10) on the linear dependence of stress and relative deformation, the system of equations for 
determining the vibrations of the conveyor belt takes the form: 
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We 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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We supplement the system of equations (20) with boundary conditions for an equation that describes oscillatory 
processes in a transport system. Stresses )0,(tσ  and ),( dStσ  are determined by the tension forces of the conveyor belt 

1T  and 4T  (fig.2).   
We 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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where ( )32  −ψF , ( )14  −ψF  are forces associated with the acceleration or deceleration of the conveyor belt. We believe 
that the effects associated with a change in the angular velocity of rotation of the drum are small due to the insignificant 
magnitude of the moment of inertia of the rollers. Traction moment rotates drum “B”. Drum “A” rotates under the 
action of the frictional force of the belt, resisting movement. Then from the equality 
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is determined the tension of the tape at characteristic points 
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,  
where bk is coefficient of adhesion between the drum and the belt; sk is drum loss coefficient “A”; α is the total girth 
angle of the drum. For a steel drum in the absence of moisture 3.0≈bk , 03.1≈sk [31] and πα =  we get 

56.2)exp( =αbk .   
Taking into account the values of the acting forces 1T  , 4T  (21), we write down the boundary conditions 
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We supplement the system of equations with initial conditions. Consider the steady mode of operation of the 
conveyor line, when at the initial time there are no oscillations 

0),(

0
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∂
∂
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Stω .       (25) 

The stress of the conveyor belt at the initial time is determined by the initial distribution of the material along the 
technological route )(SΨ  and the acceleration of the conveyor belt )(tfψ . Then 
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( ) ( ) ( ) ),0(),0(),0(F 14 N14 H14  W SFSFS −Ψ−Ψ−Ψ += . 

Combining the system of equations (20), (21) with the boundary (24) and initial (25), (26) conditions, we obtain a 
two-moment model of the transport system that allows us to study dynamic stresses in the conveyor belt depending on 
changes in flow parameters [ ] ),(0 Stχ , [ ] ),(1 Stχ . Equations (7) and (9) can be used to study the scattering of the 
material during its transportation. 

 

 
Fig. 2. The scheme of the tension of the conveyor belt 

 
CONVEYOR LINE MODEL IN DIMENSIONAL FORM 

Using the notation 
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equation (20) with boundary conditions (22) takes a dimensionless form:  
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The solution of equation (28) allows you to determine the state of the linear density of the material )(0 ξτθ ,  along 
the transport route at an arbitrary point in time at an arbitrary point ξ  
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The linear density of the material along the transport route )(0 ξτθ ,  at an arbitrary point in time τ  can be 
determined, if the intensity )(τγ  of the rock input to the entrance of the conveyor line and the speed of the conveyor 
belt )(τg  are known. The material flow along the conveyor line )(1 ξτθ ,  can be obtained as a result of the product of the 
linear density of the material )(0 ξτθ ,  and the speed of movement of the material )(τg  
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An analysis of the solution (29), (30) is given in [33]. Using the notation 
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equation (21), which describes oscillatory processes in a transport system, takes a dimensionless form 
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with boundary conditions (24) 
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and initial conditions (25), (26)  
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SOLUTION ANALYSIS FOR SMALL LOADED CONVEYOR LINES 

Consider the solution of the system of equations (30)–(35) for the case of the initial movement of the conveyor, 
when the conveyor line is underloaded. The specific weight of the material along such conveyor lines is small compared 
to the specific  weight of the conveyor belt 

С0 )( θξτθ <<, , С0 )0()( θξθξψ <<= , . 

Based on the above assumption, the system of equations (30) - (35) takes the form 
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with boundary conditions (32), (33) 
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and initial conditions (34), (35)  
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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 goes from rest to moving along the entire route; b) the phase of 
formation of the 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 acceleration phase of the conveyor 
belt to the rated speed is characterized by a constant value of the traction moment [37, p. 95] and a constant value of the 
acceleration of the elements of the conveyor belt. This allows us to simplify equation (36) 
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and initial conditions  

0
),(

0

0 =
∂

∂

=ττ
ξτω

, ( )ξαα
ξ

ξω
−−=

∂
∂

1
),0(

121
0 , .  (41) 

where 2
1ν , 2

2ν , 1α , 12α  are constant coefficient, )(1 τα M is the stresses, due to vibration of the traction drum as a 
result of providing the required traction moment. 

The solution to equation (9) is sought in the form 

),(),(),( 01000 ξτωξτωξτω += .     (42) 

Choose a function ),(01 ξτω  in the form 
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where 01C  is an unknown constant. We define the coefficients )(τA , )(τB  in such a way as to ensure the presence of 
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0
),(

1

00 =
∂

∂

=ξξ
ξτω ,  0

),(

0

00 =
∂

∂

=ξξ
ξω t

,  
ξ

ξω
ξ

ξω
ξ

ξω
∂

∂
−

∂
∂

=
∂

∂ ),(),(),( 01000 ttt
. 

Then the coefficients )(τA , )(τB  we obtain as a result of solving the system of equations 
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From the solution of the system of equations follows 
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Substituting solution (42) into equation (39) and into the initial conditions (40), (41), we obtain the initial-
boundary value problem for the function ),(00 ξτω  
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We consider two cases where the acceleration of the conveyor belt is constant constff == 0νν  and the case 

where the acceleration of the conveyor belt varies linearly with time τννν 10 fff += . 

In the case where the acceleration of the conveyor belt is constant 0ff νν = , the derivative of the function 12α  is 
zero 
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and the boundary value problem (43) takes the form 
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The solution of problem (44) is presented in the form 
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where the function ( )ξnX  is determined from the solution of the Sturm-Liouville problem.  Using the boundary 
conditions, we write the solutions to the problem in the following form 
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At the initial time, the rate of change of the function ),(00 ξτω  is zero. From this condition follows 
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The values of the coefficients nG  are determined from the second initial condition 
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Equality holds if 0=nG . Э This is consistent with the decision 

0),(00 =ξτω . 

Thus, in the presence of acceleration of the conveyor belt of constant magnitude, there are no oscillations in the 
belt. Elongation of the tape along the conveyor can be represented by the expression. 
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The constant 01C  is determined from the condition of the minimum allowable stress minω , ensuring the adhesion 
of the tape with the drum to create traction in the transport system with a given limit on the allowable amount of 
sagging of the tape. This allows us to write down the inequality 
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Taking into account the last condition, we write the solution of the equation in the form 
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We turn to the second case when the acceleration of the conveyor belt varies with time according to the linear law 
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and the boundary value problem (43) takes the form 
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Using the results of  the previous problem for the case constff == 0νν , considering two zero boundaries and 
one zero initial condition (47), we look for the solution to the initial boundary-value problem (46) in the form  
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We determine the unknown coefficients nG  from the initial condition (48) 
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Emerging dynamic stresses in the conveyor belt can be represented as  
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We transform the solution (49) to the form  

( ) ( )τνξτνξξτω 121100 ),( −++= WW .         (50) 

We define ( )τνξ 11 +W , ( )τνξ 12 −W  from conditions (47), (48): 

( ) ( ) 0
),( 21

0

00 =+=
∂

∂

= ξ
ξ

ξ
ξ

ξ
ξτω

τ d
dW

d
dW , ( ) ( ) ( )ξξξ

ν

νν
ξ

ξν
ξ

ξν
τ

ξτω

τ
Ζ=










−−=−=

∂
∂

= 2
),( 2

2
1

1
2

2
1

1
1

0

00 fg

d
dW

d
dW . 

Integrating the equalities, we obtain 

( ) ( ) 121 wCWW =+ ξξ ,  ( ) ( ) ( ) 2
1

21

0

1
wCdWW +Ζ=− 

ξ

ξ

αα
ν

ξξ . 

where 0ξ ,  1wC , 2wC  is constant coefficients. The constant 1wC  is equal to zero due to the choice of the form of 
functions ( )ξ1W , ( )ξ2W  (50). We solve the system of equations, we find 
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Substituting (51) into (50), we obtain 
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The expression for the emerging dynamic stresses of the conveyor belt has the form 

( ) ( )
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1100
2

),(
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∂
∂      (53) 

The properties of the function ( )αΖ  follow from the boundary conditions (47) 
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Since the function ( )βΖ  (54) is even and the value τ  is arbitrary, it follows 

( ) ( ) ( )βββ −Ζ=Ζ=−Ζ 2 , ( ) ( )ββ Ζ=+Ζ 2 .     (55) 

The function  ( )βΖ  is an even function of period 2. The general solution of the problem takes the form 
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We define the point of the transport route at which the maximum dynamic stresses of the conveyor belt occur. We 
introduce the variable nτ  so that  

220 1 <−≤ nnτν , 
1

2
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ττ n
n −= . 

Then, due to the periodicity of function (55), it follows 
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We calculate the value of dynamic stresses (53) arising in the conveyor belt 
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The expression for the function ( )210 , ββΖ  for different ranges of values  21, ββ  is presented in table 1. The 
function  ( )210 , ββΖ  is linear with respect to the variable ξ , has an increasing section and a decreasing section. The 
inflexion point of the function determines the extreme value of the dynamic stress (Fig. 3). 
 

Table 
Dynamic stresses ( )210 , ββΖ  in the conveyor belt 

No Вид функции ( )210 , ββΖ  12 −<≤− β  01 <≤− β  10 <≤ β  21 <≤ β  32 <≤ β  
1 ( ) ( )1, 210 −=Ζ ξτνββ nd    1β ,  2β    
2 ( ) ( )1210 /1, ντξνββ −=Ζ nd   2β  1β    
3 ( ) ( )1210 /1, ντξνββ −=Ζ nd   2β   1β   
4 ( ) ( )1210 /1, ντξνββ −=Ζ nd  2β    1β   
5 ( ) ( )( )1/2, 1210 −−=Ζ ξντνββ nd  2β     1β  
6 ( ) ( )( )1/2, 1210 −−=Ζ ξντνββ nd   2β    1β  
7 ( ) ( )1, 210 −=Ζ ξτνββ nd    2β  1β   
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Fig. 3. Conveyor belt dynamic stresses ( )210 , ββΖ  for times m⋅= 01.0τ , ...2,1,0=m  

 
Using (56), we determine the condition under which the value of the dynamic voltage is an insignificant part of the 

magnitude of the static voltage has the form  
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This implies 

1
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.   

Dynamic stresses do not affect the acceleration of the conveyor belt under the condition of a slow change in the 
value of the acceleration over a typical period of time nτ   

n

bf
f τ

νν
ν

+
<< 0

1 . 

 
CONCLUSION  

Using the statistical method of modelling production systems in a two-moment description, a model of a conveyor 
transport system is presented. A feature of this model is the ability to take into account the effect of uneven distribution 
of material along the transport route on the propagation of emerging dynamic stress disturbances in the conveyor belt. 
The elastic properties of the conveyor belt are taken into account in accordance with the Hooke model. Calculation of 
resistances in the transport system is made in accordance with DIN 22101: 2002-08. The characteristic mode of 
operation of transport conveyor systems during acceleration of the conveyor section is considered in detail. In the 
approximation, when the conveyor system starts and the loading of the conveyor section is negligible, the conditions 
for the occurrence of dynamic stresses are determined. These expressions can be used to calculate the static and 
dynamic stresses of the conveyor belt. 
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ГІДРОДИНАМІЧНА МОДЕЛЬ ТРАНСПОРТНОЇ СИСТЕМИ  

О.М. Пигнастийa, В.Д. Ходусовb 
aНаціональний технічний університет «ХПІ», 61002 

Україна, м.Харків, вул. Кирпичева, 2 
bХарківський національний університет імені В.Н. Каразіна 

61022, Україна, Харків, пл. Свободи, 4 
Розглянуто гідродинамічна модель виробничих систем з потоковим методом організації виробництва. Визначено основні 
макропараметри стану виробничої потокової лінії і взаємозв'язку між ними. Обґрунтовано вибір багатомоментного 
наближення для моделювання виробничої потокової лінії. Показано, що конвеєр конвеєрного типу це складна динамічна 
система з розподіленими параметрами. Сформульовано крайову задачу про поздовжні коливання конвеєрної стрічки при 



136
EEJP. 1 (2020)  Oleh M. Pihnastyi, Valery D. Khodusov

русі матеріалу по маршруту транспортування. Передбачається, що ковзання матеріалу уздовж конвеєрної стрічки відсутня, 
а деформація, що виникає в конвеєрній стрічці пропорційна доданої силі (модель пружних деформацій Гука). Показано 
суттєвий вплив нерівномірності розподіл матеріалу уздовж маршруту транспортування на швидкість поширення 
динамічних напружень в конвеєрній стрічці. При побудові граничних і початкових умов використані рекомендації DIN 
22101: 2002-08. Досліджено механізм виникнення поздовжніх коливань конвеєрної стрічки при русі матеріалу по маршруту 
транспортування. Визначено основні параметри моделі, які є причиною виникнення динамічних напружень. Показано, що 
динамічні напруги формуються в результаті суперпозиції напружень в прямій і відбитої хвилі. Записані аналітичні вирази, 
що дозволяють розрахувати величину динамічних напружень в конвеєрній стрічці і визначені умови виникнення руйнувань 
конвеєрної стрічки. Розглянуто характерні фази початкового руху матеріалу по технологічному маршруту. Досліджено 
процес виникнення динамічних напружень при постійному і змінному прискоренні конвеєрної стрічки. Представлена 
динаміка поширення напруг уздовж маршруту транспортування. Показано, що величина динамічних напружень може 
перевищувати гранично допустиме значення, що призводить до руйнування конвеєрної стрічки або конструктивних 
елементів. Зроблено оцінку тривалості перехідного періоду, яка потрібна для забезпечення безаварійного режиму 
функціонування транспортної при прискоренні або гальмуванні конвеєрної стрічки. Використання безрозмірних параметрів 
дозволяє сформулювати критерії подібності транспортних систем конвеєрного типу. 
КЛЮЧОВІ СЛОВА: гідродинамічна модель транспортної системи, двох-моментний опис виробництва, модель Гука, 
балансові рівняння, PDE-модель виробництва 
 

ГИДРОДИНАМИЧЕСКАЯ 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 модель производственных систем с поточным методом организации производства. 
Определены основные макропараметры состояния производственной поточной линии и взаимосвязи между ними. 
Обоснован выбор много моментного приближения для моделирования производственной поточной линии. Показано, что 
поточная линия конвейерного типа – это сложная динамическая система с распределенными параметрами. 
Сформулирована краевая задача о продольных колебаниях конвейерной ленты при движении материала по маршруту 
транспортировки. Предполагается, что скольжение материала вдоль конвейерной ленты отсутствует, а деформация, 
возникающая в конвейерной ленте пропорциональна приложенной силе (модель упругих деформаций Гука). Показано 
существенное влияние неравномерности распределение материала вдоль маршрута транспортировки на скорость 
распространения динамических напряжений в конвейерной ленте. При построении граничных и начальных условий 
использованы рекомендации DIN 22101:2002-08. Исследован механизм возникновения продольных колебаний конвейерной 
ленты при движении материала по маршруту транспортировки. Определены основные параметры модели, которые 
являются причиной возникновения динамических напряжений. Показано, что динамические напряжения формируются в 
результате суперпозиции напряжений в прямой и отраженной волны. Записаны аналитические выражения, позволяющие 
рассчитать величину динамических напряжений в конвейерной ленте и определены условия возникновения разрушений 
конвейерной ленты. Рассмотрены характерные фазы начального движения материала по технологическому маршруту. 
Исследован процесс возникновения динамических напряжений при постоянном и переменном ускорении конвейерной 
ленты. Представлена динамика распространения напряжений вдоль маршрута транспортировки. Показано, что величина 
динамических напряжений может превышать предельно допустимое значение, что приводит к разрушению конвейерной 
ленты или конструктивных элементов. Произведена оценка продолжительности переходного периода, которая требуется 
для обеспечения безаварийного режима функционирования транспортной при ускорение (торможение) конвейерной ленты. 
Использование безразмерных параметров позволяет сформулировать критерии подобия транспортных систем 
конвейерного. 
КЛЮЧЕВЫЕ СЛОВА: гидродинамическая модель транспортной системы, двух моментное описание производства, 
модель Гука, балансовые уравнения, PDE-модель производства  




