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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.
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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 [;(]0 (t,S ) and the intensity

of product processing [;(]1 (t,S ) 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 1is the technological position at which the product is in the technological route at a time ¢ (waiting for

[#rtswan=lehas. k=0, ra.5)=2
0

processing or processing), S € [0, S d] ; (1S 1) is function of the distribution of subjects of labour by state in the phase

technological space; [;(]1,/, (¢,S) 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 [){]W(I,S) in most cases is considered a given. G(¢,S,u) 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 [;{]0 (¢,S) or [}(]1 (,S) of the distribution function of subjects of labour by
the states y(7,S,1) are used. When constructing models in the one-moment description, the closure condition is often
applied:
olrl.5)  olrh@.s)
+ =0, t,5)= t,5).
> o [ @.5) =[xl .9)

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]:

N({)=Ny +mM(1), 3)
where N,, is the power of the conveyor idling; 7] 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 N,, =160(kW) ,
n;=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 S; =730 (m), with an average belt speed a(f)=3.15 (m/sec), maximum
productivity [Z]1(fa0): 1450(¢/h) and mass per linear meter of moving parts [Z]OC =138.1(kg/m) in the normative

=123.84(kW), n; =1.23(kW/t). The maximum
amount of material in the transport system with a uniform distribution of material on the conveyor belt is

loading mode gives the following values model coefficients: N,

M a5 =100(7) for the maximum allowable linear density [y]  =134(kg/m):
(7 (0) . _ 14500/ k) M 100(7)
= LS, = 73 =100(¢) , =% - ~134(kg / m) .
max =TS = mrseq) ) = 1000) 2] s, 7300m)  rkelm)

Experimental studies and theoretical calculations show that the maximum allowable linear density [;(] and

0 max
mass per linear meter of moving parts [}(]OC 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

N(t) _ Nxx _ [/Z]OC
M(t)_M(t)+n1_nxx [X]o +ny, (4)

where n,, 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 [Z]OC ,
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 [Z]O - [Z]O max 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 . An increase in the mass of a running meter of the conveyor belt leads to an
g gp e g Y

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]:

olrk.5)  olrh.5)
ot aS
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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:

o e B L))
j ( B S)] 265, ) = P(1S) b by ©)

We introduce the notation for the speed of the belt in the equilibrium 4, and nonequilibrium state <,u> [35]:

[z]@.9)
= Thws

Taking into account (6), we multiply the first equation (5) by ([;(]1 t,8)/ [}(]0 (t,S)) and subtract the result from

the second equation (5), we obtain a system of equations for a two-moment description of the transport system:

B[Z]gft’S)ﬁ[zgg’S)=5(S)ﬂ(t), [ehe.) < >+[;c]( 18) =" < )5 7e.5) - 50
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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):

dm%= R(t,S +dS)—R(t,S) - dFy , dm={x)yt,8)+ 1)y )S » (8)
R(t,S+dS)=0o(t,S +dS)Bh, R(S)=o(t,S)Bh, R(t,S +dS) - R(t,S) = %ds ,

where dm is total mass acting on the belt; B is width of the conveyor belt;; 4 — the thickness of the conveyor belt; Fy
is the sum of the total resistance to movement of the belt [21, p.12]:

FW = FH+FN+FSt+FS .
Primary resistances Fy are associated with the friction of resistance along the conveyor belt, with the exception of

special resistances. Primary resistance Fy , assuming a linear relationship between the resistances and the transported
load, are determined by the expression [21, p.13]:

a¥y=dS- fe- gl [rhon + (e e.9)+ [l osdc ).
where f is coefficient of resistance to movement includes rolling resistance of driving rollers and belt indentation
resistance [21, p.13]; (m / sec2); [Z]O g is linear load from rotating parts [21, p.8]; J¢ is conveyor section angle

[21, p.9]. The linear load from the rotating parts [;(]0 r can be calculated as the ratio of the mass of the rotating
element (roller) mp to the distance Sp between axes of symmetry of the rotating elements [22, p.153]
[2lor =22
0R — SR :

The force Fy, taking into account the effect on the movement of secondary resistances, can be expressed in terms

of the value of primary resistance to motion Fy [21, p.17]:
Fy =(C-1)Fy.

For belt conveyor systems with filling factors ¢ 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 S; > 2.0 km this coefficient is equal C =1,05. The force
Fs;, 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]:

dF, =dS -sind¢ ~gm( [;(]O(t,S)+[;(]OC) :
The calculation of the force Fg, associated with special resistances in the transport system, is presented in

[21, p.18]. The value of Fg is determined by the design features of the transport system. For most conveyor-type
transport systems, it is assumed

Fg <<Fy.
Divide (8) by dm , get the value f'(¢,S) :
d(p) _ 1 IR(L,S) 1 IFy ©)
i~ (eh@.)+lede) o5 rhe.s)+lrke) os
For the model under consideration, it is believed that stress and strain are related by a linear relationship
o(1,8) = Ee(t,5), £(t,8)~1072, (10)

where E is elastic modulus; &£ is relative deformation of the conveyor belt element. If we introduce the absolute
elongation of the conveyor belt @(z,S) at a point in time ¢ for the technological position S, then the ratio of the
elongation da(t,S) of the element of the conveyor belt to the length of the segment dS is the relative deformation of

the element
2a(t,S)

£(t,8)= Y (11)
If we substitute (9) - (11) in (7) then obtain the equations of oscillation of the conveyor belt
d d 2
(), () ) BhE 9’w(t,S) 1 oFy 1)

s [rhe.)+lrhe) as? (b5 +[rhe) 95

ot
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Fig. 1. The forces acting on the element of the conveyor belt

The speed <y> of the conveyor belt, on which the material is located consists of the speed of the belt in the
do(t,S)

equilibrium £, and vibrational —Q parts:

_ da(t,S) dao(t,S) Jdw(t,S) da(t,S)
() =y + e’ d ot +u) F

Since the relative deformation of the element £(¢,S) is small (11), then

da(t,S) _ 9a(t,S)

dal(t,S)
dt ot ’

ot

We substitute the expression for the speed of movement of the conveyor belt in the oscillation equation (12),
obtain

(13)

(u)e(t,8) =

(,u)s(t,S) << %

8#_.,+aza)(t,5)+(ﬂ +aa)(t,S)]i( +E)a)(t,S)]:
ot or’ 4 ot as\ " ot

BhE o w(t,S) 1 oF,
(], @.$H+xl.) 0 (lx], @.9+[x],.) oS

Belt speed for steady motion is a known quantity that is set by program control of the conveyor line
Oy, (1,) Aty (1,5)
+ .
ot Vo8
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

(14)

Ty (6,8)=

Ofdy, Ofdy, Oty
=— _—, ——=0. 15
W O=757 M 5 o5 (1)
We introduce the notation
BhE
C,2(t8)= : (16)
o ([Z]o t,8)+ [Z]oc)
and taking into account expression (15), we represent equation (14) with small perturbations

o%w(t,S) [ Qa1 S)) %w(t,S) ) d%w(t,S) 1 OFy

ALY + > 2 =51, ) et — fy (0. (17)
or2 ad ot IN x s ([Z]o (“.8)+ ke ) os T

The speed of the conveyor belt (u) 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

( >azw(r,S) _ ()26 (et + A8, )~ (w)e(t, )

18
1S ot At (18)
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and taking into account (13), it follows

(19)

(w)e(t+At,S)—{p)e(t,S) L (Bw(t +At,S) Ba)(t,S)j %01, S)
At At ot ot ot
When you change the length of a segment of the transport route, the density ([;(]0 S+ [I]OC) changes. Let the
length of the segment dS changes and becomes equal (dS + da)(t,S)), dS >>da(t,S) . In this case, the linear density
will change and becomes equal ([;(]0 @,S)+ [;(]OC )+ (A[;(]O @,S)+ A[;(]OC ) For this segment of the transport route we

have
dS([xly @.8)+ [l )= (dS +dente. )Nl 1.) + [zl )+ (Ao 2.8) + Al ).
Neglecting the value of the second-order of smallness da)(t,S)(A[}f]O t,8)+ A[Z]OC ), we get
0=~ dS(ALzlyt.8) +Alxlye )+ @t )y .9) +[ehoc )

where from
daxt,S) Alrly 0.8) + Alxloe
ds el @)+ xloe

This allows us to represent the square of the function C 12 (¢,8) as an expansion in the vicinity of the unperturbed

density [;(]0,/, ,9)

Alxly, @8+ Aly]
C.2(LS) = BhE 1— 0y 0c |_ o 2 S)i—e).
sz(t) )= BhE

[Z]o,/,(l, S)+lrhe

The function C,/,2 (¢,8) 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:

Ark (.9 Ark@.s)

STy ()= = (S (20)

d%w(t,S) ) d%w(t,S) 1 OFy

——2_C, (S - - . 21
0 T TGS he) a5 Y @b

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
0, S<0,

L sso selo;s,]. (22)

[x],(0.8)=H(ES)¥(S), H(S)= {

We supplement the system of equations (20) with boundary conditions for an equation that describes oscillatory
processes in a transport system. Stresses o(£,0) and o(¢,S,;) are determined by the tension forces of the conveyor belt

T; and T, (fig.2).
We write the system of equations for the forces 7; , that determine the movement of the belt at the characteristic
points of the horizontal conveyor section:

Ty =T exp(kpr) ; L=0+Fyes3)+Fy (-3  Ty=kd;3, I =Ty + Fy (4-1) + Fy (4-1)5
Sq
Fu(e=3)=Sq - fc - &mhor +[rhc): Fu(a-1)=Fa(-3)* fc &m j[){]o(t,S)dS ,
0
5C ZO,

FN(2-3) = (C=1)Fy (2-3)» Py (a-1) = (C=1)Fyy (az1)
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Sq
Fs¢(2-3) = Sq -sind¢ - gk =0, Fst(4-1) = Fst(2-3) +sindc - gm J[Z]o(t, $)dS =0,
0
Sq
Fy (2-3) = Sy Ok Sa Fy (a-1) = £y Olrloe Sa + £, I[Z]O(I,S)ds )
0

where Fy, (2-3),Fy (4-1) 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

Ty =Ty + Fyy (a-1) + Fy (a-1) = kT3 + Fyy (a-1) + Fy (a-1) = ks (7 + Fy (2-3) + Fy (2—3))Jr Fw (4-1) + By (4-1)5
is determined the tension of the tape at characteristic points
exp(kyor)

exp(kpe) — kg’ @)

T, = Ty explkya) = (k, Fy (23) ThsFy (2-3) + Fw (41) T Fy (4—1))

. ksFy (2-3) + ksFy (0-3)+ Fw (4-1) + Fy (4-1)
? exp(kya) — k, ’

_ksFw (a-3) HKsFy (2-3) + Fw (a-1) + By (4-1)
exp(kpt) =k

I3 =T, + Fw(2-3) + Fy (2-3) +Fy (2-3) + Fy (2-3)»

exp(ky)

gy —k, W) "l @)

Ty =Ty exp(kpo) = Fy (4-1) = Fy (4-1) = (ksFW (2-3) T ksFy (2-3) + Fw (4-1) + Fy (4—1))
where k; is coefficient of adhesion between the drum and the belt; kg is drum loss coefficient “A”; « is the total girth
angle of the drum. For a steel drum in the absence of moisture k; =0.3, k,=1.03[31] and =7 we get
exp(kpor) =2.56.

Taking into account the values of the acting forces 7} , 74 (21), we write down the boundary conditions

_ L _ . 0wt,S) _ 1 exp(kp )
U(f»Sd)—E—ETSZSd _E(kSFW (2-3) tksFy (2-3) + Fw (4-1) + Fy (4—1))Wa (24)
(1.0) = L _h=Fwe)=Fy e _ dot,S)| £ 901, 5) Py (o)t Fy (o) .
Bh Bh S lgo S ss, Bh

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

2a(t,S)

- =0. (25)

t=0

The stress of the conveyor belt at the initial time is determined by the initial distribution of the material along the
technological route ¥(S) and the acceleration of the conveyor belt f,, (¢). Then

O'(O, S) = E% = O'(0,0)'FFw\{/ (4_1)(0, S)+Fy,\}l (4_1)(0,S) , (26)
t=0
_ Ty _ . 0e(0,S)
700 Bhl_y £ S ls=o
S
Fipg (41)(0.8) = fc - g j ((xlor +lxloc +¥())aC Fy (4-1)(0,8) = (C = 1)Fpy (4-1)(1.S) ,
0

N
Fyy (4-1)(0,8) = f,,<0>j (xhor +xhe +¥(O)ac [x]h(0.5)="%(5)
0
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Fww (4-1)(0,5) = Fig (4-1)(0,8) + F (4-1)(0,5) -

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 @S, [;(]1 (¢,8) . Equations (7) and (9) can be used to study the scattering of the

material during its transportation.
I

D

Iy
(D 7\
A\&/ \/s

>
>

|
3 b

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

CONVEYOR LINE MODEL IN DIMENSIONAL FORM
Using the notation

t S by @9) ¥(S) T,
= = 9 s Sl s E—— = ) = /1 )—— s
T Td é: Sd O(T § ) [X]()max l//(§ ) [X]()max 7(7) ( ) Sd [X]()max
e =ty L, 5(8) = S45(5), 27)
d
equation (20) with boundary conditions (22) takes a dimensionless form:
00, (t, 00y(,

L0 s oto) e D_sEy@.  HOH-HEOWE,  0=HO (28)

The solution of equation (28) allows you to determine the state of the linear density of the material 8y(z,&) along
the transport route at an arbitrary point in time at an arbitrary point &

2(G(G(r)- &)

The linear density of the material along the transport route 6y(7,£) at an arbitrary point in time 7 can be

-1 B Z
6.6 = (1)~ H(E-G) LD | e Giowre-Ga). 6o = j glada, 7=G7¢). (@)
0

determined, if the intensity y(7) of the rock input to the entrance of the conveyor line and the speed of the conveyor
belt g(7) are known. The material flow along the conveyor line 6;(7,£) can be obtained as a result of the product of the
linear density of the material 6, (7,&) and the speed of movement of the material g(7)

-1 B
67,8 = (H(&)~ 1(E~6(0) LT CO=D o) . 1 GloypE-G(oea). (30)
(G (G0-2)

An analysis of the solution (29), (30) is given in [33]. Using the notation

a(t,S) OpSy UJoc Ledor
)= max = 5 > Oc = , Or= 5 31
“ (T é:) max @ E ¢ [X]Omax K [X]Omax ( )
— Cngm ([X]()max + [Z]OC )Sd V= ([X]Omax + [X]OC )fl// (I)Sd v 2 _ BhE T_d 2
b O'th ’ ! O'th > g i[x]OmaX +[Z]0C i Sd ’

equation (21), which describes oscillatory processes in a transport system, takes a dimensionless form

Or
[ e ———
0y(7.£) +6c

y(r.f) _, 29’my(1.§) 146

2 2
= e mwha e )

with boundary conditions (24)
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1
o(t,S;)  dmy(1,)| B¢ O _[60 (7,&) exp(ky )
= = (k. +1 kg +1 d
oy aé" |§:1 (s+ )(Vb+vf)1+ec+(s+ )Vb1+ac+(‘/b+vf)0 1+8C exp(kba)—ks ’
(32)
1
o(t0) _dap(.5)| _dmm®.H _FwentFy ) ey Gk ., )I bc +80(7.8) 4
b b tVy >
o), oé |§:0 oé |§:1 o,Bh o& |~le 1+ 6¢ 1+6c
(33)
and initial conditions (25), (26)
dwy (7,$) 0, (34)
T |,
1 1
0(0,8) _ 9@y (0,S) _ 9wy (0,¢))| Iec +Or +Y (&) J"9c +y(©)
- - —yy | RIS gey | ZE TS g 9,(0,8) = , 35
o Y E 1 eV | T 009 =v©) (35)
where
1
0(0,54) _ 9y (0,9)| fc Or I v exp(k; )
o) & |-y (ks + )(V”Wf)nec +Hlks 1+6c +(Vb+vf)0 1+6c s exp(ky ) — kg

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

0p(7.8)<<bc,  w(§)=6x(0.5)<<6c.
Based on the above assumption, the system of equations (30) - (35) takes the form

_1 _
65,0 = (H(&) - H(E-60) T D= oy e Gy -Gene@).
267 (GO -4)

2 2
d @Dy (Taé) — ng 0 wo(f,f) 1+0C _ngvf _ngvb 1+6_R (36)
oz 9&?2 Oc fc

with boundary conditions (32), (33)

day (t,8) fc Or fc exp(kp )
GO (k, +1 1+ 2R (k +1 37
SR (( st )V”1+9C iy g+ )Vf1+o9c exp(kyo)—k, ) 37)
(9| @ b, (HH—RJ
o |y 0 |y T1vec "ivec ec)

and initial conditions (34), (35)

aw() (Ta 5)
o7

dwy(0,6) _dwp(0.6)| 6c ) . 6
=0 T Vb1+ec(1+ac](l £) V-’1+6C(1 £. (39

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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82(00(2',5) =V12 asz(T’f)_ 2

Voo, (39)
a7 a&?
C C
with boundary conditions
dwy (7, day (,$)
08#5) =, %—é: = -, (40)
5 £=1 5 £=0
o = (e, +1, 5|14 8R (ke +1) fc explkp®) |
’ 1+0C GC : 1+0C CXp(kbOK)—kS
) 1+9C
Vg 2 2
o =y e—c 1+9_R +v ec =(vy 9C 1+0_R +Vv, HC HC = V2 :VL
2o e )T  vee \Pwec o) awee ) 2 1k6e o 1v8e 2
g HC g HC
and initial conditions
0wy (1,&) day (0,
08—5 =0, MZOQ—OMO—SE)» . (41)
T 7=0 aé:

where vlz , V22 ,Q1, o, are constant coefficient, ¢, (7) 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

@ (7,8) = @y (7,8) + @1 (7,5) - (42)
Choose a function @y (z,¢) in the form
@01 (7,) = AD)E* + B@)E + Coy

where C; is an unknown constant. We define the coefficients A(7), B(7) in such a way as to ensure the presence of
boundary conditions for the function @ (7,<) in the form

IO (.9 _, do (.9 _ I (1,6) _ 9a(1.6) _ 901 (1,$)
o |y N P P o

Then the coefficients A(7), B(7) we obtain as a result of solving the system of equations
do (7,8)|  _doy(z.8)| _day (7.8)| — oy —2A(0) - B(r) =0 ,
0 e 0 ey 0 e
dwy (7,$) :awo(f,é:)| _awo1(7»~f)|
L T P

From the solution of the system of equations follows

20(1—&21—3(7)20.

2
o 1v 1%
A(T):i:—%, B(T)=0!1—0521=0!1—L2,
2 21/1 V|

1v)® o vy
w1 (7,6) ==& +| o ——5 |+ Coy -
2y Vi

Substituting solution (42) into equation (39) and into the initial conditions (40), (41), we obtain the initial-
boundary value problem for the function @y, (7,&)

azwoo(fuf):v2326000(735)_320512 [%‘f]» 43)

72 Y 72
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o (.9 _ W0 _ Qo (7,8)|  _dm @ oy (z.9)| o
af £=1 aé: £=0 af |T=O a§ |T=0 aéz |1=O
dwgy (2.6)|  _day(w.O)| Qw6 | dapy (£
or |, ot | or |, ot 2 d
7=0 7=0 7=0 =0

We consider two cases where the acceleration of the conveyor belt is constant v o =V ro = const and the case
where the acceleration of the conveyor belt varies linearly with time v p =V ro +V 7 .
In the case where the acceleration of the conveyor belt is constant v » =V 1, the derivative of the function ¢y, is

Zero
doy _
ot ’
and the boundary value problem (43) takes the form

azwoo(f,df) , 0? g (7,£) (44)
ar? " 352 ,
8(000 (7, é:) -0 a6000 (7, 5)

Io (7.9 _, I (7.5)
a‘); 5:1 ' aé: '

=0,
7 |, o&

£=0

=0.
7=0

The solution of problem (44) is presented in the form

@0 (7, 5) = Z T, (T)Xn (5)
n=0

where the function X, («f) 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

W00 (7,6) = zTn (z)cos(mg).
n=0
At the initial time, the rate of change of the function @ (7, &) is zero. From this condition follows

@y (7,$)

P =0 = Wy (7,8) = ZGn cos(mv,t)cos(mé). (45)

7=0

The values of the coefficients G, are determined from the second initial condition
dwy (T,
00( ¢) ZﬂnG sin(mé) =
=0

Equality holds if G,, = 0. D This is consistent with the d601s10n

@y (7,£)=0.

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.

1 V22 2 1 V22
wy(7,8) = @00 (7,8) + @1 (7,8) = ——5-¢" +| o =~ —5 |£+Coy -
2 Vi 2 Vi
The constant Cy; is determined from the condition of the minimum allowable stress @,;, , 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

2
wm(f):——ffz [ l_%]§+C012wminO'

2 V1 Vi
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Taking into account the last condition, we write the solution of the equation in the form
2
2, V2
0)01(0)_——5 o === |&+ Opin -
2v? Vi
We turn to the second case when the acceleration of the conveyor belt varies with time according to the linear law
Vi =Vyro+V 7. Then

2
dag, Ve Vri 2 2 2 Or
_:—2‘, Vo :Vg (Vf() +Vf»IT)+Vg Vb 1+% .

or %]
and the boundary value problem (43) takes the form
9’ : 9
woogf $) _ v woogf :6) ’ (46)
ot a&
AW (7.9)|  _ I (.9 _, Io (7.9 _, 7
af 521 ag 6":0 ag 7=0

daog (#.6)  _ Ve ‘;fl{f cf] 7(¢). (48)

J7 =0 V1

Using the results of the previous problem for the case v » =V ro = const , 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

@0 (7, &) = ZG,, sin(mv,7)cos(mé). (49)
n=0
We determine the unknown coefficients G,, from the initial condition (48)

90y (7.0) =7V ZnGn cos(mé) = _#[% - fj .

a7 _
7=0 n=0 Vl

Emerging dynamic stresses in the conveyor belt can be represented as

aa)og(gf é:) ”ZnG sin 7D1V1T)Sln 72715 _EZ G [COS( [g VIT] )2 COS(ﬂ]’l[f‘F VlT] )J _ Q(é:—VlT); Q(f‘f‘VlT)

n=0

We transform the solution (49) to the form
woo (7,£) =Wy (& +vi7)+ W, (& —vy7). (50)
We define W, (& +vy7), W, (& —vy7) from conditions (47), (48):

dag (7,6 _dW1(§)+dW2(§)_O I (.9 _ dWl(f)_ sz(f)z_ng"fl (ﬁ_§j=z(§).

o |, d& " oag ot |, | df dé v

Integrating the equalities, we obtain

g
W)= Con. WE)-()= - [ dakiarc,
=t

where ¢,, C,;, C,, is constant coefficients. The constant C,,; is equal to zero due to the choice of the form of
functions W, (&), W, (&) (50). We solve the system of equations, we find

¢ &
()= | dadta+ 22, (@)= - [ Zaia-22. (s1)
2V1 2 ZVI 2
o o
Substituting (51) into (50), we obtain
Et
@y (7,8) = R Zle)do . (52)

2vy
&t
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The expression for the emerging dynamic stresses of the conveyor belt has the form

dwg (1,8) _ ZUE +vi7)-ZUE-vi7)

= 53
af 2V1 ( )
The properties of the function Z(a) follow from the boundary conditions (47)
0wy (7, Z\vT)-Z-vT
00(7:6)|  _ Zni7)-Z-v, )20’ 2(8) = 7(- B), (54)
af £=0 21/1
0wy (7,£) Z\l+viT)-ZIl-viT
@9 _ Atz -2y, )=0, 2Bn)=22-pn), B =0+w).
aé‘ |§:1 2V1
Since the function Z(f) (54) is even and the value 7 is arbitrary, it follows
2(2- p)=2B)=2- B), 7(2+ B)=2(p). (55)
The function Z(ﬂ ) is an even function of period 2. The general solution of the problem takes the form
. ) ) . E+vir
14 v
wO(T,f) = _%52 + _% §+ Omino + 5 IZ(O!)dd,
2y, Vi 2v)
st
2 2 _ _
9wy (7,8) _ V) Y2 gt a _V% N A +vi7)-2¢ Vlf). (56)
g vl vy 2v)

We define the point of the transport route at which the maximum dynamic stresses of the conveyor belt occur. We
introduce the variable 7, so that

O0<swvir,-2n<2, T,=T7T——.
Then, due to the periodicity of function (55), it follows

ZE+vi7)=Z(E +viT—2n)= Z(SE‘FV{T—IZ/—”D: A& +viz,)=2p), B =¢+vit,,

1

I R [ R

1
We calculate the value of dynamic stresses (53) arising in the conveyor belt

dwyy (7,E)  ZE+vi7)-ZE-viT) B2 v, v,
ng = 1 o = =70(B1.52), Z(ﬂ):vd[T— , Vg =- ngzfl.

The expression for the function Z((f,,/,) for different ranges of values /3,5, is presented in table 1. The
function Zo(ﬁl, ﬂz) is linear with respect to the variable &, 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 Z(f;, 3, ) in the conveyor belt
No | Bug dynxumn Z (8, 5,) 2<B<-1 | -1<8<0 0<pB<l1 1<B<2 2<fB<3
1 Zo(ﬂlaﬂz)_‘/ﬂ (&-1) B, b
2 | Zo(By.Ba)=vablz, —1/1) Ba B
3| Zo(B1,Br)=vaéle, —1/vy) B> By
4 | Zo(B.Br)=vaélz, —1/vy) B> B
51 Zo(B1,Br)=valz, =2/v )¢ -1) B> By
6 | Zo(Bi.fr)=va(z, =2/ )¢ -1) B by
7 | 2081, Br)=var,(E-1) B B
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Fig. 3. Conveyor belt dynamic stresses Z (ﬂl ,,32) for times 7=0.01-m, m=0,1,2...

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

2 2 2
Vs V, Vs ZE+viT)-2Z(E-viT
St o —— |= 2‘f>| ||VdT§|
Vi Vi Vi 2V1 |
This implies
VAT
fltn
— <.
VfO +Vp

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 7

VfO +Vy

V<<
4 T

n

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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TTIIPOIUHAMIYHA MOJEJb TPAHCIIOPTHOI CUCTEMHU
O.M. Iurnacruii?, B.JI. Xoxycos
“Hayionanenuii mexniunuil ynieepcumem « X1y, 61002
Yxpaina, m.Xapxis, eyn. Kupnuuesa, 2
b Xapxiscoruii nayionanonuil ynicepcumem imeni B.H. Kapasina

61022, Yxpaina, Xapxie, ni. Ceoboou, 4
Po3risiHyTO rifponuHaMidHA MOJENh BUPOOHMYUX CHCTEM 3 IIOTOKOBHM METOJIOM OpraHi3amii BHpOOHHITBAa. Bu3HaueHo ocHOBHI
MakponapaMeTpy CTaHy BUpPOOHMYOI NOTOKOBOI JiHIT i B3aeMO3B'A3Ky MiK HuMH. OOrpyHTOBaHO BHOIp 0araToOMOMEHTHOTO
HaOJIVDKEHHSI ISl MOJICTTIOBAaHHS BUPOOHHYOI 1oTOKOBOI JiHil. [Toka3aHo, 1110 KOHBEEp KOHBEEPHOI'O THITy L€ CKJIAJHA IMHAMiuHa
cucTeMa 3 posnojizeHuMu napamerpamu. CHopMysIb0BaHO KpaloBY 3aJady HpO MO3J0BXKHI KOJMBaHHS KOHBEEPHOI CTPIUKM IpU
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pyci MaTepiany mo MapipyTy TpancropTyBaHHs. [lepenbadaeTnbcest, 1110 KOB3aHHS MaTepialy y3[0BXK KOHBEEPHOI CTPIYKM BiACYTHS,
a nedopmaris, U0 BUHAKAE B KOHBEEPHIH CTpivli mpomopuiiiHa gomanoi cuii (Moaens mpyxkaux aedopmaniii I'yka). [Tokazano
CYTTEBUH BIUIMB HEPIBHOMIPHOCTI pO3MOAIN MaTepiany Y3J0BXK MapIIPYTy TPaHCIOPTYBaHHA Ha MIBHIKICTb IOMIMPEHHS
IUHAMIYHUX Halpy>KeHb B KOHBeepHid crpiumi. [Ipn moOynoBi TpaHUYHUX 1 MOYAaTKOBHX YMOB BHKOpHCTaHi pekoMmeHparii DIN
22101: 2002-08. docmimkeHo MeXaHi3M BHHUKHEHHS TIO3/IOBXKHIX KOJIMBaHb KOHBEEPHOI CTPIUKH MIPH PyCi MaTepiay Mo MapmpyTy
TpaHCHOPTyBaHHS. BU3HaueHO OCHOBHI IapaMeTpH MOJENI, SKi € MPUINHOI0 BUHUKHEHHS IWHAMIYHHUX HampyxeHb. [lokazaHo, mo
JTUHAMIYHI HarpyTH GOopMyIOTECS B pe3yJIbTaTi CyIepHo3umnii Harpy>KeHb B NpsIMil 1 BiOUTOI XBHIIi. 3anncaHi aHANITHYHI BUpPas3H,
110 JIO3BOJIIOTH PO3paxyBaTH BEINYMHY THHAMIYHUX HAIPY)KEHb B KOHBEEPHiH CTpIvlli i BU3HAYEHI YMOBH BUHUKHEHHS pyHHYBaHb
KOHBEEPHOI CTpiuKkH. Po3risiHyTO XapakTepHi (a3M MOYaTKOBOTO PyXy MaTepially MO TEXHOJIOTiYHOMY Mapupyty. JlocimimkeHo
NPOLIEC BUHUKHEHHS JMHAMIYHMX HANpyKeHb NPH IOCTIHHOMY 1 3MiHHOMY NPHCKOPEHHI KOHBEepHOi crpiuku. [IpencrasieHa

JMHAaMiKa NOIIMPEHHS HAmpyr Y3JOBX MaplIpyTy TPaHCIOPTyBaHHA. [Ioka3aHO, 1O BENMYMHA IMHAMIYHHX HANpPYXEHb MOXKe
HEPEBHILYBaTH I'PAHMYHO JOIyCTHME 3HAYCHHS, L0 NPU3BOJMTH 10 PYyHHYBAaHHS KOHBEEPHOI CTPiYKHM ab0 KOHCTPYKTHBHHX
eJeMeHTiB. 3pOo0JIeHO OLIHKY TPHUBAIOCTI IMEPEXiJHOTO Tepiomy, ska MOTpiOHa A 3a0e3nedeHHs Oe3aBapiifHOTO PEXUMY
(YHKIIOHYyBaHHSI TPAHCIIOPTHOI NIPX PHCKOPEHHI a00 TalbMyBaHHI KOHBEEPHOI CTPidKH. BukoprcTaHHs 6€3p03MipHUX NapaMeTpiB
JI03BOJISIE CHOPMYJITFOBATH KPUTEPIi MOAIOHOCTI TPAHCIIOPTHUX CUCTEM KOHBEEPHOTO THITY.

KJIFOYOBI CJIOBA: rigpoauHamiuHa MOJENb TPAHCIOPTHOI CHCTEMH, JBOX-MOMCHTHHU OIKMC BHPOOHHMITBA, MOJCHb [yka,
6anancosi piBHstHHs, PDE-Mozens BupoOHuITBa
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PaccmoTpena ruapoauHamMuueckas MOJENb IPOU3BOACTBEHHBIX CUCTEM C IIOTOYHBIM METOJOM OpraHU3alluM IPOU3BOJCTBA.
OmpesieIeHbl OCHOBHBIE MAKpOMapaMeTphl COCTOSIHHSI TPOM3BOJICTBEHHON IOTOYHOW JHMHMM U B3aMMOCBSI3M MEXIYy HHUMHU.
O06ocHOBaH BBIOOP MHOTO MOMEHTHOTO MPUOIMKEHHS AT MOAEIUPOBAHUS MPOU3BOICTBEHHON MoToyHOU nuHMH. Iloka3aHo, 4To
MOTOYHAs JIMHHUSA KOHBEHEpHOTO THHA — JTO CJIOXKHAs JUHAMHYECKas CHCTEMa C paCIpefeNICHHBIMH MapaMeTpaMH.
CoopmynupoBaHa KpaeBas 3agada O NPOJOJNBHBIX KOJIEOAHHAX KOHBEHEpPHOW JICHTH IPH JBIKEHHM MaTepHana 10 MapIHIpyTy
TpaHCHOPTHPOBKH. IIpexdrmonaraercsi, 4To CKONBXKEHHWE MaTephaia BJIOJNb KOHBEHEpHON JEHTHI OTCYTCTBYET, a aedopMariys,
BO3HHUKAIOMIAsl B KOHBEHEPHOW JICHTE INPOIOPIHOHATBHA NPHUIOKEHHOH cuie (Moxens ynpyrux nedopmanmii ['yka). Ilokazano
CYILIECTBCHHOE BIMSHUE HEPaBHOMEPHOCTU paclpelelieHue MaTepuala BJOJb MapLIpyTa TPaHCIOPTHPOBKM Ha CKOPOCTh
pactpoCcTpaHeHUs JUHAMUYECKUX HampshDKeHHH B KoHBeiepHOW JsieHTe. IIpM NMOCTPOSHWMHM TI'paHWUYHBIX M HAdYaJbHBIX YCIOBHI
ncnosp3oBanbl pekomenaanun DIN 22101:2002-08. MccnenoBan MexaHW3M BO3HUKHOBEHHS ITPOIOJIBHBIX KOJleOaHUH KOHBEHEpHOH
JIEHTHl TIpH JABIKEHUHM MaTepuala MO0 MapuipyTy TpaHCHOPTHpOBKH. ONpenereHbl OCHOBHBIE MapaMeTphl MOMAENH, KOTOpPbIE
SBJIAIOTCS MPUYMHONW BO3HUKHOBEHMS JWHAMHYCCKHX HampspkeHHi. [lokaszaHo, 9TO AMHAMHYECKHEe HampshKeHHs (GOpPMHUPYIOTCS B
pe3ynbTaTe CyNepIO3NINY HAIPSDKEHUH B MPSAMOM M OTPaKEHHOW BOJHBI. 3alMCaHbl aHATUTHYECKHE BBIPAXKEHHS, TTO3BOJISTIONIHE
paccuuTaTh BEJMYNHY JTUHAMHYECKHX HANPSDKCHUH B KOHBEHEpPHOW JICHTE M ONpPENENEHHI YCIOBHS BO3HHKHOBEHUS pa3pyLICHHI
KOHBEHepHOH JIeHTh. PaccMOTpeHbI XapakTepHble (a3bl HAYaJbHOTO IBIKEHHS MaTepHajia IO TEXHOJOTHYECKOMY MapIIpyTy.
HccnenoBaH mporecc BO3HUKHOBEHUS JIMHAMHUYECKHX HANpPSHKEHHH NP IOCTOSHHOM M IIEPEMEHHOM YCKOPEHHH KOHBEHEpHOI
nentsl. [IpencraBieHa AMHAMUKA PaclpOCTPaHEHUs HANPSDKEHUM BIOJIb MaplIpyTa TpaHCHOPTUPOBKH. IlokazaHo, 4TO BeIMUMHA
JUHAMUYECKHUX HANpsHKEHUH MOXKET MPEBBIIIATH MPEETbHO JOMYCTIMOE 3HaYEeHHE, YTO MPHUBOJUT K Pa3pyLIEHHIO KOHBEHepHOI
JIEHTHI UM KOHCTPYKTHMBHBIX 3JI€MEHTOB. IIpon3BeneHa oleHKa MPOJOMKUTENBHOCTH TEPEXOJHOr0 MepHoa, KoTopas TpedyeTcs
It obecriedeHust 0e3aBapuifHOTO pexXrMa (GYHKIIMOHHUPOBAHHS TPAHCIIOPTHOM MPH yCKOPEHHE (TOPMOXKECHUE) KOHBEHEPHOI JICHTHI.
Hcnonp3oBanne Oe3pa3sMEpHBIX IApaMETPOB  IO3BOISAET CHOPMYyNHpPOBATH KPUTEPUH MOAOOHMS TPAHCIOPTHBIX CHCTEM
KOHBEHEPHOTO.
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