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Abstarct 

The construction of an inertial conveyor for bulk materials transportation has 
been elaborated in order to increase productivity and reduce the energy intensity of 
the bulk materials transportation process. The inertial conveyor consists of a chute, 
which performs reciprocating motion on a fixed basis and actuating the reciprocating 
movement of the chute. The chute can perform not only a reciprocating motion, but 
also a movement in a direction that is perpendicular to the axis of the conveyor in a 
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horizontal plane. It has been proposed to reduce the friction force between the load 
and the chute at a time when the speed of the chute relative to the load will be di-
rected in the opposite direction. The analyses of known methods of solving nonlinear 

differential equations, which describe the motion of mechanical systems in the pres-
ence of dry friction has been done. A mathematical model of a bulk material particles 
motion over a surface that performs a harmonic motion has been elaborated. A con-
struction of efficient inertial conveyor has been created. The influence patterns of 
structural and kinematic parameters of the inertial conveyor on the indicators of bulk 
materials transportation process by this vehicle have been experimentally investigat-
ed. A mathematical model of the flow of a bulk material in a rectangular chute that 
performs high intensity transverse oscillations in the plane of greatest inclination has 

been developed. It has been established experimentally that, in the presence of such 
oscillations, the material retains the shape of the chute and therefore its motion can 
be regarded as the motion of a solid on an inclined surface. The averaging method 
obtained an approximate solution of the equations of this motion, which satisfactorily 
agrees with the results of experimental studies. 

The obtained dependences of the average velocity of the bulk material on the sur-
face of the chute from the angle of inclination to the horizon and the coefficient of 
friction of the material on this surface can be applied in engineering calculations for 

solving specific practical problems. 
Keywords: dynamic system, vibration transportation, inertial conveyor, transpor-

tation of bulk materials, transverse oscillations, friction force, vibration, oscillation 
frequency. 

  

Introduction 

A continuous improvement of the technical level of new mecha-

nisms and machines is a characteristic feature of the modern devel-
opment of world mechanical engineering. 

The improvement of the constructions of various conveyors (belt, 

screw, inertial, etc.) is one of the directions of bulk materials trans-

portation means development, which provides high productivity, 
technical and economic efficiency. The conducted analysis of designs 

of various vehicles constructions shows that in mining enterprises, for 

the transportation of bulk materials (coal, ore, etc.) at a distance of 20 
to 100 meters, it is advisable to use inertial conveyors with a constant 

load pressure to the bottom of the chute [1]. These conveyors have 

considerable stability because the oscillation amplitude of the con-

veyor chute is constant. 
Many domestic and foreign companies (KNAPP, SIAT, Blume, 

Librawerk, “Steklopak”, “Siberian Machine-Building Company”, 

“Potok-TM”, “Project Invest”) are engaged in research aimed at cre-
ating new-generation conveyors [1]. The widespread popularity of 
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such studies is justified by the following factors: simplicity of con-

struction, tightness, the possibility of combining the process of trans-

portation with technological operations (sifting, drying, cooling), 
transportation of various materials of the construction industry (gyp-

sum, sand, clinker, crushed stone, energy consumption), low chute 

wear compared to vibrating conveyors. 
The inertial conveyors that transport goods due to the harmonious 

nature of the chute movement are particularly prominent. They have 

been used for transportation of various bulk and artificial loads, espe-

cially those where there is an undesirable mode of work with the toss-
ing of material particles (heavy metal chips, hot wet sugar, etc.). Oth-

erwise, when the inertial conveyor is in operation, there is no contact 

between the load and the rotating parts, such as in a screw conveyor. 
On the surface of the inertial conveyor chute the load moves cy-

clically, that is, in one rotation of the crank chute performs a straight-

line movement, and the movement back and forth is carried out at 

different speeds. Due to this, the load moves on the surface of the 
chute with some average speed, on which the performance of the 

conveyor depends. 

The kinematic characteristics of the chute movement, depending 
on the angle of crank rotation are shown in Fig. 1.  
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Fig. 1. The dependence of the velocity and acceleration of the inertial conveyor chute 
on the position and speed of the crank turn 

Analysis of recent research and publications. In works[1, 2] the 
issues of kinematics and dynamics of inertial conveyors have been 

considered, which allow to judge its performance and energy costs for 

load movement and other operational characteristics. 
The studies [3,4] have been dedicated to the development of the 

construction and study of the inertial conveyor using linear asynchro-

nous electric drive. These mechanisms have been used to transport 

wet sugar. Because, unlike vibration conveyors, they work without 
tossing loads, which leads to sugar segregation. 

In scientific works [5,6], the results of studies of kinematic and 

dynamic parameters of inertial conveyors with elastic units have been 
presented. They can be used to select the optimal parameters when 

creating inertial conveyors, which are characterized by compactness 

and reduced material consumption and energy consumption. 
The problems of studying the oscillations of dry friction systems, 

which arise in the study of the operation of inertial conveyors, are a 

typical example of the problems of nonlinear mechanics, which re-

quire special methods of analysis to be solved. These include: small 
parameter method, harmonic balance method, asymptotic methods 

and numerical methods [7-10]. 

The main disadvantage of inertial conveyors is the reduction of the 
velocity of the material being transported when the conveyor belt has 

been reversed due to friction. The conversion of dry friction into a 

binder allows the reduction of friction resistance in some selected 

direction, which is a prerequisite for creating a new generation of 
conveyor systems.  

The main directions of the research are to solve the equations of 

bulk material particles motion on the surface of the chute, which per-
forms transverse oscillations and the amplitude and frequency of 

which varies according to laws of different types. As a result, this 

action will optimize the construction of kinematic parameters of the 
inertial conveyor. 

Among the publications on the issue of vibration displacement of 

solids and bulk materials, it is worth mentioning the works of Bleh-

man I., Dzhanelidze G., Zayika P. [11,12]. 
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The aim of the study formulation. The aim of the study is to es-

tablish the laws of bulk material particles motion on the surface, 

which performs a harmonic movement and to create on their basis 
constructions of high-performance inertial conveyors. In the frame-

work of the work it is planned to develop a mathematical model of 

the movement of bulk material particles on the surface of the chute 
and determine the movement velocity of this material (conveyor per-

formance), which make it possible to substantiate the rational con-

struction and kinematic parameters of this vehicle. Also, get simple 

dependencies to determine the average movement velocity of the bulk 
material in a rectangular chute, which transversely oscillates in the 

plane of the bottom of the chute, perpendicular to the line of greatest 

slope. 
The outline of the main research material. The construction of 

an inertial conveyor for bulk materials transportation has been elabo-

rated in order to increase productivity and reduce the energy intensity 

of the bulk materials transportation process. The inertial conveyor 
consists of a chute, which performs reciprocating motion on a fixed 

basis and actuating the reciprocating movement of the chute. It should 

be mentioned that, the chute can perform not only a reciprocating mo-
tion, but also a movement in a direction that is perpendicular to the 

axis of the conveyor in a horizontal plane. It has been proposed to 

reduce the friction force between the load and the chute at a time 
when the speed of the chute relative to the load will be directed in the 

opposite direction [13].  

The scheme of the proposed inertial conveyor is shown in Fig. 2 

 
Fig. 2. Intertial conveyor 

1 – chute; 2 – ball; 3 – base;4 – reciprocating drive; 5 – vibrator 

 
The inertial conveyor (Fig. 2) has a chute 1 that can move both 

along and across the axis of the conveyor on the balls 2 on a fixed 
base 3, drive reciprocating motion 4, vibrator 5 for the implementa-
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tion of transverse vibrations of the chute and a vibrator control that is 

not shown in the figures. 

The principle of an inertial conveyor operation is as follows: chute 
1 moves to the right by actuator 4 and the load on the chute begins to 

move with the chute. When the velocity of the chute 1 reaches the 

maximum value, the vibrator 5 is switched on and the chute begins to 
transverse. Thus, the friction force between the material and the chute 

will in most cases be directed in the transverse direction. Because the 

frequency of transverse oscillations is much greater than the frequen-

cy of longitudinal oscillations of the chute, but the friction force is 
always directed in the opposite direction from the vector of relative 

velocity of the material movement on the surface of the chute and 

now its longitudinal value will have a minimum value. Inertia, the 
material will move on the surface of the chute until the chute itself 

begins to move in the required direction. At this point in time, the 

vibrator shuts off and the cycle repeats. 

Therefore, the studied inertial conveyor allows increasing produc-
tivity and improving the energy performance of the material transpor-

tation process [14]. 

The scheme and the general view of elaborated experimental 
setup are presented in Fig. 3 and Fig.4. 

Fig. 3. The scheme of experimental setup: 
1 – frame; 2 – chute drive; 3 – chute; 4 – guide of chute; 5 – material feed 

hopper; 6 – DC electric motor; 7 – vibrator. 
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Fig. 4. General view of the elaborated inertial conveyor 

The motion of the particle located on the surface of the groove of 
the inertial conveyor should be considered to determine the velocity 

of the bulk material [12]. 

The chute moves in a horizontal plane along the axis of the con-

veyor by law ( )tSSx =  and across the axis of the conveyor by law

tASy ωsin=  (Fig. 5). 

Fig. 5. The scheme of a particle motion of material on the surface of the chute 

The force of gravity P


, the surface reaction N


, the friction force

F


 and inertia forces xФ


, yФ


 are acting on the particle. 

xx Sm −=Φ  (1)
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tSm yy ωsin−=Φ     (2) 

Since the friction force directed in the opposite direction of the 

vector velocity point, then expand it into two parts xF  and yF  

22
Yx

x
Nx

VV

V
fF

+
=  ;    (3) 

22
yx

y

Ny

VV

V
fF

+
=   (4) 

where Vx=x – the projection of the velocity vector of the particle on 
the axis Vy=y, – the projection of the velocity vector of the particle on 

the axis y. 

The motion law of the chute Sx depends on the geometric and kin-

ematic characteristics of the inertial conveyor drive. 
The differential equations of a particle motion of the bulk materi-

al, in projections on the axis x  and y  will be the following 
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(5) 

As the system of equations (5) is essentially nonlinear, so it cannot 

be integrated into quadratures and its periodic junction cannot be 

found in a closed form. 

By solving the obtained system of equations by numerical method, 
the velocity of a particle motion of material on the surface of the 

chute under the given initial conditions of motion should be deter-

mined [15].  
The obtained dependences of the coordinates and velocities of the 

particles of the bulk material on time, allow to determine the perfor-

mance of an inertial conveyor with specified geometric and kinematic 
characteristics. The dependences of the velocity of a particle motion 

of the material on the horizontal surface on the frequency and ampli-

tude of oscillations are given in Fig.6 [16]. 
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Fig. 6. The dependence of the velocity motion of the material on the chute sur-
face of the inertial conveyor on the position of the crank and the vibration amplitude 
of the vibrator. (n=100 rev/min, ω=150 rad/s) 

The dependence of the load motion on the chute surface of the in-

ertial conveyor on the frequency and the oscillation amplitude of the 

vibrator is given in Fig. 7 (n=100 rev/min). 

Fig. 7. The dependence of the load motion on the chute surface of the inertial con-
veyor on the frequency and the oscillation amplitude of the vibrator (n=100 rev/min) 

А
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The dependency response surface of load motion along the surface 

of the inertial conveyor chute from the frequency and oscillation am-

plitude of the vibrator is given in Fig.8.  
The flow of bulk material in the chute, which is inclined at an an-

gle α to the horizon, has been considered. 

It has been assumed that the layer of bulk material with the height 
h is in a rectangular chute, which is located at an angle α to the hori-

zon (Fig. 9) while α<φ, where φ - the sliding friction angle of the bulk 

material on the chute surface. 

In the general case, to determine the velocity distribution of parti-
cles motion of bulk material in the chute, it is necessary to write the 

differential equations of motion of a continuous medium, continuity, 

barotropy and boundary state. Solving the differential equations ob-
tained with partial derivatives, under certain boundary conditions, 

that is associated with considerable mathematical difficulties and it is 

possible to make them only under certain assumptions. 

 
Fig. 8. The dependency response surface of load motion along the surface of the 

inertial conveyor chute from the frequency and oscillation amplitude of the vibrator 

at crank rotation speed n=100 rev/min 

 
Consider the transverse harmonic oscillations of a high-intensity 

chute , where А - oscillation amplitude, m; ω - oscillation frequency, 

s
-1

. 



 303 

 
Fig. 9. The calculating scheme of the chute with a layer of bulk medium 

 
Experimental studies (А=0,001 m, ω=140 s

-1
) show that the bulk 

material does not change the rectangular shape, that is, during the 

period sT 045,02 == ω
π  the particles of material do not have time to 

crumble. 
In this case, the motion of the bulk medium in the chute can be 

considered as the motion of a solid body, which has the shape of a 

parallelepiped (Fig. 9). 
Since the force of friction between the body and the bottom is al-

ways directed in the opposite direction of motion, its projections (Fx 

and Fy) on the coordinate axis will be 
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where xu =  - velocity of the body, m/s, v - the velocity of the 

chute in the transverse direction, m/s. 

As Nz=mg cosα, so 
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The differential equation of motion of this body in the projection 

on the axis х 

22
sinsin

vu

u
fmgmgxm

+
⋅−= αα .  (6) 

In our case, the chute performs transverse oscillations by law 

y=Asinωt 
The projection of the chute velocity on the y-axis will be 

tAyv ωω cos==  . 

Then the differential equation of motion of the material on the sur-
face of the chute will look like 
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x
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     (7) 

The resulting equation does not integrate into quadratures and its 

solution cannot be found in general form, but it is possible to get an 

approximate solution [7]. 
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Because in our case 
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α
ω

cos

2 gt
A >> . 

Therefore, μ-value in this equation is a small parameter and the 

averaging method to solve the equation can be used. It should be as-

sumed that velocity is constant over a period of oscillation v [7]. 

∫ ′=′= π
π ττξξν 2

02
1 )( d    (10) 

The expression under the sign of the radical from equation has 

been transformed as (9) 
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 - a complete elliptic integral of the 

first kind whose modulus is equal to k. 

Finally it will be 
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Tables for finding elliptic integrals [17] can be used to determine 

the value of a function ϕ(γ) (12), which has been shown in Table 1 
and in Fig. 10 

Table1 

The value of function dependency ϕ(γ) versus the dimensionless velocity v 
 

 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 

k(v) 1 0,995 0,981 0,958 0,928 0,894 0,857 0,819 0,781 0,743 0,707 

K(k) ∞ 3,7 3,04 2,67 2,43 2,26 2,13 2,035 1,96 1,9 1,85 

φ(ν) 0 0,234 0,379 0,488 0,575 0,643 0,698 0,743 0,780 0,809 0,834 

 

v 1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2,0 

k(v) 0,707 0,673 0,640 0,610 0,581 0,554 0,530 0,507 0,486 0,466 0,447 

K(k) 1,85 1,82 1,78 1,76 1,74 1,72 1,70 1,69 1,68 1,67 1,66 

φ(ν) 0,834 0,855 0,870 0,888 0,901 0,911 0,918 0,927 0,934 0,940 0,945 
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Continuation of table.1 
 

 

v 2,0 2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3,0 

k(v) 0,447 0,430 0,414 0,399 0,385 0,371 0,359 0,347 0,336 0,326 0,316 

K(k) 1,66 1,65 1,645 1,64 1,63 1,63 1,625 1,62 1,62 1,615 1,61 

φ(ν) 0,945 0,950 0,953 0,958 0,960 0,964 0,966 0,968 0,970 0,972 0,974 

 

 
Fig. 10. The Graph of function dependency ϕ(γ) versus the dimensionless velocity v 

 
From the form of equation (12) and table 1 it is clear that when 

γ<1 there is a steady-state regime in the system, while 1
tan
tan >= ϕ

αγ , 

a>1, so the motion will occur in the absence of transverse oscillations 

and will be equally accelerated, because the projection of the gravita-

tional force on the x-axis will be greater than the friction force. 
Fixed values of the average velocity ν have been found from the 

equation 

γν
π
ν

=⋅⋅ )()(
2

kKk .   (13) 

Given the values of γ=ϕ(γ) in Table 1, the dimensionless average 
velocity of the bulk material in steady motion has been determined. 

Table 2 shows the dimensionless average velocity ν of the bulk 

material motion on the chute surface, which performs transverse os-
cillations, from the inclination chute angle α to the surface and the 

friction coefficient f, and in Fig. 11. the response surface has been 

shown. 
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Table 2 
The dependence value of the average velocity of the bulk material on the chute 

surface, from the inclination chute angle α to the surface and the friction coefficient f 

f 
α◦ 10 12 14 16 18 

0,35 0,318 0,447 0,631 0,94 1,7 

0,4 0,257 0,348 0,471 0,642 0,912 

0,45 0,212 0,285 0,376 0,491 0,653 

0,5 0,168 0,242 0,313 0,4 0,505 
 

 
 
Fig. 11. The dependency response surface of the average velocity motion of the 

bulk material on the chute surface, which performs transverse oscillations, from the 
inclination chute angle α to the surface and the friction coefficient f 

 

The dimensional average velocity U has been determined from 

equation 

U=Aωv.                                           (14) 
Table 3 shows the results of theoretical and experimental studies 

of the bulk material motion on the chute surface (the material is bar-
ley, the coefficient of friction f=0,5 , oscillation amplitude А=0,001m, 

oscillation frequency ω=140 s
-1

). 
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Table 3 
The results of theoretical and experimental studies of the bulk material motion on 

the chute surface 

α◦ 10 12 14 16 

UТ, m/s 0,023 0,034 0,044 0,056 

UЕ, m/s 0,02 0,029 0,035 0,054 

δ, % 15 17,2 12,8 7 

 

A comparative analysis of the theoretical results confirmed their 
satisfactory agreement with the experimental data, in contrast to [2], 

where the average values of the velocity motion of a particle have 

been significantly different from the experimental data [18]. 

Conclusions 

As a result of conducted theoretical researches, it has been found that by 

providing the chute an inertial conveyor of transverse oscillations during 

periods of time when the load slides on the surface of the chute, the perfor-
mance of the vehicle is significantly improved. Thus, at the frequency of 

transverse oscillations ω=500 rad/s and the amplitude of oscillations 

А=0.005 m, the productivity of the conveyor is increased by 20%.  
Currently, the program and methodology of additional experimental 

studies have been elaborated. Due to given actions the adjustments will be 

made to the construction of the inertial conveyor and rational geometric and 
kinematic parameters will be proposed, both as the chute motion driver, as 

well as the frequency and amplitude of the chute transverse oscillations, 

which ensure an efficient process of transporting bulk materials through this 

device. 
On the consequences of provided studies of the bulk material motion in a 

rectangular chute, which performs transverse oscillations with high intensity, 

the dependence of the average velocity of the material on the inclination 
chute angle to the horizon, the sliding friction coefficient and the oscillation 

parameters have been obtained. 

These dependencies can be used in engineering calculations of the mo-

tion of flowing bulk material while solving specific practical problems.  
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