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IMPLEMENTATION OF A COMPUTATIONAL EXPERIMENT
FOR SHOCK INTERACTION OF SPHERICAL BODIES

Purpose. To identify the time-dependent patterns in the kinetic and dynamic parameters of impact-based contact
interactions among objects, as derived from a computational experiment to construct relevant approximation rela-
tionships for designing technological processes to load spherical bodies, specifically pellets.

Methodology. To determine the temporal laws governing changes in the kinematic and dynamic parameters of
contact interactions and to develop the corresponding computational experiment model, a simulation-based ap-
proach was employed. This approach relies on solving the Hertz contact problem and modelling the relative motion
of objects within a homogeneous coordinate system, based on solutions to their equations of motion.

Findings. Experiments conducted with the developed simulation model made it possible to track the temporal
distribution of forces during impact interactions of spherical bodies with a plane, as well as their kinematics — spe-
cifically, the duration of contact and the changes in linear and angular velocities at the moment of impact. The com-
putational experiment was carried out using a model of pellet interactions with technological surfaces.

Originality. Unlike the existing models, the newly developed algorithms and simulation model enable continuous
monitoring of all the primary kinematic and dynamic parameters throughout the impact event, identifying both the
maximum force and impact duration as well as yield an approximation function describing how impact force varies
over time when spherical bodies collide with technological surfaces. The proposed algorithms also allow for the si-
multaneous simulation of multiple-body interactions, such as those occurring in a flow.

Practical value. The obtained results were validated for the interaction of ore pellets with technological surfaces,
making it possible to determine a safe approach velocity — one that prevents pellet destruction — when contacting
working surfaces. This substantially reduces pellet fragmentation during transportation and loading operations, ulti-
mately improving the quality of ferroalloy smelting from these pellets.

Keywords: algebraic-logical functions, computational experiment, spheres, discrete element method (DEM), iron ore

pellets

Introduction. Modern geopolitical realities in
Ukraine, shaped by the architecture of Ukrainian-
American relations, may lead to a new developmental
trend in the country’s mining and metallurgical industry
[1, 2] namely, the extraction of rare-earth metals
(REMs). As is well known, against the backdrop of in-
creasingglobalinterestin Ukrainianresources, U.S. Pres-
ident Donald Trump proposed examining the possibility
of trading American assistance for access to Ukraine’s
rare-earth deposits. The use of REMs is critical for the
production of cutting-edge high-tech goods, such as
smartphones, electric vehicles, and advanced military
equipment. In addition, rare-earth elements find exten-
sive application in aerospace and energy industries.

Experts maintain the idea that Ukraine, with its his-
torically significant expertise in mineral extraction,
should not only mine these metals but also process them
into end products. Naturally, this would require sub-
stantial investments, given that REMs are typically ob-
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tained through large-scale open-pit mining, a process
that consumes vast amounts of energy and can disrupt
local ecosystems. Another constraint lies in the fact that
all of Ukraine’s known deposits are located beneath ag-
ricultural lands. Considering the defence implications of
jointly developing these resources on Ukrainian territo-
ry alongside the United States, it is assumed that the
government will find ways to overcome this limitation.
A third major challenge pertains to the enrichment pro-
cesses involved in rare-earth metal production.

To study numerous technological processes of inter-
action between working bodies and the working envi-
ronment, the latter is described as a continuous medium
and studied by appropriate analytical and numerical
methods. In particular, the finite element method is
widely used to study continuous media [3, 4]. However,
for the study of a system of solid particles (objects),
models for continuous media do not allow evaluating
the dynamics of individual particles and the processes of
their interaction with each other. To study such systems,
the discrete element method (DEM), described in detail
in [5], has become widespread. In particular, the DEM
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method has been successfully used to model the trans-
portation system of screw conveyors [6] and the loading
of a bunker with grain material [7]. A comparison of
DEM modelling with the results of laboratory experi-
ments is presented in [8]. The method has proven itself
to be a good tool for modelling the flow of individual
particles and determining the distribution of velocities
and forces. However, the use of this method requires
large computing resources, and the corresponding soft-
ware is not available for many consumers, in particular
in Ukraine, due to its high cost [9]. In addition, its use is
complicated when detailing and establishing the distri-
bution of kinematic and dynamic parameters of the
movement of individual elements under conditions of
simultaneous impact interaction, since the time of such
interaction is often thousands of fractions of seconds
[10, 11].

In order to clarify the nature of contact interaction in
the flow, algorithms for describing objects in a discrete
environment by algebraic-logical functions were devel-
oped, where the distances between them during ap-
proach and contact interaction are determined by the
level of the fields of these functions [12], which signifi-
cantly reduces the procedure for determining the posi-
tioning of objects. Such a formalized description also
made it possible to simplify the procedure for finding
contact zones [13] and the kinematics of objects during
rigid convergence [ 14]. During the movement and colli-
sion of particles in the flow and in their contact with the
working bodies, there is an impact interaction of ob-
jects, which at low speeds and, accordingly, elastic de-
formations is reduced to the Hertz formula [15, 16].
However, the solution of the contact problem does not
allow describing changes in the force of interaction of
objects and their kinematics as functions of time. Such
regularities are studied by numerical methods by imple-
menting appropriate simulation models, in particular
those built using the above approaches [17]. The use of
such simulation models makes it possible to implement
a computational experiment to establish patterns of
change over time of the kinematic and force parameters
of impact interaction, which are not derived analytical-
ly, and whose experimental determination is complicat-
ed by the extremely short time of contact interaction.
Paper [18] presents the results of a computational ex-
periment to determine the kinematic and dynamic pa-
rameters of the impact interaction of apples with each
other and with working surfaces. However, the materials
of known studies do not provide analytical or approxi-
mation dependencies for determining the force and time
of impact contact interaction, which are of significant
practical interest.

The aim of the research is to establish the regularities
of the time distribution of the kinetic and dynamic char-
acteristics of the contact interaction of objects based on
the results of the computational experiment with the
construction of appropriate approximation dependen-
cies, as well as to derive dependencies for determining
the time and maximum force of contact interaction of
objects during impact.

The computational experiment was carried out to
study the interaction of spherical objects (particles) with
each other and with a flat surface. For this purpose, a
simulation model of the objects and the interaction pro-

cess was used, in which the movement of each individu-
al particle, its shape, and interaction parameters are de-
termined on a computer in full compliance with the real
process. In this case, the objects of interaction were
written in the form of algebraic logic functions (R-func-
tions), which form a scalar field of unit gradient around
the object and have the following appearance,
Jix, y,z, ) =0118].

Methodology and method computational experiment.
For an object that is bounded by a spherical surface, the
unit gradient function in its own coordinate system has
the form of a central (spherical) field function [12, 18].

fi(x,y,2)=Ax*+y*+2% -1, (1)

r;is the radius; / — a sphere identifier.

Iff;(x, y, ) =0, then equation (1) describes the set of
points Ei(x, y, z), lying on the sphere (surface of the
ball), at fi(x, y, z, 1) <0, respectively, the set of points
Bi{(x, y, z), lying in the body of the bullet at a depth of f;
from the surface. Points A,(z, y, z), for whom fi(x, y, z,
) > 0, will lie outside the sphere at a distance f; to its
surface.

For a function of a unit gradient, the normal vector
to the surface of the object is equal to the gradient vector
of the function, that is |grad /| = 1. In particular, for the
function (1)

n= grad f,(x,y,2) =
_oxi y3 7k Q)
= + .
\/x2+y2+z2 \/x2+y2+zz \/x2+y2+z2

For a sphere (ball), the centre of gravity O; which in
the time of # = 0 was located in #. Oy(x;, Yo, i) and

moving ataspeedof V; =v, i+v, j+v k, dependence

(1) will take the form
Jfi(x,y,2,0) =
= \/(x — X0 =Vl (V=Yg =V ) + (2 =z -V 1) = (3)

-r,=0.

The functions of a unit gradient can be used to de-
scribe arbitrary working surfaces formed by bodies of
revolution or flat surfaces, including moving ones, and
their combinations. Thus, a flat surface moving with a

speed of V ; provided that the direction of the normal
vector to the surface is unchanged, will be described by
the dependence

fi(x’ Y,z t) = anx(x _ij - ijt) + any(y _ij - ijt) +

+a,(2— 70— V1) =0,

4

where a,,, o, and o, are guide cosines of the angles of
inclination of the plane surface normal to the corre-
sponding coordinate axes; X, Vi, Zo — coordinates of
the base point of the surface at a given time 7= 0; v, v,
v;, — components of the speed of movement of the work-
ing surface V.

Complex objects are described by algebraic and logi-
cal functions that are composed of functions that de-
scribe individual surface elements.

The running distance from the surface of an arbi-
trary object, which is described by the unit gradient
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function fi(x, y, z, ) = 0, to an arbitrary moving point,
such as the centre of gravity O[x,(?), y(?), z(?)] of an-
other object will be defined as

L = filxi (D), yi(0), 24 (D), 1]. (®)

The rate of convergence of objects of interaction
with each other, in particular in a flow, is defined as
V() = —dl /dt.

Consider the interaction of two objects. In the im-
pact theory, the assumption of instantaneous impact
interaction of objects is often used, where the main pa-
rameters are determined from the law of conservation of
motion. This assumption leads to a significant simplifi-
cation of the computational model of interaction and
cannot be used to describe the simultaneous interaction
of several objects, their movement in a flow, etc. where
the assumption of instantaneous contact loses its
meaning.

One of the most acceptable ways to solve the prob-
lems of interaction of several objects with low velocities
of approach is to build a model of their elastic interac-
tion based on the solution of the Hertz formula, in which
the interaction force is equal.

= By’ [ K + K, (6)

where u;; is the value of ngld convergence in the Hertz-
ian contact problem; K|, K; — the curvature of the objects
surfaces at the point of contact (for curved surfaces with

a minus sign); E,-;‘-— the composite Young’s modulus,
which takes into account the elastic properties of the
conjugation of the contact bodies,

i
. A4[1=v2 1-V3
e

! J

where v;, v;and E;, E; are, respectively, the Poisson’s ra-
tios and Young S moduh of the materials of the objects
of interaction.

The maximum contact stresses in the center of the
contact are determined by the following relationship

ymax_ \/6 jjmax U(K +K )2 (8)

For the case of interaction of bodies other than balls,
the contact area will not be circular and for the contact
surface is determined by the reduced curvature, which,
as a first approximation, is assumed to be equal to the
average surface curvature K, = H,.

The amount of rigid convergence u; was defined in
the model as the depth of penetration of one geometric
object into another.

For surfaces of a unit gradient

uy= A+ Ay =~ fie(xg, Y, 26, 1) + fi6(XE Ve 265 D15 (9)

where Ah; and Ah; depth of penetration of each object
relative to the calculated point of contact (convergence)
E(xg, v, 2p)-

With simultaneous interaction »n objects in contact
points other than forces P; from the normal approach of
objects, tangential forces arise Fj from their mutual slip-
page at the point of contact E(xE, Ve, 2p) [18].

HAV;
F; ‘|A—/Pija (10)
Veij
where AV, is the vector of relative tangential velocity of
the surfaces of the objects of interaction, which depends
on their linear and rotational movements; p — sliding
friction coefficient.

In general, a spherical object has 6 degrees of free-
dom, where possible superimposed bindings are re-
placed by corresponding reactions from other objects.
Since slippage is possible at the point of contact, the
systems of equations for linear displacements were writ-
ten in a common (inertial) coordinate system Oxyz, and
for rotational movements — in its own coordinate system
O xypz! i — identifier, tied to its principal axes of
symmetry [18].

ZP {grad(f)— | AAV

ey|

} ma, +mg=0; (11)

Z (7 +8A {grad(f) |AAE'/} LY =0, (12)
Veij

where a; is a linear acceleration vector of object of mass

m; 13,} and 13,]-A are the vectors of normal forces of elastic
interaction according to the Hertz model, given, respec-

tively, in the general and proper coordinate systems; 7;

and 7" — corresponding radius vectors jj —zones in co-
ordinate systems Oxyz and O/'x;'y/'z'; §; — tangential
displacement of the contact area from the force F,J ,
SA = y ; / (4ay G); a; — calculated radius of the contact
area, a,j:\/3 P, JI4E; (K, + K );

G, =E/[2(1 +v)]; Z(o‘,‘f) — vector sum of force moments

G; — shear module,

K{, — momentum.

_ dKr -
L) =— 2+ (1@ < K ;
For a spherical object with central symmetry

Lo=1. o, 7., do, g+ do: & ,
dt dt dt
axial moment of inertia relative to an arbitrary axis; ,,
o, and o,— components of the angular velocity of an ob-
ject relative to its main axes of inertia.
Connection between a common coordinate system

Oxyz, in which the equation (11), and its own coordinate

where [ is the

A

system O/x/'y{z i — object in which the equation is
written (12), for every next step Af the calculations were
performed in a homogeneous coordinate system using a
modified transformation matrix for elementary linear
and angular displacements.

M(R)=T1(a, )M (R") =

1 -0 At oA VAt
At 1 - At At
_| Oy Vy MR, (13)
-0,Af o At 1 v dAt
0 0 0 1

where M(R) is a matrix of coordinates of arbitrary points
of an object, including contact zones, in a common co-
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ordinate system, M(R) = (xz, ¥g, 2 1)y M(R") — the
coordinate matrix of the same points in the object’s own
coordinate system, M(R")=(x},y5,25,1)7".

The algorithm for implementing the simulation
model involves the following steps.

1. Formation of surfaces of interaction objects by
algebraic dependencies.

2. Initial placement of the interaction objects in
space, giving them initial kinematic parameters V,(f)
and ®,(7).

3. Bringing the surfaces of objects closer together
until contact occurs and selecting a set of contact zones.

4. Determining the forces and moments acting on
each of the objects from the other at the initial moment
of time 7.

5. Definition of linear a(¢) and angular €(#) accel-
erations of each of the objects due to the forceful influ-
ence of the others at a given time 7.

6. Defining new values for linear v(f+Af) =V, () +
+ a(t)At and angular ®(f + Af) = ®,(¢) + €(f)Ar velocities
at the next moment in time.

7. Providing movements to each of the objects of
interaction and fixing the location of objects for a period
of time 7+ At.

8. Formation of new contact zones and determina-
tion of force impacts on the object in them.

9. Repeating the calculation cycles until the planned
result is achieved.

One of the things that complicates the model based
on the implementation of the Hertzian contact problem
is that the relationship between interaction forces and
displacements is static and does not depend on the time
factor. However, the realization of the simultaneous in-
teraction of bodies with each other, for example, in a
flow, involves short-term contact (impact) interaction,
including simultaneous, in which the time factor is deci-
sive. To determine the change in the forces of contact
interaction between two objects and other factors over
time, and to establish the contact time based on the de-
veloped model, a computational experiment was per-
formed. By analogy with [18], the impact interaction of
an iron ore pellets, which was modelled as a ball, with a
flat, rigid surface was studied. Such a problem is of con-
siderable practical value in the technological processes
of apple processing and storage.

Experiment and Results. To establish the kinetic and
force parameters of the contact interaction of objects,
the impact interaction of an apple with diameter
D =0.06—0.1, which hit a hard flat surface with a certain
initial speed, which is determined by the technological
process, was modeled by the method of a computational
experiment.

The rheological properties of iron ore pellets, de-
pending on their varieties, vary in a fairly wide range and
were taken according to studies [19, 20] and reference
data. The contact interaction was modelled by dropping
a spherical model of an iron ore pellets onto a horizontal
and inclined rigid plane with the characteristics of steel
used to manufacture technological equipment. During
the computational experiment, the coordinates of the
object, its linear and angular velocities, the initial values
of which can be set arbitrarily, and the distribution of
the contact force were recorded.

To implement the computational experiment, we
used the existing software, Fig. 1. In particular, Fig. 2
shows the law of change of the contact force for an iron
ore pellets with a diameter of D = 0.015 mm, the shear
modulus of which G = 60 MPa, and the Poisson’s ratio
p = 0.22, falling under the action of the earth’s gravity
on a rigid horizontal plane (steel G = 8.1 - 10" Pa,
v = 0.28) for different values of the initial normal com-
ponent of the velocity of approach of an iron ore pellets
to a flat surface v=[1; 2; 3; 4; 5; 6; 7; 8]. The character-
istics of the coil were taken as averaged according to
[19—-23].

Fig. 3 shows similar results of the interaction of an
iron ore pellets with the same parameters with a similar
flat surface placed at an angle y = 45°.

It is shown in [18] that in the impact interaction of
bodies that have an initial angular velocity of rotation or
a transverse component of the linear velocity before ap-
proaching, the surfaces will have a mutual tangential
displacement in the contact zone due to slippage. Simi-
larly, when an apple strikes an angled platform, it re-
flects in the direction transverse to the initial motion. In
particular, when iron ore pellets hits a platform set at an
angle vertically y = 45° to the plane xOy and parallel to
the axis Oy, it will acquire a linear velocity component v,
along the axis Ox, and angular velocity o, relative to the
axis Oy. The growth of these velocities will occur during
the entire time of contact interaction of a spherical ob-
ject (in this case, an iron ore pellets) according to the
law, which can be approximately described by the logis-
tic function given in Figs. 4 and 5. The parameters of the
iron ore pellets and the rheological properties of the in-
teraction objects are fully consistent with the data of the
computational experiment in Fig. 3.

Similar studies were conducted for other parameters
of the objects of interaction. In addition, the results de-
scribed in other sources were analyzed. Processing of
the obtained results showed that the distribution of the
contact interaction force in time is characterized by a
bell-shaped curve close to the Gaussian function, which
at the edges, i.e., at the initial moment of contact =0
and at the end of the day, ¢ = #,, takes zero values, P =
= P;=0. Here #, is time of contact interaction. In addi-
tion, the studied distribution is characterized by a slight
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Fig. 1. General view of the program window for conduct-
ing a computational experiment

150 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N° 2



[ . 0.200 0.300 0.400
‘F'plk"‘l uli}
20000.000 // i

[
e #1000

Fig. 2. Time variation of the impact force P iron ore pel-
lets of a diameter D = 0.015 m to a horizontal flat
steel surface at approach speeds (m/s):
I—vi=1;2—v;=2;3—v;=3;4—v,=4;5—v5=35;
6—v=6,7—v,=7;8—vg=8
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Fig. 3. Time variation of the impact force P iron ore pel-
lets of a diameter D = 0.015 m to an inclined flat steel
surface installed at an angle y = 45° at convergence
speeds (m/s):
1—vi=1;2—v=2;3—w=3;4—v,=4,5—v;=5;
6—V6:6; 7—V7:7; 8—V8:8
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Fig. 4. Changing the horizontal speed of an iron ore pel-
lets of a diameter D = 0.015 m to an inclined flat steel
surface at an angle vy = 45° to the horizon at the initial
speed of approach (m/s):
1—v=2;2—n=4,3—v,=6;4—v,=8

IWC2"1 o 0100 0.200 0.300 0.400
|
42000.000. /-'_
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Fig. 5. Changing the angular velocity of an iron ore pel-

lets of a diameter D = 0.015 m to a flat steel surface
installed at an angle v = 45° to the horizon at the ini-
tial approach speeds (m/s):
1_V1:2;2_V2:4;3_V1:6;4_V4:8

asymmetry. These factors served as the basis for finding
the best distribution curve to approximate the con-
structed dependencies of the contact force change on
time. Let us introduce an additional dimensionless time
variable, T = #/f,, the scope of which 0 <t < 1. Then the
distribution of the interaction force in the contact time
interval can be approximated by the dependence

T (] (-t |
T -7
Pz‘j(T):Pijmaxtk [ \] (1 J
T max ~ T nax

= Pl f (D),

where Py, is maximum force of contact interaction;
¢ — parameter of the curve shape, for elastic impact ¢ =
=4...5; T — asymmetry parameter, T, = ?pmax/ > COI-
responds to the value t, at which the force of contact
interaction reaches a maximum; 7p,,,, — the time from
the beginning of the contact during which the contact
force reaches its maximum, P; = Pj,,; f(1) — a dimen-
sionless function of contact force distribution during
impact interaction.

The form of dependence (14) fully corresponds to
both the distribution curves shown in Figs. 2 and 3 and
the results obtained for other characteristics of the ob-
jects of interaction. In particular, Fig. 6 shows the law of
change P = P; of the contact interaction force for a ball
with a diameter D =0.015 m, the Poisson’s ratio p=0.22
the material of which is the shear modulus of which is
G =60 MPa, which falls with a speed under the action of
gravity onto a rigid horizontal plane (material steel G =
=8.1-10'" Pa, p = 0.28) for different values of the initial
normal component of the velocity of the ball approach-
ing a flat surface v=[1; 2; 3; 4; 5; 6; 7; 8]. Accordingly,
Fig. 7 shows the law of change of the contact interaction
force for balls of different diameters with the same phys-
ical characteristics of the material.

As follows from Fig. 7, the size of the ball has the
greatest influence on the impact force, and therefore on
the contact stresses that can lead to the destruction of the
ball. In this case, the main factor that can be controlled
by changing the force effects on the balls and the speed of
its collision with technological surfaces, Figs. 2, 3. Fig. 8
shows the dependence of the impact force P(/N) of balls
with a diameter D = 0.015 m on a horizontal flat and in-
clined y = 45° steel surface according to the results of
implementing the collision model shown in Figs. 2,3.

T (14)

[ 0.100 0.200 0.300 0.400
Fplk“‘l i}
20000.000

1
15000.00

/'
F—

;y

>
7
/

Fig. 6. Time variation of the impact force P of iron ore

pellets of diameter D = 0.015 m to a horizontal flat
steel surface for different values of its shear modulus
G MPa:

1-G=10;2—G=25;3—G=50;4— G=175;5—G=100;
6—G=150
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Fig. 7. Time variation of the impact force iron ore pellets
P of different diameters D (m) against a horizontal
flat steel surface:
1—D=0.003; 2— D=0.0053—D=0.010; 4 — D=
=0.015; 5— D=0.020; 6 — D=0.025

Fig. 9 shows a graph of the dimensionless distribu-
tion function of the impact forces f(t),, according to
dependence (14) at different values ¢ — asymmetry pa-
rameters T,,,, and the shape of the distribution curve &,
whose values are adjusted according to the results of the
calculated experiment.

The analysis of the results of the computational ex-
periment showed that for the case of contact interaction
of iron ore pellets with a rigid surface, the asymmetry
coefficient is insignificant and varies from t,,,, = 0.45, for
the velocities of mutual approach of objects near v,; =
=1m/s, to 1, = 0.48—0.49 for v,; < 0.4 m/s. To simplify
the model, the change in force P;,,, and time 7 should be
approximated by a symmetric curve (t,,,,=0.5). Then the
dependency (14) is significantly simplified

Py(t) = 4Pyl H(1 = )], 15)

The condition for the conservation of momentum at
impact, taking into account (14), is written in the fol-
lowing form

tk
my,;(1+e) = J.Pijdt =kpBjaxlis (16)
0

where e is the coefficient of restitution during the impact;
kpis a dimensionless specific impulse that takes into ac-
count the shape of the curve (14). The methodology for
determining the impact recovery factor is given in [19].

Here kpis the dimensionless specific impulse of mo-
tion, which takes into account the shape of the curve
(14) and, according to (16),

250
200
Pl 150 /
50 —
=
0
o0 1 2 3 4 5 6 7 8
v

Fig. 8. Dependence of the impact force P(N) of iron ore
pellets of a diameter D = 0.015 m on a horizontal flat
(1) and inclined at an angle (2) steel surface on the

speed of approach v (m/s)

| 1 e Y™ 11 (1=t |°
kp =jf(r)dr=[ (T ) { ] dt. (17)
0

0 max l-1 max

For a symmetric curve t,,,, = 0.5 with the form pa-
rameter € = 4 the specific impulse will be k»=0.533 (for
¢ = 5 respectively kp=0.49).

The analysis of the results obtained from the compu-
tational experiment, Figs. 2, 3, Fig. 6, showed that the
values of the coefficients kp, which corresponds to the
momentum ratio p = my,;(1 + e), that is, the area under
the curve Py(t), to the square Sp = Py, fy varies from
kp=0.45, for the velocities of mutual approach of ob-
jects near v,; = 1 m/s, to kp = 0.49 for lower speeds
vy < 0.4 m/s. The greatest correspondence of the ap-
proximation dependence of the function of change in
the contact force of interaction as a function of time is
observed for the parameter of the curve shape ¢ = 4—35.
At the same time, the value of the specific impulse cal-
culated by dependence (17) and by the ratio of areas on
the graph obtained from the results of the computation-
al experiment does not exceed 1 %. Based on the results
of the computational experiment, it can also be con-
cluded that such a model parameter as the ratio of the
maximum contact force Py, to the time of contact in-
teraction #; i. €. 3 p= Pjjmay /%, Which is a parameter of the
curve’s peak and depends on the physical characteristics
of the interaction objects and their convergence rate
and, practically, does not depend on their size, which is
confirmed by the data presented in Fig. 7 and can be
used as a characteristic of specific interaction condi-
tions, which can be easily calculated from the results of
a computational experiment. Influence of parameters €

and t,,, iS minimal and can be taken as model con-
stants. Taking into account the ratio yp = P, /1 de-
pendence (18) will take the form

my,(1+e)=kyP> /xp.

Accordingly, the maximum contact force will be de-
fined as.

P o = t,m1+e)/ kp. (18)

The time of contact interaction is determined by the
dependence

e =Jmv,; (+e)[(kp,)- (19)
7
.- 7 \\\—1

f1eey) 3 / | .'.\ \

— "' .'.I ;\ ’

f2(7) 0.5 / .

£3(c / W\ ’

STt 0as—A£ "»‘\\\

14 “\.

Fig. 9. An approximation dependence of the distribution
is given f (1) for:
I—e=41,,=052—¢e=4;1,,=0453—¢=6;
Ty = 0.45
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The studies have confirmed that the maximum con-
tact forces and maximum normal contact stresses, which
are determined by dependence (8), are characteristic of
the contact interaction of large objects, i.e., large iron
ore pellets. Therefore, from a practical point of view, it is
important to know the value of the curve peak parame-
ter for technological calculations & for certain collision
speeds of iron ore pellets technological surfaces.

So for iron ore pellets of a diameter D = 0.015 m, at
collision speeds v=1 m/s, the parameter y » will take the
value y»= 5.2 - 10* N/s, at speeds v = 5 m/s, respectively
xp=5.1-10°N/s,andatv=8m/s —xp=9.7 - 10° N/s.

Dependencies (18 and 19), based on the known
model parameters, allow us to calculate such important
parameters as the contact interaction time and the max-
imum force and stress (pressure) in the contact zone and
can be used in the relevant technological calculations.
The results obtained from the computational experi-
ment are generally consistent with those obtained by
other researchers.

Conclusion. The paper presents a computational ex-
periment to establish the regularities of contact interac-
tion of elastic objects in particular, iron ore pellets of the
metallurgical industry with technological surfaces and
determine the distribution of contact forces in time. For
this purpose, a simulation model based on algorithms
for finding the location of objects, determining contact
zones, and calculating the distribution of contact forces
and kinematics of objects during interaction is used. The
developed algorithms and model allow realizing simul-
taneous interaction of bodies, including in a flow.

In order to reduce the computational time, an ana-
Iytical dependence is proposed to approximate the dis-
tribution of contact forces during the interaction of ob-
jects, which combines the time and maximum contact
force of interaction and the parameters of the shape and
asymmetry of the distribution curve. Based on the re-
sults of the computational experiment, the parameters
of the distribution of the approximation curve are estab-
lished and dependencies for determining the time and
maximum contact pressure forces are proposed.

The implementation of the computational experi-
ment was carried out using iron ore pellet model, since
such studies are of practical interest, which makes fur-
ther verification of the model in real experimental con-
ditions relevant.

It was found that the approximation model ade-
quately reproduces the time distribution of contact in-
teraction forces. With an appropriate choice of the curve
shape parameter ¢, the impulse values calculated from
the computational experiment and the approximation
curve differ by no more than 1 %.

It is shown that the contact interaction time decreas-
es with increasing speed of convergence of objects, and
for a sufficiently large range of speeds, the change in
contact time is insignificant, which made it possible to
propose dependencies for determining the time and
maximum force of contact interaction, which is of prac-
tical interest for technological calculations.

According to the results of the experiment, it was
found that in an indirect collision of bodies, the change
in their linear and angular velocities during the contact
interaction occurs according to a law that can be de-
scribed by a logistic curve.
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MeTta. BcTaHOBIEHHSI 3aKOHOMIpHOCTEM 3MiHM yYaci
KiHETUYHMX 1 TUHAMIUHUX MapaMeTpiB ymapHOi KOH-
TAKTHOI B3a€MOil 00’€KTIB 3a pe3yJibTaTaMM peatiza-
1ii 00YMCIIOBAHOTO EKCIIEPUMEHTY 3 MOOYI0BOIO Bil-
MOBIMHUX aIIPOKCUMAIIIHNX 3aJIEXKHOCTEH IS iX BU-
KOPUCTaHHSI B PO3POOLi TEXHOJIOTIUHUX MPOLIECIB 3a-
BaHTaXXEHHS Tl chepunyHoi GOpMU, 30KpeMa KOTYHIB.

Meronuka. /JIyis1 BCTaHOBJIEHHSI 3aKOHIB 3MiHU
y yaci KiHeMaTUYHUX i AUHAMIYHUX MapaMeTpiB KOH-
TaKTHOI B3a€EMOJIii 00’€KTiB i MOOYIOBM BiAMOBIIHOI
MoJie/li 00YMCIIIOBAHOTO EKCIIEPUMEHTY OYB BUKOPUC-
TaHUI MeTOoA iMiTaliliHOrO MOAENIOBAaHHS, 110 0a3y-

€TbCSl HAa PO3B’SI3Ky KOHTaKTHOI 3anayvi ['epiia it Moze-
JISIX 30JIMKEeHHSI 00’ €KTIB Y OMHOPINHIN cUCTeMi Koop-
JIMHAT 3a pe3ybTaTaMu PO3B’s3Ky AuGepeHLiaTbHUX
PiBHSIHB 1X pyXYy.

Pe3ynbTaTu. [IpoBeneHi eKCriepuMeHTH Ha po3po-
OsieHill imiTallifiHii MOJEai MO3BOJUIU BCTAHOBUTU
PO3IIOAIN y Yaci CUJI P yaapHii B3aeEMOIii Tij ce-
PUYIHOI (DOPMH i3 TIJIOIIMHOO Ta iX KiHEMaTHKY i3 BH-
3HAYEHHSIM 4Yacy KOHTAKTy Ta 3MiHU JIiHIMHUX i KyTO-
BUX LIBUAKOCTEN Tij y MOMeHT yaapy. Peanizauist 00-
YUCIIOBAHOTO €KCTIEPUMEHTY MPOBOAMIACS HA MO
B3a€EMO/Iii KOTYHiB i3 TEXHOJOTIYHUMU TTOBEPXHSIMHU.

Haykosa nosu3na. Po3po0JeHi anropurmu it imita-
LifiHa Mopdeab, Ha BiIMiHY Bil iCHYIOUUX, JO3BOJISIE
MPOCTiAKYBaTU 3MiHY Y 4Yaci BCiX OCHOBHMX KiHeMa-
TUYHMX i IMHAMIYHUX TTapaMeTpiB i yac yaapHoi B3a-
€MO/Iii, BCTAHOBUTH MaKCUMaJbHY CUJIY i1 4ac ymapy Ta
BUBECTM aNpOKCHUMALIIAHY 3aJIeXKHICTh 3MiHM y Yaci
CWJIM yIapHOI B3aeMOil TiJ1 cpepruHOi hOpMU 3 TeX-
HOJIOTIYHUMU MoBepXHAMU. Po3pobieHi aaroputmu
TaKOX ITO3BOJISIOTH iMITYBaTH OTHOYACHY B3a€EMOJIIIO
0araTbOX TiJI, 30KpeMa B MOTOLIi.

IIpakTuuna 3naynMmicTh. OTpUMaHi pe3yJabTaTU
arnpoOoBaHi Jj1s1 B3aEMO/Iii KOTYHiB pyTHOTO MaTepiany
i3 TEXHOJIOTIYHUMM MOBEPXHSIMU i JO3BOJSIOTH BCTa-
HOBUTHU O€3MeYHY, i3 YMOBU iX HE PYWHYBaHHS, IIBUI-
KiCcTh 30JIM3KEHHS 3 pobounMu roBepxHsimu. Lle cyrre-
BO 3MEHILIUTh MOAPIOHEHHST KOTYHIB pyJHOro MaTepia-
JIy TIifl Yac TPaHCITOPTHUX i 3aBaHTAXKyBaJIbHUX OIlepa-
it i MiIBUIIUTD SIKiCTh BUTIABKU (PEPOCIIABIB i3 KO-
TYHiB.

Kouosi cJoBa: aneebpo-noeiuni  QyHKUi,
001UCAI0BANbHULL eKChepUMeHm, KYi, Memo0 OUCKDeMHUX
enemMenmie, 3ani30pyoni KOMYHU
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