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IIposedeni docaidvcenns npouecy o0podru
PI3aHHAM 3HOUEHUX NHEBMAMUMHUX WUH PidICY-
wuM tHCmpymenmom 3i cnaasie mapox P6M5
i T15K6. Ompumana mamemamuuna mooens
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dicmo mamepiany pirncy1020 iHcmpymenmy, AKi
3a0e3neuyiomo MIHIMAILII eHep2osumpamu
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iHCmpYyMenm, cunu pizanns, mamemamuuna
MoOerb, enepzoedeKxmusHiCmb, ONMUMI3AULAL
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IIposedenvt uccredosanus npouecca oopa-
Oomxu pezanuem UIHOUWEHHLIX nHesMamuye-
CKUX WUH PeXNCYUUM UHCMPYMEHIMOM U3 CNIIAGOG
mapox P6M5 i T15K6. Iloayuennas mamema-
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HUSL NPU Pe3KU NHEBMAMUMECKUX WUH NONOTAM.
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8al0M MUHUMATILHBLE IHEP2O3AMP AL
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WUl UHCMpPYMeHm, CUibl pe3anus, mamema-
muueckas moodeav, IHep203pdexmusnocmo,
onmumusayus
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1. Introduction

The storage and disposal of scrap automobile tires is to-
day’s acute problem in all developed countries. According to
statistical data, the European countries account for three bil-
lion worn-out automobile tires (it is about two million tons).
Only 23 % of tires out of this quantity are subsequently
used (export to other countries, burning in order to generate
energy, mechanical shredding to cover roads, sports facilities,
ete.). The other 77 % of the worn tires are not used because
there is no any profitable way of their recycling.

According to data from the State Automobile Transport
Research and Design Institute of Ukraine, an annual growth
of worn automobile tires in Ukraine varies in a range of
250-300 thousand tons, out of which about 72 % are the tires
with metallic cord [1]. Up to now, rather that appropriately
dispose of automobile tires, the used material is dumped or
burned. As various estimates indicate, only up to 10 % of the
used tires are destroyed in accordance with environmental
rules [2].

In the process of disposal, the tires are divided in groups,
cleaned, cut into pieces, crushed (depending on the method),
rubber crumbs are separated from metallic cord and textile.

Mechanical shredding by cutting automobile tires with
different stiffness of rubber is linked to certain known dif-
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ficulties [3] predetermined by elastic properties of rubber,
as well as by multiple layers of different materials: rubber,
textile and metallic cord.

In the process of shredding by cutting, materials of a tire
undergo various static and dynamic deformations: stretching,
compression, bending, etc. The wrong choice of the geometry
of cutting tools and cutting modes results in the increased
wear of the cutting tool, and sometimes its failure, while
energy consumption of technological equipment grows.
Given this, it is a relevant task for the further improvement
of technological processes of disposal of worn tires to choose
and substantiate a totality of optimal geometric parameters
and the material of a cutting tool, optimal operational para-
meters of the cutting process.

2. Literature review and problem statement

The process of disposal of worn pneumatic tires includes
a stage of preliminary shredding, which consists of two ope-
rations: cutting tires in half along the treadmill and cutting
out bead rings [4].

In the process of cutting, the cutting tool is exposed to
certain efforts, that is, the cutting forces that occur when
cutting a layer of rubber, cord, and the frame. The force of




resistance is the result of influence of various forces that

act on the cutting tool. The resultant force P of all pressure
forces of the treated material on the cutting tool can be geo-
metrically decomposed into three mutually perpendicular
components: P;, P,, P,. When shredding the pneumatic tires
by cutting them in half, these are forces P, and P,. Vertical
force P, (from the side of the cutting tool) prevents rotation
of the tire and bends it; radial force P, tries to bend the tire
transversely. Almost all the power required for cutting is
spent to overcome force P,. This is explained by the fact that
force P, coincides with the cutting speed by direction, which
is hundreds of times larger than the speed of cutter feed.
Power is not consumed for force P, at cutting because there
is no motion in this direction. That is why, for approximate
practical estimations, the cutting effort at cutting is con-
sidered to be force P, [5-7].

The force of cutting is important, because when multi-
plying it by the radius of the machined part we obtain torque.
It shows how much the machine is loaded under given ope-
rational conditions, and whether this loading is safe for its
weakest links. Multiplying cutting force by cutting speed de-
termines the power required for cutting expressed in kW. By
matching this power to the actual capacity of the machine, it
is possible to tell how rationally the machine is utilized [35, 6].

The basic parameters of cutting process include: cutting
depth and speed, feed, width and thickness of the layer of cut
material, and rated area of it cross-section. The larger feed
and cutting depth, the larger the forces acting on the cutter,
as well as the cutting temperature. This affects intensive wear
of the cutter and slows cutting speed of the cutting tool at the
same resistance [6—10]. An increase in feed and cutting depth
leads to the larger cross-sectional area of the layer of rubber
and bigger volume of the deformed material. This results in
the greater resistance of the material and the process of cut-
ting proceeds with larger cutting forces. Larger feed increases
the amount of deformations, but the width of the cut remains
unchanged, that is, the forces of normal pressure and friction
do not change. Therefore, the feed exerts less influence on the
cutting forces than the depth of cutting [6-8].

The cutting speed during treatment of pneumatic tires is
one of the main factors that determines performance efficien-
cy of the cutting process. An increase in the cutting speed
leads to the improvement of treatment performance, but the
tools are worn out more intensively, as well as the associated
costs. The speed of cutting is affected by the following
factors: resistance of the cutting tool, physical-mechanical
properties of the treated material, material of cutting part of
the tool, feed and depth of cutting, geometric elements of the
cutting part [5-9].

Significant impact on the speed of cutting is exerted by
the geometric parameters of cutting part of the tool. An in-
crease in the front angle y reduces deformations of the treated
material, cutting forces and, consequently, decreases wear of
the cutter. If the front angle of the cutter is increased, then it
worsens heat removal due to a decrease in the cross-sectional
area of cutting part of the tool, which is why it is required to
reduce the speed of cutting. Given this, there is a relevant
problem on choosing geometrical parameters of the cutting
tool and effective operational parameters of the treatment
process [7, 8].

The right choice of the totality of optimal geometrical
parameters and material of the cutting tool, optimal opera-
tional parameters of machining process by cutting should
make the process of cutting maximally energy-efficient, and

the cutting tool — maximally durable. This affects the over-
all efficiency and cost-effectiveness of the preliminary tire
shredding by cutting [7—11].

A big problem is the complexity of mathematical mo-
delling of the tire cutting process, because there are a large
number of interrelated parameters of the cutting tools and
the process of cutting, as well as various properties of a tire.
A hollow shape of the tire, high mechanical durability, elastic
properties of the material, the presence of a metallic cord and
textile fibers, chemical composition of rubber, predetermine
difficulties and instability of the process of cutting [11-13].
This explains a small number of publications [11-20] that
address this issue, as well as the unambiguity of conclusions,
which necessitates further research in this direction.

3. The aim and objectives of the study

The aim of present work is to determine operational pa-
rameters, material and geometry of the cutting tool to ensure
minimum energy consumption by the technological equip-
ment for preliminary shredding of worn tires.

To achieve the set aim, the following tasks have been
solved:

—to obtain a mathematical model for the formation of
cutting forces when cutting worn pneumatic tires in half;

—to determine correction factors that would take into
consideration the strength of material for various types of
tires in order to ensure adequacy of the mathematical model.

4. Materials and methods for studying energy efficiency
of the process of cutting worn tires in half

At the first stage of work, using the COMPASS-3D V16
DSS, we created a diagram of arrangement of the reduced
cutting forces along coordinate axes (Fig. 1) in the process
of cutting an automobile tire in half. In this case, the longitu-
dinal feed is missing in the process of cutting, which is why
it is possible to assume that all of the forces act in the same
plane. We selected six input factors — angles of the cutting
tools: v, €, o; hardness of the cutting tools HRA; operational
parameters of cutting process: n, S, and two output factors:
cutting forces P, and P,.

At the second stage, the values of these factors were
encoded by the linear transformation of coordinates of the
factor space with a transfer of the coordinate origin to a zero
point and with a selection of scales along the axes in the units
of intervals of factor variation:

x, =0 (1)

where x; is the encoded value of the factor (a dimensionless
magnitude); ¢;— ¢y is the natural value of the factor (the cur-
rent and at zero level, accordingly); Ac is the natural value of
the variation interval [10].

Upon encoding, we obtain the values of factors, level
+1 (upper level) and —1 (lower level).

The magnitude of shoulder a of the «stars> points was
determined from formula:



where

k

Q= 2? n=2"+2k+1, ®)

but, since at the estimated magnitude a the lower levels of
variation of some parameters do not match physical capa-
bilities of the equipment, then we chose other tabular values
0=1.596 and ¢=0.863 10, 21].

At the third stage, we built a planning matrix for a full
factorial experiment. Under condition of the presence of
six input factors ((v, €, o, HRA, n, S,,), we used as the core a
full factorial experiment, the number of experiments in the
core 2¢=64, in the «star» points — 2k =12, in the center of
the plan — 1. Variation of factors in the planning matrix is
performed in the following way: in the first column, the signs
alternate in one, in the second — in two, in the third — in four,
in the fourth — in eight, etc. by the power of two [10, 21].
In the «star» points, the values of all factors, except for the
factor with shoulder o, remain at zero level. In the central
point of the plan, the values of all factors are at zero level.
Variants for the interaction among factors were found by the
brute-force method. Taking into consideration the interac-
tion between factors, the matrix of a full factorial experiment
contains seven vectors-columns of independent variables,
where xq represents the encoded value of a free term, as well
as 63 vectors-columns of interacting factors.

At the fourth stage, we conducted an experimental study
in accordance with the plan using a complex of measuring
equipment. The measuring complex consisted of the mea-
suring head UDM-100, milliammeter and the amplifier TA-5,
and an experimental installation based on the lathe-screw
machine 16K20 [9]. We used threaded cutters made of alloy
of grades R6M5 and T15K5 as the cutting tool.

Experimental installation based on the lathe-screw ma-
chine 16K20 (Fig. 2) is a console with the measurement head
UDM-100 (Fig. 3), which is mounted on the machine table,
which is driven perpendicular to the axis of the spindle. The
spindle holds a conductor with a tire mounted onto it.

Lutting lines !
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Fig. 1. Location diagram of the reduced cutting forces P, and P,

along coordinate axes
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Cutting forces were determined while cutting the Bridge-
stone kart tires, size 7.1/11.0-5 with a textile cord, in half.
Tensile strength at stretching a sample of the material of the
tire is 6,= 4.6 MPa [8].
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i

Fig. 2. Schematic of the experimental installation for
shredding tires by cutting: 1 — lathe-screw machine 16K20;
2 — pneumatic tire; 3 — measuring head UDM-100 with
a cutter; 4 — transitional console

Fig. 3. Measuring head UDM-100 with a cutter

At the fifth stage, we performed an analysis of
the obtained experimental data for the presence
of certain gross errors in measurements (emis-
sions), as well as estimated reproducibility va-
riance of the experimental data.

In order to estimate reproducibility variance
and to check equal accuracy of measurements, we
conducted uneven duplication of measurements at
certain points of the plan, the number of which is

p N1 =5, the experiments were carried out vy,, times at
4 each of them, w=1+Nj. The test of equal accuracy
of measurements (the homogeneity of a series of
variation estimation 531,552, ...,Sjm) is perfor-
med using the Cochran’s criterion ( G-statistics).

At the sixth stage, after analyzing the ob-
tained experimental data, we calculated regres-
sion coefficients and estimated significance.

During orthogonal planning regression equa-
tion coefficients are determined independently
from the following formulae:
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where 4, j are the numbers of columns in the planning matrix;
X, are the elements of the i-th column; x;, are the elements
of the j-th column; y, is the value of response at the u-th
point of the plan; y, is the mean arithmetic value of the
response at the u-th point of the plan; (7, )2 is the quadratic
variable [10].

The testing of significance of the regression equation
coefficients was performed using the Student ¢-criterion [21].

At the seventh stage, we constructed regression equa-
tions at orthogonal central compositional planning of the
second order taking into consideration significance of the
regression equation coefficients and conditions of factor en-
coding, for each of the forces — P, and Py, in the form:

P, =1053.22571-12.94811- HRA-595.81317 -5, +
+5.51321-0.—14.76805-€ — 008923 n +
+12.47315-5, 0+ 8.64754- 5, € —
—0.61847-S,-n+0.00124-0.-£—0.01086- 0L 11—
—~0.00089-&-n+9.92229- HRA- S, +

+0.0483- HRA - 0.+0.02266- HRA € +

+0.00035- HRA-n—0.64906 HRA - S, - 0.
—0.17842- HRA-S, - +0.001- HRA-S, -n—
~0.00121- HRA-0.-€+0.00004- HRA - ot 11—
~0.00001- HRA-&-n—0.18637-S, - 0r-& +
+0.00693-S, & n+0.00011-0-&-n+
+0.04049-S, -0 n—0.00058- 5, -0+

+0.0093- HRA-S,-0.-€+0.07148- HRA” +
+762.22222-S,2—0.0984- 0> +
+0.12431-€2+0.0001- n; (5)

P, =481.6126-2.99736- HRA
~ 6.04416-S, —2.16-0.—8.07467 € -
~0.06393 - 1+0.00024- IRA - n—

~0.03189-S, - n+0.01497- HRA® +
+82.22222-8,2+0.0672-0.> +

+0.0676-€” +0.00001- 1. (6)

Effective cutting power is determined from formula [22]:

P-v

N,=—%—r 7
° 102060 @

where v is the speed of cutting, which is determined from
formula:
n-D-n

_ , 8
“=71000 ®)

where D is the outer diameter of the cut tire; n is the rotation
frequency of the machine spindle.

We shall further consider that in order to solve a problem
on the optimization of energy consumption in the process of
cutting tires, force P, has the priority.

At the eighth stage, we carried out optimization of the
operational parameters of the cutting process, specifically,
rotation frequency of the machine spindle — 7, in the range
of 160—1.600 rpm at feed S, in the range of 0.06—0.6 mm/rev
and at constant values of hardness (HRA 64) and angles
(y=10°, £=45° a.=10°). To do this, using equation (5), we
built a table of the optimization of spindle rotation frequency
at different feed and constant values of hardness and geomet-
rical parameters of the cutting tool (Table 1).

At the ninth stage, we optimized geometrical parameters
of the cutting tool at five values of hardness: HRA 38, 64, 77,
90, 144. For this purpose, we built a table of the optimization
of front angle y for different values of hardness, constant opera-
tional parameters (7, S,) and angles e =45°, o.=10° (Table 2).

Table 1

Optimization of spindle rotation frequency n at different feed S, and constant values of hardness (HRA 64) and geometrical
parameters of the cutting tool (y=10°, £ =45°, o= 10°) (abridged)

Spindle rotation Feed, S, | Hardness of material of the | Front angle of the cutting | Angle at top, | Rear angle, | Cutting force
frequency, 7, rpm mm/rev cutting tool, HRA tool, v, degrees €, degrees o, degrees P,,N
160 0.06 64 10 45 10 146
250 0.06 64 10 45 10 116
630 0.06 64 10 45 10 84
1.000 0.06 64 10 45 10 80
1.600 0.06 64 10 45 10 92
Table 2
Optimization of front angle v for different values of hardness, constant operational parameters
(n=1000 rpm, S,=0.25 mm/rev) and angles £ =45°, o.= 10° (abridged)
Spindle rotation Feed, S, | Hardness of material of the | Front angle of the cutting | Angle at top, | Rearangle, | Cutting force
frequency, 7, rpm mm/rev cutting tool, HRA tool, v, degrees ¢, degrees o, degrees P,,N
1.000 0.25 38 6 45 10 89
1.000 0.25 38 10 45 10 85
1.000 0.25 38 20 45 10 85
1.000 0.25 38 30 45 10 92
1.000 0.25 38 48 45 10 99
1.000 0.25 144 48 45 10 58




At the third stage, we built a table for the optimiza-
tion of angle at the top € at different values of hardness,
constant operational parameters (7, S,) and angles y=20°,
o.=10° (Table 3).

We shall construct a table of the optimization of rear
angle o at different values of hardness, constant operational

parameters (n, S,) and angles y=20°, ¢ =60° (Table 4).

5. Results of studying energy efficiency of the process
of cutting worn tires in half during disposal

As a result of the performed work, we derived a quadratic
mathematical model of the formation of cutting forces in pro-
cess of cutting a worn tire, which consists of two regression
equations (5) and (6), respectively, for forces P, and P,

Table 3

Optimization of angle at the top € at different values of hardness, constant
operational parameters (n=1.000 rpm, S,=0.25 mm /rev) and angles y = 20°,
o= 10° (abridged)

o ) Hardness of | Front angle ) )
Spmd]e s rota Feed, S, | material of the | of the cut- Angle at Rear Cutting
tion frequen- . . top, €, angle, o,
mm/rev cutting tool, ting tool, v, force P,, N
cy, 1, rpm HRA degrees degrees | degrees
1.000 0.25 38 20 27 10 120
1.000 0.25 38 20 45 10 85
1.000 0.25 38 20 60 10 70
1.000 0.25 38 20 75 10 11
1.000 0.25 38 20 120 10 162
1.000 0.25 64 20 27 10 95
1.000 0.25 77 20 27 10 73
1.000 0.25 90 20 27 10 74
1.000 0.25 144 20 27 10 86
1.000 0.25 144 20 120 10 122
Table 4

Optimization of rear angle o at different values of hardness, constant
operational parameters (7= 1.000 rom, S,=0.25 mm /rev) and angles y = 20°,
€£=060° (abridged)

. Hardness of | Front angle
Spmdle rota- Feed, S, | material of the | of the cut- Angle at Rear Cutting
tion frequen- . . top, &, angle, o,
mm/rev cutting tool, | ting tool, vy, d d force P,, N
cy, 7, rpm HRA degrees egrees egrees
1.000 0.25 38 20 60 6 67
1.000 0.25 38 20 60 10 70
1.000 0.25 38 20 60 15 72
1.000 0.25 38 20 60 20 69
1.000 0.25 38 20 60 34 65
1.000 0.25 64 20 60 6 41
1.000 0.25 77 20 60 6 17
1.000 0.25 144 20 60 34 26

The mathematical model con-
structed expresses a cutting forces
dependence on the totality of geo-
metrical parameters and hardness of
a material of the cutting tool, as well
as operational parameters of cutting,
respectively. By using a mathemati-
cal model, it is possible to determine
a set of optimal geometrical parame-
ters and material of the cutting tool
and operational parameters, which
will ensure minimization of the cut-
ting forces, and, therefore, of energy
consumption required for the pro-
cess of cutting in general.

The resulting mathematical mo-
del was next employed to optimize
operational parameters of the process
of cutting worn tires in half and to se-
lect the optimal geometrical parame-
ters and material of the cutting tool.

For this purpose, we investigated
function P, for the extremum at vari-
able n at fixed values oo=10, y=10,
e=45, HRA=64 for different values
of S,. The functions obtained in line
with model (5), and the determined
points of minimum of spindle rota-
tion frequency 7, as well as the mag-
nitudes of force P, at these points,
are given in Table 5.

Fig. 4 shows charts of functions
P.(n) investigated for the extremum
at spindle rotation frequency .

We determined minimum point
Nmin=969.3 rpm at feed of the cut-
ting tool at 0.25 mm/rev. According
to Table 5, we note that the mini-
mum point corresponds to the fre-
quency of 1.000 rpm.

Using mathematical model (5),
we determined a function of depen-
dence of P, on angle at the top € of
the cutting tool at different values
of hardness HRA and fixed magnitu-
des 0.=10, y=20, §,=0.25 mm/rey,
n=1.000 rpm and investigated it for
the extremum. The functions, ob-
tained for certain values of hardness
HRA, and their points of minimum,
as well as magnitudes of force P, at
these points, are given in Table 6.

Minimum point &y, =53.254° at
HRA =77. Therefore, this minimum
point corresponds to €=53°. Fig. 5
shows charts of functions P,(€) in-
vestigated for the extremum by €.



Table 5

Results of investigating function P,(n) for the extremum
at fixed values of HRA, v, €, o and certain values of S,

Point .
of mini- Minimal
Sy Function P,(n) value
mum
Pz(nmin)
Mmin
0.06 | P,(n)=0.00017°-0.175103n+202.882 | 875.515 | 126.229
0.1 | P.(n)=0.000112-0.179052n+202.072 | 895.26 | 119.923
0.25 | P,(n)=0.00012?-0.19386n+211.26 969.3 | 117.306
0.4 | P.(n)=0.00011>-0.208668n+256.749 1043 147.893
0.6 | P,(n)=0.00011n>-0.228412n+370.755 1142 240.325
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Fig. 4. Charts of functions P,(n) investigated
for the extremum at spindle rotation frequency n

Table 6

Results of investigating function P,(g) for the extremum
at fixed values of n, S, v, a and certain values of hardness HRA

Minimum | Minimal
HRA Function P,(g) point value
YEmin Pz(emin)
38 | PAe)=012431e2-12.901e+577.308 51.89 242.589
64 | P(e)=012431e2-13.127¢+491.086 52.799 144.537
77 | PA(e)=012431e2-13 24e+484.215 53.254 131.674
90 | P.(e)=012431e2-13.353e+501.505 53.708 142.92
144 | P(e)=0124312-13.822e+831.938 55.595 447722
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Fig. 5. Charts of functions P,(g) investigated
for the extremum by €

We determined a function of force P, depending on an-
gle o for different values of hardness HRA and at fixed values
n=1.000 rpm, S,=0.25 mm/rev and angles y=20°, ¢=60°, and
investigated it for the extremum. This function has a point of
maximum. The functions obtained at certain values of HRA,
their points of extremum, as well as maximal values of P, at
the points of extremum are given in Table 7.

Table 7

Results of investigating function P,(a) for the extremum at
fixed values of n, S,, v, € and certain values of hardness HRA

Maximum | Maximal
HRA Function P,(o) point value

(xmax Pz(amax)

38 | P.(0r)=—0.09840:2+13.6640+205.176 51.89 679.528
64 | P(0))=—0.09840+13.4810.+88.351 68.501 550.082
77 | P(0)=-0.09840°+13.3890.+66.178 | 68.034 | 679.336
90 | P(0)=-0.09840>+13.2970.+68.106 | 67.566 | 679.186
144 | P(o)=—0.098402+13.9150+335.039 | 65.625 678.103

Fig. 6 shows charts of functions P,(co) investigated for the
extremum by o
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Fig. 6. Charts of functions P,(c) investigated
for the extremum by o

In order to achieve maximal energy efficiency of cutting
worn pneumatic tires, it is required to carry out this process
at the following operational parameters: spindle rotation
frequency n=1.000 rpm, cutting tool feed S,=0.25 mm/rev.
The cutting tool should be made of the material with hard-
ness HRA=77, with the following geometrical parameters:
front angle y=20°, angle at the top €=53°, rear angle o.=68°.
It should be noted, however, that all these parameters will
be optimal only when cutting tires made of the material
and with the structure similar to the tires Bridgestone
7.1/11.0-5. In order to find optimal treatment parameters
of other types of tires it is necessary to determine, and in-
troduce to the regression equations, correction coefficients,
which take into consideration strength of material for va-
rious types of tires.

First of all, to perform calculations in order to determine
correction factors that take into consideration strength of the
material for various types of tires, it is necessary to define the
criterion that will determine a change in the cutting forces
for the magnitude proportional to the examined coefficient.



A tensile strength limit — 6,73, MPa, was chosen as this
criterion.

To determine tensile strength limit of the material that
the examined tires are made of, we used the tensile testing

Table 9

Results of research on determining forces when cutting tires,
tensile strength limits and correction factors

machine UPM RIIZhT. Samples the size of 30x 120 mm with Tensile . Correction
. . Cutting
thickness 7 mm were used for breaking. Research results are Tire name strength force — factor Ky
given in Table 8. limit — ©,7ie, PN of regression
MPa 2 equation
Table 8 1 105
.. . Bri t 7. 1.0-
Results of research on determining strength of the material (Igr%e;if;‘; / 4.6 14 1.000
of different tires
Vega 7.1/11.0-5
Tire thickness Tensile (Kart Tires) 4 12 0.869
Tire name (without pro- | strength limit —
tector), mm GcTire; MPa Hankook Ventus Prime
2 K115195/55R15 22 69 4.783
Bridgestone 7.1/11.0-5 7 A6 (summer)
(Kart Tires) '
Hankook Ventus Prime
Vega 7.1/11.0-5 (Kart Tires) 7 4 2 K115 195/55R15 27 82 5.869
(winter)
Hankook Ventus Prime . . .
10 22 Michelin X MultiWay
2 K115 195/55R15 (summer) 3D XDE 315/70R22.5 115 350 95.000
(all-season)
Hankook Ventus Prime 10 97
2 K115 195/55R15 (winter) Michelin XDW ice grip
green 315/70R22.5 121 365 26.300
Michelin X MultiWay 3D XDE 16 115 (winter)
315/70R22.5 (all-season)
Michelin XDW ice grip green Using the Microsoft Excel 2013 software, we constru-
315/70R22.5 (winter) 16 121 ted a chart of dependences of cutting forces on the tensile

strength limit of different tires (Fig. 7), which is described by
the following equation:

Correction factor will be denoted Kg; tensile strength

limit of the tires Bridgestone 7.1/11.0-5, which were utilized

in experiments for obtaining data for

y=3.0264x+0.4068. (10)

a mathematical model, — 6.4 420
We shall express correction factors 300
through the values of the tires’ tensile Ko = 126,300
strength limit. 360
The formula for determining a cor- .
rection factor for different tires will take 330
the form: 300 Ko =25,000
K, = C?CM , @ =27
cModel ﬂ‘* 240
[}
where o.7i, is the material’s tensile E 210
strength limit of the tire whose factor is  op
being determined. E 180
Fot the tires Bridgestone 7.1/11.0-5, & 159
Ky is, respectively, equal to 1.
To confirm validity of influence of 120 y = 3,0264x + 0,4068
the correction factors, we performed ad- 90 Ko =5,869
ditional experimental studies in order
to determine cutting forces. We selec- 60 Ko =0,869 Ko =1783
ted the following tires as experimental ’
samples: Hankook Ventus Prime 2 K115 30 Ko = 1,000
195/55R15 (summer) and Michelin XDW 0
ice grip green 315/70R22.5 (winter). Re- 505 15 25 35 45 55 65 75 85 95 105 115 125

sults of research on determining forces
when cutting tires, tensile strength li-

mits and correction factors are given in
Table 9.

Tensile strength limit, MPa

Fig. 7. Chart of dependences of cutting force on tensile strength limit
of materials of different tires



Substituting x in equation (10) with the tire material’s
tensile strength limit 6,75, we obtained equation of depen-
dences of cutting forces on tensile strength limit of materials
of different tires:

y=3.0264-G, +0.4068. (11)

cTire

Regression equation (5), taking into consideration the
equation of dependences of the cutting force on tensile
strength limit of materials of different tires (11), takes the
following form:

P, =0.0000403- 7" +0.0505698- £ +0.0290778 - HRA” +
+310.072-5%-0.0400291- o> +0.2163249- HRA* -6 +
+2306.7893333-5*-6-0.2977978- 0> -5 +
+0.3762151-6-¢” +0.0003-6-n* —5.2672918- HRA -
—242.3767976-§ +2.2427734- 0.+ 3187.482288 -6 —
—6.0076408-£—-0.0362999-1n+4.036389- HRA- S +
+0.0196499- HRA-0.—39.1861647- HRA -G+
+0.0092188- HRA-€+5.0740781-5 - 0. —
—1803.168978-5-6+3.5178199-5 - +

+0.0001407- HRA-n—0.2515932- S -n+
+16.6851752-0- —44.6940123-6-e—
—0.0044167-0.-n—0.2700543-6-n—0.0003627 -€- n+
+ 37.7487464-5-0.-6-0.0758154- S -0.- e +
+26.1709194-5-6-e+0.0000175- HRA-o.-n+
+0.0010464- HRA-6-n—-0.0000039- HRA -¢-n+
+0.0164698-5-0.-n—-1.8717344-§S-6-n+
+0.0028187-5-¢-n+0.0037561-0.-6-£—
—0.0328581-a-6-7+0.0000453-0o-€-n —
—0.002698-6-e-n—0.2640395- HRA-S - 0.+
+30.0288288- HRA- S5 -€+0.0004061- HRA-S -n+
+0.1461858- HRA-0.-6—0.0004909- HRA -0.-€ +

+0.0685837- HRA-6-¢—1.964329- HRA-S-0o.-G +

+0.0037818- HRA-S-a.-€—-0.5399703- HRA-S -6-n—
—0.0036522- HRA-0.-6-£¢—0.5640308-S-0.-G -+

+0.0001304- HRA-0.-6-n—0.0000288- HRA-G-€-n+
+0.1225278-S-0.-6-1n—0.0002379-S -0 -1+
+0.0209696-5-6-¢-7+0.0003369-0.-G-€-n+
+0.0281346-HRA-S-0.-6-e—
—-0.0017695-S-0-6-€-n+428.4522187. (12)

To confirm the adequacy of equation (12), we estimated
homogeneity of variances of the estimated and experimental
values of forces when cutting tires using a statistical Fischer
criterion. The analysis was conducted at two points of the plan:
Ks=4.783 (Hankook Ventus Prime 2 K115 195/55R15 —
summer), and Ks=26.300 (Michelin XDW ice grip green
315/70R22.5 — winter); we estimated six values of forces at
each point (three experimental, three examined), alterna-
ting through one value. Results of calculations are given in
Table 10.

Table 10 demonstrates that F at significance a=5 % is
lower than the tabular permissible values F, respectively:
F<Fie; 0.350<0.507, indicating the uniformity of variance
estimates and the adequacy of equation (12).

Table 10

Estimation of homogeneity of variances of the estimated
and experimental values of forces when cutting tires using
a statistical Fischer criterion

thle at
NO"Of ext— Yu YuN | y., N N ;u F | significance
perimen =5 % [20]
1 69 68.7
2 66 68.7
3 69 68.7
1 3.22
4 71 68.7
5 69 68.7
6 68 68.7
1.349 4.280
1 365 365.7
2 368 | 365.7
3 365 365.7
2 2.39
4 364 365.7
5 365 | 365.7
6 367 | 365.7

6. Discussion of results of studying energy efficiency
of the process of cutting worn tires in half when
disposing of them

The result of the conducted study is the proposed tech-
nique for overcoming the difficulties described in [5], which
occur in the technological process of the disposal of worn
tires. With this purpose, we obtained a quadratic mathe-
matical model that determines cutting forces in process of
shredding worn automobile tires and which consists of two
regression equations for calculating forces P, and P,

It enables substantiated optimization of operational pa-
rameters for the process of cutting worn automobile pneu-
matic tires, specifically, geometrical parameters of the cutting
tool. It also makes it possible to choose optimal material of
the cutting tool, which ensures minimal energy costs and
determine correction factors for regression equations for dif-
ferent types of tires. Specifically, the minimization of cutting
forces can be provided, and, consequently, and reduction
of energy consumption by technological equipment in the
process of shredding worn pneumatic tires. The minimum
values of forces Pz are in the range of magnitudes of spindle
rotation frequency 900—1,100 rpm at feed of the cutting tool
0.25 mm/rev.

In order to ensure maximal energy efficiency of the pro-
cess of cutting worn pneumatic tires, it is necessary to apply
the cutting tool made of the material of hardness HRA=77
with geometrical parameters: y=20°, e=53°, a=68°, spindle
rotation frequency n=1.000 rpm, feed of the cutting tool
5,=0.25 mm/rev.

Front angle y of the cutting tool does not significantly af-
fect the formation of cutting force P, but ensures its minimal
value at y=20°,

There is a shortcoming in the present work: results of the
study match most accurately the tires with a rim diameter
from 11 to 22.5 inches. To obtain operational parameters of
the process of cutting the tires of larger diameter in half,
including very large ones, it is necessary to conduct further
studies.



The applied aspect of employing the obtained scientific
result is the improvement of a standard technological pro-
cess to dispose of worn pneumatic tires, which is described
in paper [4].

The obtained results allow us to continue theoretical and
experimental studies of the process of preliminary shredding
of worn tires, specifically, cutting out of bead rings.

7. Conclusions

1. We obtained a quadratic mathematical model for de-
termining cutting forces in the process of cutting the worn
automobile tires Bridgestone 7.1/11.0-5 in half, which consists
of two regression equations for determining forces P, and P,.

2. Correction factors were derived and introduced to the
regression equation for determining forces P, and P,, which
take into consideration strength of the material that the tire
is made of, in order to define effective parameters for the

process of cutting tires of the types that differ from the tires
Bridgestone 7.1/11.0-5.

3. We determined effective operational parameters of the
process of cutting worn tires in half, which ensure minimal
energy costs: spindle rotation frequency n=1.000 rpm, feed
of the cutting tool S,=0.25 mm/rev.

4. Effective hardness of the cutting tool’s material is
determined (HRA=77), which is used for cutting worn tires
in half and ensures minimal energy costs.

5. Effective geometrical parameters of the cutting tool are
determined: front angle y=20°, angle at the top e=53°, rear
angle 00=68°, which ensure minimal energy consumption of
the cutting process.

6. In order to ensure maximal energy efficiency of the
process of cutting worn pneumatic tires, it is necessary to
apply the cutting tool made of the material of hardness
HRA=77 with geometrical parameters: y=20°, e=53°, a=68°,
spindle rotation frequency 7=1.000 rpm, feed of the cutting
tool S,=0.25 mm/rev.

References

1. Analiz rehuliatornoho vplyvu do proektu nakazu Ministerstva ekolohiy ta pryrodnykh resursiv «Pro vstanovlennia Minimalnykh
rozmiriv platy za posluhy z orhanizatsiy zbyrannia, zahotivli ta utylizatsiy znoshenykh shyn» [Electronic resource]. — Ministerstvo
ekolohiy ta pryrodnykh resursiv Ukrainy. — Available at: http://old.menr.gov.ua/docs/normbaza,/regulatory/analiz-rehuliatornoho-
vplyvu/arv_21032013.doc

2. Smetanin, B. I. Zakhyst navkolyshnoho seredovyshcha vid vidkhodiv vyrobnytstva y spozhyvannia [ Text]: navch. pos. / V. I. Sme-
tanin. — Moscow: Kolossia, 2000. — 232 p.

3. Postnikov, V. V. Protsessy na kontaktnyh poverhnostyah, iznos rezhushchego instrumenta, svoystva obrabotannoy poverhnos-
ti [Text] / V. V. Postnikov, B. U. Sharipov, L. Sh. Shuster. — Sverdlovsk: Izd-vo Ural’skogo universiteta, 1988. — 224 p.

4. Pat.No. 56698 UA. Sposib pererobky znoshenykh shyn zahalnoho pryznachennia ta velykohabarytnykh avtomobilnykh shyn [Text] /
Skorniakov E. S., Korobochka O. M., Sasov O. O., Averianov V. S; vlasnyk — Dniprodzerzhynskyi derzhavnyi tekhnichnyi univer-
sytet. — No. u 2010 08087; declareted: 29.06.2010; published: 25.01.2011, Bul. No. 2.

5. Kozar’, D. M. Kinematika i dinamika formirovaniya sil rezaniya pri frezerovanii uprugoy obolochki [Text] / D. M. Kozar’,
P. Ya. Krauin’sh // Nauka i obrazovanie. — 2013. — Issue 7. — P. 287-309.

6. Muzafarov, R. S. Issledovanie vliyaniya ugla zatochki lezviya na usilie rezaniya [Text] / R. S. Muzafarov, A. F. Mkrtchyan // Intel-
lektual'nye sistemy v proizvodstve. — 2008. — Issue 2 (12). — P. 85-88.

7. Sasov, O. O. Eksperymentalni doslidzhennia vplyvu heometriy rizhuchoho instrumenta z tytan-volframovykh splaviv na syly ri-
zannia pry rozrizanni znoshenykh pnevmatychnykh shyn [Text] / O. O. Sasov, Yu. A. Korzhavin, S. Yu. Sychov // Perspektyvni
tekhnolohiy ta prylady. — 2016. — Issue 8 (1). — P. 110-115.

8. Sasov, O. O. Doslidzhennia vplyvu heometriy ta materialu rizhuchoho instrumentu na syly rizannia pry poperednomu podribnenni
znoshenykh pnevmatychnykh shyn [Text] / O. O. Sasov, Yu. A. Korzhavin, O. M. Korobochka // Perspektyvni tekhnolohiy ta
prylady. — 2015. — Issue 7 (2). — P. 104-107.

9. Skorniakov, E. S. Doslidzhennia osoblyvostei podribnennia rizanniam pnevmatychnykh shyn pry utylizatsiy [Text] / E. S. Skornia-
kov, O. O. Sasov, Yu. A. Korzhavin et. al. // Perspektyvni tekhnolohiy ta prylady. — 2015. — Issue 6 (1). — P. 83-87.

10.  Ragrin, N. A. Osobennosti planirovaniya eksperimenta v issledovaniyah stoykosti rezhushchih instrumentov [ Text] /N. A. Ragrin //
Sovremennye problemy teorii mashin. — 2016. — Issue 4. — P. 12—13.

11.  Grubyiy, S. V. Optimizatsiya rezhimov odnoinstrumentnoy lezviynoy obrabotki [Text] / S. V. Grubyiy // Nauchno tekhnicheskiy
zhurnal STIN. — 2008. — Issue 2. — P. 24-26.

12.  Grubyiy, S. V. Raschet parametrov struzhkoobrazovaniya i sil rezaniya plastichnyh materialov [Text] / S. V. Grubyiy // Mashiny
i Ustanovki: proektirovanie, razrabotka i ekspluatatsiya. — 2017. — Issue 1. — P. 25-37.

13.  Tarovik, A. B. Optimizatsiya rezhimov rezaniya pri obrabotke tonkostennyh tsilindricheskih izdeliy [ Text] / A. B. Tarovik, A. N. Mi-
haylov // Prohresyvni tekhnolohiy i systemy mashynobuduvannia. — 2014. — Issue 3 (49)-4 (50). — P. 183-187.

14. Sienkiewicz, M. Environmentally friendly polymer-rubber composites obtained from waste tyres: A review [Text] / M. Sien-
kiewicz, H. Janik, K. Borzedowska-Labuda, J. Kucinska-Lipka // Journal of Cleaner Production. — 2017. — Vol. 147. — P. 560—571.
doi: 10.1016/jjclepro.2017.01.121

15. Norambuena-Contreras, J. Experimental evaluation of mechanical and thermal properties of recycled rubber membranes reinforced
with crushed polyethylene particles [Text] / J. Norambuena-Contreras, E. Silva-Robles, 1. Gonzalez-Torre, Y. Saravia-Montero //
Journal of Cleaner Production. — 2017. — Vol. 145. — P. 85-97. doi: 10.1016/j.jclepro.2017.01.040



Isayev, A. I. Recycling of Rubbers [Text] / A. I. Isayev // The Science and Technology of Rubber. — 2013. — P. 697—-764. doi: 10.1016/

16.
b978-0-12-394584-6.00020-0

17.  Shen, Z. Wear patterns and wear mechanisms of cutting tools used during the manufacturing of chopped carbon fiber [Text] /
Z. Shen, L. Lu, J. Sun, F. Yang, Y. Tang, Y. Xie // International Journal of Machine Tools and Manufacture. — 2015. — Vol. 97. —
P. 1-10. doi: 10.1016/j.ijmachtools.2015.06.008

18. Pagani, M. Explicit dynamics simulation of blade cutting of thin elastoplastic shells using «directional» cohesive elements in
solid-shell finite element models [Text] / M. Pagani, U. Perego // Computer Methods in Applied Mechanics and Engineering. —
2015. — Vol. 285. — P. 515-541. doi: 10.1016/j.cma.2014.11.027

19. Schuldt, S. Defined abrasion procedures for cutting blades and comparative mechanical and geometrical wear characteri-
zation [Text] / S. Schuldt, G. Arnold, J. Roschy, Y. Schneider, H. Rohm // Wear. — 2013. — Vol. 300, Issue 1-2. — P. 38—43.
doi: 10.1016/j.wear.2013.01.110

20. Triki, E. Combined puncture/cutting of elastomer membranes by pointed blades: An alternative approach of fracture energy [Text] /
E. Triki // Mechanics of Materials. — 2016. — Vol. 97. — P. 19-25. doi: 10.1016/j.mechmat.2016.02.010

21. Sasov, O. O. Otrymannia matematychnoi modeli formuvannia syl rizannia pry rozrizanni navpil znoshenykh avtomobilnykh
shyn [Text] / O. O. Sasov, V. S. Aver'yanov, Yu. A. Korzhavin, A. D. Sokolov // Perspektyvni tekhnolohii ta prylady. — 2017. — Is-
sue 10 (1). — P. 168-175.

22.

Sokolov, A. D. Optymizatsiya rezhymnykh parametriv protsesu rizannia znoshenykh pnevmatychnykh shyn, vybir optymalnoho
materialu ta heometrychnykh parametriv rizhuchoho instrumentu pry vyznachenykh umovakh [Text] / A. D. Sokolov, O. M. Ko-

robochka, O. O. Sasov // Matematychne modeliuvannia. — 2016. — Issue 2 (35). — P. 53—-56.

u] =,

Hocnioxcerno ma 3m00e1608amo npoyec 6U0as0-
8aHHsA Pi3i 3 HAKIAOAHHAM YAbMPA3EYKOBUX KOIU-
séanwv. Ha ocnosi peonoeinnoi modeni depopmysanms
ideanviozo npyixicHo-naacmuunozo minia pospooie-
Hi 3a1eHCHOCMI 01 PO3PAXYHKY KOHMAKMHUX MUC-
Ki6 ma numomoi cuau mepms. 3Mo0enbO6aAHI KOH-
maxmui saeuwa, wo npoxooamv 6 30mni dedpopmaui.
Busnaueni onmumanvii napamempu 6u0asar08anHs
pizi. Ananimuuno eusnaueno diamemp omeopy nio
8U0ABII0BAHHS PIi3i 3 HAKJIAOAHHAM Yompa3eyKo-
8UX KONUBAHD

Knouo6i crosa: yavmpazeyxoee 6udaeniosam-
HA pi3i, vacmoma KOAUBAHb, AMNAIMYOA KOIUBAHD,
KOHMAKMHUN MUCK

[m, u]

Hccnedosan u cmodenuposan npouecc 6vl0asnu-
eanus pe3vOvL C HATLONCEHUEM YALMPAZBYKOBHLX KOJIe-
oanuii. Ha ocnose peonozuyeckoit mooeau dedpopmu-
POBaHUS UOEANBHOZ0 YNPY20-NAACMUUECKO20 MeEA
6bl8edeNnbL 3A6UCUMOCIU 0N PACHEeMA KOHMAKMHbIX
daenenuil u yoeavrou cuivt mpenus. Cmooeauposannt
Konmaxmmole S6AeHUSL, KOMOPbLE NPOX00SM 6 30He
dedpopmayuu. Onpedenenvt onmumavivie napament-
polL évldasausanus pe3vovl. Anairumuuecku onpede-
Jlen duamemp omeepcmus noo 6blOAGAUSANHUE Pe3bObL
C HaN0JCeHUEeM YTbMPA3CYKOBHIX KOIeOanuil

Kniouesvie cnosa: yavmpaseyxosoe 6vidasausa-
HUs pe3vobL, vacmoma Konedanuil, amnaumyoa KoJie-
Oanuii, kxonwmaxmnoe oasnenue

|l =,
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1. Introduction

Threaded joints are the most common kind of detachable
connections in mechanical engineering. An analysis of the

existing methods for obtaining internal threads [1, 2] reveals
that one of the promising methods of the formation of threa-
ded surfaces is the method of plastic shape-formation (extru-
sion) of threads by spiral fluted taps. This method possesses




