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Abstract. An integrated approach was used, including the construction of a mathematical model and the results of
lengthy industrial tests of heavy mining machines with rubber elastic bonds.

The issues of vibration isolation of heavy machines operating in extreme conditions, i.e. with prolonged cyclic loads
and the influence of an external aggressive environment inherent in mining and processing enterprises. As an example,
we consider vortex mixers with a vibration isolation system containing rubber elements. During long-term operation, the
mass of the mixer does not remain constant; its increase is associated with the sticking of the initial product on the moving
parts of the machine. The location of such machines in the sinter factory at + 10.4 m, as well as the change in time of
rotational symmetry of the drum rotation imposes certain requirements on the vibration isolation system: the system must
be “soft” and stable in time, i.e. during 9-10 years of operation, its stiffness and dissipative parameters should not go
beyond the permissible values. In order to reduce the aging effect, type 2959 rubber based on natural caoutchouc with a
reinforced protective group was used, while the instability of the main mechanical parameters was taken into account in
the developed theory of vibration isolation of machines.

On the basis of the developed simulation model and the Boltzmann-Volterra integral relations with kernels of relaxa-
tion and aftereffect, an equation was worked out, which made it possible to take into account the rubber viscoelastic
properties in full volume; in this equation, stiffness operator of elastic suspension in the machine is written by using frac-
tional exponential function of the Yu. Rabotnov’s type; on the basis of the mathematical model, the basic parameters of
the machine under the study were calculated; in particular, for the vortex mixer, the time dependences of amplitude of the
mixer housing vibrations and coefficient of vibration isolation efficiency were calculated with taking into account aging of
elastic link material in the machines; the calculation results were compared with the results of industrial tests of the vortex
mixer operation lasting for 16 years. The theory and method for calculating vibration isolation systems with rubber elastic
links for heavy mining machines were developed with taking into account material structure changes due to the effects of

aging.
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The paper considers an example of calculating the mixer vibration isolation system taking into account rubber aging;
the magnitude of the change in time of the main mechanical parameters was obtained experimentally over 16 years. This
made it possible to determine temporary changes in the amplitude of oscillations of the mixer body and the coefficient of
efficiency of the vibration isolation system. It was shown that the mixer vibration isolation system remained effective for 9-
10 years, after which the mechanical characteristics of the rubber went beyond the permissible values and the system lost
its functional purpose, and the amplitude of the mixer body exceeded the existing sanitary standards.

Keywords: vibration isolation of machines, Boltzmann-Volterra integral relations, Rabotnov function, rubber aging
effects

1 Introduction

Vibration isolation of machines is part of general theory of elastic system vibra-
tions. A great volume of literature is available on this issue; it is enough to mention the
fundamental monographs of S.P. Tymoshenko, Den Gartog, Ya.G. Panovko,
Ye.S. Sorokin, G.S. Pisarenko, V.L. Biderman, E.E. Lavendel and a number of other
authors in order to present the importance of this problem for mechanical engineering
and existing comprehensive knowledge about it. For some systems and facilities of
vibration isolation, state standards have been worked out. However, the problem of
protecting operators, machines, instruments, equipment, buildings and structures
against the effects of vibrations and sound pressure is still relevant.

This issue is especially important for such complex technical systems as mining-
and-processing enterprises, construction and agricultural industries, where heavy
equipment is installed in a certain sequence depending on technological requirements;
besides, sometimes machines are installed in three-dimensional space: for example,
mixers can be placed on floors at the elevation of +18 m, etc.

At the same time, vibrational load on the equipment is significant, and frequency
spectrum includes the entire range from low to high. Oscillations most often occur
randomly, such as white noise, and, as a rough approximation, they can be considered
as quasi-harmonic. High frequencies are usually suppressed with the help of damping
pads: the higher is vibration frequency, the easier it is suppressed.

For suppressing low frequencies, special vibration isolation systems are used. Usu-
ally, it is vibration isolators, dampers, dynamic dampers, etc., which are installed be-
tween the machine and frame (foundation, supporting structure). The many-year prac-
tice of operating the machines shows that the most effective vibration isolation systems
are those that use rubber vibration isolators. With correctly chosen parameters and de-
sign of the rubber elements, such systems provide effective protection against vibra-
tions and sound pressure, contribute to the intensification of technological process and
increase productivity.

In order to create an effective vibration isolation system, especially low-frequency,
it is necessary to satisfy rather contradictory requirements: vibration isolators in heavy
machines should feature high bearing capacity and low rigidity. The use of rigid elastic
suspensions makes it possible to suppress high frequencies effectively enough, while
low frequencies, which are the most dangerous, are suppressed poorly; moreover, such
oscillation mode is possible when excitation frequency is close to or coincides with
natural frequency of the system (the phenomenon of resonance), which is extremely
undesirable because under the action of random excitations, which are usual phenom-
enon in any technological machine, vibration of machine may be increased making the
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vibration isolation system ineffective. Therefore, soft vibration isolation system is
more preferable, though it requires a special design of vibration isolators and choosing
of materials with appropriate stiffness and dissipative properties. Soft system allows
suppressing the entire frequency spectrum, both high and low frequencies. Its disad-
vantages include possible rocking of machine in horizontal position; to escape this un-
desirable effect, resistant vibration isolators are usually used.

Below are described some of the issues of vibration isolation in heavy mining and
processing machines operating in extreme conditions. During the operation, such ma-
chines experience stationary dynamic loads, effect of aggressive medium created by
material being processed and significant temperature differences. Such machines in-
clude vortex mixers, pelletizers-mixers, crushers, vibratory feeders, screens, etc. In all
of these machines, vibration leads to increased dynamic stresses in parts and assem-
blies, higher sound pressure, deterioration of technology of material processing and
worse quality of original product, and intensive wear of parts. Besides, vibration ad-
versely affects structural units of the sinter plants and is often the main cause of the
destruction of foundations.

Usually, rubbers of special design are used as elements of elastic suspension in the
heavy mining machines. Today, rubber in vibration isolating systems of heavy mining
and processing machines cannot be replaced by any other of the existing materials due
to its feature of large deformation reversibility, high elastic and dissipative properties,
and absence of failure suddenness; besides, its fatigue characteristics exceed fatigue of
any of existing structural materials. The rubber disadvantages include dependence of
viscoelastic properties on the loading mode, aggressive medium and duration of oper-
ation.

The purpose of this work is to develop a theory of vibration isolation in the heavy
mining machines with taking into account effects of aging (i.e. changes in the material
structure during operation) of their elastic links and the confirmation of the analytical
model by the results of lengthy industrial tests.

2 Method

Simulation models. In most cases, such models (phenomenological, synergistic,
and others) are based on the methods of taking energy dissipation into account (inelas-
tic resistances, in other words) by using the Kelvin-Focht, Maxwell and other viscoe-
lastic models. However, rubber does not comply with the simplified Kelvin-Focht
models, and its dissipative properties are not directly proportional to the strain rate, 1.e.
its dissipation factor y is not proportional to the increase of the angular frequency of
loading @. Results of numerous experimental studies indicate [1] that, for rubber, the
curve Y(w) in a wide frequency range feature rather complex configuration with dif-
ferent relaxation peaks. In Figure 1, such a curve for low-filled rubber is shown, which
was built by the device “Instron”, model 1126, at 293 K [1]. As it can be seen, propor-
tionality of the energy losses of the strain rate is observed exclusively in certain sec-
tions of the frequency curve and within the narrow frequency range. In the frequency
range, which is characteristic for the vibration isolation systems of heavy machines
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(the shaded area in Figure 1), with an increase of the deformation rate, the energy dis-
sipation decreases, and this fact contradicts the Kelvin-Focht and Maxwell models.
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Figure 1 — Frequency dependences of the energy dissipation factor for rubber with the filling of 5.0
mass parts of carbon black

Nevertheless, in the theory of oscillations, these models are used in most cases due
to the well-developed mathematical apparatus and minimum number of information
parameters in the equations. This leads to some errors, especially in the field of reso-
nance. More appropriate is the use of integral equations of the Boltzmann-Volterra type
with relaxation and aftereffect kernels. However, this requires knowledge of rheologi-
cal characteristics of the material, which is associated with additional experimental
studies of vibration isolators.

Such famous scientists as V.M. Poturaev, V.P. Franchuk, A.H. Chervonenko and
many other authors in their researches of dynamics of mining vibration machines
(screens, feeders, conveyors, etc.) took into account energy dissipation by using of the
Kelvin-Focht and Maxwell models. In the works of modern authors, the same models
were used in the study of dynamics of vibration machines [2-7].

In all these researches, as well as in the works of other authors, only initial values
of the machine parameters were taken into account, while their in-time changes due to
the effects of the elastic link aging were not considered.

However, consideration of such effects is of great importance; the problem arose
due to the need to create vibration isolation systems with a long service life (approxi-
mately 15 — 20 years) and with high degree of reliability. Solution of the problem lies
in considering effects of rubber aging in mathematical models, i.e. in-time instability
of stiffness and dissipative characteristics during the operation of vibration isolation
system. The time characteristics of the rubber mechanical properties (mainly informa-
tional parameters: shear modulus G and dissipation factor ) can be obtained either by
long-term experimental studies or by heat aging according to existing standards. The
obtained aging functions G(¢) and y(¢) can be included directly into the equations for
the machine dynamics.
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The theory of vibration isolation in heavy mining machines with taking into account
in-time instability of main informational parameters of elastic link material is described
below.

Mathematical models. In general, kinematic scheme of most of the mining vibra-
tion machines can be represented as a single-mass system with an elastic-viscous sus-
pension and one degree of freedom. Let’s consider two methods used for calculating
such systems.

The first method assumes that mechanical reaction of elastic suspension in ma-
chines is described by the Kelvin-Focht model, and stress obeys the law

oc=Es+ uke, (1)
where E is modulus of elasticity, N/m?; ¢ is relative deformation of the vibration isola-
tor; u 1s coefficient of the rubber internal resistance, s; value of which is proportional
to the strain rate; for medium filled rubbers = 2-1073 s (the value was obtained exper-

imentally in the research works of V.M. Poturaev).
In this case, the equation of motion of the mass m can be written as

P+ uwly+wly=qssinot. (2)

where y 1s coordinate.
For the amplitude of stationary forced oscillations, the following ratio is correct

4,= L , 3)
\/(a)g —a)z) + o’ w,

where o is angular frequency of the system forced oscillations, rad/s; axn is natural
angular frequency of the system, rad/s; ¢ is inertia force per unit of oscillating mass
N/kg.

The second method assumes that mechanical reaction of rubber is described by in-
tegral relation of the Boltzmann-Volterra type with relaxation and aftereffect kernels.
In this case, the equation (2) in the operator form will be rewritten as

my+C,y=0Qsinwt, 4)

where m 1s the mass of the system, kg; C; is the stiffness operator of the elastic suspen-
sion, N/m; Q is the force of inertia, N.

C,=G[1-%,(-B)]. (5)
R (—p)e (o) :jﬂ%a(—ﬂ,t—r)g(r)dr, ©)
)n (f z_)n(1+oz)

R, (-B.t-7)=y(t-1)" Z Mo DUs )]’ (7)

where C) 1s instantaneous value of elastic suspension stiffness, N/m; R, (— p.t— Z') 1S

exponential function of fractional order of the Yu. Rabotnov’s type; «, S, A, y are rhe-
ological parameters of rubber; I" is gamma function.
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For determining rheological parameters of rubber, the following relations were ob-
tained

w =27B(w); (8)
(o) =1-A(w); 9)
0
l+a 5+
Alo) = 2(1+i()(a) ISSS IB) 2 (10)
0] +20 " fcosd+ [
I+a 5
Blo) = yo " sin : 1
a)2(1+a) +2a)1+aﬂ0085+ﬂ2 ( )
lzﬁ; azl—iarctanh; (12)
G, 7T A
-1 1 A
tO:[a)(z//maX)} ; PB= — =, (13)
tO tO

where is energy dissipation factor; wmax is the maximum dissipation factor; A(w) and
B(w) are rheological characteristics of rubber (the Fourier sine and cosine transfor-
mation of the fractional exponential function); G(w) is current value of the shear mod-
ulus, N/m?; G is instantaneous value of the shear modulus, N/m?; G is conditionally-
equilibrium shear modulus, N/m?; 1, is generalized time of relaxation, s.

For medium filled rubber of the 2959 type used below, rheological parameters have
the following values

a=-0.60; pF=1.1, A=0.58.

With taking into account the above ratios, the expression of the oscillation ampli-
tude has the following form

4 - Q
m\/{wgo [1- 4(@)]- a)z}2 + B’ (w) wy,

where oo 1s natural angular vibration frequency of an ideally elastic system, rad/s.
The expression (14) makes it possible to determine more accurately the amplitude-
frequency and phase characteristics under transient conditions, for example, in the res-

: (14)

onance region, i.e. when @= av; when w/w, > V2 the expressions (3) and (14) give

approximately the same results.

As it can be seen, a mathematical model with usage of the Volterra integral relations
is based on more rigorous assumptions and considers more accurately the rubber vis-
coelastic properties than the Kelvin-Focht model. It is most effective for studying non-
linear systems, transient processes in oscillatory systems, as well as the systems, whose
rheological characteristics substantially depend on time, loading mode or slowly
changing temperature (external temperature or dissipative self-heating temperature).
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Evaluation of vibration isolation system effectiveness. Equations (1) and (3) al-
low obtaining expressions for the basic parameters of vibration isolation system in the
following form [1] for coefficient of vibration isolation

\/1+Zz4gyz
= 167° +y° : Z:E; a)oz\/g, (15)
\/(1—22)2+224'>”2 @ "
167° +y°

where C is elastic suspension stiffness, N/m. In this formula, dissipation factor y is
determined either experimentally or by the known rubber rheological parameters «, f,
A calculated by formula (8), i.e. w=27zB(w). In this case, formula (15) takes the fol-
lowing form

2 22
(1-22) + 2222 @
\/ 1672 +47°B* (w)
Effectiveness of vibration isolation is equal to
I=(1-7)-100 %. (17)

Depreciation coefficient (or dynamic coefficient)

K, =\/(1—22)2+w222 (18)

or, with taking into account y = 2 7B(®)

K =N1=22) +42°B (0) 2" (19)

From formulas (16) and (17), very important conclusions are follow:
— when Z < 1, vibration isolation coefficient 1 is close to 1, and vibration isolation
system has almost no effect on the process of the machine oscillations;
— at Z =1, the system operates in the resonance region;

— when Z >+/2 , vibration isolation system becomes effective; coefficient of vibration
isolation decreases with decrease of the system damping; therefore, value for the
relative damping is usually chosen so that, on the one hand, to obtain a small increase
of the elastic system force transmission, especially in the resonance region, and, on
the other hand, vibration isolation should be satisfactory in case of higher frequen-
cies;

— when Z > 5, vibration isolation efficiency is 77 = 1; this indicates that possibilities of
the elastic system are almost exhausted and there is no point in doing it softer; there-
fore, in practice, Z=2.5...5.5 is usually used;

— 1in some technological machines, irregular shocks occur, which can increase ampli-
tude of oscillations being a source of additional dynamic forces. Usually, in such
cases, vibration dampers are made of well-damping materials such as filled rubber,
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which, of course, increases energy dissipation, but, at the same time, increases stiff-
ness of elastic suspension and, therefore, reduces coefficient of vibration isolation
in the high-frequency region. It is known that high frequencies are better suppressed
by vibration isolation system than low frequencies. As it is mentioned above, vibra-
tion isolators with low stiffness and high load-carrying capacity are used exactly for
reducing the low-frequency vibrations. Vibration isolators with low stiffness in the
direction of basic oscillations are the most effective; however, in this case, an effect
of the system rocking in the horizontal direction occurs. To eliminate this undesira-
ble effect, additional vibration isolators-limiters, or so-called resistant vibration iso-
lators are usually used;

— it should be noted that at starting and stopping, any machine passes the resonance
region, and amplitude of oscillations increases; usually, the use of rubber vibration
isolators significantly reduces vibrations at resonance;

— it 1s assumed that the vibration isolation system is installed on absolutely rigid base
(floors, foundation) with the mass mi, which does not demonstrate any vibration
displacement during the machine operation. In practice, this assumption is not al-
ways true, and the floor, for example, can vibrate with some frequency. Here, it is
very important to choose parameters for the vibration isolation system in such a way
as to avoid highly undesirable resonance. For such systems, the resonant frequency

is determined by the ratio
, / m
fo=Jfo. 1+—, (20)
m,

where fj is resonant frequency of the system without taking into account reaction of the
foundation, Hz; f; is resonant frequency of the system with taking into account reac-

tion of the foundation, for example, floor, Hz.

As it can be seen, the task of choosing the right parameters for the vibration isola-
tion system is reduced to the problem of choosing vibration isolators with optimal stiff-
ness and damping properties and keeping the frequency ratio within the range of
Z =2.5...5.5; in this case, effectiveness of vibration isolation is always I = 80 %.

Equations (2) and (4) or their simplified variants are most widely used in engineer-
ing practice when calculating the systems of vibration isolation for the machines and
structures. Analysis of energy dissipation included into these equations indicates the
following:

— with elliptical hysteresis loop (linear stiffness characteristic of elastic system), en-
ergy dissipation practically does not change natural frequency of the system oscilla-
tions;

— configuration of the hysteresis loop has little effect on the value of the system oscil-
lation amplitude; it affects the frequency and position of the resonant peak relative
to the vertical w/ao = 1;

— 1in the existing mathematical models of elastic system oscillations, method of energy
dissipation accounting makes it possible to reveal its influence only in the region of
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resonance; with stationary oscillations, the effect of energy dissipation is insignifi-
cant.

All these considerations should be considered when calculating a concrete system
of vibration isolation for the machines.

Experimental studies of the system of vibration isolation of vortex mixers. A
set of experimental studies of vortex mixers installed on a monolithic reinforced con-
crete slab at the level of +10.800 m in the mixing section of the sintering plant of the
Northern Mining and Processing Plant (Kryvyi Rih) was carried out with the help of
the Briiel & Kjer measuring equipment. A design feature of the reinforced concrete
floors is that one of its sides at the discharge part of the mixer is free and rests on steel
racks.

The mixer is a hollow metal cylinder (Fig. 2), in which rotor with special blades for
mixing the processed raw materials revolves; the rotor is actuated by electric drive.
Due to the imperfections of manufacture of elements for the mixer, inaccuracies of
their assembly and specificity of the mixing process technology (sticking of the product
on the rotor blades, the material falling from the blades according to a random law,
etc.), a strict circular symmetry of the mixer elements moving relative to the axis of
rotation is disturbed and leads to occurrence of centrifugal forces, dynamic imbalance
and vibrations with a broadband spectrum of disturbing forces, which are transmitted
to the reinforced concrete floors.

1 2

1 — drum; 2 —drive; 3 — frame; 4 — vibration isolators; 5, 6, 7 — points of vibration measurement
Figure 2 — Mixer scheme

This dynamic imbalance, along with the rotation symmetry of the moving parts
during the mixer operation, increases with operating time due to the wear of its ele-
ments. When repairing the mixer, some disadvantages are eliminated by way of replac-
ing the rotor blades, removing stuck material from the rotor, etc. However, it is not
possible to completely eliminate this constructive and technological imbalance.

For the mixer rigidly mounted on the reinforced concrete floor, the following values
of the vibration parameters were experimentally obtained: oscillation amplitude of the
mixer supporting structure was 0.22 mm, oscillation frequency was 14 Hz; amplitude
of oscillations of the housing of the main mixer assemblies was (0.11 — 0.17) mm in
the vertical plane and (0.05 — 0.11) mm in the horizontal plane; amplitude of oscilla-
tions of the floors between the mixers was (0.17 — 0.21) mm in the vertical plane and
(0.22 — 0.27) mm in the horizontal; sound pressure level was 110 dB; level of vibra-
tions and sound pressure exceeded sanitary standards by about 1.5 times. It was also
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noted that vibrations led to intensive wear of the mixer elements and destruction of the

floor.

After the mixer was installed on the rubber vibration isolators, the experimental
studies showed the following: oscillation amplitude of the mixer supporting structure
was 0.07 mm; sound pressure level was 80 dB; dynamic loads on the main elements of
the mixer decreased by three times; effectiveness of the vibration isolation system for
reducing the vibrations transmitted to the floor was 85 %; level of the floor vibration
and sound pressure were reduced up to sanitary standards.

The vibration isolation system remained effective for about 9 years. Due to the ag-
ing of rubber, vertical stiffness of rubber vibration isolators increased on average by
60 %, energy dissipation factor decreased by 4 times. The consequence was that stiff-
ness and dissipative characteristics of the vibration-isolation system exceeded permis-
sible limits for the parameter changing, and the system of vibration isolation became
ineffective.

During the operation, as a result of aging of rubber elements in the vibration isola-
tion system, amplitude of oscillations of the floor increased by almost 9 times (from
the initial value 4, = 0.027 mm to A, = 0.21 mm).

Calculation of vibration isolation system of the mixer with taking into account
the rubber aging. Data for calculation:

— mass of the vibration isolation system is m = 35000 kg;

— frequency of forced oscillations is — 14 Hz;

— number of vibration isolators: 26 supporting isolators and 8 stop isolators;

— static load on one supporting vibration isolator is 15.0 kN;

— metal-rubber vibration isolators with rubber element dimensions: diameter 180 mm,
height 100 mm;

— rubber 2959 with the following initial physical and mechanical characteristics: con-
ditionally-equilibrium modulus of elasticity is £, = 3.7 MN/m?; dynamic (at the fre-
quency of forced oscillations of the mixer 14 Hz) elastic modulus is
Eo = 4.8 MN/m?; energy dissipation factor is w= 0.35.

In total, the vibration isolation system was monitored for 16 years: from time to
time, vibration isolators (not less than three) were taken out from the system and
checked by a complex of mechanical tests. The test results are shown in Figure 3 and
Figure 4.

As it can be seen, dynamic modulus of elasticity was changed by exponential law;
functional dependence E°(f) can be represented as

E°(t)=E} +(E) - E? )exp(kt), 1)

where E} and E, are initial and final values of dynamic modulus of elasticity, respec-

tively, N/m?; ki is the rate constant.
The dependence y(t) can be described by the relation

() =y, —kit, (22)

where yy is initial value of the absorption coefficient; k» is the rate constant, s
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Figure 3 — Time dependence of dynamic modulus of compression; Egn, Egr are initial and final val-
ues of the conditionally-equilibrium modulus of elasticity, x — lower limit of the vibration isolator
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Figure 4 — Time dependence of energy absorption coefficient; yo and yx are initial and final values
of energy dissipation factor, x — lower limit of the vibration isolator service life

By putting relations (21) and (22) into equations (3) and (14), we obtain the time
dependences of the mixer oscillation amplitude (Fig. 5) and coefficient of vibration
isolation (Fig. 6).

For the considered vibration isolators: o =0.35; k»=0.085-108s";
E =4.80 MN/m?% E; =8.29 MN/m?; k1 = 1.1-10° h*!,

It should be mentioned that during the operation of the vibration isolators
(t =16 years), elastic modulus increased by 60 %, and energy dissipation rate de-
creased by more than 400 %, which, in general, indicates a change in the structure of
the material and its relaxation properties and decrease of its ability to absorb energy of
mechanical vibrations.

In practice, such changes in the rubber basic parameters led to the following: the
vibration isolation system remained effective for about 9 — 10 years (about 70 — 85
thousand hours); during further operation, parameters of the rubber exceeded the limits
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of permissible values, and the vibration isolation system lost its functionality; ampli-
tude of the mixer housing oscillations exceeded sanitary norms.

A,x10%, mA 1
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o
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ol 3
0.00 :

0 5 10 15 1, years

1 — experimental curve with taking into account wear of the mixer elements; 2 — calculation by
equation (4); 3 — calculation by equation (2)
Figure 5 — Time dependence of amplitude of the mixer housing vibration
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Figure 6 — Time dependence of coefficient of vibration isolation effectiveness

Calculation of elastic characteristics of the rubber vibration isolators is considered
in [8].
3 Discussion of the results

1. Despite diversity of methods for accounting energy dissipation during vibrations
of mechanical systems, modern mathematical models, as a whole, do not consider vis-
coelastic effects accompanying the rubber deformation in full volume. When construct-
ing the amplitude characteristic of the system (Fig. 5) according to the equations (14)
and (16) and determining the coefficient of vibration isolation by formulas (18) and
(19), values of 4 and 7 depend on the energy dissipation factor . However, when
considering rubber aging effect on the dynamics of the mixer, changes of stiffness
characteristics play a more important role since they determine natural frequency of
the system oscillation.

2. The increase of dynamic stiffness (Fig. 5, curve 3) of the system elastic suspen-
sion by 60 % (during 16 years of operation) gives a calculated increase of amplitude of
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oscillations by (20 — 25) % according to equation (2) and (21); equation (14) more ac-
curately takes into account the viscoelastic effects (Fig. 5, curve 2), but coincidence
with the experiment (Fig. 5, curve 1) is observed exclusively in the first 3 — 4 years of
operation. Such significant discrepancies between theoretical and experimental curves
are explained by the following circumstances: in the calculations, value of the inertia
force per unit mass of the mixer was assumed to be constant. However, for most of the
mining and smelting machines, during their operation, it is not only the parameters of
elastic suspension that change; due to the wear of moving elements, degree of their
imbalance also changes and leads to increase of inertial force per unit mass. Of course,
elimination of wear results in decrease of this force, however, it can significantly in-
crease during the overhaul period (for example, due to sticking of concentrate to the
blades, uneven wear of the blades, wear of gearbox parts, etc.).

All this, as follows from Figure 5, should be taken into account when designing and
calculating the vibration isolation systems, which should be made with a certain reserve
allowing to be within the limits of permissible values for a certain period of time even
at some deviations from the set parameters of the mixer (for example, changed mass or
disturbing force). To this end, dynamic factor should be within the range of 4.5 — 5.0.
The considered vibration isolation system of the mixer was designed exactly in this
way, and even when stiffness of vibration isolators and disturbing force (due to the
wear of the mixer elements) were changed (stiffness was changed by 60 %), it still
remained within the limits of sanitary standards and technological requirements for
9 — 10 years.

3. Energy dissipation affects amplitude of the mixer oscillations; it affects fre-
quency and position of the resonant peak relative to the vertical @/ @y = 1. Rubber aging
increases the amplitude of the mixer oscillations (Fig. 5), changes the system’s natural
oscillation frequency and shifts the value of @/, 1.e. position of the resonance peak.

4. Energy dissipation affects the coefficient of vibration isolation n; rubber aging
significantly increases m mainly due to the changed frequency ratio @/ay; and effi-
ciency of the vibration isolation decreases accordingly (Fig. 6).

4 Conclusions

1. Any vibration isolation system in the machines operating under dynamic loads
for a long period of time should be calculated with taking into account the rubber aging
and inevitable disturbing force increase with time.

2. The theory and method are developed for calculating the vibration isolation sys-
tems with rubber elastic links for heavy mining machines, whose information parame-
ters change with operating time due to the aging of the material.

3. According to the accepted mathematical models, energy dissipation of the ma-
chine elastic links affects the in-time changes of vibration amplitude and coefficient of
vibration isolation; in addition, it significantly reduces noise, hence, improving safety
of operators’ work and machine operation.
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AHoTauis. BukoprctaHuii KOMNMEKCHWA Nigxid, Wo BKMoYae nobyaoBy MaTeMaTUyHOI MOAENi Ta pesynbTaTit Tpu-
BanMX NPOMUCNOBMX BUNPOOYBaHb BAXKNX MPHUYMX MALLUMH 3 T'YMOBUMM NPYXXHUMM 3B'13KaMM.

Po3rnsigatoTbCs NUTaHHs BibpOi3onsiLlii BaxKMX MaLLMH, O NPaLOTb B eKCTPEMANbHUX YMOBaX, TOBTO nNpu TpuBa-
NINX LMKITIYHAX HABAHTa)XEHHSIX | BMMMBI 30BHILIHBOTO arpecUBHOMO CEpPeaoBMLLA, BMACTUBOU] MipHNY0-30araqyBanbHiM
nignpuemcTteam. Sk Npuknaz po3rnsgatoTbCs BUXPOBI 3MiLLyBaYi 3 CUCTEMOLO BiBPOi3onsLyii, Lo MICTUTL ryMOBI €NeMEHTY.
Y npoueci TprBanoi ekcnnyarauii Maca 3MmillyBaya He 3anuLIaeTbCa NOCTIHOW; ii 30iNbLUEHHS MOB’'S3aHe 3 HanNMNaHHAM
NOYaTKOBOrO NPOAYKTY HAa PYXOMWX YaCTUHaX MalMHW. PosTaluyBaHHS Takux MaluMH B arnodabpuui Ha nosHayyi +10,4
M, a TakoX 3MiHa B 4Yaci NOBOPOTHOI cuMeTpii 0bepTaHHsi bapabaHa Haknapae Ha cuctemy Bibpoisonsuii neBHi BUMOrK:
cucTema MoBMHHA ByTH «M'sikoty i cTabinbHO B Yaci, To6To npotsirom 9-10 pokiB excnnyatauii XOpCTKiCHI Ta gucunaTu-
BHi napaMeTpwm ii He NOBUHHI BUXOAWUTW 3a LONYCTUMI 3HAYEHHS. 3 METOI0 3MEHLLEHHS epeKTy CTapiHHA BUKOPUCTOBYBa-
nacs ryma tuny 2959 Ha OCHOBI HaTypanbHOro Kayyyky 3 MOCKUIIEHOK 3aXMCHO PYMOokD, NpU LibOMY HecTabinbHICTb OCc-
HOBHWX MeXaHi4H1X napameTpiB BpaxoByBanacs B po3pobneHin Teopii Bibpoisonsuii MaLuH.

Ha ocHoBi po3pobneHoi cuMynSTUBHOK MOZEeNi Ta iHTerpanbHUX cniBBiaHoOWeHb bonbumara - BonbTeppa 3 sgpamu
penakcayii i nicnsagii oTpUMaHo PiBHSHHS, WO 403BONSE HANBINbL NOBHO BPAXOBYBATY B'A3KO-MPYXHi BNACTUBOCTI NyMU;
onepaTop XOPCTKOCTI NPYXHOI NiABICKM MaLUMHW B TaKOMY PIBHSIHHI 3an1CcaHui 3 BUKOPUCTaHHAM [piBHO-eKCNOHEHLINHOT
cyHkuii Tuny 0. PaboTHOBA; Ha OCHOBI MaTeMaTUYHOI MOAENi po3paxoBaHi OCHOBHI NapameTpy AOCTIZLKYBaHOI MaLLMHMK;
30KpeMa, 41 BUXPOBOro 3MilllyBayva po3paxoBaHi YacoBi 3anexHOCTi aMnsliTyau KonuBaHb Kopnycy 3MillyBaya Ta koedi-
LjieHTa epeKTUBHOCTI Bibpoi3onsLii 3 ypaxyBaHHAM CTapiHHA MaTepiany npyHUX NaHOK MaLUMHW; pe3yrbTaTi po3paxyHKy
MOPIBHIOKTLCS 3 pe3ynbTaTamu NPOMMCIIOBMX BUNPoBYBaHb NPoTArom 16 pokie excnnyatauii BUXpoBOro 3milysava. Po-
3pobreHo Teopito | MeTog po3paxyHKy CUCTEM BIBPOI3ONALT BaXKKUX TNPHUYMX MALUMH 3 TyMOBUMM MPYXHUMM NaHKamu 3
ypaxyBaHHAM 3MiHW CTPYKTYpU MaTepiasy 3a paxyHoK eqpekTiB CTapiHHS.

B poboTi po3rnsaaeTsCa npuknag po3paxyHKy cucTemu Bibpoisonsyii aMillyBaya 3 ypaxyBaHHSM CTapiHHS ryMu; Be-
NIMYWHM 3MIHW B Yaci OCHOBHWUX MeXaHiYHWUX napameTpiB Oynu oTpuMaHi ekcnepumeHTansHo npotsrom 16 pokis. Lie go-
3BOMUIMO BU3HAYUTW TUMYACOBI 3MiHWM amnniTyau KonvWBaHb KOpnycy amillyBaya Ta koedilieHTa eqeKTUBHOCTI cucTemMu
Bibpoisonsuii. MokasaHo, Lo cucTema Bibpoisonauii amiwysaya 3bepirana echekTnsHiCTL NpoTarom 9-10 pokis, Nicns 4oro
MeXaHiYHi XapaKkTepuCTUKU ryMu BUXOAMMMW 3@ MEXi JONYCTUMMX 3HaYeHb | cUCTeMa BTpayarna CBOe (yHKLiOHansHe npu-
3HaYeHHsl, a amnniTyga kopnycy 3millyBaya nepesuLLyBarna iCHytoui caHiTapHi HopMu.

KntoyoBi cnoBa: Bibpoizonsyia MalwvH, iHTerparnbHi cnissigHoLleHHs bonbuymaHa-BonbTeppa, dyHkuis PaboTHoBa,
eheKTN CTapiHHA rymu

AHHoTaums. Mcnonb3oBaH KOMMMEKCHbIA NOAXOL, BKIOYAOLLMIA NOCTPOEHUE MAaTEMATUYECKON MOAENN U pesyrib-
TaTbl ANNTENbHbLIX NPOMbILLNEHHbIX UCTIBITAHUA THKENBIX FOPHBIX MALLMH C PE3VNHOBLIMU YIPYrUMU CBA3AMM.

PaccmaTpuBatoTCst BONPOCH! BUOPON30NALMN TSXKEMbIX MaLLKH, pabOTaLLMX B SKCTPEMarbHbIX YCIOBUSX, T.€. NPy
ANUTENbHbBIX LMKIMYECKUX Harpy3kax U BIIUSIHUW BHELLHEN arpecCuBHON Cpefbl, CBONCTBEHHOM rOpHO-060raTUTENbHbLIM
npeanpusTMsM. B kayecTBe npuMepa paccMaTpyUBAOTCS BUXPEBbIE CMECUTENM C CUCTEMOI BMOPOM3ONALMM,
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COAEpXKaLLen pe3nHoBbIE dNeMeHTbI. B npouecce AnUTeNbHOM aKenyaTauum Macca CMecUTens He 0CTaéTcs NOCTOSH-
HOW; eé yBenmnyeHne CBA3aHO C HanmnaHMeM UCXOAHOTO NPOAYKTA Ha NOABMKHbIX YaCTAX MaLUMHbI. PacnonoxeHue Takux
MaLuvH B arnogpabpuke Ha otmeTke +10,4 M, a Takke 3MeHeHne BO BPEMEHM MOBOPOTHON CUMMETpUM BpaLleHus bapa-
OaHa HanaraeT Ha cuctemy BU6POM3ONALMM OnpeaeneHHble TpeboBaHMS: cucTeMa AOIMKHA ObITb «MArKOMY 1 CTabunbHON
BO BPEMeHH, T.e. Ha npoTsikeHun 9-10 neT aKkcnnyaTaumm XecTKOCTHbIE U AUCCUNATUBHbIE NapaMeTpbl €€ He AOIKHbI
BbIXOAMTb 3a AoMyckaeMble 3HaveHus. C Lenbio yMeHbLLEHUs adhdhekTa CTapeHns nenonb3osanach pesnHa tuna 2959
Ha OCHOBE HaTypanbHOro Kay4yka C YCUNEHHOW 3aLLMTHON rpynnon, Npu 3TOM HECTabUNBHOCTb OCHOBHbBIX MEXaHNYECKIX
napamMeTpoB yuuTbIBanach B pa3paboTaHHOM Teopun BUOPOU3ONALIMM MALLH.

Ha ocHoBe paspaboTaHHON CUMYNATUBHOM MOZENU U UHTErpasbHbIX COOTHOLEHUI bonbLMaHa — BonbTeppa ¢ aa-
pamu penakcauum u nocnenencTsus NonyvyeHo ypaBHeHe, No3sonstoLLee Hanbonee NonHO y4uTbIBaTb BA3KO-yNpyrie
CBOWCTBA PE3MHbI; ONepaTop XECTKOCTU YNPYroi NoABECKM MaLLWHbLI B TAKOM YPaBHEHWM 3amncaH C UCMOMNb30BaHWEM
ApOBHO-3KCNOHeHUManbHoi dyHKUMm Tvna K. PaboTHOBA; Ha OCHOBE MaTeMaTU4YeCKOo MOLENM paccyUTaHbl OCHOBHbIE
napameTpbl UCCNeayeMON MaLlnHbI; B YAaCTHOCTH, 415 BUXPEBOrO CMECUTENS pacCyUTaHbl BPEMEHHbIE 3aBUCUMOCTY am-
NNWTyabl konebaHui kopnyca cmecutens 1 koadduumeHTa apekTBHOCTU BUBPON3ONALMM C Y4ETOM CTapeHus maTe-
puarna ynpyrix 3BeHbeB MaLLWHbI; pe3ynbTaTbl pacyéTa CPaBHUBAIOTCA C pe3ynbTaTamil MPOMbILLNEHHBIX UCbITAHUIA HA
NpOTsXKeHUM 16 NeT akennyaTauun BUXpeBoro cMecutens. PaspabortaHa Teopus 1 MeTog pacyéta cuctem Bubponsons-
LMW TKENBIX FOPHBIX MALUMH C PE3UHOBLIMU YMPYTUMU 3BEHBAMM C YH4ETOM U3MEHEHUS CTPYKTYpbl MaTepuana 3a CYéT
3(h(peKToB CTapeHms.

B pabote paccmatpuBaeTcs npuMep pacyéta cucTeMbl BUOPOM3ONALMM CMECUTENS C YY4ETOM CTApEHWS PE3UHbI;
BEMUYMHBI U3MEHEHUS BO BPEMEHM OCHOBHbBIX MEXaHUYECKNX napameTpoB Obinv NomyyeHbl 3KCNepUMEHTaNbHO Ha Npo-
TSOKEHUW 16 neT. 3TO NO3BONMNO ONPeSeniTb BPEMEHHbIE M3MEHEHUS aMnaMTyabl konebaHui kopnyca cMecuTens
koahhuumeHTa achheKTUBHOCTM cucTEMbI BUOGpOn3onsaumm. MokasaHo, YTo cucTema BUOPOM3ONALMM CMECUTENS COXpa-
Hana addhekTMBHOCTL B TeYeHne 9-10 neT, nocne Yero MexaHn4eckne XapakTepucTUKN Pe3nHbI BbIXOAMNW 3a Npeaensl
JOMyCcKaeMbIX 3HAYEHWUA 1 cuCTeMa Tepsana CBOE (hyHKLIMOHAbHOE HasHauYeHu1e, a aMnnuTyaa koprnyca cMecuTens npe-
BbllLana CyLLeCTBYHLLME CaHUTAPHbIE HOPMbI.

KntoyeBble cnoBa: BuGpon3onsumus MallnH, MHTerpanbHble COOTHOLEHMS bonbuymaHa — BonbTeppa, yHKkumus Pa-
6oTHOBA, 3thPEKTbI CTapeHUs PE3nHI

Cmamms Haditiwna do pedakyii 16.12.2020
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