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Abstract: This study deals with a methodology for increasing the efficiency of dynamic process
calculations in elastic elements of complex engineering constructions. We studied the complex
dynamic processes in a simple engineering construction, a mechanical system of an elastic body—
continuous flow of homogeneous medium. The developed methodology is based on the use of a
priori information on some of the vibrations forms, the construction of a “simplified” mathematical
model of system dynamics, and the obtaining of an analytical relationship that describe the overall
range of factors on the elastic vibrations of system. The methodology is used for cases of complex
vibrations of elastic bodies, and the obtained results can serve as a basis for choosing the main
technological and operational parameters of elastic elements of mechanisms and machines that
perform complex vibrations. The results obtained in this work are the basis for calculating the
blast effect on the elements of protective structures in order to increase their protective capacity by
improving the method of their attachment or by using additional reinforcement, buff load effects on
the elements of drilling strings and dynamic processes that occur during surface strengthening by
work hardening in order to avoid resonance phenomena, and technological processes of vibration
displacement or vibration separation of granular media.

Keywords: dynamic processes; simplest engineering construction; continuous flow; homogeneous
medium; complex vibration; priori information; mathematical model

1. Introduction

A methodology for researching complex vibrations of the structural elements of the
simplest engineering constructions has been developed. It is based on the usage of a
priori information about one of the vibration forms of an elastic body;, its processing and
usage during the construction of a mathematical model of another form of vibrations,
and development or usage of existing analytical methods for constructing a solution for
the latter one. The methodology, however, simplifies the mathematical model of process
dynamics and thus simplifies the procedure of finding and researching its solution. Using
this methodology enables one to establish a number of features of the structural elements’
dynamics, in particular the conditions of external and internal resonances and their initial
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peculiarities. The main idea of the methodology is presented using the example of an
elastic body that performs bending and longitudinal vibrations, and in addition to that a
continuous flow of homogeneous medium (CFHM) of zero stiffness that moves along the
body, which greatly complicates the problem of constructing a solution for the mathematical
model of elastic body dynamics. For this reason, the following issues were predetermined:

e even movement at a constant speed along the elastic body of the CFHM affects the
natural frequencies of the component vibrations;

e the most dangerous (resonant) vibrations of the specified type of systems can be
caused both by external periodic forces and mutual influence of certain forms of
vibrations on the others (internal resonances);

e internal resonances of an elastic body that performs bending and longitudinal vibra-
tions can exist with even and odd modes of bending vibrations; with even modes
they are caused by its longitudinal vibrations and with odd modes by its longitudinal
vibrations and continuous flow of homogeneous medium motion;

e the amplitude of bending vibrations of the transition through the internal resonance
at higher frequencies of longitudinal vibrations is less than at the second frequency;

e the amplitude of the transition through the main resonance for larger values of the
amount of motion of the continuous flow of homogeneous medium is smaller than
the amplitude of the transition during the rapid transition through the resonance.

The methodology can be generalized in other cases of complex vibrations of elastic
bodies, and the obtained results can serve as the basis for choosing the main technological
and operational parameters of elastic elements of mechanisms and machines that perform
complex vibrations. The reliability of the obtained calculated dependences is confirmed by
the boundary transition from which follow the results known from scientific publications
concerning the one form of vibrations of elastic bodjies.

2. Problem Statement and Research Relevance

Analysis of dynamic processes in the elements of machines and structures, which are
elastic bodies, shows that in most cases they carry out such complex oscillations through
a combination of longitudinal forces, bending, and torsion. Isolation during research
of some of them, even the largest amplitude with simultaneous neglect of the influence
of others (even small amplitude) will lead to significant inaccuracies in describing the
dynamic process of the element and the system as a whole. The value of the error increases
significantly in cases where the natural frequencies of the oscillations are close in value or
related by a rational ratio, and the elastic properties of the object under study are described
by nonlinear relations.

The analytical study of complex nonlinear dynamic processes in elastic bodies (con-
struction elements) based on mathematical models that take into account a wide range of
external and internal factors is associated with significant mathematical difficulties. This
is the integration of systems of nonlinear non-autonomous boundary value problems for
equations with partial derivatives. Therefore, there is an actual problem of development
of such an analytical methodology that takes into account a broad range of factors that
impact on the object and receive its calculation-dependent base that would be available
for engineering calculations at the design and upgrade stage. A partial solution for these
problems is illustrated with the case of an elastic element mechanism (construction), which
provides both longitudinal and bending vibrations. In addition, the elastic element is
characterized by longitudinal frequencies, or it moves along the continuous flow of an
incompressible homogeneous environment.

The study of even its monoform nonlinear oscillations is a difficult mathematical
problem, because it is impossible to use existing analytical methods of partial differential
equations to solve it.

To partially resolve the problem, an analytical and empirical method is developed.
Its main idea includes the following tasks: based on empirical information on one of the
forms of oscillations (usually of smaller amplitude), the approximate analytical relations



Electronics 2021, 10, 40

3of21

of their amplitude—frequency characteristics are obtained; the obtained dependences are
taken into account in the refined mathematical model of another form of oscillations. The
latter non-autonomous type is much simpler to study than the “idealized model”. One
of the most convenient analytical methods is used for this model, or a new approach is
developed, for example, for systems with strong nonlinearity.

3. Related Works

The most effective methods of analytical study of nonlinear oscillatory processes of
systems with concentrated masses and distributed parameters are those based on the main
idea of perturbation methods [1,2]. They are effectively used to study single or multifre-
quency oscillations of elastic bodies, as well as systems with distributed parameters [3,4].
However, the operation of existing structures is usually accompanied by complex oscilla-
tions of their elements. For example, turbine rotors perform simultaneous bending and
torsional oscillations [5,6], columns for drilling oil and gas wells perform both longitudinal
bending and torsional oscillations [7,8], etc. Some experimental and theoretical studies
show that components of vibrations of structural elements, in some cases interacting with
each other, can lead to significant dynamic loads in them. These loads increase rapidly in
magnitude in the so-called resonant cases, when the frequencies of the component oscil-
lations (bending, longitudinal, torsional) or external and natural frequencies are related
by rational relations [2,9] (i.e., oscillations in bodies with material properties that are or
are nearly linearly elastic). To prevent them means to extend the service life of elastic
bodies, i.e., structures as a whole, only on the basis of mathematical models adequate to
the dynamic process and their solutions. If such phenomena under the action of external
perturbation for both quasilinear and nonlinear systems with concentrated masses have
found a relatively proper development (see, for example [1,9]), the issues of internal reso-
nances for systems with distributed parameters were considered only in some works [9,10].
To prevent such phenomena, it is necessary to know in advance about the reaction of the
object under study to a particular type of disturbance, as well as the result of the interaction
of certain types of oscillations. However, the development of analytical methods for appro-
priate mathematical models that take into account a wide range of external and internal
factors is a complex problem. The use of the same for the latter methods of numerical
simulation in many cases does not give the desired results. The problem is much more
complicated for elastic elements whose elastic properties of the material are described
by nonlinear relations [11-15] or are characterized by longitudinal velocity [16-22]. The
peculiarity of the dynamics of the last class of systems is an example of this fact. The
velocity of the relative motion of the medium along the elastic body (or the body itself)
affects the quantitative characteristics of the components of oscillations (longitudinal or
bending), and thus the second component of oscillations (torsional). On the other hand,
taking into account the constant velocity of longitudinal motion in the mathematical model
of monoform oscillations of elastic bodies leads to a qualitatively new form for which it
is not possible to apply known classical methods of integrating equations with partial
derivatives [16,17,20,21]. Taken together, it requires the development of simplified methods
for studying this class of systems and obtaining relatively simple analytical dependencies
that could predict in advance such undesirable conditions for the resonant phenomena of
the class of bodies (systems).

Thus, the paper attempts to partially solve such a little-covered problem in the litera-
ture as the development of methods for analytical research of complex nonlinear oscillations
of the simplest elements of machines and mechanisms. Its main idea is illustrated by the
example of nonlinear elastic bodies that carry both bending and longitudinal vibrations
besides the body that moves along a continuous flow in a homogenous environment. Such
systems include, in particular, columns for drilling wells along which a continuous flow
of fluid moves, elements of pipelines for transporting liquids, working bodies of screw
conveyors for moving bulk media [7,19,23], and others. They are the main focus of the
work. Regarding the external perturbation of the oscillations of an elastic body, the cases
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of continuous and discrete action are considered in the work. The latter is analytically
represented by delta functions [24-31]. The resonance condition for the discrete action
of pulsed perturbation is obtained, and on the basis of generalization of the main idea of
asymptotic methods [29-31] of nonlinear mechanics on systems with pulsed perturbation,
the laws of change of basic parameters of resonant oscillations are described.

4. Materials and Methods

The main idea of the developed methodology for studying complex nonlinear elastic
body oscillations is presented below on the example of the elastic body—CFHM system,
which moves along a body with a constant velocity V. The elastic body under the action
of external factors performs complex vibrations, known as bending and longitudinal
vibrations. Partial information about one of the forms of vibrations, in this case longitudinal,
which is known from experimental studies, is considered in experimental studies based on
the processing of information obtained by the use of sensors. Regarding these specified
data, the amplitude of these oscillations is much smaller than the bending. Despite this
fact, the following vibrations under certain conditions can lead to a significant increase
in the amplitude of another form of bending vibrations of the body and thus reduce the
service life. The task is to:

(a) develop methods for processing experimental information about longitudinal vibra-
tions and bringing them to a form convenient for consideration when building a
mathematical model of bending vibrations;

(b) construct a mathematical model of the dynamics of the elastic body—CFHM system,
which would take into account the above a priori information and a wide range of
internal and external factors of continuous and discrete action;

(c) develop methods for constructing the solution of the above mathematical model;

(d) obtain analytical relations that describe the defining parameters of bending vibrations
of an elastic body depending on external and internal factors of the system on the
basis of the above method. That would enable calculations of specific elements of
machines or systems at the design stage or during their operation.

Methods of processing experimental information about one of the forms of vibrations
and bringing it to a form convenient for building a mathematical model of another form
of vibrations. The peculiarity of the elastic body dynamics is the fact that its material
satisfies the quasilinear elastic properties, and therefore the frequency of the dynamic
process of such an elastic body depends on the amplitude. It is proposed to use a priori
information about the amplitude and period of longitudinal vibrations of an elastic body to
establish this relationship with respect to longitudinal vibrations [14]. Thus, it is believed
that it is determined by a set of successive values of amplitudes and periods of vibrations.
These characteristics of the longitudinal vibrations of a rigid body determine the following
approximate ratios:

Mb _db At _de )
T dt’ T dt (
in which Ab = b; 1 — bj, AT = 141 — Tj, AT—length of j-scope, b;-magnitude.

Logarithms of amplitude change d;, = lnb;% and period d; = ln% of vibrations with

a sufficient degree of accuracy can be approximated by polynomials
= Brlly ) or = [P 20|81 (8) @

In the above dependences, (b (1Y s) and B, (b i1 s) polynomials have the form of

Brlbeye) = DL Pty ®)
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P2 <bj+%, 8) = ; ;gnﬁanb];j{_% 4)

It should be highlighted that in relations (3) and (4), b, 1 = bithja ,
J*3 2

which is expressed in terms of physical and mechanical properties of the elastic body,
the method of its fixation and for the quasilinear properties of the latter is zero, a small
parameter indicating a slow change and time of amplitude and period of vibrations.

From the expressions for the logarithms of the change in the amplitude and period of
vibrations on the basis of the mean theorem we obtain

0 is a constant,

T+1 d d
[ o= () ©
Jt+3
Ti+1 d
—(B2lb; 1€ dt—r-(lm’) , (6)
/T], dt( (J+z )) T\ dt =i+
d
27T:1Pj+1—l/’j:Tf(dlf>|T ] 7
=T 4

where ¢ is phase of the longitudinal component of vibrations.
Regarding the obtained expressions to the characteristics of the vibrating process at a
given time, we obtain

db A d — N
o= L e"bAu(b), = ot + Y "B (b), (®)
n

n

where A, (b), B, (b) are known functions.

According to the above, the longitudinal movement of the cross section of the elastic
body with the coordinate y for the first approximation can be represented as u(y,t) =
by (et)sin'Fycosty, 0, = (@,t + ¢r) (I is length of the elastic body and the parameters r, @
are determined by the method of fixing the body;, its physical and mechanical properties
and cross-sectional shape).

Mathematical model of elastic body dynamics. As it follows from the formulation of
the problem to be solved in the work, an arbitrary conditionally-isolated element of an
elastic body, as well as SPOS, are in complex motion. To describe the kinematic parameters
of CFHM, portable motion is considered to be the motion of an elastic body. The movement
of the continuous flow of homogeneous medium is relative to the body and will be nothing
more than a relative motion. As for the elastic body, which performs complex vibrations,
bending and longitudinal ones, the first of them will be considered portable, then the
longitudinal deformation of the thallus relative to the transversely deformed elastic body
determines the relative motion. Assuming that in the undeformed position of the body
its neutral axis occupies a position that coincides with the vertical axis OY, provided
that the bending vibrations of the body occur in one plane (XOY plane), the portable
transverse displacement of the elastic body is uniquely determined by the movement
perpendicular to OY. Thus, the transverse vibrations are described by the function—the
transverse movement of the neutral axis of the body with the coordinate at any time t;
the relative displacement of the elastic body (longitudinal vibrations) is unambiguously
described by the displacement of the specified cross section of the body along the deformed
elastic axis. The specified value is determined, as mentioned above, by the function u(y, t).

A mathematical model of the dynamics of the elastic body system—continuous flow
of CFHM can be obtained based on the “dynamic equilibrium” of the conditionally selected
element with the coordinate of its middle y and length dy.
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In the case when the elastic body continuous flow of homogeneous medium performs
one-form vibrations (bending) at hinged ends, its mathematical model has the following

form [11]:
0%w ’w , %W otw ow Sw
(mt+ms) 982 +2msayatv+ msV' ayz—i_EIajfl_gfl(w,at,”',a]/a,’Y) )
2w
w(y, ), =0, = =0,j=0,1 (10)
(T

in which [ is the distance between the attachment points of the elastic body, m;, m; is

accordingly the mass of the unit length of the elastic body and CFHM, EI is its bending

stiffness (E-E-modulus, moment of inertia of the body cross-section), f1 (w, aaif, s, 8837%’, 'y)

is a function that describes the resistance forces, the nonlinear component of the reducing
force, the external 27t-periodic y perturbation with frequency u (7 = ut) and other forces
whose maximum value is significantly less than the maximum value of the last term of the
left side, as indicated by the small parameter e.

As for the considered much more complex case, the mathematical model should
additionally take into account the inertial forces of relative motion and the Coriolis force
of an element of an elastic body and CFHM. In accordance with the above-accepted

t
components of the movements of the system under consideration, the relative (Z,) and the

t
Coriolis (;CO,) acceleration of a point that coincides with the middle of an element of an
elastic body (a point with a coordinate y) is determined by the dependences

—t Hazu —20%u
a,= 8t2 ——sina + T cosu, (11)
o%w —du —du *w ou - du
t _ S ou . . U —
Aoy = 2(8y8t> k x < i o sinag + 5 cosa()) 28y8t{ 5 —coswg I + o ——singg j } (12)

- = —
where i, j,k unit vectors are directed along the axes OX, OY, and OZ (the OZ axis is

directed perpendicular to the XOY plane); and & is the angle that is formed by the tangent
to the curved axis of the elastic body with the OY axis at the point with the coordinate y. For
small vibrations of the system (such vibrations are considered in this paper), the condition

for determining the specified angle is the correlation singg = &y = %—Zy" cosa = 1, and

therefore in accordance with the specified 2 aya ; is nothing more than the angular velocity
of the transpositional motion of elastic body. As for the acceleration of CFHM, for its

s
movement we have the following: the relative acceleration is equal to 36 = V?Z?, where

_p> is the unit vector of the internal normal to the curved axis of an elastic body, and that
— —

is why _p> = —icosag + jsinag, p-radius of curvature of the neutral axis of the body at a
point with an ordinate y. Projections of the specified vector on the axis of the fixed system
XOYZ are determined in accordance with the correlation

s azw% %u -+ %u -

ae_a—z a2smocoz—|—azcosa0] (13)

Similarly, the Coriolis acceleration vector continuous flow of homogeneous medium
is determined by

s Pw  %u P o - ?w  %u - -,
Aoy = 2(8}/2% + ayat) X V< 1 sing + ]cosoc()) =2V <8y8t =+ ayat) (— i cosug + ]smzx0> (14)

. N . . . . .
in which % k is the vector of angular velocity of an elastic body in relative motion.
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Taken together, the above allows us to write down the differential equation of bending
vibrations of an elastic body, taking into account longitudinal vibrations and motion along
CFHM in the form of

(my + ms) 2 atz +Ela T +m5{zayatv+vza 7 +2V(a of T Bjat) Jr%izaw)}

0“u dw %w Ju ow Pw ! (15)
+mt{Way 2508 at} :fl( W gtrr g3 ’Y)‘
Note 1:

(a) Equation (15) takes into account that for the case of small vibrations, it is true that
sinag = g = %—;’, cosa = 1, and the deplanation of flat sections is neglected;

(b) longitudinal vibrations do not change the curvature of the neutral axis of the
elastic body;

(c) the differential relation of the “dynamic equilibrium” of the selected element in the
projection on the OY axis can, together with Equation (15), serve as a basis for determining
the dynamic response of anchorages.

Methodology for studying nonlinear bending vibrations of an elastic body, non-
resonant case. As noted above, the main idea of the methodology is based on the use
of a priori information for longitudinal vibrations, so the function u(t,y) and its par-
tial derivatives are determined in accordance with the relation obtained on its basis
u(y,t) = by(et)sin'fFycosd; ). Restrictions on the CFHM and magnitude of the amplitude
of longitudinal V1brat10ns allow us to represent differential Equation (15) in the form

2w otw Jw Pw ow Pw 9w Ju
)G e g =ef (w G ) s (5 G 3 ) 9

where
aw 3w 3w 0%w 20w
— 17
Sfl( o ) gf( 8y3’7> " ( ayatv 1 ay2) a7
ow Pw Pw du Pu) _ 9 u 9 9%u 9 9?w 9
s(% 5 3 0 ) = —mo{2v(Fo+ 55 ) + Tede | —m Ty — 2505 )

expresses the effect on the bending vibrations of the longitudinal and movements of
the CFHM.
It is obvious that the maximum value of the right-hand side of the obtained Equation (16)

is a small value compared to the maximum value of the term EI 384771’ This is the basis for

applying general ideas for constructing solutions to quasilinear equations with a small
right-hand side [15-18] for the boundary value problem (16) and (10). Its peculiarity is
that its right part is 277-periodic according to two arguments, 6 (takes into account the
influence of information known on the basis of experimental information, the influence of
longitudinal vibrations on bending ones) and 7y (takes into account the influence of external
perturbation). The solution of Equation (17), more precisely its first approximation in the
s-form of “dynamic equilibrium”, is presented in the form

w(t,y) = as(t)(sin(xsy + Ps(t)) +sin(xsy — ¢s(t))) + el (as, y, ¥s, 7, 0r). (18)

in which x5 = %, and U (as, x, s, 7, 0;) is an unknown 27t-periodic function by arguments
s, v, 0, which takes into account the influence of external and internal factors on changing
the vibrations. As for the law of changes in its parameters a5(¢) and 1;(t), their value sig-
nificantly depends on the correlation between the frequency of natural bending vibrations

2
ws = CF)"\ s

tion u or longitudinal vibrations @ on the other hand. In the case when the correlations are
justified, qws # pura and qws # p@r (p, q are coprime numbers and this case will be called

on the one hand and the frequency of the external periodic perturba-
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non-resonant) for bending vibrations of the function a,(t) and () in the asymptotic
representation (18) are related by ordinary differential equations

das
dt

ds ms V2
;/; = ws — (Xs)2 — +¢Bq(as) (19)

= eAi(as), - Tt

The right-hand sides of relations (19), more precisely unknown functions A1 (as) and
Bi(as), must be defined so that the asymptotic representation (18), taking into account
(19), satisfies the original Equation (17) with the considered accuracy. For an unambiguous
definition of the functions A; (as) and By (as) on U(as, y, s, v, 0), we impose an additional
condition—it does not contain the first mods in the argument scenario. This is equivalent
to the following relation:

2 Sins B
/0 U(as,y,lps,'y,é)r){ cosip, }dl[)s =0 (20)

In the physical interpretation, this condition is equivalent to the choice of the s mode
amplitude for the bending vibrations amplitude. To find the indeterminate functions
Aq(as) and By (as), which describe the laws of variation of the basic parameters of bending
vibrations of an elastic body by differentiating the asymptotic representation of the solution
taking into account the relations (19), we obtain

G = eA1(as)(cos(Xsy + Ps) — cos(xsy + s)) — as(w + eBy(as)) (sin(xsy + ¢s) + sin(xsy + s))

+e (ws al; (asgilzjzjsr’}’rgr) + ol (“S/ rlI]S/'Y/QV)(D + ol (”S/ V¢Sr7r97) ‘H), (21)

% = —aswﬁ(sin(xsy + ) + Sin(xsy + ) = 2e(Auas) +asBr(as) @) (cos(xsy o+ ) = cos(y + 42)
5’27” = —asx2(cos(xsy + ¥s) — cos(xsy + Ps)) +
g; = —asxs(sin(xsy +s) —sin(xsy — ¢s)) + aul (23)
2 = a3 (sin(xey + ) + sin(sy +9:) + %5?,
St = ax?(cos (xsy + s) — cos(xay + ) + e

Thus, we obtain the differential equation for the connection between the indeterminate
functions Uy (a1,y,¥1,7,0) and Aq(aq) and Bl(al) for the first mode of vibrations (s = 1).
292U 292U 202U El ‘U
(wl) ng + @5 Wﬂl + |z B'yzl + 2(411}434,39 + 2(111(97 81/739 + 2,”(9;’ a,ya L 4 Myt E)x41 (24)
= s FL(@L Y, 1,7, 00) + Ga(ar, y, 1, 0;) + 4A (a1 )wisinyaysingy + 4B(a1)aywisiny1ycosy

where F1(as, Y, s, y) corresponds to the Valuef(  SEr %y%’, 7) (Zaayg’tV + y2ow w) if
the function w(y, t) in it and its derivatives is determined according to the main part in
representation (5). As for the function Gy (as, y, s, 8;), it, in accordance with the agreed
notation, takes approximate values for the considered value as follows. It allows one to
obtain the relations to determine the required functions
Gi(a1,y,1¥1,6) mq%mt {2m;V ( bra)r cos” T ysan,)Zalmtbrxlcoy sin™™ ycos@,cos;(sycosgbs
—2ay [myb, (Drszn Tysinby | cosxrysinyy }

i = ~ G )y fol o 027T Fi(a1,y, ¢1,v)sinx1ysingrdydiprdy
“‘m fol 027r 027T G1(a1,y, 1, 0r)sinx1ysinydydyrdo,, (25)
W — o - R AT fol ST T (a1, y)sinxayeosyy dydipy doy+
—i-m fOI 027r 027r Gi(ay,y, 1, 0, )sinxycosy dydip,do,.
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From the form of the function Gy (a1, y, {1, 6,), it can be seen that

I /2 /21 C051,L’s ] _
s Gi1(as,y, s, 0;)sinxsydydpsd6, = 0 (26)

Sins

The obtained relation allows us to draw the following conclusion: for the first non-
resonance approximation, the longitudinal vibrations of the elastic body do not affect the
law of change of the single-frequency bending vibrations amplitude. As for the CFHM, it
follows from the specified properties of the system that describe the shape of the defected
axis of the elastic body, the frequency and amplitude of vibrations. Taken into consideration
all the above, the system of differential equations for the first non-resonance approximation
(25) can be transformed into

day 2t 21w ol . . -

Z;l = _87r2(mtjms)lw15 0 o2 fo Fi(a1,y, ¢1r')’)szr;?(12y:m;ﬁldyd¢l = eAq(ay)

G = w1 — (mt+mms)w1 VZ(x1)" — 87r2(mt-ims)law1 o Jo JoFi(ary, g1, v)sinxiycosyprdydidy (27)
= w1 — (LVZ(XOZ +€Bl(111).

mt+ms)ws

For the case when the material of the elastic body satisfies the nonlinear technical law
of elasticity [6], and the resistance force is proportional to the speed in the degree s1, the
right part of Equation (19) takes the form for the case of the main mode of vibrations

3kye 7% a?

Aq(a) = va®,eBy(a) = BT (28)

According to the relations (19), taking into account (28) in Figure 1, the laws of change
of the natural bending vibrations frequency from the amplitude and speed of the CFHM
relative motion (Figure 1a) and the CFHM bulk mass and the length of the elastic element
(Figure 1Db) at the constant speed of the CFHM relative motion at such parameters of the
system | = 8 m,m; = 30 kg/m, ms =20 kg/m, E =2 x 102 H/m?,1 = 6 x 10~ m* are
presented for different values of the CFHM bulk mass.

Figure 1. (a) Relation of the frequency of nonlinear bending vibrations of the elastic body on the amplitude a and continuous
flow V of homogeneous medium (CFHM) relative speed V and (b) the length of the elastic body and CFHM bulk mass at a
constant relative speed of the latter.

Thus, the influence of nonlinear elastic characteristics of the elastic body material
and the motion of a continuous flow of medium along it is manifested as a function of its
natural frequency of vibrations on the amplitude and speed of the latter. In particular, the
natural frequency of nonlinear vibrations of an elastic body:

- for larger values of the relative flow rate of the continuous medium is less;
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—  decreases with increase of elastic body length;
- is smaller for a continuous flow of medium of smaller specific gravity.

The above facts play a significant role in the study of resonance vibrations of the system
of elastic body-CFHM continuous flow. These vibrations are the subject of further research.

Methods for studying nonlinear bending vibrations of an elastic body, resonance case.
Resonance vibrations almost always play a negative role for mechanical systems, because
during resonance they significantly increase the amplitude of vibrations, which means that
dynamical loads increase. This reduces the service life of the systems. The peculiarity of
the resonance vibrations of the considered elastic body is the fact that they can be caused
not only by external forces but also by longitudinal vibrations; in addition, they are affected
by the CFHM motion.

In order to find their influence on the resonance values of the amplitude, as in the
non-resonance case, we will look for the solution of the problem in the asymptotic repre-
sentation (18) with the difference that in the resonance case, the pipe vibration’s amplitude
significantly depends on the phase difference of natural and forced vibrations. First of all,
consider the internal resonance. As noted above, it occurs due to longitudinal vibrations,
the main parameters of which are known from the processing of experimental studies, and
they can be interpreted as external (in relation to bending) action. The phenomenon of res-
onance in nonlinear systems depends significantly on the phase difference of their natural
and coercive forces. For this purpose, we introduce the specified parameter according to
the relation ¢ = 11 — 6,, and therefore in the asymptotic representation (18), the amplitude
parameter is determined by a more complex relation, namely

9 _ o ay(a,9), %‘f :w1—(Xl)z—i——;wr+831(a,(p). (29)

dt

Here and below, the index in the amplitude of the main mode of vibrations is omitted

for simplicity. The indeterminate functions A1 (a, ¢), B1(a, ¢) are located in such a way that

the asymptotic representation (18), taking into account (28), satisfies the original equation

with the considered degree of accuracy. To do this, by differentiating (18), taking into
account the above, we have

X = eAi(a,¢)(cos(x1y + ¢+ 6r) —cos(x1y — (¢ +6r)))
—a(w+p Bi(a,9)) (sin(x1y + ¢ +6,) +sin(x1y — (¢ +6,))) + LoreGat + wre ot
2a = 240 () — 10,) (cos(ray + ¢+ 0r) — cos(xry — (9 +0,))
—ewAq(a, ¢)(sin(x1y + ¢ +6r) +sin(x1y — (¢ +6)))
—a(w? 4 2ewBq(a, x1y + ¢ +6;)) (cos(x1y + ¢ + 6;) — cos(x1y — (¢ +6;))) (30)
—ea®gt) ( — L@, ) (sin(xay + ¢ +6,) +sin((xay — (¢ +6,)))
+£(g¢u§ wi? + aagl (ZCD;’)Z + a;ul u?

U QU QU
2530 §@r w1 + 25551 forp + 2551 V‘Ul)

The obtained relations allow us to write a differential equation, which connects the
required functions in the form

’Uu 292U o*U 2U *u
wlzalp T+ ( ‘Dr) 392] + VZ 372] +qul@ralp 20, + 2w1ﬂa¢al + zpﬂwrayaelr + m,ngImg ayl
Ey,a 9.7) + gt V2(F) s} xcospr + G(y,a,,6,)+ (31)

sznTy X (coqu( a(;‘l’) (w - qc@ ) +2aw;B(a, <P)) +szn¢( %5 atP)( - %@r) +2A(“/4’)W)>-

An indeterminate function will satisfy homogeneous boundary conditions if it can be
represented as a series

ul (y/ a, 1/)/ ’)// / ZSII’I yulm a, 9 1/’1; ) (32)
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In this case, the functions Aj(a, ¢), B1(a, ¢) and their derivatives are connected by
a relation
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2 I'p . I .
aVv? mtrfm (%)Coslpl + 7(mt+,}15 o Jo E(a,y,¢1,0)sinTydy + % Jo G(a,y, 1, 0)sinTydy
+ (COSI/J( aA(;‘P) ( - %wr) + 2awB(a, 4))) (33)

—i—szmp( ’4’) ( - %wr) +2A(a, 4))(0?)) =0

Relation (33) is the basis for determining the right-hand members of differential
Equation (29), which describe the change in the basic parameters of bending vibrations of
an elastic body in the resonant zone. Indeed, if Uy (a, x, i1, 7, 0;) is 27 periodically with an
argument 11, and does not contain in the splitting of its first modes of the splitting, then
the coefficients of its splitting for the specified mode of the function Uy, (a, 6,1, v) have
the same properties. Thus, we obtain a system of equations from relation (33).

aaBgz’b"P) (a) ) +2A(a,¢)w = fy(a) — L fo (a,y,¢ + 0,0 )sinTFysin(¢p + 0,)d0,dy,
dA(a, s 2
i (w-3a ) - zawB<a,¢> - f1< )+ avite (%) 4
nl fo G(a,y, ¢ + 0,,0,)sin’Fycos(¢p + 0,)d0,dy,
where

- I p2m 2 . .
fq(a) = _47n2(mi+ms)l fo O” 5 " F(a,y, 1, 0;)sinFysinpdip,do,dy,
= I p2m 2 .

fi(a) = _74ﬂ2(mlt+ms)l fo 0 T OnF(a,y, 1, 0, )sinTycosdpdo,dy.

The system of differential Equation (34) allows us to represent equation of the first
approximation of resonance vibrations caused by the CFHM motion and longitudinal
Vibrations in the form

f=eh@+mmx y Jim 6@ 9t >sm Tysin(p -+ 6,)d6;dy
%‘f =wy — %c@r aV2mtrism (%) +efi(a mwl 1 0 G(a,y, ¢ + 6y, 0, )sinTycos(¢ + 0,)d0,dy
h
ere . I 22 ) )
f1(a) = 477r2(mt+ms lf [ F(a,y, 1, 6,)sinFysinpdip; d6,dy
000
1 27

fl (a) 47t2(mt+ms lf

Differential equations describe the change in the amplitude of transverse vibrations
of an elastic body during the transition through resonance at the main frequency of lon-
gitudinal vibrations at different speeds of motion of CFHM, provided that the nonlinear
elastic properties of the body material satisfy the nonlinear technical law of elasticity, and
the resistance force is proportional to the speed of portable motion in the power of s;:

o%l:\;o%

[ F(a,y,v1,6,)sinTycosdyp;db,dy.
0

- 2
2 — k1(a)™ — Wmswwﬂsmcp

ap _ m\2 EI 2ms V2 ()2 3kz a2 b K
dar — (T) mitng w— mi+mg (T) + 4(my+ms )HmsVl(DTCOSQD

where a is the amplitude of the main internal resonant vibrations.
As for the subresonances that occur when the condition is met x = 2s, they are
described by dependencies.



Electronics 2021, 10, 40 13 of 21

2 2m 1
da _ 1 . .
T = T, s({ OfofFl a,y, s, v)sinxsysingsdyydips+
Pain2b™ _ P gin? P7 cog2
N Slam.bye? pq cosP™ cosTsin” 2cos g Sin® 7 -cos ¢+
myts 4pT—g2 =" +1sin%(1—4cosz%)sin2¢
pr 2pmt
2 4pq12mt bocos P cos (251n2¢cos 2s1n2<p—|—4cos pcost 7 Tsin 7 sin=-— g )
=g 1 —sint? (2cos p—1)

9 — 2w —E(D—l—i f (a755,y, s, ) sinxsycospsdydipsdy — 2msV2(xs)?
At s 47T(mt+ms laws 0 l s Y, Ws, Y XsY sl saAy s Xs
dp _ 2lamsbys@* 4pq mrt [gin L7 2@ _ P 2PT e i P (1 297 1oe2
I TEE T v LT sin 7 1 —2cos 7 2cos g St sin2¢ — 2sin 7 1 —2cos o )cos ¢
_ g Apal pr [ P2 P 2 wr( _ 2@) ; ]}
azs qzmtbwcos o |costrsin®E (1 — 2cos2¢) 3sin 7 (1 —4cos? B )sin2¢

where ¢ =2¢p — £

In Figure 2 is presented, in accordance with relations (34), the change in the amplitude
of bending vibrations caused by longitudinal vibrations for the case when the material of
elastic body satisfies the nonlinear technical law of elasticity, and the resistance force is
proportional to the velocity for s; = 3 for different values of the relative amount of motion.

Jo \

-
N 0.05 / ‘\

0.15

0.1 0.1 ﬂ

/
/
0.05 0.05 /
- /8 \
TN S S RPEEN o S
AT
1 2 3 4 5 1 2 3 4 5

(0 (d)
Figure 2. Laws of changes in the amplitude of bending vibrations during the transition through internal resonance at
different values of the relative amount of motion CFHM (k = mgV): (a) - - - - k = 200 kgm — — —k =150 g
——k =50 %m, m; = 30; (b) - - - -k = 400 kgm — — —k = 300 Xm k = 100 X8m, m; = 30; (c)---
-k _400 M m, — — —k =300 X8m, ——k = 100 Xm, m; = 20; (d)---—k = 600 Xm, a0 Km,——
k=10% rn m; = 20.
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In Figure 3a, a change in the amplitude of bending vibrations caused by longitudinal
vibrations at different values of amplitudes can be observed, while in Figure 3b is shown
the motion of CFHM at different values of the speed of its movement.

0.08
0.06 T
0.06 1 ; A
/ y \.\
'l //_\ /’I ‘\, (AN P \
; : ,, S 0.04 1 \
004 1 /7 VN A \ ~
.'-I / IIII ,—\ ‘\\ ,,II 1 \ // \
N / \ ,,' \ / 1 \ \
002 | '/'I/ \ S / \ \ 002 \ /' \
/ b o/ |
: -
0 0.5 1 1.5 2 0 0.5 1 1.5 2
(a) (b)

Figure 3. Change in the amplitude of bending vibrations during the transition through internal resonance at different values
of the amplitude of longitudinal vibrations (a) (- - - b = 0.0015 m, —— - b = 0.001 m, —— b = 0.0125 m); and different speeds
of motion CFHM (b) (---V=1m/s,-—-V =125m/s,—— V =5m/s).

By analyzing the analytical dependences obtained above, it is established that internal
resonances for an elastic body that performs bending and longitudinal vibrations can exist
on even and odd modes of bending vibrations, and on even modes they are caused by
longitudinal vibrations, and on odd modes by the motion CFHM. As for the quantitative
characteristics of the internal resonance, the given graphical dependences show that the
amplitude of the transition through the internal resonance is less:

—  at higher frequencies of longitudinal vibrations than at the main one;
—  for large values of the relative amount of motion CFHM;
—  with a faster transition through resonance.

The above represented results have a practical component; in order to reduce dynamic
loads in an elastic body that performs longitudinal and bending vibrations and along which
a continuous stream motion of CFHM, it is necessary to move the latter at the highest
technologically possible speed. At the same time, a special case mentioned above, m; = 0,
is the result concerning resonant bending vibrations caused only by longitudinal vibrations.
They, as follows from relations (34), exist only on paired modes of bending vibrations.

The main idea of studying internal resonant phenomena in the elastic body—-CFHM
system described above has been transferred to the study of external resonant phenomena.
Below, we give only the basic relations concerning the continuous action of an external
periodic perturbation, and the case of a discrete periodic (pulsed) action on the system
under consideration is considered in more detail, because it requires some additional
mathematical calculations.

Therefore, the condition for the main external resonance under the continuous action
of an external perturbation is w; ~ y The relations that describe the resonant process at the
main frequency of natural vibrations take the form
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a

oB u,i)

PUD) (@ —

(
op

0A(a,9)

I

u) +2A(a,¢)wy = m fol f024> F(a,y,¢ +6,0)FsinZFysin (¢ + 0)dydo
+2(mt-i}m5)ln fOl f02¢ F(“r]/@ +96, G)Fsm%ycos @ + G)dydﬁ,

where ¢ is the relations that describe the resonant process at the main frequency of
natural vibrations that take the form of the phase difference between natural and external
forced vibrations, i.e., ¢ = ¢ — 6, so functions A(a,$) and B(a, $) describe the laws of
change in the resonant parameters of the system under study using relations similar to (29),
with the only difference that the resonant process is considered at the frequency of external
perturbation.

In the specific case considered for non-resonant vibrations under the condition of
external periodic perturbation, the system of Equation (35) is transformed to the form
Bﬁ(a@)

9¢

(35)

a

(w1 — p) +2A(a,P)wy = va’t + 72(mt+ljns)wlncos¢, 36)
2

(w—p) —2aw B(a,§) = aV? 2 (”T) - %%L — sl _sing,

my+ms w1 2(my+ms)awlm

where H is the value of the external sinusoidal periodic perturbation.
The differential dependences obtained above also allow us to obtain relations for
determining the amplitude of stationary resonant vibrations

B —\s1—1 2¢H _
m+m12(w) ' T w050 =0 -
Yol s V4o 2H . 3

@ —u(t) = (F) 5 80 = E(E(ww(t))ﬁlm’ TR

(37)
)

By simple transformations from dependencies (37), we obtain a resonant curve that de-
scribes the dependence of the amplitude of stationary resonant vibrations on the unbalance
of the frequencies of natural and forced vibrations and the parameters of the system

B w1\ o N2 ms V2  3kye ?a® 2
- (@) e (@-no - (F) @)

my + mg mt—i—ms%_ 32 2w

Based on ratio (38), Figure 4 presents the dependencies of the amplitude of resonant
stationary vibrations of an elastic body on the unbalance « = w — y of the frequencies of
natural and forced vibrations at different speeds of motion of CFHM.

a, M
a, M
LTl
e - T 04027
0027 e e S -
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e HU”"“\\:
i / V=15 e
L J - _ = ] i
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. /'/‘: ! =0 =0 |

I i I I I I I i il | | 4 4
-0 0 001 002 003 004 005 006 o 007 -008 -005 004 003 0.

Figure 4. Dependences of the resonant amplitude of vibrations of an elastic body on the frequency
unbalance at different values of the nonlinear component of the reducing force: k, < 0, k, > 0.

It follows from the above that when the sign of the nonlinear component of the
reducing force changes, the slope of the resonant curves changes. Comparing the graphical
dependencies for different models of the resistance force, it can be argued that an increase
in the degree of its nonlinearity leads to a decrease in the resonant value of the vibration
amplitude and a narrowing of the resonant zone.

As for the unknown function U (ay,y, ¥1,7,6), and for non-resonant or resonant
cases, it partially affects only the change in the shape of bending vibrations and can be
found without much difficulty by decomposing into multiple Fourier series, followed by
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equating the coefficients in the right and left parts of the relations that follow from (24) and
(25), for the non-resonant case, and (31) and (36) for the resonant one. The case of pulsed
(discrete) action of an external disturbance is much more important and at the same time
much more difficult to develop a research methodology. Below, we consider the case when
the specified perturbation acts only at a fixed point of the elastic body and is repeated
at regular intervals. As for the limitations concerning the specified external perturbation
of the vibrations, the elastic body—continuous flow of CFHM, as for continuous periodic
perturbation, the maximum value of the pulse perturbation is small compared to the
maximum value of the reduced transverse force. Thus, the differential equation of the
bending component of the elastic oscillations takes the following form:

2 4
(mt+ms)aaTzzU + EI%*T

(5 ) 6 —v0) B (o ,%Zf,...,f;g“)é(t—ﬁ)} (39)

dw Pw Pw Ju
T 8\ oy’ a2 ayors at)

in which yy is the coordinate of the elastic body in which the periodic impulse force
acts with the period T, and (. ...) is a function of the corresponding argument. Regarding

. 3 .
the following forms, f; (w, %, ..y W) and f] ( , aazf PR %7”3”) , we can consider them to

be analytical. The form g(%—;’, %7%2”, %, %—”;) takes into account the effect of longitudinal
oscillations and CFHM on bending.
From the properties of delta functions [19-21], it follows that the maximum values of

the periodic action of  pulsed perturbation at time points

jT are equal f] (w(t,y), awg:’y )., BSZgy(é’y ) ) | =T, - To generalize the above method of
¥=Yo
studying the effect of longitudinal vibrations and dynamics of CFHM on bending, primar-
ily on the basis of the properties of completeness and orthonormal system of functions that
describe the forms of natural bending vibrations of an elastic body, delta function from a lin-
ear variable 6(y — yo) will be as follows: §(y — yo) = ¥ cusin”y, in which the modulus
j=1
Cp is as follows ¢, = % fol (y — yo)sin"Fydy = lsm 710 As for the time component of
the pulse perturbation, the most interesting case of the considered drilling is the case when
the perturbation has a period close to the period of its own bending oscillations. Hence, in
the form presented below we will consider T ~ 3)—7; pulsed perturbations causing resonant

bending vibrations. In this case, the temporal component of its action can be precisely

represented [20] in the following form: é(t — jT) = cos(wlt)é(t - ]%) = cos@é(%),

0; = 27tj. For simplicity, it is assumed that the first impulse action coincides with the initial
moment of motion. Thus, the conducted partial sampling allows to present the initial
mathematical model in a simpler form:

dw dw Pw Pw Ju
(my + mg)2 8t2 T +EIST —g(W,W,m,y)

, 40

—|—s{f1 (w, %,.. o ) +7 Zsm’"”yoszn Y 2 f]( w, at P %ﬁ’)cos()d(%) } #0)

Note that the procedures performed with delta functions do not violate the accuracy
of the obtained mathematical model in the form of relation (40) compared to the original
(differential Equation (39)); in addition, to operate with the right part of the latter equation
is much easier than the original. The use of the developed methodology for the study of
resonant oscillations due to external periodic action for the boundary value problem (40),
(10) allows the relationship of the main resonance to be represented as follows:
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0B(a,¢ =
o) (w0 - ) + 2A (0, F)un = o
29
7Zsm’”” (P sin™yF;(a,y, ¢ + 0)cosds sinZysin (¢ + 0)dydo
2(mp+mg)lm Yy 70 0 I

§¢,¢) (wi = 3F) — 201 B(a, 4>) (41)
=ittt ()
+W Zsm yOZfO fo sin®TyF;(a,y, ¢

]
G)COSG(S( ) )sm yeos (¢ + 0)dydo

The system of differential equations is the basis for the study in the general case of the
influence of impulse perturbation on the bending vibrations of the system continuous flow
of CFHM It is greatly simplified in the case where the impulse perturbation is constant, i.e.,

f] ( , at FU 3337”3‘,’) = Fy = const. For this case, the basic equations for the main resonance
in the case when the elastic properties of the body are described by the nonlinear technical
law of elasticity, and the force of resistance is proportional to the velocity to the degree they

take the form
aaB(a,(P) (wr — zTn) +2A(a,§)w; = va*t + #sin@ Y. cosjTcos@,

9 me+msg)wl =1
, — 2
P 0 — ) — 200B(0,5) = aV2 5t (F) - )
3o 72 a2 TF,
Bl T T L osjTsing,

]_
For the first resonant approximation, the system of differential Equation (42) describes

the main parameters of resonant vibrations under the action of external periodic pulse
perturbation by the following dependence:

9 —— g%t + %Sin@ '21 cosjTcosjTcos¢,
d& — 21 2__ms 2 3koe w2 a? " TFy Yo T (43)
A e = (T) ~ % T T st L cosTsing.

j=1

According to the above dependence, Figure 5 shows the change in the amplitude
of bending vibrations during the transition through resonance at different lengths of the
elastic body, the quantities of the relative motion of the CFHM, and the points of application
of impulse perturbation.



Electronics 2021, 10, 40

18 of 21

0.04
~7 T
P \ 0.02 7 N
ol RN e =
0.02 =
0.01 %
0 0.5 1 1.5 2
1 1.5 2
(@ (b)
0.01 6x10°
8% 10° \
S N
. TN 4% 10° / N
6 x 10 E P =
s N )
/.", ‘,s‘\ A 7
4x10° G 3
% 2 2x 10 A
2 x 10 //
0 0.5 1 15 2 0 0.5 1 1.5 2
(0) (d)
6x10° | 6x10°
,»'.’/'_ '\‘.\
N
R \
4% 10° - ¥ 4%10°
% .
Y
A
2x10° // 2%10°
0 0.5 1 1.5 2 0 0.5 1 1.5 2
(e) ®
Figure 5. Time change of the amplitude of resonant vibrations due to periodic pulse action at different points of application.
(@) — k = 400 8m, — — — k = 300 m, —— k = 100 XBm, yo = 1,1 = 8m; (b) — k = 400 Em, — — —
k =300 &m, k=100 X8m, yp = 1,1 = 6m; () — k = 600 Em, — — — k = 450 Em, —— k = 150 Xm, y; =
L1 =8m;(d)—k =600 8m, — — — k=450 m, — k = 150 Xm, yy = 1,1 = 6 m; () — k = 600 Em,
— — —k = 450 %&m, k=150 X8m, yy = &,0 = 8m; () —k = 600 Bm, — — — k = 450 Em,

k=150 m, yp = &,/ = 6 m).

The presented graphical dependencies show the amplitude of the passage through
the main resonance of the bending vibrations of the elastic body, which is due to the
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periodic pulse action. It becomes more important in the case when the point of application
of this action is closer to the middle of the elastic body. As for the continuous flow of
a homogeneous medium, for larger values of the relative amount of motion, it not only
reduces the natural frequency of the elastic body but also slightly reduces the maximum
value of the amplitudes of the system through the resonance.

The above results can be generalized without much difficulty in the case of the action
of impulse perturbation at several points of an elastic body.

5. Conclusions

A methodological study of complex vibrations has been developed for the mechan-
ical system of an elastic body-continuous flow of homogeneous medium (CFHM). The
methodology is based on:

(a) the use of a priori information on some of the vibrations forms;

(b) the construction of a “simplified” mathematical model of system dynamics, which
provides a wide range of external and internal factors and information on the longitu-
dinal vibrations of an elastic body;

(c) obtaining analytical relationship that describe the overall range of factors on the
elastic vibrations of system.

Considering the above given information, it allows us to conclude the following:

e  CFHM motion affects both the natural frequency of bending and longitudinal vibra-
tions;

e  the most dangerous resonance vibrations of the specified systems type can be caused
both by external periodic forces and mutual influence of one form of vibrations on the
others (internal resonances);

e internal resonances for an elastic body that performs bending and longitudinal vibra-
tions can exist in even and odd modes of bending vibrations, and they are caused
by longitudinal vibrations in even modes, and by continuous flow of homogeneous
medium motion in odd modes;

e the amplitude of the bending vibrations of the transition through the internal reso-
nance at higher longitudinal vibrations frequencies is less than at the second frequency;

e the amplitude of the transition through the main resonance for larger values of the
amount of CFHM motion is smaller than the amplitude of the transition during the
rapid transition through the resonance.

The methodology can be used for other cases of complex vibrations of elastic bodies,
and the obtained results can serve as a basis for choosing the main technological and
operational parameters of elastic elements of mechanisms and machines that perform
complex vibrations.

Practical use of the obtained results. The theoretical results obtained in this work can
be the basis for calculating the following:

e the blast effect on the elements of protective structures in order to increase their
protective capacity by improving the method of their attachment or by using additional
reinforcement;

e  buff load effects on the elements of drilling strings and dynamic processes that oc-
cur during surface strengthening by work hardening in order to avoid resonance
phenomena;

e technological processes of vibration displacement or vibration separation of granular
media;

e longitudinal frequencies of movement of rope lifts in order to avoid resonant phenom-
ena in them, and thus to extend the resource to make the object;

e reducing dynamic performance bearings for mounting rotors;
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e  assessing structural strength and vibration reduction of mechanical systems in energy,
taking into account the optimal parameters (motion, mass, stiffness, etc.), which are
found on the basis of empirical information and methodology developed in the work
using interpretation and synthesis.
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