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Summary. The article presents the results of analysis of modern literature sources in search of
mathematical models describing the dynamics of the process of forming regular microrelief on the inner
cylindrical surfaces of parts operating in difficult conditions, in order to increase their life cycle. The absence of
mathematical models describing this process and the peculiarities of its implementation with the point action of
the deforming element on the surface of the body part are established. The movements of the tool during the process
of forming a regular microrelief on the inner cylindrical surface of the body of the part are considered and the
driving forces that follow this process are analyzed. Based on the results of the analysis, a mathematical model of
the dynamic process of forming regular microrelief on the inner cylindrical surface of the body of the part was
developed. The peculiarity of this process is that microrelief is formed by concentrated force, the point of
application of which is constantly changing in the radial and axial directions relative to the part. Therefore, the
mathematical model that describes this process will have a discrete right-hand side. It is proposed to model such
an action using Dirac delta functions with linear and temporal variables, using the method of regularization of
these features, in particular, existing methods of integrating the corresponding nonlinear mathematical models of
torsional vibrations of a part. Analytical relations describing these vibrations in the process of forming a regular
microrelief are obtained. Using Maple software 3D changes in torsion angle depending on different values of the
source data are constructed. The conducted research will allow to consider torsional oscillations that is crucial
for long cylindrical details, such as sleeves of hydraulic cylinders, parts of drilling mechanisms and others.

Key words: technology, cylindrical surface, quality parameters, vibration processing, torsional
vibrations, mathematical model.
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Statement of the problem. Improving the performance of the working surfaces of
machine parts used in oil and gas industry, especially in those shaped as rotation bodies is an
important task of machine-building production. Operating conditions of such parts are
characterized by high working temperatures and specific pressures, which leads to adhesive
wear, setting and rapid destruction of their working surfaces. One of the progressive ways to
improve the performance of the parts surfaces made in the form of rotation bodies are the
methods of surface plastic deformation, in particular balls or rollers treatment. Such treatment
can significantly reduce surface roughness, increase the surface microhardness and, in some
cases, avoid the need for quenching [1, 2, 3].

Analysis of the available investigations. A separate area in this field are the methods
of dynamic action on the treated surface. Their essence is a high-intensity periodic action on
the treated surface with an indenter, which is usually ball-shaped. Dynamic action ensures less
deformation force, provides a larger bearing surface area, and, accordingly, better performance,
which are described by the Abbott-Firestone curve. In [4], the advantages of the method of
dynamic action with the construction of the above-mentioned surface characteristics are
presented.
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It was suggested to estimate the operational properties of the surface according to the
parameters of this curve by other scientists. In particular, [5, 6] describe a method where the
evaluation of the performance properties of the surface is carried out not by the surface
roughness, but using the parameters of the Abbott-Firestone curve. The authors state that the
three parameters determined from the Abbott-Firestone curve Ry, Rk and Rvk characterize the
ability of the surface to resist frictional wear.

The dynamic action on the treated surface can be chaotic or ordered with the formation
of an ordered microrelief on it.

The founder of application of ways and methods of forming regular microreliefs was
Schneider Yu.G. In his work [7], the ways and methods of forming a regular microrelief, tool
design and processing modes were described. He also proposed a classification of regular
microreliefs formed on flat and cylindrical surfaces with different geometric parameters.

The results of his research became the basis for creation of the standard GOST 24773-81
[8], which regulates the parameters of regular microrelief formed on flat and cylindrical surfaces.

The development of the basics of formation of regular microreliefs is given in [9], where
the advantages of surfaces with formed microreliefs over surfaces treated by other methods are
described.

High-performance tool complexes, their structure and principles of work are described
in [10, 11]. Such complexes provide formation of microreliefs on profile surfaces of any
complexity.

In [12], the author for the first time presents mathematical models that describe regular
microreliefs on the end surfaces of bodies rotation, classifies such microreliefs and
mathematically describes their parameters.

In [13], the scheme, technological equipment and tools for formation of regular
microrelief on flat and spherical surfaces using pressures of 40 MPa on a 5-coordinate milling
machine with digital program control, the microstructure of the surface with formed microrelief
is studied, two approaches to formation of regular microreliefs on complex profile surfaces are
compared.

Geometric dimensions of the elements of the regular microrelief are rather small (only
1-3 mm), so the influence of any factors can distort it. This is especially true of the parameters
of its regularity, which provide stable physical and mechanical properties of the working
surfaces of machine parts.

In [14], the results of theoretical research on the dynamic characteristics of the method
of vibration-centrifugal hardening of long-dimensional metal cylindrical parts are presented.
The research method is described, the spatial schematic diagram of the vibration-centrifugal
reinforcing tool with electromagnetic drive and elastic systems is given. On the basis of
researches, empirical dependences for determining the basic dynamic characteristics of a
method are obtained and analyzed. An algorithm for analyzing the dynamic characteristics of
the contact interaction of the working bodies of the electromagnetic hardener with elastic
systems and the treated surface is developed.

Based on the analysis, it can be stated that in modern research much attention is paid to
methods and means of forming a regular microrelief on the inner cylindrical surfaces as a way
to ensure the required quality of these types of surfaces. However, the issues of mathematical
modeling of the processes of formation of regular microrelief on the inner cylindrical surfaces
need further study.

The objective of the paper is to develop a mathematical model that describes the
relative torsional vibrations of a body during the formation of regular microrelief on its inner
cylindrical surface.

Statement of the task. To ensure the regularity of the microrelief, it is necessary to
develop a dynamic model of its formation taking into account such parameters as physical and
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mechanical properties of the treated surface, the magnitude of external action on the surface by
the tool (vibrator), the nature of contact and more.

Main material statement. In this article we consider the formation of a regular
microrelief on the inner cylindrical surface of the part. All the formative movements that follow
the process of formation of a regular microrelief are shown in Fig. 1, these are: translation
motion Dy, feed motion Ds, and reciprocating oscillating motion D;.

The process of forming a regular microrelief on the inner cylindrical surface has its own
characteristics, in particular:

- cylindrical treated surface rotates around a fixed axis;

- external action on the treated surface from the side of the body appliying microrelief
has a point character, in addition, the point of contact of these bodies changes in longitudinal
and radial directions.

The components of these displacements and the angular velocity of rotation of the
cylindrical surface affect the dynamic processes in the elastic cylindrical body that take place
during the application of microrelief and determine the shape of the latter. As for the component
of microrelief, which is due to dynamic processes in a cylindrical body, it is primarily caused
by its longitudinal and torsional vibrations, and therefore determined by the elastic properties
of the body, boundary conditions and external action.

From the above it follows that under the action of external force factors the elastic
cylindrical body on which the microrelief is applied is in a complex motion [15, 16]. For this
reason, to describe its dynamics, the article considers its following components:

- translation motion around the horizontal axis as an absolutely rigid body;

- relative motion:

a) torsional vibrations around the horizontal axis of the elastic body;

b) longitudinal vibrations of the elastic body.

These issues are the subject of research.

The main assumptions that underlie the description of the translation motion of the body
(Fig. 1) are as follows:

- the body on the inner surface of which the microrelief is applied is hollow and
homogeneous one and is of cylindrical shape with the following parameters: the outer radius is
Rq, the inner radius is rq, the length is lq, the mass is Mg;

- active and passive forces acting on the treated body are:

a) clamping force from the point action of vibration roller, which applies microrelief to
the inner cylindrical surface. This force has longitudinal (tangent) Fx and transverse (normal)
F, components (the axis OX is horizontal and coincides with the rotation axis, the axis OZ is
vertical, the axis OY is horizontal);

b) the driving moment Mgn, which causes the workpiece to rotate around the horizontal
axis, the shear moment (Mpn) from the action of the vibration roller on the inner surface, which
depends on the following factors: clamping force, shape of the vibration roller, hardness of the
material, etc. It is assumed below that the latter factors are taken into account by the coefficient

fph (Mph = I:z'rd ’ fph)'

In the article, the relative torsional vibrations of an elastic cylindrical hollow body in
the process of forming microrelief on its inner surface are studied. The peculiarity of these
vibrations is that they occur under the action of a discrete external load, which constantly
changes its point of application. All this creates certain difficulties in finding solutions to
boundary value problems that describe these vibrations.

As it was stated [17], the external action on the inner surface of a cylindrical body in the
process of forming a regular microrelief on its inner surface leads to complex vibrations of the
workpiece. Torsional vibrations are due to the transverse component F;, (clamping force), which is
directed in a perpendicularly to the surface (Fig. 1).

ISSN 2522-4433. Bicuux THTY, Ne 4 (104), 2021 https://doi.org/10.33108/visnyk_tNtu2021.04 .............ovveeeeveererrerrereerreneen 7



Dynamics of relative torsional vibrations in the formation of a regular microrelief on internal cylindrical surfaces

Figure 1. Calculation scheme for constructing a dynamic model of relative torsional vibrations of the treated
body in the process of forming a regular microrelief on its inner surface

On indicating ¢ (x,t) —the angle of torsion of the normal section of a cylindrical surface

with coordinate x at any time t, the differential equation of relative torsional vibrations under
the assumptions about elastic and dissipative forces is

(Pn—OC(PZS[ﬁ(Pt+[§((p)(p}+ Frfd(x—%X,-Vt), 1)

where o = G/p, Mm = ¢xG Jp, Jp are inertia moment of the cross-section of a cylindrical body,
G is modulus of elasticity of the second kind, foh is a coefficient of shear resistance (microrelief

formation), F; is a normal component of the clamping force; 8() is a delta function of the

corresponding argument; 1 B are coefficients that characterize the resistance force and the
nonlinear component of the restoring force.

Notes.

1. The article assumes that the tangent component at the contact point of the vibration
roller with the treated surface is proportional to the normal component with a coefficient of
proportionality f .

2. The treated body is isotropic, so the coefficient of proportionality in the shear force
in longitudinal direction is the same as in the transverse one.

As for the boundary conditions, they are as follows

0(x1)=0, p(xt)= 2=, 2

where Mr is a drive moment at the beginning of the treated body; M=f(t). To study the dynamics
of torsional vibrations in the process of forming microrelief to a cylindrical surface, first of all,
it is necessary to find a solution of the boundary value problem (1), (2) of a nonlinear differential
equation with partial derivatives under inhomogeneous boundary conditions. To find it by
substituting variables according to

o(x,t)=D(x,t)+ P(x,1) (3)

we reduce the problem with inhomogeneous boundary conditions to the problem with
homogeneous boundary conditions [18]. Therefore, in (1), @(x,t) is the solution of equation

8 . ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (104), 2021https://doi.org/10.33108/visnyk_tntu2021.04


https://doi.org/10.33108/visnyk_tntu2021.0

Volodymyr Dzyura, Andrii Babii, Ihor Okipnyi, Dmytro Radyk,
Ihor Tkachenko, Olha Myshkovych, Mariia Sokil, Vladyslav Sytarchuk

D (X,1)=0 4)
that satisfies the inhomogeneous boundary conditions that follow (2), (3), i.e.

DX,t) =0, (1) = % (5)
p

Then w(x,t)function must be the solution of the equation

Yy~ W, =D (x,1)+ @’ D (x,0) = Fyrf 8 (x =%, — Vi) +eq (D, (x,1)+ ¥ (x.1))+

e[, (x,0)+ W, (5.0) ][ @, (x.0)+ ¥, (x.0) | ©
and satisfy the homogenous boundary conditions
¥(Xtheo =0, Fylxt)ey =0. @)
Finding the solution of equation (2) under boundary conditions (3) is not difficult
D(x,t)= G (t)x + Cy(t), (8)

where C,(t)=0= ¢(t)= M
GJ,

Thus,@(x,t):ﬁx, and to determine the functionw(x,t), we have a linear
p

inhomogeneous equation

Y, - o Y, =-D, (x,t)+ ot2<,DXX (x,t)— FZRdfphS(x— X — Vst)+

N ’ 9
+sﬁ(d>t(x,t)+‘I’t(x,t))+eﬁxx(x,t)‘l’xx(x,t){%Jr‘Px(x,t)] ©)

p

and it has to satisfy the homogenous boundary conditions (7).

The structure of equation (9) is similar to equation, which describes the relative
longitudinal vibrations. Similar to longitudinal vibrations, we use general ideas of perturbation
methods adapted to a similar class of equations to analyze relative torsional vibrations

¥(x,t)="¥,(x,t)+&¥,(x,t). According to them, first of all, we find the effect of external

perturbation on the dynamics of forming microrelief, i.e. find the solution of the main part of
the specified equation, the equationat £ =0

lI’Ott _azq’ __Fsz fpha(x_io _Vst) (10)

oxx —

We solve it as
¥, (x,t)=T,(6)X, (x), (11)

where the system of functions {X,(x)} must satisfy the boundary conditions i(x)‘xzo =0,

ly

~ 2k +1
X (x) =0. Such system of functions is {X, (x)} ={sin(2;)nx}.
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As for the functions T,(t), obviously they, as follows from the basic equation, must
satisfy the inhomogeneous equation

T (1) + o2 ((2k+1):]T (t) =~ = ER, £,5(x— %o ~VE)X, (x)dx, (12)
P, 21,
where p = I{sin M} dx:ll
0 21, 2
According to the properties of the delta function [19], the integral in the right part of
2k +1)n

equation (8) takes values ('Jsin(
d
specified differential equation is transformed into the form

d

B(X-, —Vst)dx=sin[(2k;l)n(xo +Vst)j, and accordingly the

.. 2k +1
T, () + 0T, (1) =~ F.R, fphsin[—( Un, +vst>j , (13
p d

where ? - QZL[MT
P, 21,

Thus, the representation of the discrete action of external load on the processed cylindrical
surface using the delta function in combination with the method of partial sampling and for the
case of relative torsional vibrations allows to solve the problem, because finding the solution of
equation (9) is not difficult. Indeed, equation (13) is linear inhomogeneous, and therefore the
general solution of the corresponding homogeneous one iS T, (t) =T, sin(wt+9,), and the

corresponding partial solution of the inhomogeneous equation (9) can be represented as

~ 2k +1
T (t)= _Pi Frfo, i(‘)sin o, (t- r)sinu
k k d

(X% +Vt)dt. (14)

Collectively, the obtained results allow us to describe the multifrequency dynamic
process of relative torsional vibrations of a cylindrical body in the process of forming
microirregularities on its inner surface as

2k +1
‘Po(x,t):lesin( M )nx><
GJ, )
(15)
1 1,. (2k+D)m
x4 Ty COS(@t +9) - —F,r, f, —sino, (t—1)sin (x—%, -V,r)dt
P @y d

As for the first approximation, i.e. the influence of nonlinear and dissipative forces, their
influence is determined by the differential equation

B (%) =07 By (1) = [0y (X8) 4B (B (X)) oy (1) (16)

and its solution is similar to the solution of the equation of relative longitudinal vibrations
with the difference that the boundary conditions, and hence the system of eigenfunctions is

slightly different. The latter is not an obstacle to the presentation of the function go(x,t) as
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(2k+1)n ‘x

2,
17)

— 2k +1)m(x, +V, _
17 Bty g 50 +V0) (2K oy e —255tcosf o K1 1) | (o)0e
) 2, o 2, 21, @k +Dra® L,

o(xt)=sin

where ©(r) is

_ - 2k +1) (%, +V,
@(t):{so@k cos(<73kt+<p0k)+%L1 foly Fzésin( + )2(|X0 + St)sin(zzlﬂa(t—r)jdr}Jr
d d

4

A — 2k +1) (X, +V

L[ @+ = soksin(aku%k)ifphrsz‘sin( ) (% ST)Sin(2k+1(t—r))dr
21 8 | ’ 2l; 2l

(18)

For practical use, the estimation of process dynamics can be performed on the basis of
the main mode [20, 21], i.e. on the basis of the ratio

1z 3t 4. dn(X+Ver) (3 ~ e 3. s
(p(x,t)—{ifphrsz(Ea) Osstm[Ena(t T)Jdt-l-(2k+1)n(x°cos(na2l(t T)j@(‘t)d‘t} (19)

In Fig. 2 the change in the relative angle of rotation for different characteristics of the
process of microrelief is shown.

Figure 2. Time variation of the relative torsion angle for different technological parameters of forming microrelief:

a) G =8-10" N/m?, 1=05m, A=0.014m? Fy =300N, V =001ms™, f, =075 r=012m; o=3;
b) G =8-10" N/m®, 1 =0.75m, A=0.014m? Fy =300N, V =001 ms™, f, =075 r=012m; o=3;

c) G =810 N/m?, 1=0.1m, 014m?, Fy =300N, V =0.01ms™, f, =075 r=012m; 0=3;
d) G =810 N/m?, 1=0.1m,
e) G =810 N/m?, 1=01m,

f) G =810 N/m?, 1=0.1m,

014 m?, Fy =300N, V =0.025ms®, f, =0.75, r=012m; 0=3;

A=0.
A=0.

A=0014m?, F, =300N, V =0.05ms™, f, =075 r=012m; o=3;
A=0. f

014m?, Fy =300N, V =0.05ms™, f, =075 r=012m; o=6.
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Conclusions. The developed methodology of the analytical description of the
technological process of forming microrelief on the inner surface of cylindrical parts and the
obtained calculated dependences make it possible to state:

1. The configuration of micro-irregularities depends not only on the angular velocity of
rotation of the body and the component of the driving moment that makes the processed body
to perform relative, oscillating motion, but also on the elastic vibrations of the body itself.

2. The peculiarity of torsional vibrations is that they are caused by the elastic properties
of the body and the external action of force, the point of application of which changes its relative
position on the inner cylindrical surface, and therefore the relative displacements of the normal
cross-section of the treated body.

3. Amplitude-frequency characteristics of relative torsional vibrations depend on the
magnitude of external action and physical and mechanical properties of the treated body. For
more rigid body, the frequency of elastic vibrations is higher and the amplitude is slightly lower.

4. The reliability of the obtained calculated dependences is proved by obtaining, in the
extreme case, the known ones concerning the process of forming microrelief on a cylindrical
surface without taking into account elastic vibrations.
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V]IK 621.787.4

JANHAMIKA BIJHOCHHUX KPYTUJIbHUX KOJIUBAHD ITPHU
®OPMYBAHHI PEI'YJISAPHOI'O MIKPOPEJIBE®Y HA
BHYTPIIIHIX HUJITHAPUYHUX ITOBEPXHAX

Bosogumup JI310pal; Annpiii Ba6iiil; Irop Okinnnii'; Imurpo Paguk?!;
Irop Tkauenko'; Oibra Mumxosuu®; Mapis Cokin?; Binaguciaas Curapuyk!

Tepnoninvcokuii nayionanvuuii mexuiunuii ynieepcumem imeni leana ITynios,
Tepnoninw, Yrpaina
?Hayionanvnuti ynisepcumem «JIvgiscoka nonimexuixay, Jlvsie, Ykpaina

Pe3tome. Hasedeno pezynomamu ananizy Cy4yacHux aimepamypHux Odcepen HA npeomem NOuLyKy
MamemMamuyHux Mooenel, Wo ORUCYIOMb OUHAMIKY Npoyecy (OpMy8anHs pe2yisipHo20 MIKpopeiveqy Ha
BHYMPIWHIX YUTTHOPUYHUX NOBEPXHAX Oemainell, SKIi NPayloioms y 8AXNCKUX YMOBAX eKCHIyamayii, 3 Memor
30inblenHs ix pecypcy. Bcmanoenerno eiocymuicms mamemamuunux mooesnet, wo ORUCyioms 0aHuil npoyec ma
ocobaueocmi 11020 30MICHEHHsT NpU MOYKOGIU Oii 0ehopmylou020 elemeHma HA NOBEPXHIO Mila Oemali.
Poszenanymo pyxu incmpymenmy, sKi cynposooicyloms npoyec hopMy8aHHs peyisipHO20 MIKpoperveQdy Ha
BHYMPIWHIU YULTHOPUYHIL NOBEPXHI Mina Oemani ma NPOAHANi308aHO PYWIUHI CUTU, WO CYRPOBOONHCYIOMb Yell
npoyec. 3a pezyibmamamu npPOGeOeH020 AHANI3Y PO3POOIEHO MAMEMAMUYHY MOOelb OUHAMIYHO20 Npoyecy
Gopmyeanns pe2yisipHo20 MIKpoperbedy Ha eHympiwHill YyuriHOpuyHitl nogepxui mira demani. Ocobaugicmro
Ybo2o npoyecy € me, wo opmyarHs MiKpoperbepy 8i06y8acmvcsi 30CePedNCEHOI0 CUNOI0, MOYKA NPUKIAOAHHS
AKOI ROCMITIHO 3MIHIOEMBCSL 8 PAJIATLHOMY MA 0CbOBOMY HANPAMKAX BIOHOCHO Oemani. Biomax, mamemamuuna
MOOenb, AKa onucye yetl npoyec, 6yoe mamu OUCKpemmuy npagy wacmuny. 3anponoHosano maxy 0io MoOent08amu
3a oonomozoro Oenvma @yHkyilu Jipaka 3 JIHIUHOKO MA YACOBOK 3MIHHUMU, SUKOPUCMOBYIOHUU Memoo
pe2ynapusayii  8Ka3aHux o0cobaugocmell, 30Kpema ICHYIOUl Memoou IHMe2pySanHs GIONOGIOHUX HeNiHIUHUX
MamemamuyHux mooeell KpymulbHux Koausans demani. Ompumano aHarimuyHi Cnie8iOHOWEH S, SIKI ORUCYIOMb
yi KOMUBAHHA 8 npoyeci opmyeanHs pecyrapHozo Mikpopeavbeqy. Buxopucmaswiu npocpamue 3abe3neyeHHs
Maple, nobyoosano 3D sminu Kyma 3aKpy4yeaHHs 3GAeHCHO 60 PI3HUX 3HAYEHb 6UXIOHuUXx oanux. IIposedeni
00Cni0JCeH s 00380IAMb BPAXOBYBAMU KPYMUAbHI KOIUBAHHS, WO 0COOAUBO AKMYANbHO Oisl 0082OMIDHUX
YURHOPUYHUX OemaJiell, MaKux, K 2iib3u 2I0poYUniHopie, Oemani Oyposux Mexanizmie ma iHuil.

Knrwuosi cnosa: mexuonozis, yuniHOpuuHa NOGEPXHA, NApaMempu SAKOCMI, @lbpayitina 00pobKa,
KpYMunbHi KOTUBAHHA, MAMEMAMUYHA MOOEb.
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