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MECHANICS AND MATERIALS SCIENCE

MEXAHIKA TA MATEPIAJIO3HABCTBO

UDC 539.3

WAVE PROPAGATION IN THE PRE-DEFORMED COMPRESSIBLE
ELASTIC LAYER INTERACTING WITH A LAYER OF VISCOUS
COMPRESSIBLE LIQUID

Oleksandr Bahno

S.P. Tymoshenko Institute of Mechanics. National Academy of Sciences of
Ukraine, Kyiv, Ukraine

Resume. Based on three-dimensional equations of linearized elasticity theory for finite deformations of
elastic body and three-dimensional linearized Navier-Stokes equations for the liquid medium, the problem of
propagation of acoustic waves in preliminarily deformed compressible elastic layer in contact with a layer of
viscous compressible liquid has been formulated. A numerical study is conducted, dispersion curves are
constructed and dependencies of the phase velocities and attenuation coefficients modes to the thickness of layers
of elastic body and a viscous compressible liquid in a wide frequency range are determined. An effect of initial
stresses on phase-frequency spectrum of waves in the hydroelastic system is analyzed.

Keywords: compressible elastic layer, layer of viscous compressible liquid, initial stresses, harmonic
waves.

Received 26.11.2015

Problem setting. The development of science and technology brings new increased
requirements for research in hydro elasticity and in particular to study wave propagation in
elastic bodies in contact with the liquid. There is a strong need for comprehensive consideration
of real solid and liquid media properties and on this basis adequate description of different
phenomena and mechanical effects that characterize dynamic processes in hydroelastic
waveguides.

Analysis of the known research results. The waves propagating along the contact
boundary of elastic layer and the layer of liquid are among thoroughly studied generalized basic
types of acoustic waves, such as Rayleigh, Stoneley Lyave and Lamb waves. Work reviews and
analysis of results obtained within classical elasticity theory and models of ideal compressible
liquid are given in [1]. However, considerable practical use of surface waves raises the problem
of taking into account real medium properties. Among these factors are the initial tensions and
viscosity of the liquid. Tasks examined and results obtained on the basis of the properties of
solids and liquids are given in [2, 3].

The purpose of the work. Explore the dispersion spectrum of wave process in a pre-
stressed compressible layer — layer of viscous compressible liquid system based on three-
dimensional linearized Navier-Stokes equations for the liquid medium and three-dimensional
linearized elasticity equations for finite deformation of solids in the most complex theoretical
as well as important applied aspect of the case, which covers long-wave and short-wave part of
the spectrum.

Formulation of the problem. In this paper, to study wave propagation in a liquid
layer — elastic layer system a model is involved that takes into account the initial deformation
of solids, together with a model of viscous compressible Newtonian liquid. It uses three-

Corresponding author: Oleksandr Bahno; e-mail: alexbag2010@mail.ru .. .........c..cooceiceeve oo cee e e cee e €
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Wave propagation in the pre-deformed compressible elastic layer interacting with a layer of viscous compressible liquid

dimensional equations of linearized elasticity theory at finite deformations of solids and three-
dimensional linearized Navier-Stokes equations for the liquid at rest without taking into account
thermal effects. The approach chosen applies problem formulation and the method based on the
use of representations of general solutions to the equations of motion of an elastic compressible
body and a viscous compressible liquid proposed in works [4 — 10].

In the case of homogeneous stress-tension state coefficients in the equations for compressible
elastic bodies are constants values that provide a representation of general solutions. For flat
case under consideration, the general solution will have the form [4 — 10]

_ ’n . u (ﬂqau"'sn) [ o’ /12(/112/‘12 +ng) o° P o°

: + —_—— — | X 1
024027 2 ;L; (a‘lZ + /u12) az1 ﬂf(ﬂ'fan + 3101) aZz2 ﬂ*f (ﬂqzan + s101 ) ot* }zl )
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\ ; : 2
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where introduced functions y; satisfy equation
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This problem has the following dynamic

Ql Zp= 0’ Zz =0 — QZ Zp= 0’ Ql Zz——hz 0; Q2 22:—h2 :O’
Pl 22=h1 = 0; P2 22=h1 = 0 (6)
and kinematic
aou ou

Vi|25-0 :8_t1 =07 Y2|2,=0 :EZ 25=0 (7)

boundary conditions. Here are the following notation: u, — the components of the elastic body
travel vector; 1, — extension of the elastic layer in the directions of coordinate axes; a; and
u; — values which are determined from equations of state and depend on the type of elastic

8 ettt ISSN 1727-7108. Scientific Journal of the TNTU, No 1 (81), 2016
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A2

— 0
potential [11]; &,° — initial stresses (s. :1—30“); p — elastic layer matter density; v, —

A
the components of liquid velocity vector; v and " — kinematic and dynamic viscosity of the
liquid; p,and a, — the density and speed of sound in a liquid at rest. Q; and P; — the

components of the stress in a solid and a liquid.
Then parameters, characterizing the propagation of waves, are sought in the class of
traveling waves, presented as

x;=X,(z,)expli(kz, — at)], j=13, (8)

where k (k=pg+iy) — wave number; y — wave attenuation coefficient; @ — circular
frequency.

Note that chosen for this research class of harmonic waves, being the most simple and
convenient in theoretical studies, does not limit the generality of the results obtained as a linear
wave of arbitrary shape is known to be represented by a set of harmonic components. Then two
Sturm-Liouville problems on eigenvalues for equations of travel of an elastic body and liquid
are considered. On solving the equations their respective functions are found. After substitution
of the solutions into boundary conditions (6) — (7) we get a system of linear homogeneous
algebraic equations with reference to integration constants. Based on the conditions of a
nontrivial solution existence, and equating the system determinant to zero, we get the dispersion
equation

det =0,I,m=18, (9)

Cim (C’y1aij 1 M ’Si(i) 1P 4, i oh [ c,,oh, | Cs]

where ¢ is the phase velocity of waves in hydroelastic system; c_ (c? = u/p)— shear wave
velocity in the elastic body material; x — shear modulus; h,— thickness layer of the viscous
liquid; h,— thickness of the elastic layer.

As is known in unlimited compressible elastic body both longitudinal and shear waves
exist. In an ideal compressible liquid medium only longitudinal waves spread. Longitudinal as
well as and shear waves exist in a viscous compressible liquid. These waves interact in free
boundary surfaces, as well as in media contact surfaces, generating a complex wave field in
hydroelastic system. Waves, thus created, spread with dispersion. Their phase velocities are in
some way dependent on the frequency.

Note that the resulting dispersion equation (9) does not depend on the form of elastic
potential. It is the most general and it is possible to obtain a number of partial cases considered
in[2, 12 - 14].

Analysis of numerical results. Subsequently the dispersion equation (9) was solved
numerically. Herewith the calculations were made for a system of organic glass — water, which

is characterized by the following parameters: resilient layer p =1160kg/m3, x =186-10° Pa;
liquid layer p, =1000 Kg/m3, a, =14595m/s, &, = a,/c, =11526, Z =0,001.

Murnahan form of three-invariant potential was used in numerical realization of a
problem for organic glass [11]. With this in view, Murnahan constants for organic glass through

which equation values of a; state and y; state, were defined as follows [11, 12]: a= —-391-10°

Pa; b=-7,02-10°Pa; c=-1,41-10°Pa,
The results of calculations are presented in Figures 1 — 8.
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Wave propagation in the pre-deformed compressible elastic layer interacting with a layer of viscous compressible liquid

For the elastic layer which does not interact with the liquid Fig. 1 shows dependencies
of dimensionless values of phase velocities of Lamb waves € (€ =c/c,) on dimensionless

thickness of the elastic layer (frequency) h, (h, =wh, /c,) in the absence of initial
deformations. Numbers n, indicate antisymmetric modes and n, — symmetrical modes
accordingly.

Fig. 2 shows the dispersion curves for hydroelastic waveguide showing the
dependencies of dimensionless values of phase velocities modes € on dimensionless value of
viscous liquid thickness h: (h, = wh, /c, ) for the elastic layer with a thickness equal to h, =10,
and in the absence of initial deformations.

Curves for hydroelastic waveguide showing the dependencies of dimensionless values

of mode attenuation coefficients y on dimensionless thickness of viscous liquid h, elastic

layer with a thickness that equals hz =10 also in the absence of initial deformations, shown in
Fig. 3—4.

The nature of the impact of preliminary tension (EMO =0,004) on the phase velocities
modes in an elastic layer that interacts with a layer of viscous liquid graphics is illustrated by
Fig. 5 — 6, showing the dependencies of the change in the relative phase velocities

c, (c, = ©“=c. c, — phase velocities of modes in hydroelastic system of pre-stressed layer,
C

¢ — phase velocities of modes in hydroelastic system in the absence of initial deformations) on
the thickness of viscous liquid layer for the first 11 modes. These Figures show hydroelastic

waveguide dispersion curves, with its elastic layer thickness equal to h, =10.

The nature of the impact of preliminary tension (&,,° =0,004) on the attenuation

coefficients of modes in an elastic layer that interacts with a layer of viscous liquid is illustrated
on diagrams in Fig. 7 — 9, which shows attenuation coefficient relative value changes

Vo~

dependencies y, (7, = 4 , 7, — mode attenuation coefficients in hydroelastic system with

pre-stressed layer; y —mode attenuation coefficients in hydroelastic system in the absence of
initial deformations) on the viscous liquid thickness for the first 11 modes. These Figures show
curves for hydroelastic waveguide with a thick elastic layer, whose thickness is hy =10

Research results. From the graphs presented in Fig. 1, it follows that the speed of zero
antisymmetric Lamb mode with increasing thickness of the elastic layer (frequency) h tends
to Rayleigh wave velocity ¢; (Cz =cg/c, =093356) from below, and of zero symmetrical
mode speed tends to Rayleigh wave velocity ¢; (Cy =093356 ) from above. Speeds of all
higher Lamb modes with increasing thickness of the elastic layer (frequency) tend to shear wave
velocity in the material of the elastic bodyc; .

Charts for hydroelastic systems, which are shown in Fig. 2, in the case of thick elastic
layer with h, =10 show that with increasing thickness of the layer of viscous compressible
liquid zero antisymmetric mode velocity tends to Stoneley wave velocity
Cy (T4 =g /cs =0,7691), and zero symmetrical mode velocity tends to Rayleigh wave velocity
Cr (Cg =093356 ). By increasing the thickness of the liquid layer the first antisymmetric mode
speed tends to wave velocity € =11286 , the value of which is less than the speed of sound in a
liquid &, (a, =11526 ). Phase velocities of all other higher modes tend to the speed of sound

in a liquid medium a&,.

10 e e e es e e ISSN 1727-7108. Scientific Journal of the TNTU, No 1 (81), 2016
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Figure 1. Dependencies of dimensionless phase
velocities of Lamb normal waves on the
dimensionless thickness of elastic layer in
absence of the initial stresses
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attenuation coefficients of modes 0,051, 15.2,
and 24 on the dimensionless thickness of layer
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Figure 2. Dependencies of dimensionless phase
velocities of modes on the dimensionless thickness of
layer of viscous compressible liquid in absence of the

initial stresses
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Figure 4. Dependencies of dimensionless attenuation
coefficients of modes 3 — 7 on the dimensionless
thickness of layer of viscous compressible liquid in
absence of the initial stresses

Chzirts in Fig. 2 show that in hydroelastic waveguide with an elastic layer of a given

thickness h, with increasing thickness of the liquid layer h; higher modes velocities tend to
the speed of sound in the liquid, which for the considered hydroelastic systems with selected
mechanical parameters is greater than shear wave velocity in solid material (a, > C;).

From the graphs presented in Fig. 3 — 4, it follows, that liquid layers of a certain
thickness and certain frequencies, for which mode attenuation coefficients take minimum as
well as maximum value, exist for all modes. However, for modes 3 — 7 generated by a liquid
medium, there are not only certain frequencies, but also the frequency range in which the modes
spread with both the smallest and the biggest fading.
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Figure 5. Dependencies of relative changes of
phase velocities of modes 0, 051, and 15 on
the dimensionless thickness of layer of viscous
compressible liquid in presence of the initial
stretching
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Figure 6. Dependencies of relative changes of
phase velocities of modes 25,25, 3—7 on the
dimensionless thickness of layer of viscous
compressible liquid in presence of the initial
stretching

11



Wave propagation in the pre-deformed compressible elastic layer interacting with a layer of viscous compressible liquid

From the charts shown in Fig. 5 — 6, it follows that the initial tension of elastic layer
causes an increase in phase velocities of zero and first antisymmetric and symmetric modes.
Speeds of all higher modes 3 — 7, generated by a layer of liquid in the vicinity of the frequencies
of their origin have less velocities of relevant modes in a layer without initial stresses. The
impact of the initial tension on the phase velocities of all modes with increasing thickness of
the liquid is reduced. It is easy to see that starting with the second mode and onwards on all
subsequent there are certain liquid layer thickness and frequencies at which the pre-deformation
does not affect their phase velocity. This qualitatively new pattern, which is absent in the case
of wave propagation in unbounded and semibounded bodies, was first discovered for the elastic
layer that does not interact with the liquid and is presented in work [12]. In the case of thick
elastic layer considered here every mode 3 — 7, generated by liquid, has three such frequencies.

We also note that from the charts in Fig. 7 and 8 imply the existence for all modes except

0, viscous liquid layers of a certain thickness and certain frequencies at which the pre-
deformation does not affect attenuation coefficients of these modes.
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Figure 7. Dependencies of relative changes of
attenuation coefficients of modes 0, .05 and 1,
on the dimensionless thickness of layer of
viscous compressible liquid in presence of the
initial stretching

Figure 8. Dependencies of relative changes of
attenuation coefficients of modes 14,2, .25 and
3 — 7 on the dimensionless thickness of layer of
viscous compressible liquid in presence of the

initial stretching

Note that the chosen approach, results obtained and identified patterns of mode
dispersion spectrum allow for wave processes to set limits of using the models based on
different versions of small initial deformations theory as well as perfect liquid model. The
results can also be used in ultrasonic non-destructive method of determining the stresses in the
surface layers of materials [15] as well as in areas such as seismology, seismic prospecting
etc. [11]

Conclusions. Within the framework of the three-dimensional equations of the linearized
elasticity theory of finite deformations for the elastic body and three-dimensional linearized
Navier-Stokes equations for a viscous liquid of the problem of propagation of acoustic waves
in a pre-deformed compressible elastic layer, that interacts with a layer of viscous compressible
liquid, was presented. The influence of the initial deformation, the thicknesses of the layers of
the elastic body and liquid on the phase velocities and the attenuation coefficients of modes
were analyzed. The dispersion curves for the modes in a wide range of frequencies were given.
For hydroelastic system it was shown, that with increast of the thickness layer of viscous liquid
the velocity of zero antisymmetric mode tends to the Stoneley wave velocity and velocity of
zero symmetric mode tends to the Rayleigh wave velocity. By increasing of the thickness of
the liquid layer, the velocity of the first antisymmetric mode tends to the wave velocity, the
value of which is less than the velocity of sound in the liquid. The phase velocities of all other
higher modes tends to the velocity of sound in the liquid. It was determined that the initial
tension of the elastic layer leads to the increasing the phase velocities of zero and first
antisymmetric and symmetric modes. The velocities of all higher modes which were generated
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by a layer of liquid in the vicinity of the frequency of their origin are less than relevant velocities
in a layer without initial stresses. The effect of the initial tension on the phase velocities of all
modes decreases with the increase of layer thickness of the liquid. It was determined that for
all the modes, beginning with the second, there exist thicknesses the liquid layer and the certain
frequencies, at which the initial tension of the elastic layer has no effect on their phase velocities
and attenuation coefficients. It was shown that in the case of thick elastic layer every mode that
was generated by the liquid has three such frequencies. An approach developed and the results
obtained allow to establish for the wave processes the limits applicability of the models based
on different versions of the theory of small initial deformations, as well the model of an ideal
liquid. The results can be well used in the ultrasonic non-destructive method determination of
stresses in near-the-surface layers of materials as well as in areas such as seismology, seismic,
etc.
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VJIK 539.

MOIIUPEHHS XBUJIb Y HONEPEJIHHO JE®POPMOBAHOMY
CTUCJIUBOMY MPYKHOMY HIAPI, IKUH B3AEMO/IE 3 IIIAPOM
B'SI3KOI CTUCJIMBOI PIIUHU

Ouaexkcanap barno

Incmumym mexanixu im. C.I1. Tumowenxka HAH Ykpainu, Kuis, Yxpaina

Pe3tome. Ha ocnogi mpugumipHux pieHsaHb NiHeapu308aHoi meopii npys*CHOCMI CKiHUeHHUX Oeghopmayill
OJIA NPYIACHO20 MiNa Ma MpUsUMIpHUX TiHeapusosanux pieHanb Has'e-Cmokca ons piokoeo cepedosuya 0ano
NOCMAHOBKY 3a0aui Npo NOWUPEHHS AKYCMUYHUX X8Ub Y HONEPeOHbO 0e(OpMOBAHOMY CIIUCTUBOMY NPYHCHOMY
wapi, wo KOHMaxkmye 3 wapom 6'sa3xoi cmuciugoi piounu. Ilpogedeno uucenvre 0ocaiodicentss, nooyooeaHo
OUCNePCIliHI KPUBI, 6CMAHOBIEHO 3AJeHCHOCMI (a308ux WeEUoOKocmel ma Koe@iyieHmie 32aCanHs Moo0 6i0
MOBWUHU WAPIE NPYICHO20 MINA i 8'A3K0i cmucaugoi piounu y wupoxomy dianasoui yacmom. IIpoananizosano
BNIIUB NOUAMKOBUX HANPYIICEHb HA YACMOMHO-ha308Utl CHEKMpP X6Ulb y 2iOPORPYICHIT cUCmeMI.

Kniouosi cnosa: npysicnuii cmuciusuil wap, wap 8'a3Koi cmucaugoi piounu, nouamxosi HanpylceHus,

2APMOHIYUHI XEUJIL.

Ompumano 26.11.2015
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STRESS DISTRIBUTION IN AN INFINITE ORTHOTROPIC PLATE
WITH PARTLY REINFORCED ELLIPTICAL CONTOUR

Natalia Shevtsova; Andrii Syaskyi

Rivne State University of Humanities, Rivne, Ukraine

Resume. The work presents approximate solution of the problem of partial reinforcement of elliptical
aperture contour in an infinite orthotropic plate with elastic edge whose bonding surface with the plate does not
coincide with its axial surface. Simulating reinforcing beam with a curved rod having constant rectangular cross-
section, we built a system of integral equations to determine the contact forces between the plate and the
reinforcement, and functions to determine internal forces in the reinforcement. Numerical implementation of the
task has been carried out by mechanical quadrature and collocation.

Key words: orthotropic plate, reinforcing edge, contact efforts, singular integral equations.

Received 15.12.2015

Problem setting. Intensive development of modern technology and construction calls
for extensive use of plates with holes made of composite materials. To reduce the high stress
concentration around the holes in the plates their contours are reinforced with open-ended
elastic beams. Study of stressed state of the plate in the vicinity of reinforcement sections is one
of the urgent problems of mechanics of contact interaction of massive and thin elastic bodies.

Tasks on partial reinforcement of contours of curved holes in isotropic or orthotropic
plates that are in conditions of generalized flat stress, are thoroughly investigated for cases
where reinforcement is modeled with an elastic line of constant or variable stiffness in tension
(compression) and bend [1 — 3]. It is believed that the line of reinforcement and plate junction
coincides with its geometrical axis.

Analysis of recent research and published works. Research [4] offers the solution to
the problem of partial reinforcement of circle-shaped contour in an infinite isotropic plate and
elastic disc with rods of rectangular section through which concentrated force load is passed to
the plate. For curved openings in isotropic and orthotropic plates such problems were not
considered.

This paper offers a numerical and analytical solution of the problem of partial
reinforcement of contour of elliptical opening in the infinite orthotropic plate with an elastic
curved rod.

The aim is to determine the contact tensions in the line of connection of the plate with
reinforcing beam and to research the impact of plate material orthotropy and physical and
geometrical parameters of the beam on its stress state.

Formulation of the problem. Consider an infinite orthotropic plate with thickness 2h
with an elliptical opening limited by smooth cylindrical surface. Let us denote the line of surface
intersection with the middle plate area by I"and call it contour of the hole.

The system of Cartesian (x, y) and polar (r, 8) coordinates with pole at the center of
the opening is set so that axis Ox coincides with the polar axis and ellipse symmetry axis and
determines one of the main areas of plate material orthotropy. We believe that the plate is in
state of generalized flat stress generated by forces p and qevenly distributed to infinity and
acting in the middle plane of the plate in the direction of the coordinate axes (Figure 1).
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Stress Distribution in an Infinite Orthotropic Plate with Partly Reinforced Elliptical Contour

Suppose that at the section I', = [oc:,, [33] where a, B, are polar angles, and contour

I" is reinforced with thin elastic beam of constant cross-section in the shape of a rectangle with
width 2n and height 2h, .

The form of elliptical hole in an

T I T 1 T I T infinite plate is defined by function [5]
] ty — z:m(Q)ZR*(C+§j, (1)

—> exterior of the unit circle vy in the plane of
— the area ¢ =pe” occupied by the middle

-~ — a+b

plane of the plate. Here R” :TZI is

— 0/ X [ performing conformal mapping of the
o

l l l q l l l the characteristic size of the hole; ,_2-b;
a+b

a, b are half-axis of the ellipse, a=1+¢,
b=1-¢; (p, 1) — polar coordinates of the
points in the plane ¢ .

Research results. Provisionally separating the plate from its reinforcement, and
replacing the influence of one body on another with unidentified contact forces T , S , applied
to ", we get the first substantive problem for orthotropic plate with unreinforced elliptical hole

and elastic beam.
Stressed state in the plate is created by the load applied to infinities and contact forces
applied to T, , and in the reinforcement — by contact forces only.

Deformations of ", contour in orthotropic plate at a given load in the notation [2] are
determined by formulas

Figure 1. Loading diagram of the plate

1

2 2 1 " At
3 :m{(ﬁlﬁz Vi) (@ +BIT (A) - j [Rl(x, 0-Q* tetg T}Tp (t)dt+

1 Bo L_t } ~
— | [Ql(x, ) +R, (%, t)ctg T} S, (t)dt+ag; +Bv°};

1

2 2 1 " At
Vv =m{(ﬁ132 —Vl)(a +B )pr (7") +;0_£I:R2(}‘" t)_Qz(}‘" t)Ctg T:|Sp9~ (t)dt+

o 2
W1 I I:Qz (X, )+ R, (A, t)ctg E}Tp (t)dt+aV’® —[352}’
u >
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where

= p[asin2 A —bBB, coszk+b(Bl+B2)Sin2k]+

3
+q[a(Bl+B2)coszk—asin2x+bB1[32coszk]ﬁlﬁz; a+ip=0'(c); o=e"; ®)

V®=pla+b(B,+B,+BB,)|sinrcosh—qg[a(l+PB,+B,)+bBB, |BB,sinAcosi;

E,, v, are Young's modulus and Poisson's ratio of the plate material in the direction of the axis
Ox; B,, B, are the roots of the characteristic equation [5]; [ao, BO] — image of the reinforced
area [oc’{,, 33] with the projection (1); ¢, , V —relative lengthening of I" contour and the angle

of rotation of its normal.
If the contact forces are known, the ring efforts T, can be determined by the formulas

givenin [2].
Reinforcement beam is simulated by a curved rod, geometrical axis of which does not
match with T',. Its stressed state is characterized by longitudinal force N and transverse

force Q and bending moment L, arising in cross-sections and assigned to the beam axis [6]

L)|o'(c)| =bf, (1)cos2 +af, (1 )sin &; Q(%)|o' ()| = af, (1)sin & —bf, (%) cosi;

Lb(k)an(k)+'T[afl( t)sint—bf, (t)cost |dt. (4)
here

f, (L) +if, (A —II[T )+iS,, (t)}clm'(cl)dt; c, =e". 5)

Deformations of reinforcement fiber, which is in contact with the plate, are determined
from the ratio [6, 7]

ng) 1 N + p— Lb . deb :i N + Lb , (6)
g, p R—r de g, R-r,

where s(;), 0, is relative elongation of the fiber and elastic turn angle of the normal to it;
g, = E,F, tensile (compression) reinforcement strength; p R, r,, are curvature radiuses of

the considered, axial, and neutral for pure bending reinforcement fiber respectively;
E, — Young's modulus of reinforcement material; 6 is an angle of normal inclination to the

co’(cs)| :
The normal stresses that occur in the fiber with a radius of curvature p”, are determined
by Hooke's law

axis ox; e =" 0'(c)/

F, o R-r, (7)

and tangential tensions in cross-section are determined by Zhuravsky’s formula [6].
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Stress Distribution in an Infinite Orthotropic Plate with Partly Reinforced Elliptical Contour

Considering the contact between the plate and the reinforcement ideal, boundary
conditions at their bondage area, taking into account their denotation (5), can be presented as

| (o)f

=—af,(A)sin A +bf, (1)cosi; S, ‘m’(c)‘z =—bf/(1)cosh —af, (1)sinA;

g, =¢”; V=0, re[ag; Bol- (8)
Substituting (2), (6) to the boundary conditions (8) leads to a system of four singular
integral-differential equations with Hilbert kernels to determine the contact efforts T, S, and
functions f,, f,. This system should be supplemented with conditions of reinforcement
equilibrium

Bo
f(Bo)=f,(B,)=0;  [[afi(t)sint—bf,(t)cost]dt=0. 9)

Assuming in the system (2), (8), (9) that E,/E, =0, we obtain a solution to the

problem of partial reinforcement of elliptical aperture contour in orthotropic plate by an
absolutely rigid beam [2].

With E,/E, =0, for this system we find the solution of the problem for unreinforced
elliptic opening [5], and with € =0, E, = 0 — that for partially reinforced circular opening.

Approximate solution of the problem. The exact solution of system (2), (8), (9) cannot
be found. For its approximate solution it is necessary to establish the structure of the desired
functions at the ends of reinforced area.

Given the first two conditions of equilibrium (9) and formula (5) the following can be
written

fl(ao)z fl(Bo)ZO; fz(ao)zfz(p’o)zo- (10)

Correlations (10) suggest that the functions f,, f, are limited to the area of

reinforcement, and are equal to zero at its ends.
Based on the first two boundary conditions (8) it can be established that contact forces

should be sought in the class of functions unlimited on the ends of the area [a.y; B, ]

Given this, an approximate solution of the problem will be determined by method of
mechanical quadrature and collocation [1, 2]. This method was used to study the influence of
material orthotropy on stress distribution in the plate and reinforcements.

The results of numerical calculation of forces T_, s, T, atthe contour I" of the plate

and normal stresses o', o' in boundary longitudinal reinforcement fibers with

EO/ E,E, =5; hy/h=4/3; hy/m=3; 2n/R"=0.1; o, =—7/3; B, =7/3; p=0; q=1 are
shown in Figures 2 — 4. Characteristics of orthotropic materials and lines that correspond to
these materials on the figures are presented in Table 1.

Figure 3 shows tension cs§°) that corresponds to fiber which is connected with the plate
in the section T, . Figure 4 at the bottom shows the distribution of hoop efforts on the contour
of unreinforced opening.

2
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Table Ne 1.
Characteristics of the researched materials
Plate material B, B, v, E,/E, Lines
Isotropic material 1 1 0.300 1
Glass-epoxy 2.2712 | 0.7626 0.250 3 | ————-
Graphite-epoxy 6.9992 0.7144 0.250 25 —— =
Epoxy-glass 0.4400 1.3100 0.083 13 | —
Epoxy-graphite 0.1430 | 1.4010 0.010 125 | ———

3.0

Figure 2. Distribution of contact forces on Figure 3. Distribution of stresses in
the area of reinforcement the extreme fiber of reinforcement

Figure 4. Distribution of hoop efforts on the contour of the hole

Conclusions. As a result of numerical calculations the following has been established:

- reinforcing rib, symmetric by the major axis of the ellipse, at the tension of plate in the

direction of the minor axis of the ellipse allows to decrease by half hoop efforts in the areas of

maximum concentration at A =0. This is especially true for graphite-epoxide material. Its
effects outside areas of reinforcement on the stress state of the plate are practically missed,;
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Stress Distribution in an Infinite Orthotropic Plate with Partly Reinforced Elliptical Contour

- normal stresses in the extreme fiber of reinforcement with the decrementing E, /E, are

essentially increasing. The maximums of stresses of fiber, which is connected with the plate,
are shifted directly to the ends of reinforcement;

- the dependence of the contact forces on the orthotropy of the material of the plate is shown
as well as normal stresses in the extreme fibers;

- the efforts at the ends of area of contact in the plate are unbounded, which can be explained
by the availability of local plastic areas.
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IVIACTUHII 3 YACTKOBO INIACUJIEHUM EJIIIITUYHUM
KOHTYPOM

Haranisa llleBuoBa; Anapin Cacbkui

Pisnencoruii oeporcasnuu cymanimapuutl ynieepcumem, Pisne, Ykpaina

Pe3ztome. I1o6yoosano nabaudxicenuil po3e 30K 3a0a4i npo 4acmroge nioCUIeHHss KOHMypy elinmuyHo2o
OMEOpY 8 HeCKIHUEHHIU OPMOMPONHIU NAACMUHYT NPYIHCHUM PeOPOM, NOBEPXHS CHOLYYEHHSL AKO20 3 NIACMUHKOK
He cnienadae 3 1020 0Cb08o0 hogepxneio. Mooleniowuu niocuniosaivie pebpo KPUBOIIHIIHUM CHMPUICHEM
CMAn020 NPAMOKYMHO20 NONEPeuH020 nepepisy, nobyo008aHo cucmemy iHMezparbHUX pi6HAHb Oiisl GUSHAYEHHS
KOHMAKMHUX 3YCUTb MIJC NIACTUHKOIO MA RIOCUNEHHAM [ (OYHKYI 0151 BUSHAYEHHS 6HYMPIUWHIX CUTL Y NIOCUTEHH].
Yucnosy peanizayito 3a0ayi 30ilCHEeHO MEMOOOM MEXAHIUHUX KEAOpamyp i KOJOKAyii.

Knwuosi cnosa: opmomponna niacmuHka, niocunto8anivHe pedpo, KOHMAKMHI 3YCUNIA, CUHSYIAPHI
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DESTRUCTION ZONE NEAR THE TIP OF INTERFACIAL CRACK AT
A PREVAILING TENSILE LOADING

Mykhailo Dudyk

Pavlo Tychyna Uman State Pedagogical University, Uman, Ukraine

Summary. Under the plane strain conditions at the prevailing tensile loading by Wiener-Hopf method
the solutions of problems about the calculation of a small-scale destruction zone in the pre-fracture zone part,
which is adjacent to the interface crack tip, located on a flat interface of two different materials, taking into account
and ignoring the contact of the lips near the tip have been found. The influence of the elastic characteristics of
joining materials and loading configurations on the parameters of the destruction zone has been investigated.

Key words: interfacial crack, pre-fracture zone, destruction zone, contact of the lips.

Received 23.12.15

Problem setting. Experimental investigations of fracture processes near the crack tip
revealed existence in their vicinity of pre-fracture zones with a complex structure and include
in the part adjacent directly to the tip of the relatively small area of material destruction with a
very high deformation level [1, 2]. The complex model of pre-fracture zone at the end of
interfacial crack [3, 4] except a destruction zone takes into account the contact of the lips.
In [5] within the framework of complex model of pre-fracture zone the calculation of a small-
scale contact zone has been done in the presence of a more developed pre-fracture zone, but the
sizes of the destruction zone has not been established. Under the prevailing tensile loadings in
the direction perpendicular to the plane of interfacial crack the size of the area of the lips contact
may be much smaller than the sizes of the pre-fracture zone and the destruction zone as well.

The aim of the work is to find the parameters of destruction zone taking into account
the contact of the lips and ignoring it.

1. Computation of a destruction zone taking into account the contact of the lips.
Statement of the problem. Under the plane strain conditions, we consider the problem
computing the destruction zone in the lateral pre-fracture zone propagating from the tip of the
crack, located in a piecewise homogeneous body on a straight-line interface of two different
isotropic elastic material with Young's moduli E;, E, and Poisson’s ratios v, , v,, taking into

account the contact of the lips near the crack tip. Due to the tearing nature of prefracture zone
and in accordance with the localization hypothesis it can be simulated as inclined at an angle «
to the interface with a straight line of rupture of a normal displacement of the length |
propagating from the crack tip into the first material, which is assumed to be less crack-
resistant. According to Leonov-Panasiuk’s model normal stress on the line of rupture is equal
to the resistance of the first material to separation o1 [6]. The area of destruction of the material
in the pre-tip of the pre-fracture zone, which is characterized by a high level of both normal and
shear deformations, will be simulated as a rupture line of length d, where both the normal and
tangential displacement are undergone the rupture, and a tangential stress is equal to the shear
resistance of the first material z1s [4]. We assume that the length of the zone of destruction is
much less than the length of the contact zone s, which in its turn is significantly less than the
length of the entire pre-fracture zone (d= s= ). It allows us to regard the studied body as a
piecewise homogeneous plane, containing at the interface a semi-infinite zone of the contact
sliding of the lips, interacting according to the law of dry friction, from the O tip at an angle «
to the interface a semi-infinite straight line of rupture propagates which consists of two sections
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(Fig.1). In the section OO’, which is adjacent to the crack tip, both normal and shear
displacement experience the rupture, and normal and tangential stresses are equal to o1 1 715 . In
the second section only the the normal displacement is ruptured and the normal stress is equal

1o o1.

Figure 1. The computational scheme of the problem

This model corresponds to the static boundary problem of elasticity theory with
boundary conditions

0=0: <o0,><71,>=0, <Uy,>=<u, >=0;
0=t <oy>=<71,>=0, <Uy,>=0, 7,y=—uocy;

O=a: <o,><1,>=0;, O=a, oy=0y;
O=a, r<d: r,=7=%71;, 0=a, r>d: <u,>=0, (1)

where <f> is the jump of the quantity f , u is coefficient of friction, sign 71 is determined by

the sign of tangential stress in the pre-fracture zone part adjacented to the crack tip.

At infinity the principal terms in the stresses expansions into asymptotic series coincide
with the principal terms in the stresses expansions asymptotic series near the crack tip in the
problem, which is similar to this, in case d =0 (without destruction area) and with finite area
of the contact of the lips, the solution of which has been found [5]. In particular, from [5] we
can find:

O=a, r >mw: 7,,=21+ K‘l)0'1|:éo +zckr’1kl+0(l/l’), (2)
k

Y 2/ sin ALxD'(—1— A)
5 C,sh y)
~ QN (-1- )G, (-1-4) (4 - 4)
So(p) = [(L+ &1)* — 4(L+ K1) (L - €)sin® par — 4(L+ excy) (L~ &)ty (P)]Soy (P) +
+e(l+ x,)[(L+ ) Sp2 (P) — e+ 13)S03(P) — 2(L—€)t, (P)t3(P)],
So1(P) = (p +Dsinasin p(z — a)sin pr,
Sp2(P) =2(p +1)sinacos p(x + a)sin pasin p(z —a) —t,(p)sin(p +De,
So3(P) = 2p°sin® e cos pa — p?sin? asin(p —1)a — psinasin pzsin p(z —a) +
+sin pasin p(z —a)sin[ p(r —a) — a];

& _ CoS'D & _SCI-A)QN(1-A)G ((1-A4) 4

S(p) =So(p) + uS,(p),
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S1(p) =41+ exy)(L—e)sin pz t(p)ty(p) + e+ x)t (P)[A + ;) cos(p + D +
+2(1+ex,)(p+1sinasin pa] - 1+ xy)[2e(L+ &) sin pacos p(z + o) —
—4(1—e)sin prsin? pa + L+ i) sin pzlt,(p) +e(L+ &,) s (),
s,1(p) = p?sin® acos(p +1)a + psinacos p(z — a)sin p(z — 2a) —
—sin pasin p(z —a)cos[ p(z — a) + a];
t,(p) = p?sin®a —sin? pa, t,(p) = p?sin®a —sin? p(z —a),
t;(p) = psinacos pa —cosasin pe, t,(p) = psinacos p(z —a) +cosasin p(r —a),
S'(p) = 35(p)/2p, D'(p)=D(P)/ O, Ky =3 dvigzy, €= 122,
E,1+v
a constant C,, degrees 4 >-1 1 A > -1 in expansions of asymptotic fields of stresses into

series along the distance to the tip taking into consideration only the zone of pre-fracture or the
zone of pre-fracture and small-scale area of lips contact, accordingly, the functions

D(p), Q" (p), G, (p) and the length of the contact zone are defined in [5]. Asymptotically the
largest contribution to the tangential stress in the pre-fracture zone near the crack tip has been
done by the term, which corresponds to the smallest in the interval (-1, 0) degree A4 in
expansion (2), which is a stress singularity index in the area r <<s. The sign of this term
determines the sign 7, in the destruction zone: accordingly (2) 7, = 7, sgn(C,).

Solution of the problem and numerical analysis of the results. The boundary problem
of elasticity has been formulated (1) — (2) which is similar to the boundary problem about
computing of the destruction zone at the end of interfacial crack with a significant contact of
the lips and a small-scale lateral pre-fracture zone that has been solved in [7], being different
from it by the condition at infinity (2). Using the obtained solution in [7], taking into account
the differences in conditions at the infinity we came to the transcendental equation for the
calculation the length of the destruction zone:

Zéﬁgdﬂéw(—l—@)\ll(o) g

_ _ & 3
C QKT (-1, (4 20+Kx)ey (3)

. TA-p) ~ i‘” InH (it) _ cospzD,(p) |
“ (p)_l“(1/2—p)'Jl(X)_exp{ZﬂIl+x+itdt}’ H(p - 2sin? pzD,(p)’

I'(p) is the gamma function; functions D,(p) i D, ( p)are defined in [7].

The emergence of the destruction zone changes the stress-strain state near the crack tip
which at distances r = d will be characterized by the stresses singularity index A4, which is
defined as the smallest one from the interval (-1, 0) the root of the equation D,(—1—-x)=0. In

addition, the destruction of the material leads to the nonzero shear displacement of the lips at
the tip of the crack which is equal, accordingly to [7], to:

A-vDoy 20+ m)d G BdEKICL-A) K

S = .
E, zH(0)cosa X 3(4) L+ 24)?

(4)
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To analyze the obtained solution, we should consider a piecewise homogeneous plane
with interfacial crack length L, which is loaded at infinity with the tensile normal stress
o, = p >0 and tangential stress z,, = q . The parameters of a pre-fracture zone and the contact
area are determined in accordance with [5, 8, 9]. In every calculation the coefficient of friction
is u=— 0.5 and in both parts of the article is vi=v,=0.3.

In Fig. 2 the dependence of the length of destruction zone (solid lines) and the sizes of
the area of the contact of the lips (dashed lines) on the loading for comparison are showed. The
length of the destruction zone increases with the increase of dimensionless loading module

f= «f p? +0° /oy (fig. 2a), but it decreases with increasing the ratio of normal and tangential
stresses g/p, which defines the configuration of loading (fig. 2b).

s/L,

E/E=0,5; /L =07
d/L ! i s | — 2 EI/EZ_Oyzs
O e e A ER ) W el
0 et =
5
10 F .
10~
10k
10’
005 0,1 015 02 025 03 035 f -1 0,8 -0,6 -0,4 02 ap
a) b)

Figure 2. The dependence of the lengths of the destruction zone d (solid lines) and the contact area of the lips s
(dashed lines) on the loading module f (a) and on the loading configuration g/p (b).

The analysis of the graphs shows that by ratio of normal and tangential stresses

within —=1<q/ p <-0,5 the destruction zone is much smaller than the size of the contact area,

which ensures the implementation of the initial condition d = s of the model, whereas under

decreasing the contribution in the loading of tangent component g, this condition is violated.
Fig. 3 shows the results of calculations of stresses singularity at different distances to

the tip: 4 if s=r=1, A if d=r=s and A, if r= d. As singularity indexes satisfy
inequalities 4 <4, <441, we can make a conclusion that at distances s= r= | the level of
stresses concentration is below the square root, but due to the formation of small-scale contact

zone it greatly increases at distances d= r=s, and the establishment of a destruction zone
eliminates the strengthening of stresses concentration at distances r= d .

0.1 0.3 0,5 0,7  EJE.
]
0.2 H\-_,_
T
""--\_\_\_\_\_\_\__\__ P .
0 4 _ _ ) ) _\_‘_\_—_\___\‘f_"____
A
0,6 1
0,8 -
""l
I 1T "1 "1 |

Figure 3. The dependence of the singularity indexes of stresses at different distances to the crack tip on the
Young's moduli ratio E1/E; of joining materials for f = 0,3, g/p =—0,5.
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Taking into account the lateral pre-fracture zone and the contact of the lips the opening
of the crack at its tip will be zero, so that according to deformation criterion the crack start is
impossible [4]. However, the appearance of destruction zones causes the relative shear of crack
lips in its tip, resulting in a shear crack opening ¢ (4). Fig. 4 shows the dependence of the
normalized shear opening &' = 6E, /4L(1—v,?)o; on the magnitude of the external loading at

some of its configuration and some values of Young's modulus ratio of joining materials.

i T
i l(..-' //
810" ff #
p &
i / //
Iﬁ--]lJ //_.f‘,/_ _ '.-'E,."'IE-“':].S'
. # / i
4-10° o
.—-“'{-"f '”-H _'_‘_'_'_'_._._,_,—:-""'__,-
210" - /o 4
ezl | f—T ]
0 0,1 0,2 0,3 I

Figure 4. The normalized shear opening of the crack as function of the loading f for g/p =— 0,5 (solid lines) and
g/p = — 1 (dashed lines).

According to the calculations (Fig. 4), the crack opening increases with the magnitude
of the external loading. It behaves like the size of the contact area and the length of the zone of
destruction (Fig. 3): it decreases due to the increasing of normal tensile stress contribution and
due to the approach of the elastic characteristics of joining materials (E1—E>).

2. Computation of the destruction zone ignoring the contact of the lips.

Formulation of the problem and its solution. As it has been established above, with
the significant prevalence in the external loading of tensile efforts in a perpendicular direction
to the crack plane, the length of the contact zone may be smaller then the length of the zone of
destruction and the solution that has been received in the previous part of the article is incorrect.
In this regard, in this part the problem about the destruction zone in the lateral small-scale pre-
fracture zone ignoring the contact of the lips is solved. Assuming the lips of the crack are free
from loading we come to the boundary problem of elasticity which is similar to that one
discussed above with the replacement of conditions in (1) on the lips of the crack with the
conditions
O=xr: op=1,=0,
and we formulate the condition at infinity due to the requirement the possibility of sewing
together the wanted solution with the asymptotic solution if r — 0 in the problem about the
lateral small-scale pre-fracture zone near the tip of the open interfacial crack [8, 9]:

O=a, r —> o, rrgzg{COJrzcir/h}Jro(%j,

_ —2u'(=1)
T
o AT AUCEL-A)GT (L 4) Re{F(a)l_°‘5+i“’K+(—0,5—ia)) 1- 20

u'(p) =du(p)/dp, Di(p)=3Dy(p)/ap,

" G AD(-1- 24K (-1— 4) (0,5+i0)G"(-0,5—iw) 1+24 —20 |
u(p)=—(l+el<2)2u1(p)+(1—e)(1+erc2)u2(p)+(e+1<1)(1+e1<2)u3(p)+

+(L—e)(e + xy)u, (p) + (e + K1) sin pru,(p),
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u, (p) = p(p +1)sin asin p(rz - 2a),

u,(p) = pZsin®asin p(37 — 2a) + 2 psin® a[cos 2 pzsin p(z — 2a) +

+sin pa cos p(z + a)] —sin pzsin® p(r — ),

Us(p) = p®sin® asin p(z + 2a) + 2 psin® asin pa cos p(z + a)] —sin pzsin® p(z - a),

u,(p) = pZsin®asin p(z — 2a) + 2 psin? asin p(z — a)cos pa +sin pzsin? p(z — a),

us(p) = psin®a +sin? p(z - a);

functions F(a), Dy(p) i G*(p), the length | of the pre-fracture zone and the angle of its
inclination o are defined in [8, 9]; 4; are the roots of the equation D,(—1-x) =0, that satisfy

the condition Re 4 > -1.

The solution of the formulated problem was received by means of the Wiener-Hopf
method which is similar to the solution of the analogous problem in [7] and leads to the equation
for the determination the length of the zone of destruction d and to the expression for crack
opening 9 in its tip:

CdK* (-1~ %) 3, 0) 7
Z L+ A4)K* (=1)3,(4) _al_C"’ )

—exol L INGu(it) _ 4u(p)Ds(p).
JZ(X)_eXp|:27z_-[ol+x+it dt}’ Gi((P)= sin pzD;(p)’
Dy(p) = (L+ &,)*sin® pz — Dy (P)t, (p) +sin pa[Dy, () cos pa — Dyg(p)sin pal,
Dy, (p) =e°(L+ k,)% + 4(L—e)(L + ex,)sin? pz, Day(p) = L+ ;)e(l+ x,)sin 2 pr,
Das(p) = 2(1+ i) [e(L + &,) + 2(L—€)]sin? pz;

21w (z-e)sing e(l+x,)d, 5 Cd " AK*(-1- 1)

2 _sina 5, = @+ A4)23,(4)

(6)

0= o,d 7Z'G1(0)|:

1 (7 —a)

o, =le(l+rxy)a+ 1+ k) x]sing,

5y = A+ )2 7% + 2(1+ )e(L+ i) e + €2 (1+ i,)* (@ —sin® ).

Analysis of numerical calculations. The numerical analysis of the obtained solution
was made for the same body configuration and loading, as in the previous part of the article,
but considering the ratio of tangential and normal stresses | q|/ p <0,1, for which the ignoring
of the contact of the lips is possible. The length of the destruction zone increases with the
increasing of the loading module (Fig. 5a) and decreases with the increasing ratio of tangent
and normal stresses (Fig. 5b). Moreover, its numerical values are of the same order of the length
of the destruction zone which were found with the same parameters of materials and of loading
in the presence of a contact zone in the previous part of the article (Fig. 2b).
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Figure 5. The dependence of the length of the destruction zone on the loading module (a) and on the loading
configuration for f = 0,3 (b).

When approaching the elastic characteristics of joining materials, the length of the
destruction zone tends to 0 (Fig. 6a), as well as according to the presence of the contact of the
lips (Fig. 2b). This could mean more likely the development of the destruction zone in the other
direction which is different from the orientation of pre-fracture zone. Fig. 6b shows that the
appearance of the destruction zone reduces the level of stresses singularity at the crack tip
almost from the square root which is caused by the pre-fracture zone (11, dashed lines), to a

significantly lower level of order A;; >-0,1 (solid lines).

d/L 0,1 0,3 0.5 0,7  EJE,
O I T T
§ I
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A e
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a) b)

Figure 6. The dependence of the length of the destruction zone (a) and of the singularity index (b) on
Young's moduli ratio E1/E; of joining materials for f = 0,3.

The crack opening (6) in its tip within the framework of the investigated model turns
out to be negative, indicating a possible contact of the lips, but the expected size of the contact
area is assumed to be so small that defeats the purpose of its calculation.

Conclusions. Under the plane strain conditions at the prevailing tensile loading by
Wiener-Hopf method the solutions of problems about the calculation of a small scale
destruction zone in the lateral pre-fracture zone part adjacent to the interface crack tip taking
into account the lips contact near the tip and ignoring it have been found. The equation for the
calculations of a destruction zone length and the singularity indexes of the stresses at the
distances to the crack tip which are much less then the sizes of a destruction zone length has
been obtained. The expressions for the calculations of the crack opening have been deduced.
On the basis of the numerical calculations the dependence of zone parameters on the
configuration of external loading and the elastic characteristics of joining materials have been
studied. The increase of zone length at the increase of loading module and its decrease at the
increase of ratio of normal and tangential components of loading have been discovered. The
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weakening of stresses singularity near the crack tip after the formation of destruction zone has
been displayed.
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Summary. A mathematical model for quantitative description of thermomechanical processes in
structural elements under fire was proposed, with taking into account an elastic-plastic deformation and
temperature dependence of material properties. The model is grounded on the equations of heat transfer theory
and nonlinear thermo mechanics and is focused on the numerical methods of research. A method for numerical
simulation of deformation processes in element structures subjected to intensive thermal- power loads was built
on the bases of finite element method. The temperature dependent deformation curves, physical and mechanical
characteristics are approximated by interpolation splines reconstructed by the experimental points of well known
dependencies capturing the mechanical behavior of materials in wide temperature range. As an example, the
computer simulations of thermo mechanical behavior of a steel structure subjected to fire conditions was carried
out. Its fire resistance has been estimated.

Key words: thermo-mechanics, finite element method, fire resistance, the principle of virtual
displacements.
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Problem setting. One of the most important characteristics of building structures is
their fire resistance or property to withstand high temperatures during the fire, without losing
its load capacity. The majority of works devoted to the study of the properties of structures, has
an experimental character. The establishment of modern research programs of fire resistance of
structural elements from fires is mainly based on some experiments under conditions of full-
scale fires, or a large number of probations and tests in special furnaces, which can withstand
ambient temperature according to introduced typical standards [1, 2]. However, opportunities
for the study of the behavior of buildings in full-scale fire are rather limited and extremely
expensive, and during the experiments in furnaces, as a rule, only some parameters of individual
structural elements are taken into consideration often referring to unrealistic size samples, load
conditions and destruction. Such experiments do not reflect the behavior of the design as a
whole even at low temperatures, as many aspects of the behavior of complex mechanical
structures resulting from the interaction of various components cannot be predicted or traced in
experiments with isolated elements. Therefore, the actual stresses in real structures during a
fire are often substantially lower than anticipated and are based on partial experiments with
elements of designs in standard fire scenarios (due to their structural continuity and providing
alternative ways of loading individual items).

Due to huge losses during the full-scale experiments and partial nature of the results of
experiments in furnaces with individual structural elements a practical need to develop
mathematical models with quantitative description and evaluation of fire resistance of structures
under different deployment of fire scenarios arises. There is also the necessity to create
appropriate software and on this basis to conduct computer modeling of deformation processes
of structures under conditions of intense thermal loadings, that meets the requirements of fire.

Analysis of recent researches and publications. In recent years, researches which are
dedicated to building of mathematical models predicting fire resistance of elements of building
structures, particularly concrete and reinforced concrete buildings have been intensified.
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Some authors believe that exact model for concrete under conditions of high
temperatures should take into account connectivity process of thermal conductivity, the flow of
viscous liquid, vapor diffusion, capillary effects, and to highlight hidden heat of water phases
variability. Thus series of complex hydro-thermo mechanical models have been proposed
(look, e.g. [3, 4] and other), where moving, temperature, gas pressure, capillary pressure, are
considered to be related. However, due to the complexity of such models, numerical researches
on its basis for the elements for concrete building structures under fire conditions as a rule are
not provided. The basis of simple models are unbound heat equations and the ratio of thermo-
mechanics on the basis of which it is much easier nowadays to conduct computational
experiments and to get adequate results. Transient temperature distributions in structural
elements structures that were defined during the first stage of solving complex tasks are
considered as the input for the second phase of the problem — analysis of stress-strain state of
the construction. There is wide debate concerning the necessity and the methods of
consideration of different factors of influence on the level of development of such models
(look e.g., [5, 6, 7 —9]).

The purpose of the work is the development of mathematical model, methodology and
software for modeling of deformation processes of structural elements under conditions of
intensive thermal power taking into account loadings, temperature dependence of material
properties and elastic-plastic character of deformation. Availability of reliable software allows
analyzing the behavior of structures during fire, in the process of extinguishing and during
exploitation after fire, to get expert evaluation of fire resistance, stock of resource in the
individual structural elements during the fire, the level of residual stresses after the fire and so
on. This provision provides opportunities for rational choice of geometrical sizes of elements
of constructions, properties of structural and insulating materials with the purpose to continue
the duration of the elements of construction in the midst of the fire with the saving of bearing
capacity. This dramatically reduces the number of field experiments, as only rational projects
are experimentally tested that are obtained through computer simulation.

The formulation of the problem and methods of its solution.

Let’s consider a solid deformable body, which covers area V with the continuous

surface S according to Lipchitz. The body is influenced by the volumetric fiB and surface
fiS forces, given in accordance in the area V and in the part S; of the surface S, of the

movements U’ , given on the part S, of the part S (S; US, =S, S; NS, =), and also due

to the action of thermal factors caused by the fire. The problem is to determine the stress state
of the body, caused by these influences. In the first phase we form a non-linear non-stationary
problem of thermal conductivity of the body. Environmental temperature change is given in
accordance with the time-temperature curve, which practically defines the scenario of fire
[1,2].

The temperature field 7(r, t) in the body describes the equation

chgzeauﬁT) rev, tefo z] )

under initial

T(r,0)=T,(r) (2)

and boundary
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~AVTn=4(T-T,) resS 3)

conditions, where r —radius vector of point; ¢ = c(r, T') — specific heat; p = p(r, T') — density;
A= /l(r, T) — thermal conductivity; V - operator of Hamilton, (V) means the operation of
divergence; n — vector of external single unit to the surface S of the body V ; g =g(r, T) -
heat transfer coefficient; T, — environmental temperature. As we can see, thermal

characteristics depend on temperature and on the point which makes it possible to consider
heterogeneous, piecewise and thermo-sensitive bodies.

Since the fire conditions the body is at high temperatures, it can be assumed that the
heat radiation will significantly affect the temperature distribution in the body.

Assuming the generalized heat transfer coefficient as

B0, Tg)=B(O)+ vxe(T* + T2T, +TT2 +T2) | )

we can consider that heat transfer between flame and the surface of the body by radiation within
the boundary conditions (3), where U — is the index of type of radiation, y — constant of

Stefan Boltsman, T Ta T — absolute temperatures according to the surface of the body and
the environment (temperature of «pseudo-fire», which rises in accordance with the standards
imposed by fire scenarios), ¢ = (1/5f +1/ &g —1)‘l (¢ — emissivity of the flame;

& — absorption capacity of the body surface) [5]. The methodology of solving the problem of

thermal conductivity for thermo-sensitive, piecewise bodies by means of the method of finite
elements of bodies has been proposed and tested in work [10], which presents the results of
solving specific practical problems and the comparative analysis of the numerical solutions with
the results of other authors and relevant experiments has been done.

Unsteady temperature fields that have been defined are the input for the problem of the
second stage which is the determination of the stress-strain state of the body using Lagrange’s
approach, and considering body movement in a fixed Cartesian coordinate system step by step,
when the approximate solution of basic equations, describing equilibrium and compatibility

conditions of the body, is got for discrete moments intime t,,, =t, + At;, i=0,1,...

Let’s consider the random next step loading [t, t+ At] (solutions for all previous
discrete moments in time till t including are known).

According to the principle of virtual displacements the body is in equilibrium at the
moment of timet + At , if [11]

J‘DV t+A0tO_ij 5t+A(§Gij dO\/:t+AtR ’ (5)
where ”Ao‘aij : “Aéeij — are components of the stress tensor of Piol-Kirchhoff of 2nd type and
deformations of Green-Lagrange that refer to the virtual movements su;imposed on
configuration of the body in the moment of time t =t + At , which are the functions of Cartesian
coordinates “*x; of material point in the moment of time t =t+At ("*x,="x,+""u,);

t+At S S 4 t+At
foou d ™S ; (6)

t+At:

t+AtR — t+At fiBéuid t+AtV +
v

I+A!S
f
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YV, "W _volume of body according to the moments of time t=0 i t =t+ At. Deformations
are determined through movement by using correlation

t
t 1 [aotul + aoul + a(;[uk a(.;(uk j ) (7)

e. = —
U2 0% % % o,

It should be noted that the relationship between the components of Piol-Kirchhoff’s
tensors O‘crij and Koch’s tensors 'z, (when the forces are related to the unit of the area of the
deformed body) is:

0 0 0
t _ paxiaxjt
0%ii T T At [V
p OX, OX,

Z-nm ! (8)

where °p, ‘p — the density of the body in two configurations (when t =0 and at the moment of
time t).

All basic quantities in correlation with (5) are referred to one and the same (initial)
configuration of the body ° . It gives the opportunity to define the searching movements,

deformations and tenses at the moment of time t=t+At through the known definitions

NI éeij, Otaij at the beginning of the proposed step of the loading and the corresponding

increases oU;, ,€;, 0y on this stage, that is:

tAt _t CtAt .t CteAt,, t
00§00 to0i:  0Sj=0Ejj i 9)

_teAt

Taking into consideration the trivial correlation ,€;,="")€; —;eij and presentation

"%0€; and g€, through the movement we get schedule for components

0€ij =08 To 5 » (10)

where linear (,€;) and non-linear (o1 ) terms look like:

1 [ 0,u, OgU; d,u, O,u, dau, U,
e, =—- L+ + + 11
"2 [a"xj 0% 0% % 8%, 9% 4
1 0,u, 9,u,
i 550, % (12)

Since variation is taken relatively to configuration, corresponding the moment of time
t=t+At, then 8,;=0 i 8"")e;=8,¢; the original equation of principle of virtual work (1)
taking into account the correlations (9) and (10) looks like:

fo, 00380 ; AV +[, 50, 8md V=R g0 8,8,dV . (13)
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Let’s linearize the resulting equation (13), as we still have a lot of non-linear expressions
in the left part.

Let’s consider approximation to deformation variations (J,€;=04€;) and to
relationships between the stresses and deformations:

OGijZOCijrs (Oers _Oe-rrs) ’ (14)

where ,Cy, =0,0; /0,€,, (the process of constructing a matrix ,C, in the case of non-
isothermal thermo-elastic-plasticity which is described in detail in the monograph [12]);
Oe:s — increases of the temperature deformations in a step of loading. Then:

o, 0Cirs 08B0y d°V +.[0v 09380 d°V = t+AtR_JOV 005000V + o, 0Cis erBogydv . (19)

We are going to write this equation in a convenient matrix-vector form:

[ &Y [CIHoedY + |, {59} [;S1{03dV =

(16)
R . jOV S { SV + j 0 Y [,ClerdV .

Here tensor components of deformations and stresses are collected in vectors:

{e}: (ell’ e22’ e33’ 2612’ 2e13' 2e32)T ; {g}: (gll' gZZ’ 933' 2g12' 2g13’ 2932)T ;

{SS}:(otO'n’ otazz’ oto'ss’ oto'lz’ ot(713’ oto'zs)T-
After substituting the kinematic equations (11) and (12) in (16) we get the linear
approximation for the equations of the motion:

[ o[BI LCl[iB Jourd®V + [, 1503 [sB, [ 1351[5By Hourd®y =

(17)
— [ oy [$B ] ¢Sy aV +f, oy (B, ] [,CIL e aV

where {5 ,u}=(,U,, ,U,, ,Us)" — is the vector of increases of movements on the proposed step

of loading, [é BL] and [é BNL] — matrix of differential operators of kinematic equations (11) and
(12) in accordance,

HAR = LV{5OU}TfB doVv + j05{50u}Tf5 dov . (18)

We use the correlation of the principle of virtual works (17) for the definition of the
increases of the movements on the proposed step of loading. It should be noted that its structure
is universal and remains unchanged for all partial cases, in particular, for axisymmetric or plane
problems, and also for the problems which were got due to the usage of assumptions of the
theory of beams and cores. As a result, during the numerical implementation there will be the
only general structure of solution and only the blocks will be changed, that are responsible for
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calculating the specific characteristics of the matrix-vector [SBL], [gBNL], [L,Cl. [,S] etc. For
example, in the case of three-dimensional space problem

. -7

0 0 0
ao0 0 0 0O 00 0
X, 00X, 00X
0 0 0
‘B,J=| 0 —% 0 o g Sof g
[0 L] aoxz aOXS aoxl
0 0 800 0 800 (’ZO
| 0 X, 0%y 0°X, |
aOtul a0 aOtUZ 80 aOtu3 a0
0%, 0%, 0%, 9°x, 0%, 0,
a(;ul a0 aOtUZ 80 a(;(ufs’ a0
0%, 0°%, 0°x, 0°, 0°x, 0°%,
a(;(ufl. a0 aotuz a0 a(;(u3 a0
N 0°%, 0%, 0°%, 0%, 0°x, 0°x, _
aOtul a0 a(;ul a0 a(;UZ a0 aOtuZ 80 a(;US a0 a(;(US aO
0%, 0%, 0%, 0%, 9%, 8%, 0%, 8%, 9% 8%, a%, 0%,
aOtul a0 a(;(ul a0 a(;UZ a0 a(;uz aO aOtu3 a0 +80tu3 a0
0%, 0%, 0%, 8%, 0%, 0%, 9%, %%, % 8%, 0%, 0%,
aOtul a0 a(;ul a0 aC:UZ a0 GJUZ 80 aOtu?: a0 aOtUS a0
| 0°%, 0%, 0%, 0°%, 0°X, 8°%, 0%, 8°X, 8°X, 0°%; "X, 0°X, |
r T
0o Oo O 0 0 0 0 0
OX OX, 0 X
0 0 0
Byl=| O 0 0 E e ¢ 0 0 ;
LB ] %, %, 0%,
o 0o o o o 0 2 % G
i 00X, 00X, 0X; |
t t t t
03-0 0 001 0912 0013 000
[,S1=]0 S. 0 |, :S.=| 30y 005 905 |, 0=[000].
0 0 ,S. 003 005 90 000

For two-dimensional beam of Euler-Bernoulli, which has been got by means of the
introduction of the hypothesis of flat sections [11], whereby movement u;, u, of beam points
define longitudinal movements v, and hogging Vv, of the points of its axis in relations:
d*v,(°x,)
0,2 '
Xl

( x, —coordinate along the beam axis), corresponding matrix characteristics have much simpler
form:

0

ul( X Oxz) =V (Oxl)_oxz uz(oxl’ Oxz) =V, (Oxl)
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d
[ ] d d.u dou, d d? d 0
g |= 14 071 042 Oy - [t _ 1 .
oot {doxl( doxll d% d%  “d%’ | N o ’
d %,
[é S] :{ctJ S}:ot Oy
All integrals in equation are simplified (17), because
[dv =[dA[d%,, (19)
Oy °A

where °A —is a cross-section of the beam.

Because of standard finite-element of sampling area % and a certain approximation of
desired increases of nodes movements of every separate element by means of form
function [11] key correlation (17) takes the form

(K I+ Ky Dig=""{P}-{F}, (20)

where {q} — is the global vector of the unknown nodes, that allow to determine the increases

movements of body.
We get matrix-vector properties in correlation (20) by means of summing certain

characteristics of specific finite elements: °v °:

[K I = [INI'[sB 1" [,C][;B, 1[N]dv;

Dve

[Ky I = [INI"[;B o I'[5S1[sBy JIN] dv;

t+At{P}e — J.[N]T t+Ath dS+ I[N]T t+Ath dV,
Ose OVI

{FY = [INI'[:B ) S}, CKoe" Dav. (21)
OVe
here [N] —is functions matrix of the form [11], that provides deformation compatibility through

transition from one finite element to another.

Iterative process of the building of nonlinear equations system solving (20) using the
method Newton-Raphson [11] can be represented in three steps.

Step 1. At — iteration (at the beginning of calculationsi =1) we have initial approach:

for movements “*u®®, which are defined from finite-element representation
AU = INTH{Q ' ({g}¥ ="u), and deformations '™

Step 2. According to these approximations we calculate "o and then we calculate
tangential matrix of state [,C]"™. If there is elastic on the certain step of deformation, then
deformations “*'™® give the opportunity to receive voltage directly**'&%* and matrix
[OC]“'” . According to elastic-plastic deformation

t+at(D
t+At (i1 t
BT A, Ida.
t
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According to received approach of stresses "' (at the end of (i —1) - iteration) we

calculate matrix [,C]*™.
Step 3. We form matrix equation:

(t+At [K L]+t+m [K " ]){q}(i) _t+At {P} _ t+At{F}(i—l)

out of which we can define another approach of increases of nodal movements {gq}" on a
certain step of loading, next — approach for the moving of nodes ““*{gq}*"="*{g}" ™ +{q}?,

movements “*'u® and deformations “*'<®, after which we go to step 1 of iteration process
(when i=1+1). Then we continue the calculation on the steps 1 — 3 on the step of loading
[t, t+At] to achieve convergence.

On the basis of the mathematical model and methodology of solving the formulated
problem of thermal conductivity and thermal elastic-plasticity appropriate software has been
developed.

Methodology of its development is described in detail in the works [12 — 14]. Using
software development thermo-mechanical behavior of a number of steel, concrete and
reinforced concrete structures has been investigated.

As an example of the proposed method we are going to simulate the thermomechanical
behavior of the I1-construction, made of heat-sensitive steel C30 under conditions of fire.

The results of computer modeling and analysis.

The dimensions of the construction, terms of its consolidation and power of loading are
shown at the Figure 1.

F 20 = F
|
Pty 1YY Sy vy
|

L=9mM(A=0.2x0.2 M)
p=280xH/Mm(h=02mnm)

. __0:2 M

Pl aaa Faaaiddi

Figure 1. Steel IT-Construction

We consider that out of the inner surface the construction is under the influence of
«pseudo-firex», variable in temperature over time is considered as

TS =T +345Ioglo(8-t+1) (21)

0
according to the international standard 1SO 834 [2] (this temperature is taken into account in
the boundary condition) (3) as the temperature of the environment). Other surfaces of the
constructions are isolated.
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The dependence of the thermal and mechanical properties of steel from the temperature
IS given in the monograph [14]. For approximation of the temperature-dependent deformation
of the curves and physical and mechanical properties of materials the interpolation splines have
been used, which are built according to the points of already known experimental curves that
describes thermo-mechanical behavior of materials in a wide temperature range.

Thermal conductivity problem is solved by means of using isoperimetric quadratic finite
elements [10]. In order to solve thermal elastic-plasticity problem cubic beam finite elements
have been applied [11]. Convergence of the solutions has been investigated by means of
comparison of the numerical solutions on different, according to the density, finite-element
divisions of the construction at various steps of sampling process of thermal conductivity
according to time (when the solutions, that have been got on the certain steps coincide within
1% with the solutions on twice less steps and this convergence was considered to be achieved).

The temperature division in the middle section of the beam cross-bar at the moment of
time, when the construction exhausts its carrying capacity, is shown at Fig. 2.

At Fig. 3 temperature changes of «pseudo-fire» over time are shown Ts (curve 1), and
also the temperature on the upper (curve 2) and the lower (curve 3) surfaces of the bar in its
median section of beam which have been in the midst of the fire for two hours.

Analysis of the results shows that during the fire in the beam cross-bar at the beginning
of the sixth minute (t =320 ¢) first plastic deformations appear. Ability to elastic-plastic
deformation and further strengthening steel beam is exhausted after 19 minutes. Axial stresses
in the beam at this time are shown at Fig. 4.

Obviously, increasing of the fire resistance of the constructions is connected with the
using of insulation materials from the surface of possible ignition and also with the
manufacturing of the constructions from the materials physical and mechanical properties of
which counteract rapid heating and growth of temperature difference in the construction.

The approach will be used in future for the investigation of thermomechanical behavior
of structures during fire extinguishing and determination of residual stresses in them after a
sharp cooling on the stage of the fire extinguishing that have been launched until the loss of
structure bearing capacity, and also in order to receive expertise review of opportunities for
further exploitation after the fire extinguishing.
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Figure 2. Temperature distribution in nodes of the bar middle section at t =19 min.
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Figure 3. Temperature changes at the bottom (curve 1) and the top (curve 2) surfaces of the bar, and of a
«pseudo-firex» (curve 3).
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Figure 4. Stresses at the bottom (curve 1) and the top (curve 2) surfaces of the bar
at moment t = 19 min.

Conclusions. The process of elastic-plastic deformation and temperature dependence
of material properties should be taken into account when modeling thermomechanical processes
in structural elements under the fire. We get the significant deviations in the distributions of
received parameters characterizing stress-strain state structures from actual ones if we do not
consider these factors. It is also important to consider the stage of extinguishing the fire, on
which the residual stresses are actually formed, and evaluate the strength of structures at the
stage of their operation after the fire.
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VJIK 539.3

OIIIHIOBAHHA BOTHETPUBKOCTI EJIEMEHTIB KOHCTPYKIIN
3 YPAXYBAHHSIM HEJIHHIMHOCTI ITPOIIECIB iX
JAE®OPMYBAHHA

boraan /Ipodenko; Ouexcanap bypux

Inemumym npukiaouux npooiem MexaniKu i Mamemamuxu
im. A.C. Iliocmpueaua HAH Ykpainu, Jlveis, Yrpaina

Pe3tome. 3anpononosano oOpicHMOBaHy HA  BUKOPUCMAHHA YUCTOBUX Memooi8 O0CHIONHCeHHs
Mamemamuury Mo0enb KilbKICHO20 ONUCY MEePMOMEXAHIUHUX Npoyecié 8 eieMeHmax KOHCMPYKyill nio uac
ROJICENCT 3 YPAXYBAHHAM NPYICHO-NIACMUYHO20 XAPAKMEPY 0epOpMYyanHs ma memnepamypHoi 3ai1eiCHoCi
Qizuxo-mexanivnux — xapakmepucmux — mamepianis. Modenv  Oazyemvcs  HA  3ANEHCHOCMAX  Meopil
menionpogionocmi ma Heninitinoi mepmomexawnixu. Ilo6yoosano 3 GUKOPUCMAHHAM MeMOQOY CKIHYEHHUX
eleMEeHmi6 MemOOUKY HUCETbHO20 MOOENIO8AHHSL NPoYecie 0ehopMy8anHs KOHCMPYKYIU 30 [HMEHCUBHUX
memMnepamypHux ma CUlOBUX HABAHMAdICeHb. [N anpoxcumayii  memnepamypHo-3aNeHCHUX —KPUBUX
Odeghopmysarnuss ma Qi3uKO-MexXaniyHux XapaKxmepucmux Mamepianie SUKOPUCIIAHO THMEPNONAYIUHI CNIAUHU,
noby0o8ani 3a MOUKAMU GIOOMUX eKCHEPUMEHMATbHUX Kpusux. AK npukiad, 6UKOHAHO KOMN OmepHe
MOOENOBAHHSA MEPMOMEXAHIUHOT NOBEOIHKU CMaNesoi KOHCMpPYKYil 3a ymog noocedxci. Ompumano oyiuky it
6802HEMPUBKOCI.

Knrwouosi cnosea: mepmomexanika, memoO CKiHYEHHUX eleMeHmis, B0SHeMPUBKiCMb, NPUHYUN
8IPMY AIbHUX NepemMilyeHb.

Ompumano 17.02.2016

A0 et e e v e . ISSN 1727-7108. Scientific Journal of the TNTU, No 1 (81), 2016



7\ BicHuk TepHONiIbCHKOI0 HALIOHAJIBLHOIO TEXHIYHOT0 YHIBEPCHTETY
Scientific Journal of the Ternopil National Technical University
@ 2016, Me 1 (81)
ISSN 1727-7108. Web: visnyk.tntu.edu.ua

UDC 534-21: 537.226.86
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ELECTROMECHANICAL LOSSES

Oleksandr Bezverhyit; Ludmila Grigoryeva?; Sergiy Grigoryev?

123, P. Tymoshenko Institute of Mechanics of NAS of Ukraine, Kyiv, Ukraine
3 Kyiv National University of Building and Architecture, Kyiv, Ukraine

Summary. Hollow piezoceramic radially polarized cylinders and spheres widely used as sound
transducers and receivers are considered. The most characteristic run mode of piezoceramic transmitters is
resonant mode. In this paper, a universal approach to solving of problems of forced thickness oscillations of
piezoceramic cylinders and spheres is expanded on research of amplitude of the electromechanical state with due
regard to mechanical, dielectric, piezoelectric energy losses. General equation system of steady oscillation of
cylinders and spheres is reduced to Hamiltonian equation system which is solved by superposition of solutions of
initial problems. The suggested approach enables to research into oscillation of the transmitters under electrical
and mechanical load and arbitrary boundary conditions. For calculation of electromechanical state of
transmitters at resonance modes the energy dissipation counts towards by the introduction of complex physical
constants with predetermined values of tangents of losses. The oscillations of spheres and cylinders with electrode
free outer surfaces under loading by electric potential difference are studied. The amplitude of movement of the
outer surface depending on the loading frequency and geometrical dimension of the figures is considered. The
amplitude of movement in the neighbourhood of the first resonance at different values of tangents of losses is
studied; oscillations forms on the first three resonances are built.

Key words: piezoceramic transmitters, radially polarized cylinder and sphere, forced oscillations, energy
losses, tangents of losses, resonance frequencies.

Received 01.03.16

Introduction. Piezoceramic radially polarized cylinders and spheres are widely used in
different scientific and technical fields as sound transducers and receivers, which operate at
wide frequency range [1 — 4]. The most characteristic run mode of piezoceramic transmitters
is resonant mode [5]. Fixed oscillations of piezoceramic layers with curved surfaces have been
investigated in works [6, 7]. Propagation of oscillations in magneto-electro-elastic hollow
cylinders have been studied in work [8]. Free oscillations of piezoceramic hollow sphere have
been examined in work [9].

To calculate electromechanical condition of piezoceramic transmitters at resonance run
modes dissipation of material energy introducing complex material coefficients [1 — 3] with
specific meanings of tangents of losses should be taken into account. Experimental
determinative methods of real and imaginary complex material constants have been described
in works [10 — 13]. Investigations are done on series of samples of different forms and direction
of polarization. Considerable material, experimental and mathematical base is necessary for
finding nine unknown tangents of losses. Results depend on mode of load, conditions of
production and operation of a sample, operating temperature, quality factor, which may differ
at resonance and anti-resonance in several times.

§1. Problem statement. The influence of viscoelastic characteristics on radial
oscillations of polarized in thickness cylinders and spheres at loading by difference of potentials
2V (t) was investigated. Coordinate r is changed within R—h<r <R+h, whereR — radius

of middle surface, 2h — thickness of wall. Oscillations of body in general case are described
by equations of movement [4]
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At N =1 equations (1.1), (1.2) are correspond to cylindrical coordinates, at
N =2 — spherical system of coordinates. The given scheme at N =0 gives also denouement
about oscillations of thickness of piezoceramic layer.

Energy dissipation can be taken into consideration introducing complex material
constants in physical correlation [3-5] (1.3) in mono-harmonic approaching within viscoelastic
model. Complex modules are introduced by following correlations:

¢, =cE(L+ic)), &, =€, (L+ie]), g =el+ig)),  (1.4)

!

where ¢, e;, &; —tangents of angles of mechanical, dielectric and piezoelectric losses.

Energy dissipation influence is the most noticeable at resonance run modes owing to
smallness of loss tangents. Thus, to compare forced oscillations of transmitters taking into
account energy dissipation and without it and investigate oscillations of piezoceramic bodies at
resonance frequencies is our aim. Because of difficulty of defining full set of material
characteristics together with loss tangents, we will consider the case when tangents of
mechanic, dielectric and piezoelectric losses are equal and occur in the range from 0.5% to 2%.

Forced oscillations of cylinders and spheres. Harmonic oscillations

f(r,t)=Re f*(r)expiwt, arising at load of piezo-element owing to difference of electric
potential Re 2V, expiwt, applied to electroded outer surfaces is going to be considered.

Approach, suggested in works [6, 7] will be used to investigate forced oscillations. By
transformation of dependences (1.1) (1.2) together with (1.3), operating system of Hamiltonian
equations along spatial coordinate for amplitude meanings of parameters of electromechanical
state is got
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System (2.1) can be reduced to Hamilton equation system introducing chosen canonic

variables and characteristic function of Hamilton.
For equation system (2.1), boundary conditions are put on surfaces r, =R—-h i

r, = R+h using one of alternative couples
0 0
Oy (rO’t): O (t)v ur(rO’t)z Ur(t),

o (rt) = o (v u, (1, 0) = U (t). (22)

When needed, limit conditions of impedance (mixed) type can be established.
Further denouement can be searched as a vector

Y=(Y, Y, ¥, V) = (ol 1D Ul ¢f). (23)

Equation system of electric elasticity (2.1) and conditions (2.2) are reduced to non-
dimensional form
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where pgo =p , Cop = C3Eg, £00 = 53?3, t,=h p/C3E3 . Here ¢ — parameter of curvature. Taken

non-dimension allows to transfer from spatial coordinate r to non-dimensional coordinate
x, —1<x <1. Further signs of non-dimension are omitted.

System (2.1) in non-dimensional form is of the following form
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Amplitude of oscillations of electrical potential on outer surfaces is known

p*(R£h) =2V, > Y,(F) =7V, (2.6)
Let mechanic load of outer surfaces be absent

%, (Rth)=0->Y,(F)=0. (2.7)

To do boundary value problem (2.5) — (2.7), generally accepted problem-solving
methods (discrete orthogonalization method, collocation method, superposition of denouement
of initial problems [6, 7]) can be used.

Oscillations of radial polarized bodies of ceramic PZT-4 with following material
parameters are examined:

¢, =139-10°H/m*, cf =778-10"H/ m?,
c; =7,43-10°H /m?, cg =115-10°H I m*, e, =-52Kn/ m*

€y =151K1/m*, &5 =562-10"" @/ M, p=7500x2/ m°.
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Bodies with correlation ¢ =h/R =0.25 are investigated.
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Figure 1. The amplitudes of displacements of the outer surface of the cylinder with different parameters
& = h/ R without losses
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Figure 2. The amplitudes of displacements of the outer surface of the cylinder with different parameters
£ = h/ R without losses

Dependence of outer surface of cylinders’ displacements N =1 (Fig. 1) and spheres N =2
(Fig. 2) with different parameters ¢ =h/R on frequency of applied load without energy
dissipation is going to be considered. Received meanings of displacement should be multiplied
by thickness of wall and by non-dimensional amplitude meanings applied to difference of

potentials V, to take physical values.
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Figure 3. Modules of the amplitude of Figure 4. Modules of the amplitude of
displacements of the cylinder & = 0.25 near displacements of the sphere & = 0.25 near
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Figure 6. The first three forms of sphere

Figure 5. The first three forms of cylinder
vibration (& = (.25)

vibration (& =0.25)

Interval of frequency change involves first four own frequencies. Amplitude of
displacements on resonances takes theoretically unlimited meanings. Higher resonances for
different bodies are close to each other, the most difference is observed at first resonance. At
decreasing ¢ the first resonance approaches to zero. There are following resonance frequencies
at £ =0.25: for cylinder Q =(0.235, 1.627, 3.662) , for sphere 2 =(0.381, 1.651, 3.677).

Detailed curves of modules of the amplitude of displacements taking into account
energy dissipation with different tangents meanings of losses ¢; = e; = &; = ¢ were shown in

Fig. 3 and Fig. 4. Distinct dependence between the amplitude of oscillations and tangents of
losses is observed. Dependence nonlinearity is more observable for sphere.

AB .ot e e e v e e ISSN 1727-7108. Scientific Journal of the TNTU, No 1 (81), 2016



Oleksandr Bezverhyi, Ludmila Grigoryeva, Sergiy Grigoryev

Oscillation forms at first three resonances are shown in Fig. 5, 6. Displacement
correlations of body points to the amplitude of oscillations of outer surface were illustrated in
these figures.

Conclusions. Suggested generalized approach to solving of problems of radial
oscillations of piezoceramic cylinders and spheres gives opportunity to effectively investigate
forced oscillations of piezoceramic bodies with different geometrical parameters, define
resonance frequencies, investigate dependence of the amplitude of parameters of
electromechanical state on tangents of losses.
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PE3OHAHCHI PAAIAJIBHI KOJIMBAHHA I’€30KEPAMIYHUX
HOUJITHAPIB TA KYJIb
3 YPAXYBAHHSAM EJIEKTPOMEXAHIYHUX BTPAT

Ounexcanap be3sepxuiil; Jlronmuiaa I'purop’esa?; Cepriii I'purop’es®

Y2 uemumym mexanixu im. C.I1. Tumowenxa HAH Yxpainu, Kuis, Yxpaina
3Kuiscoxuii nayionanvhuti ynisepcumem OyOienuymea i apximexmypu,
Kuis, Ykpaina

Pe3tome. Iowupeno ynigepcanvhuil nioxio 00 po3e’si3anHs 3a0a4 npo GUMYULEH] MOBWUHHT KOIUBAHHSL
1 €30KepamMivHUX YyuriHopie ma Kyib Ha 00CAIONHCEHHS AMNAAIMYOHUX 3HAYEHb eIeKMPOMEXAHIYHO20 CIAHY 8 OKOJII
PDE30HAHCHUX 4acmom 13 YPAXy8aHHAM MEXAHIYHUX, OleleKMPUUHUX, N €30€IeKMPUYHUX 6Mpam eHepeii.
Posznanymo amnnimyoni 3nauenns nepemiwjeHb 306HiUHbOI NOBEPXHI 3ANENHCHO 8i0 YACMOMU HABAHMANCEHHS MA
2COMEMPUYHUX POZMIPIG MIll, OOCHIONHCEHO AMNITMYOHT 3HAYEHHS NepeMijeHb 8 OKOJL NEPULOZO PE3OHANCY NpPU
PDIBHUX 3HAYEHHSAX MAH2EHCI8 empam, no6y008aHO PopMu KOTUBAHb HA NEPUUX MPbOX PE3OHAHCAX.

Knwouoei cnoea: n’czoxepamiuni nepemgoprogaui, paoianbHO NOIAPUZ0EAHUL YUTIHOP ma Ky,
BUMYUEHT KOTUBAHHA, 6MPAmu eHepaii, maH2eHcu 6mpam, pe3oHaAHCHI Yacmomu.
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Summary. We analyze the impact of the transported fluid on the natural frequencies of a pipeline.
Solution of coupled acousto-mechanical problem for straight pipe is given by the Transfer Matrix Method. The
equations for junction coupling are given. Several practical examples demonstrate the importance of taking into
account the fluid-structure interaction. It is shown that treating fluid as an added mass at the axial vibrations can
lead to significant errors.

Key words: pipeline, acousto-mechanical vibration, natural frequency

Received 10.03.2016

Introduction. The presence of the fluid in the pipe affect the dynamic behavior of the
considered system. In its simplest form, one can take into account the fluid as an added mass,
but this approach can lead to significant errors, especially in the calculation of dynamic events
such as a water hammer. In a more detailed analysis is necessary to consider the interaction that
occurs between the pipe and the fluid. The interaction between the internal fluid (liquid or gas)
and the pipeline is performed by superimposing of the four mechanisms [1 — 3]:

e Fitting coupling;

e Poisson coupling;
e Friction coupling;
e Burdon coupling.

The interaction may be strong or bilateral, and unilateral or weak. One-way interaction
is a classical scheme, at the beginning the speed and pressure in the fluid are calculated, and
then these values as external loads are applied to the pipeline. Calculation scheme of bilateral
interaction is more complicated, but allows you to get the correct dynamic response of the
system.

The main effects of fluid-structure interaction are problem dependent [1]. When
compared to predictions of conventional water hammer and uncoupled analyses, predictions
including fluid-structure interaction may lead to: higher or lower extreme pressures and
stresses, changes in the natural frequencies of the system, and more damping and dispersion in
the pressure and stress histories. Fully coupled analysis is required in the calculation of
compliant structures, which are subject to sudden loads. Generally speaking, coupled analysis
gives more accurate results in the calculation pressures, stresses and displacements, and its own
resonance frequency and damping forces in the supports.

The natural frequencies of the pipeline are usually obtained by taking into account the
fluid as an added mass. The natural frequencies of the fluid, if necessary, get on the assumption
of the rigid walls. This approach will give wrong results in systems where the natural
frequencies of the pipeline and the fluid are close to each other. A coupled analysis of the
interaction on the fittings (i.e. pipe bends) will lead to a separation of coincident natural
frequencies [1, 4]. Thus, the coupling accounting prevents resonance, which is obtained by the
uncoupled analysis.

Despite the practical importance and numerous studies [1, 5], the calculation scheme of
coupled FSI is in the area of academic interest and almost has no use in practice. It is due to
several factors:
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e The solution of separate problems by numerical methods. These solutions are aimed
to show the presence of the coupling effect and do not offer a universal algorithm for solving
the entire class of similar problems. Such solutions are cumbersome and are hardly
programmed, their practical application is limited.

e Pipeline software packages (ASTRA, CAESAR) do not have the possibility of
coupled analysis, fluid is accounted as an added mass;

e Universal FEM computer codes (ANSYS, ABAQUS), can solve the problems of
coupled FSI only in three-dimensional form, that is expensive and impractical in the calculation
of piping systems.

Show practicability of coupled acousto-mechanical calculations in the analysis of piping
vibration is the main goal of this work. To solve this purpose it is necessary to address the
following tasks:

e Summarize the work on the analysis of the FSI for complex systems;

e Demonstrate the practical application of the proposed analysis algorithm and show
the importance of considering FSI.

At the beginning the brief derivation of the basic equations is given, in more detail it
can be found elsewhere [2, 3]. Then, the search algorithm of the natural frequencies is
presented, and in the second part a few practical examples are considered.

Mathematical equations for the straight pipe. Set of the Skalak equations for the
straight pipe run:

oug(x,t) Py(xt) RK¢ N (x,t)
- = 1+2 2u—8l
ox Ke U7 °he )T FE (12)
2
_ oP (x,t):pf d uf(x,t); (1b)
ox at?
Ps (X,1)R
— aV’[(X’t): Nt(xvt)_i_u f(x ) ; (10)
OX FE hE
2
 ONg(x.t) _Fp, o Vt(zx’t)’ (1d)
OX ot

where h is the pipe wall thickness; R is the inner radius, F —is the cross-sectional area of the
pipe material, F = 7h(2R+h); p ¢ — is the density of the fluid or pipe material; t is time,

N is the axial force, V; is the pipe longitudinal displacement, Ps is the fluid pressure pulsation

us is fluid longitudinal displacement. K¢ is bulk elasticity of fluid and E—is the Young

modulus of pipe material.

In classical case when we assume that Poisson coefficient 4 =0, we get two
independent system of equations. The first one will describe acoustical vibrations of fluid in the
pipe, notice that expression (1+ 2RK / hE) in the eq.(1a) is adjusted for pipe thinness. The
second one describe axial vibration of a pipe.

We assume all the processes to be harmonic ones, i.e., proportional to sin @t , where @
is some frequency of harmonic vibrations. The same notation will be used for the new

B0 et L ISSN 1727-7108. Scientific Journal of the TNTU, No 1 (81), 2016



laroslav Dubyk, Igor Orynyak

introduced functions that depend on x only. Differentiation of (1a) and (1c) and substitution of
(1b) and (1d) into them give the following system of initial differential equations:

d?v
dTZtZ—Vt‘a—Uf'ﬂad; (2a)
dZUf
=—2v;-ga—us -d, (2b)
dX2 t f
where:
2 Pt Pt 2RK¢ ) 5
a=0"—=,d= 1+ o°;
E Kf( hE (32)
RK ¢
a=a1/(1+2a1)<1, alzﬁ. (Sb)

A general solution of the system (2) is written in TMM form:

Ve (X) = Vo (COs X+ 7o (X))~ U gz y Fp (X) —

~ ~ (4a)
— Nio(sin 4%/ 4 + 7F1(X))+ Py oz y Ry (X);
Ut (X) = ViourxFo(X) + U o(cos Apx — P (X)) - (ab)
— NyosryFL(X) = Pt o(sin 2px/ 45 = #F1(X)),
N (X) = Vig (A Sin X+ 7F3(X)) = U g oy 1F3(X) + o)
~ ~ C
+ Nio(Cos X + 772(X) ) — P gy y F2 (X);
Pt (X) = ViguyxF3(X) + Ut o (A2 8in Apx — yF3(x)) + )
+ Nty xF2 (X) + Py (€08 ApX = 172(X)).
where functions Nt , |:~>f are connected with initial functions N¢» Py with relations:
~ Pf 2RKf /JN
P; = 1+ +21
f Kf( hE ] FE a)
~ N Pf R
N, = —t 4" 5b
Ly=rs TH hE (5b)
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The following functions are entered for convenience:

Fl(X) =sin 2,1X//11—Sin /12X//12 (6&)
F>(X) =cos 4y x—cos Ay X; (6b)
F3(X) = 41 5in 41X =45 Sin AyX, (6¢)

Also following notations are introduced:

a . od . (n) -a (2,)° —d
IX= o Yy =T s V= = : (72)
(B)? - (1) ’ ()~ (2,)° (WP - ()P (w2,
O, P = @ d)+/(a-d)2 +8adu2e (7b)

2

Solutions of eq. (4) have been obtained in the form suitable for programming in TMM.
The advantage of such solutions over similar ones is that the set of equations does not
degenerate for any fluid and pipe parameters and any Poisson’s ratio p. Furthermore, these
expressions are easy to use in practice.

Fitting coupling. Fittings are specific points of the pipelines (tees, bends, valves) in
which there is a strong interaction between the fluid and the pipeline. For the calculation of
complex pipe systems we need to know the transmission conditions in these particular points.

Closed end(Valve). It can serve as the source of considerable effort, if the closed end of
the tube is rigidly fixed pressure wave can be doubled. strong fluid-structure interaction may
occur for a flexible pipe end:

P aR?+ N =0 (8a)

Ue =V (8b)

In the calculations also must be consider the presence of the masses at the end, for
example a closed valve mass, which modifies (8a):

2

P R% + Ny _ Ty (8a)
51:2

Tee element. Also is the source of strong fluid-structure interaction. The equation for
pressure and displacement at a junction point is a trivial one and based on the condition for
pressure and volume continuity at the point:

P} =p? =P} =.. (9a)
ZFi(u'f —vt'): ZFj(u]! —th) (9b)
in out
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The equation of continuity for mechanical forces at a junction of several elements is
well known and based on the equilibrium condition for the junction. To allow for the pressure

pulsation P; , we should put down the total axial force Nn = NX +F P, - (where t isthe
tangent vector in the sectionand F - P, represents a force in the bore due to the inner pressure)

in place of the axial force NX in the respective equations. Thus, the equilibrium equation for
the junction is written, in view of Py , as follows:

i N T S
S ((Nk+ F Pl 6)+ Gl + Gl )= S (N + P £)+ Gl + Gl ). (10)

in out

Mass and dimensions of the tee are neglected, as well as forces change in the fluid. It is
believed that the right angle between the pipes is maintained in the process of dynamic
interaction. Out of plane vibration, which isn't connected with in-plane vibration, has no FSI
mechanism.

Pipe bend (elbow). Elbow — is the most common source of FSI. It can be modeled more
efficiently with concept of «dimensionless rotary elementy [6], thus curved pipes are presented
by a finite set of linear and rotary elements.

In [6] the solution of a common problem for screw rotary element is given. For a planar
rotary element the solution is greatly simplified:

Q1 =Qy 088~ Ngsin &Py -Fsin g (11a)

N; =N cos8+Q,osin &Py - F(L-cosd) (11b)

In addition to the force transmission, the movement transmission is also present:

Ugg=Uso—Veo(l—CcosO)+wgsin@, (11c)
Wy =Wyg cosd —vqsin @ (11d)
Vy =V, Cc0sH + Wyo sin @ (11e)

The rest of the equation for the rotary element are similar to the straight pipe connection
relations:

Pt1F = ProFo; My =My; 6 = 6. (11f)

Out of plane vibration, which isn't connected with in-plane vibration, has no FSI
mechanism.

Frequency search algorithm. Acousto-mechanical vibrations are modeled by
supplementing the mechanical-vibration TMM with two unknown parameters for each section,
two coupling equations for each element, two parameters-continuity equations for each
boundary between elements and for the edge conditions. The design model and the method of
constructing the mathematical model remain unchanged. Since all of the 14 parameters of the
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stress-strain state of the fluid and pipe (12 mechanical parameters and two acoustic ones) are
related to each other, we should model the coupled acousto-mechanical vibrations «as a whole»
rather than split the vibration analysis into subtasks.

In some cases, a separate analysis of acousto-mechanical vibrations without any
influence of the pipe displacements on the fluid should be carried out. This is easy to accomplish
by using equations (4) as written without beam components. Such a «simplified» analysis
makes it possible to find natural frequencies of acousto-mechanical vibrations of a fluid in a
pipeline of a preset configuration, disregarding the pipe displacements during vibrations; this
is important, for example, for TMM verification and for comparing the results to those
published elsewhere.

There are many algorithms to search for natural frequencies, TMM formulation of the
governing equations greatly simplifies this algorithm. We use a matrix formulation for a whole
system, in contrast to the finite element method the size of this matrix is much smaller, and it
IS not very tenuous. Boundary conditions, or equations that consider the boundary conditions,
such as (8) are also included in this matrix. After all the boundary conditions are substitute,
determinant is set to zero, the natural frequencies are determined from this equation. Since we
get a non-linear equation with respect to frequency, the most convenient is to use numerical
methods for solving frequency (characteristic) equation.

Test examples. To verify the correctness of implementation of the mutual influence of
acoustical and mechanical vibrations we considered a number of test cases. In the solutions
obtained we checked whether all of the coupling equations, boundary conditions, and
conjugation conditions were met.

Straight pipe. The use of the analysis is illustrated for the case of a fluid-filled pipe,
closed at both ends and subjected to axial excitation [7, 8]. The pipe is suspended on wires and
is excitated be axial impact of a 5 m long, 51 mm diameter steel rod. Pressures, strains and
structural velocities are measured at several positions along the pipe. Transient cavitation does
not occur because of the initial static pressure, the movement of the pipe on the wires is
considered horizontal. It is an accurate experiment because of the avoidance of complications
encountered in conventional reservoir-pipe-valve systems, such as unknown support
conditions, unsteady valve behavior, non-constant reservoir pressure, disturbing pump
vibrations, etc.

} %ﬂm wires
\

|

/// /‘T\\\\\\\x\; |

o x=0 x=L |
PF=N, L=4502mm Ff=h,
V=t

V=
Figure 1. Discrete axial impact of free hanging pipe.
The pipe parameters: h=3.945mm, R=26.01mm, p, =7985kg/m>, E—168.10'Pa,

1 =03; the fluid parameters: p; =999kg/m>, K =2.14-10%Pa. On the left there is cap

about 60mm thick, on the right cap about 5 mm.
Pure acoustic frequencies can be determined by the formula:

c-n
fo,=—-, n=123... 12
=L (12)
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Here c = /% —speed of sound in fluid. Speed of sound with wall correction:

K ¢ RK ¢
c* = 1+2 (13)
P hE
Mechanical frequency determined trivially, for beam with free ends. For a coupled
analysis of such a system we will use eq (4) for the straight pipe directly. Both ends of the pipe

are closed, so the boundary conditions (8) are used, more precisely is to take into account mass
of end caps, i.e. instead of (8a) to use the expression (8a).

Table Ne 1.
Natural frequencies (in Hz) of axial vibration of water-filled pipe with free ends
No Mechanical Acoustical Coupled Experiment
p=7985 p*=11046 | c=1464 | c*=1354 u=0 u=0.3 [6]
1 509 433 163 150 169 172 173
2 1019 866 325 301 288 286 289
3 1528 1299 488 451 453 453 459
4 2038 1733 650 602 493 493 485
5 2547 2166 813 752 629 633 636
6 3057 2599 975 902 743 741 750
7 3566 3032 1138 1053 906 907 918
8 4075 3465 1300 1203 980 980 968

Table 1 summarizes the results of measurements and calculations. Mechanical
frequency are defined excluding water (p=7985 kg/m®) and accounting for the water as the
added mass (p*=11046 kr/m®). Analysis of Table 1 shows that this approach leads to significant
difference between the experimental and calculated values, but exactly this approach is
incorporated in pipeline software (CAESAR, ASTRA). The acoustic frequency are calculated
both with (c*=1354 m/s) and without (c=1464 m/s) accounting for pipe thinness. This approach
also does not provide acceptable accuracy especially for higher frequencies. Coupled
calculations are presented in two versions: with and without taking into account the Poisson
coupling. In this example, the interaction on the fittings is dominant, Poisson coupling makes
an insignificant contribution. Analyzing the results of table 1 is obvious the need to consider
FSI when calculating the frequency of the axial vibrations.

In the next experimental study pipe was struck lateraly [7,8] (Figure 2).

: Support wires }
| \

0 [=4502mm

Figure 2. Discrete lateral impact of free hanging pipe.
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Fluid-Structure Interaction in free vibration analysis of pipelines

Calculation results for air-filled pipe and water-filled pipe are summarized in table.2. In
this results fluid is considered as an added mass.

Table Ne 2.
Natural frequencies (in Hz) of lateral vibration of pipe with free ends.

Air-filled pipe Water-filled pipe
0 | Exper. | Calc. | No | Exper. | Calc. | No | Exper. | Calc. | No | Exper. | Calc.
15 16 7 373 385 13 14 7 |320 328
41 44 8 |478 491 36 37 8 |411 418
81 86 9 |59 607 70 73 9 |510 518
135 141 |10 | 723 735 116 120 |10 | 619 627
202 210 |11 | 859 872 173 179 |11 | 737 744
281 291 |12 | 1008 | 1019 241 248 | 12 | 864 870

o|lu|a|w|N|k| =
oluhlwiNk|=

As we can see, the fluid does not have a noticeable effect on the lateral vibration.
Coupling in the transverse direction occurs due to the centripetal force and the Coriolis force,
and is directly proportional to the flow rate, the dynamic buckling of pipe [9] occurs at
considerable high fluid speeds. However, such speeds are much higher than the fluid speed in
industrial pipes [9].

Pipeline system [4]. Let's consider system which is shown at Fig.3 [4]. The system has
a total length of L =33.944m, pipe outer radius R =0.15m, wall thickness h=5mm, bend

compliance K =15.95, fluid density o =1000kg /m?, metal density p; = 7800kg/m?, Young

modulus E =2-10'!Pa, speed of sound in fluid ¢ =1000m/s.

P=0
7
G
'E.I\\\
RO4S 186 F
; £ R4S
c
24 75 R
P .
. - - o

Figure 3. Model of a fluid-filled piping system [4].

Points B and C at the straight runs are mechanically fixed, the acoustical edge conditions
at points A and G are as follows: P; =0. In [4] the mechanical and coupled acousto-

mechanical vibrations were modeled only for the pipe portion from point B to point G, while
the run between points A and B was taken to be purely acoustical. Geometrical and mechanical
parameters of the piping system are designed so that the natural frequencies of the mechanical
model and purely acoustical model would have the same value, in order to increase the coupling
influence.

The acoustical natural frequencies are not discussed as they are easy determine by
simple formulation (12), using numerical values we can find the acoustical frequencies:
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f, =14.73Hz, f, =29.46Hz. Then if we consider fluid as an added mass for axial and lateral
vibrations, we can find mechanical frequencies 14.96 Hz and 26.89 Hz, which are closed to
acoustical ones. Afterwards we performed coupled calculations, where fluid was considered as
an added mass only in lateral direction, in axial direction we used eq. (4). Strong coupling
occurs at junctions, bends CD and EF, in accordance to eq. (11). Results of calculations are
summarized in table 3. Calculations were performed for in-plane and out of plane motion.

Table Ne 3.
Comparison of natural frequencies for pipeline (Fig. 3).

Frequency, Hz
In plane Out of plane
Frequency No 1 | 2 |3 1 | 2 |3
Mechanical (Added mass
CIRCUS [4] 14.8 26 — — — —
Code ASTER[4] | 14.91 27.05 — 14.50 21.01 —
Our calculation 14.96 26.89 78.33 15.44 21.10 —
Acoustomechanical (Coupled)
CIRCUS [4] 12.65 18.04 26.30 — - -
Code_ASTER [4] | 12.72 18.09 26.66 14.29 20.90 14.29
Our calculation 12.93 18.24 26.86 15.44 21.09 48.80

Figure 4 shows amplitude-frequency characteristics for pressure at points D and F
(Fig. 3), which are close to those obtained in [4]. It should be mentioned that because of the
complex mutual influence of acoustical and mechanical vibrations the values of natural
frequencies of coupled vibrations (the resonance spikes in the pressure curves) do not coincide
with the values of acoustical and mechanical frequencies and are not mean ones in between.

PointD ====PointF < Mechanical ® Acoustic
Pf, Pa T T
! !
H !
K !
! !
1: !
1 (]
800 h 1
T !
! !
1! !
! !
: ! !
600 —+ ! +
] '
Y '
! ]
! ]
0! !
4l
'y
'
\
\
\

400 —+ /
/
‘ ’
/
/
200 + P ®
"”
0 , : : , ‘
10 15 20 25 f Hz

Figure 4. Amplitude-frequency characteristics for pressure at points D and F. Solid symbols — natural
frequencies of acoustic vibrations, open symbols — natural frequencies of mechanical vibrations.

This piping system is a good illustration the difference between the coupled and the
mechanical calculations. It is shown that due to the coupling, the natural frequencies of the
piping system can't coincide, and that no super-resonance can occur.
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Fluid-Structure Interaction in free vibration analysis of pipelines

Conclusions. In this paper we summarize the experience of the analysis of pipeline
natural frequencies with Fluid-Structure Interaction. For the straight section of the pipeline
acousto-mechanical vibrations equations are written in form of TMM, Poisson coupling is
considered. The equation of junctions coupling at bends, tees, caps are formulated. Several
practical examples show the importance of taking into account FSI, in particular it is established
that:

ein the calculation of axial vibrations, treating fluid as an added mass can lead to
significant errors, for a more realistic simulation it is necessary to use coupled analysis;

e in the calculation of lateral vibrations fluid can be considered as an added mass;

edue to mutual interactions, coupled vibrations frequencies do not coincide with the
values of acoustical or mechanical frequencies and are not mean ones in between;

e strong liquid-pipe coupling occurs at the closed ends and elbows, weak coupling exists
along the pipes due to axial-radial Poisson contraction/expansion.
Coupled analysis gives more accurate results in the calculation of pressures, stresses and
displacements, and natural frequency and damping forces in the supports.
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ANALYSIS OF DYNAMICS OF ADAPTIVE THREE EDGE HEADS
WITH ELASTIC GUIDES AND ELECTROMAGNETIC DRIVES

Ihor Lutsiv; Volodymyr Sharyk; Oleksandr Stakhurskiy; Dmytro Dyachuk

Ternopil Ivan Puluj National Technical University, Ternopil, Ukraine

Summary. The paper deals with the dynamics analysis of the developed by the authors three edge head
with elastic guides and electromagnetic drives in order to compare their operation dynamic features against the
single tool machining ones. The three edge heads of proposed design of adaptive type have the possibility of
adjustment to the changing cutting conditions. The adjustment of the head cutting edges positions in the process
of machining is performed by two-direction electromagnetic drives with microcontroller based on intellectual
control. So the simulation theoretical model was developed in a form of calculating scheme and the differential
second order equations set. These equations are being solved using the software techniques and computer program
graph interpretations. Thus the diagrams illustrating the oscillograms of the work piece and the head cutting
elements vibrations in the machining process were obtained. The results of the investigation make possible to
testify the developed three edge head productivity and dynamic accuracy increasing as compared with that of the
single tool machining. They show that in most cases it is possible to increase the dynamic accuracy of machining
in 1,2-5 to 3,17-9,6 times.

Key words: three edge head, oscillations, dynamical theoretical model, elastic guides.
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Problem statement. The task of metal cutting process technical and economic
efficiency upgrading can be completed by one of the following techniques: setting variable
cutting conditions taking advantage of empirical engineering methods including the single
parameter only and on the other hand using the cutting process adaptive control systems.

In such a case the adaptive processing requires the permanent control of the machining
conditions dynamical changes by using the regular monitoring of the cutting process. It helps
to take into account even those factors that are unknown on the stage of production design
engineering.

Analysis of previous research. Automation machine tools machinery and the adaptive
type accessories make it possible to achieve the effect of self adjusting cutting [1]. Thereby the
essence of self adjusting cutting lies in the fact, that each of the identical cutting edges
symmetrically located against the machining surface have a single axial state of freedom in the
direction of the longitudinal feed [2]. Besides the cutting tools are interlinked with each other
with taking advantage of mechanisms or techniques that perform the kinematic inter-tool
linkage of adaptive type [3]. Such machine tool accessories in the structure of the total
manufacturing cutting system are of substantial importance [4].
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Analysis of dynamics of adaptive three edge heads with elastic guides and electromagnetic drives

The design process of multi-edge accessories for different machining conditions has a
great number of possible functional scheme and engineering design construction options [5].
The design goal thereby lies in searching and performing of the optimal multi edge accessory
design basing on the selecting the structural scheme, which will correspond to the machining
productivity upgrading machine tool system accuracy increase [6].

Main idea principle of the adaptive type multi edge machining using elastic tool guides
and electromagnetic drives lies in the fact that all cutting system elements characteristics were
taken into account including information and dynamical properties [7]. The system fulfills the
feedback control approach to reach the goal task to provide regulation of the transient cutting
process behavior [8]. This allows to decrease the elastic deformation errors that affect the work
piece surface roughness, dimensional and form accuracy as well as the tools and machine tool
specified life and machining productivity [6].

The objective. Taking into account the actual problems of the adaptive multi edge and
multi tool machining process, the analysis and mathematical simulating of the dynamical
features of the proposed multi edge mechatronic cutting heads are of much value to design the
engineering constructions of such accessories in order to use them widely in production. In the
process of adaptive type machining on the base of the mentioned multi edge heads the
integration of the precision mechanics, electronics and electric techniques is needed. That is
why the paper objective is to conduct the dynamical analysis of the simulation scheme of the
designed multi edge head with the elastic guides and electromagnetic drives as compared with
that of single tool machining system. In regard to this investigation goal it is necessary to obtain
the oscillation diagrams in order to prove the efficiency of the multi edge machining.

Simulation of theoretical model and research results. The multi edge design
construction [9] with three tools was developed at the machine tools, tools and machines
department of the Ternopil National Technical University. The head (Fig. 1) consists of the
housing 1, in which three tool holders 2 are symmetrically mounted against the work piece
surface with 120 dg angle with a help of the plate-like elastic guides 3. The tools 4 are being
set into the machining dimension in the tool holders 2. The tool holders are rigidly connected
to the electromagnets 5 armatures and these electromagnets are fixed to the housing. The plate-
like elastic elements 6 are built in on the electromagnet armatures. The plates 6 are equipped
with strain transducer indicators 7. Electromagnets as operating devices and elastic elements
with transducer indicators are connected to the CNC system.

7 8 f
2
HiNp 4
7] ; !.IL!
’ ,i}'_} )

Figure 1. Scheme of multi edge head with the elastic guides and electromagnetic drives
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To conduct the comparative dynamical analysis of three edge heads with elastic guides
operation it is necessary to start with the case of a single tool machining. The the calculating
model can be presented as a single-mass system, which is being deformed in the y direction
(Fig. 2) with the mass M, reduced to the radial direction, damping coefficient H  and radial

rigidity C, . Thereafter let us write the equation of such system displacements as follows:

Myy+Hyy+ny=—APy’ (1)

where APy is a variation of the cutting force radial component caused by the external

perturbations (they can be exemplified by the machining eccentricity radius with ratio
coefficient e).
In this way let us represent the cutting force radial component as the static model [10]:

Py=Cp, -t*-S™.v,”

where Cp, — coefficient that depends on the cutting conditions; t — instantaneous value of the

depth of cut (mm); S — instantaneous feed value (mm per rev); V, — cutting velocity

(m per min) in accordance with the diameter d (mm) of machining and rotational frequency n
(rev per min), X, Y, n_ being the exponential orders of the relative values of cutting depth,

feed and velocity. Besides let us assume that the ration of tangential and radial components of
the cutting force is equal to 0,5.

Figure 2. The single-mass system calculating model

As to the work piece radial rigidity C, in the cutting zone, let us use the well-known
dependence [11]

3
C,=aEl/l

where | — work piece length; E — the Young modulus; | = zd* /64 — the work piece axial
moment of inertia; « — coefficient that depends on the method of the work piece holding. In this
way a = 3 in a case of single sided support; a = 48 in a case of conical pins holding; a = 102
in a case of single sided support and back conical pin tailstock holding; a = 66,7 in a case of
machining in conical pins and rest using.
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Analysis of dynamics of adaptive three edge heads with elastic guides and electromagnetic drives

When E =2-10" N/m? for steel and E =0,3-10" N/m? for fiber glass, then we have
C, =a10"d/(1/d)® for steel and C, =0,15010"°d / (1/d)* for fiber glass respectively.

Let us set I/d = g and assume that d is determined in mm. Then we can obtain the
formula to calculate work piece rigidity in the cutting zone: C, = a10d / p* for steel and

3 - -
C, = 0,150107d / B° for fiber glass respectively.

The work piece deformation static value under the effect of the radial cutting force
component as follows

P =0,5-2430t"s"%y 7

can by derived for different values of « and £ and two diameters d = 20mm and d = 10mm
values. Heret = 0,1 mmand S, = 0,3 mm per rev. Thus for d = 20mm the P, reaches the value

of 21,5N and for d=10mm the P, reaches the value of 26,5N.

Table 1 comprises the calculated values of work piece rigidity and their static
deformations in the cutting zone in a single tool machining for different « and £ in regard to the
work piece diameters d = 20 mm and d = 10mm.

Table Ne 1.
Values of work piece rigidity and their deformations in the cutting zone
d=20 mm d=10 mm
B C, 107 NIm] | Yer10m] | Cy107[NIM] | Yer 107[m]
5 0,48 44,8 0,24 110,4
6 0,28 76,8 0,139 190,6
7 0,17 126,5 0,087 304,6
=3 8 0,12 179,1 0,058 456,7
9 0,08 286,7 0,041 646,3
10 0,06 358 0,03 883,3
20 0,0075 2866 0,004 66250
5 7,68 2,8 3,84 6,9
6 4,44 4,8 2,22 11,9
7 2,8 7,7 1,399 18,9
0=48 8 1,78 11,5 0,937 28,3
9 1,32 16,3 0,658 40,3
10 0,96 22,4 0,48 55,2
20 0,12 179 0,06 441,7
5 16,32 1,32 8,16 3,25
6 9,44 2,3 4,72 5,61
7 5,95 3,61 2,97 8,92
=102 8 3,98 54 1,99 13,3
9 2,8 7,7 1,399 18,94
10 2,04 10,5 1,02 25,98
20 0,255 84,3 0,1275 207,8

Thus, let us write the change in cutting force radial component value causing vibrations
by the following equation:
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APy =Cp, -V,” {[t0 (1+esin (a)t))]2 S* —tgsgp}

where t, — the cutting depth, mm, constant state value; y, — the work piece static deformation,
mm; y — the radial deformation dynamical component, mm; S, — the longitudinal feed, mm per

and P

rev, constant state value; w is the work piece rotational frequency, s™. P ot (N)

yd
represent respectively the dynamical and static radial components of the cutting force.

In this way the simulation model (1) can be solved using the Runge-Kutta method taking
advantage of the «MathCad» program.

Simulation of three tool machining using the developed head with elastic guides and
electromagnet drives is based on the head elements calculating schemes. The illustration of
such element diagram is presented in the Fig. 2, showing the cutting tool elements of the head
that are elastically connected to the housing.

Py i
.ﬁ m -~
/7

77777

Figure 3. Calculating model diagram of the three edge head with the elastic guides

XY '3

The model of such an element is presented by the single mass scheme. The reduced
mass m of the tool element and both the elastic guide rigidity and damping reduced coefficients
c and h respectively are the components of this scheme. Each of the three cutting elements is

forced by the axial cutting force component P, (i = 1, 2, 3) effect. The element displacement
from the steady position is of X, value. Besides, let us consider in addition that the ratio of the
axial and radial force components is 0,4, that is P; = 0,4P,;. Here we consider the static values

of the mentioned components, without their variations under the cutting conditions changing
effect.

The displacement motions of the moving cutting elements due to the elastic guides are
controlled by the additional electromagnetic drive. In this way it is clear that considering the
cutting elements oscillation motions it is necessary to take in account the control effect of the

electromagnets that can be presented as fk.(x.) (X, =1, 2,3) functions that are different for
certain cutting elements according to the concrete control algorithm.

As a result the differential equation of the separate cutting element motion can be
derived as:
mX, +hx, +Cx" = —APX,
where APX, — change of the cutting force axial component on the separate element. This force
depends not only on the cutting conditions variations, but on the control function effect too.
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Analysis of dynamics of adaptive three edge heads with elastic guides and electromagnetic drives

Let us assume, that such a function is the signal of the summary equal-zero of the
separate cutting elements displacements. In this way dynamical values of each of the cutting
elements axial displacements are the following:

X, =X —0,5(x, + X;)
X, =X, —0,5(X, + X;) (2)

X; =Xy —0,5(x, + xz)'

3
It is obvious that > x’ =0, that is

i=1

X1+ X5+ XS =X —0,5(X, + X;) + X, —0,5(X, + X;) + X, —0,5(X, + X,) =
=(x —0,5x, —0,5%) = (x, —0,5%, —0,5X%,) + (X, —0,5%; —0,5%,) =0

Foremost, the cutting depths variations must be taken into account and first of all the
variations caused by the work piece holding eccentricity e. (We take into account that static
deformations in radial directions are compensated in this case). Thus:

t, =t,(L+esinwt)

t, =t, {1+ esin (wt +2—”ﬂ
3
t,=t, {1+esin(mt +4?”ﬂ

So the cutting elements under the effect of the control signals and due to the elastic
guides are found in the process of continuous oscillation. It is obvious that the separate elements

feed values are changing too.
In this way the instantaneous feed values at each of the cutting elements depend on the
relative velocities of their displacements in regard to the control signal. So,

S, =S, +[% —0,5(X, + %;)]-107° / 60n,
S, =S, +[X, —0,5(X, +%;)]-107° / 60n,
S, =S, +[% —0,5(X +%,)]-10° /60n,

where n, —work piece rotation frequency, rev per min. In this case the coefficient 10~ /60n,

signifies the reducing of the feed change speed in m/s to the rotational feed value in mm/rev.

Thus we can derive the ordinary differential equations system of the second order that
define the axial motions of the cutting elements regarding the changing both of the cutting
conditions and control signals stabilizing the summary value of the mentioned axial tool
displacements. This system of equations looks like:
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m¥, + hx, +C[x —0,5(x, + ;)| =
Kk, {to [+ esin@t)] [ S, /3+[% —0,5(x, +%,)]-10/60n, | ~t*S? /3}
mX, +hx, + C[x, —0,5(x, + X;)| =

XP
=Kk, {to Ku esin ot + %”ﬂ [SO I3+[%, —0,5(X, + %;)]-107° / 60n, ]Yp —tesY /3} (3)

m¥, + hX; +C X, —0,5(x, +X,)] =

XP
=Kk, {to Kl+ esin wt + 4{)} [SO /3+[% —0,5(% +X,)]-107° / 60n, ]Yp XS /3}

In this formula k, is constant value, which takes into account the coefficient C , that

depends on the cutting conditions and ratio of the axial and tangential cutting forces

components.
So, it is quite evident, that we can find the total force change value of the cutting

elements radial force components affecting the work piece with the reduced massM . In this
way we get such the second order differential equation:
M, y+H y+Cly=

—K, {to [@+esinat)]?[s,/3+ [k ~0,5(x, +%,)]-10°/60n, |~} /3} n

Xp
+k, {to Kuesin a)t+2?ﬂﬂ [ So/3+[% —0,5(% +%)]-107°/ 60n, ]Y“ — PSP /3}+ (4)

Xp
+K, {to Kl+ esin ot + %Zﬂ [So /3+[%, —0,5(X, +X,)]-107° / 60n, ]Yp —1°s) /3}

Mutual solution of the differential equations (3) and (4) is done taking advantage of the
Runge-Kutta method with a help of the «MathCad» software taking into account the initial
conditions.

So, the initial data being: M =100kg; H,=100kg/s; C,=5-10°N/m; t,=0,2mm;
So=0,3mm/rev; d = 20mm; n, = 1000rev/min; e = 0,1; exponential orders X '=0,9; Y =0,6;
n,= 0,3 and regarding the initial conditions y(0)=3-10°m; y'(0)=0 we obtain for the
single tool machining the stable picture of the work piece vibrations in its middle zone (Fig. 4):
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Analysis of dynamics of adaptive three edge heads with elastic guides and electromagnetic drives
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Figure 4. Work piece vibrations oscillogram picture in a case of the single tool machining

Let us compare the dynamic picture of vibrations for the case of three edges machining
using the head with elastic guides and electromagnet drives under the same initial conditions as
for single tool variant. Here we have the following parameters of cutting elements: m = 1Kkg;

h = 100kg/s; C =10 N/m together with initial conditions taking into account the cutting
elements oscillations: x,(0)=10"*m; x/(0)=0; x,(0)=10"m; x,(0)=0; x,(0)=10"m;
x;(0)=0. Thus we obtain the following work piece vibrations oscillogram (Fig. 5) that
significantly differs from the single tool machining picture (Fig. 4).

¥io, I

1x10”%

333x107 1

—3.333%107 t

P

Figure 5. Oscillogram of work piece vibrations in machining using three edge head with elastic guides and
electromagnet drives

In this case for the cutting elements velocities timing differences are getting stable and
tend to zero (Fig. 6).
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Figure 6. Oscillogram of relative velocities of three edge head cutting elements
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3
The similar picture can be observed for the signal function SS . — in =0 that
i=1

provides control process (Fig. 7).
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Figure 7. Control signal oscillogram in a case of machining using three edge head with elastic guides and
electromagnet drives

The developed method of the three edge head machining as compared with that of single
tool machining is demonstrable for a set of machining options (tables 2, 3).

Table Ne 2.
Comparison of the dynamical displacement amplitudes K for steel machining in the cases of single tool (yi) and
three edge head cutting (ym) (d = 20mm)

oa=3 o=48
d =20 mm B=5 B=10 B =20 B=5 B=10 B =20
c-107,N/m 0,48 0,06 0,073 7,68 0,96 0,12
yi, m 3-10° 45-10° | 125-10° | 6,9-107 1,7-10° 9,5-10°
i, M 0,6-10 6,7-10° 1,3-10° 6-107 6,33-10° 3-10°
yi/ Y, var 5,0 6,7 9,6 1,15 2,68 3,17
Table Ne 3.

Comparison of the dynamical displacement amplitudes K for steel machining in the cases of single tool (yi) and
three edge head cutting (d=10mm) (y)

a=3 0=48
d =10 mm B=5 B =10 B =20 B=5 B =10 B =20
c-1077,N/m 0,24 0,03 0,037 3,84 0,48 0,06
yi,m 4-10° 1,7-10* 0,9-10%, 6-10° 1,7-10° 5-10°
yii,m 1,7-10° 2,7-10° 1,1-10* 5,1-10° 0,8:10° 0,9-10°
yi/ ywi,var 2,36 6,29 8,18 1,18 2,13 5,5

Summarizing the presented results it is possible to obtain graph diagrams of efficiency
coefficients with regard to use the three edge head cutting against the single tool machining in

the cases of steel processing (Fig. 8).
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Figure 8. Graph diagrams of the efficiency coefficients with regard to use the three edge head cutting
against the single tool machining

These diagrams illustrate high efficiency upgrading in a case of the developed
techniques. They testify that in some cases it is possible to increase the dynamic accuracy of
machining in 1,2 —5to 3,17 — 9,6 times. The similar diagrams can be obtained in a case of fiber
glass machining.

Conclusions. The dynamic analysis of the proposed three edge head design with elastic
guides and electromagnetic drives in order to compare its operation dynamic features against
the single tool machining ones was conducted. The simulation theoretical model was developed
in a form of calculating scheme and the differential second order equations set. As a result of
the equations solution the diagrams illustrating the oscillograms of the work piece and the head
cutting elements vibrations in the machining process were obtained.

The results of the investigation make possible to testify the developed three edge head
productivity and dynamic accuracy increasing as compared with that of the single tool
machining. They show that in most cases it is possible to increase the dynamic accuracy of
machining in 1,2 — 5 to 3,17 — 9,6 times.
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YK 621.881

AHAJII3 JUHAMIKH TPUPIBHEBUX I'OJTOBOK 3 IIPY’KHUMHA
HAINPSAMHUMMU I EJJTEKTPOMATI'HITHUMUA ITPUBOJAMUA

Irop JlyuiB; Bosogumup Hlapuk; Ouexcanap CraxypcbKuii;
JAmutpo Assuyk

Tepnoninbcokuu HayioHanrbHuu mexHivHuu yHigepcumem imeni leana Ilynios,
Tepuonins, Ykpaina

Pe3tome. Poszensnymo awnaniz OuHamixu po3pobieHoi asmopamu mpupizyesoi 20106KU 3 NPYICHUMU
HANPAMHUMU T eIeKMPOMASHIMHUMU NPUBOOAMU OJisl NOPIGHAHHA IX OUHAMIYHUX OCOOaUBOCIEl 0OHOPI3YEBOI0
0bpooxorw. Tpupizyesi 20106KU 3aNPONOHOBAHOT KOHCMPYKYIT MAIOMb MOICIUBICMb Pe2yNIO8AHHS PENCUMIE ma
VMO8 Di3aHHA 3a 00NOMO20I0 A0AnMueHoi cucmemu Kepyganus. Pezynosanna nosuyii pisanbHux ne3 20106Ku 6
npoyeci 06pOOKU BUKOHYEMbCA OBOHANPAGICHUMU ELeKMPOMASHIMHUMU NPUBOOAMU 13 MIKDOKOHMPOIEPHUM
inmenexmyanoHum Kepygauuam. Omoice, MOOeN0BAHHA Meopemuunoi mooeni  po3pobasnoca y 6uenidi
PO3DAXYHKOBUX cXeM | OughepeHyianibHuX PiGHIHb Opy2020 NOpAOKy. Lli pieHsaHHA eupiuly8anucs 3a 00NOMO20H
BUKOPUCIMAHHA  NPOZPAMHO20  3a0e3neyeHHs ma Komn 'romepuux epagpiunux npoepam. Ha cxemax
NPOOEMOHCIMPOBAHO OCYULOSPAMU BIOPAYII 3020MOBKU MA PI3ANbHUX eleMEHMI8 201068KU, WO OYau OMPUMAHI 8
npoyeci 06pobku. Pesyrbmamu 00CHioAHcenHss 0aiomb MOICIUBICIb 008eCmU NPOOYKIMUBHICTb PO3DOOII0BAHUX
Mpupisyesux 20a060K I NiOSUWEeHHs OUHAMIYHOI MOYHOCMI 8 NOPIGHAHHI 3 OOHOPI3YE8or 06pobKo. Bonu
NOKA3y10my, Wo y Oiibocmi 8UnAoKi@ MOXCIUuGe NioGUUeH s OUHAMIYHOI mounocmi 00pooxu 6i0 2 — 4 0o
10 - 16 pasis.

Kniouogi cnosa: mpupisyesa conoexa, iopayii, OuHamivna meopemuina Mooeib, NPY’CHi HANPSIMHI.

Ompumano 18.02.16
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Summary. This paper analyzes the structural uncertainty disclosure of static structures modified by
potential energy minimum deformation (MMPED). In general, the potential energy of deformation consists of
several components, namely energy from stretching-compression deformation, cut, bend and torsion. It is shown
that the potential energy of deformation tension-compression does not significantly affect the results of the
calculation, so they are mostly ignored [1]. For constructions whose elements consist of open profiles, in most
cases the solution depends on the total potential energy of deformation of torsion, which decomposes into potential
energy and compressed pure twisting. Significant simplification in the formation of the system of canonical
equations has been made by the use of some properties of integral calculus.

Keywords: potential energy of deformation, bending, twisting, frame, bimoment.

Received 25.02.16

Problem setting. The development of analytical methods for calculating the stress-
strain state of constructive bearing structures, including mobile agricultural machines, that is
the disclosure of the static uncertainty in relation to external supports and internal power factors,
clearly require further improvements.

In many cases the most destructive load is a load-bearing frame, which is mainly
equipped with public profiles of torsion. We consider the more complex deformation process
of loading, consisting of pure torsion and so-called compressed torsion. Potential energy of
deformation in this case is solely from bimomentB, . In addition, a specific example shows the

actual design feature and effectiveness of this type of loading. It has also been researched that
this strain energy of structural system is the dominant uncertainty in the disclosure of the static
structural systems whose elements consist of open profiles.

Analysis of recent research and publications. Advantages of MMPED, compared with
the traditional numerical methods, are grounded in the simplicity of algorithms, the possibility
of obtaining results without any additional complications [2]. The stress-strain state of MMPED
frame structures has been studied in [3], [4] and experimental confirmation by strain gauges
has been conducted.

The purpose of the article is to develop energy-integral method for estimating the life
of the bearing of mobile agricultural machinery in a dynamic tasks setting. For structural
system, which consists of an open structure elements, given the complex stress-strain process,
the task is determine the potential energy of bending, twisting and deplanation deformations.
In addition, it has been researched how a potential energy of deplanation has a dominant
influence on the disclosure of static uncertainty and automated formation of canonical
equations. It is worth mentioning that the application of the rule of integrand Leibniz
differentiation of power functions significantly simplifies the solution of such problems. It is
necessary to calculate linking elements of bearing systems consisting of open profiles.

Objectives setting. It is necessary to calculate the frame structure loaded with
asymmetric loads considering different energies of deformation. The second objective is to
calculate weld coupling in a dangerous intersection. Then an integrated energy resource
evaluation method of agricultural machinery in a dynamic tasks setting should be created.

4O Corresponding author: Rybak Timothy; e-mail: kaf th@tu.edu.te.ua.
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Research results. In engineering, namely in mobile agricultural, elements of supporting
systems primarily are coupled with welded seams. In the nodes of the connections of various
types of profiles that make up the whole bearing structural system, there are complex
deformations which are in engineering classified as compressed torsion. The peculiarity of the
compressed torsion is the actual mode of deformation which occurs in the joints as a result of
bending and twisting moments. Such deformation mechanical process in engineering is

described as bimoments, that is bipair moments which are marked as B, . Referring to the

power method of the set problem, the deformation energy of the compressed torsion is generally
recorded as [1]:

n . BZds
n (1)

UBM=;I

N
m

wi

where n — the number of sections into which the proposed bar system is divided,
B, — bipair moment of the i element, H-m?, E — Young's module, H/m?, |  — sectorial

moment of inertia i element, m®.

We used the relation (1) and Kastylyano’s theorem in which the partial derivative of
potential energy at the specified power factor determines the movement in the intersection of
power factor. When considering statically indeterminate structures design with unknown
redundant internal power factors on the basis of the theorem about the least workload,
movements in the section turns into a minimum that is zero, we get the dependence:

oU,
—fe =0,
X, )
To calculate partial derivatives of the total potential energy (1), we use dependence (2)
and form a system of equations.

Thus, to determine x = of the unknown (i =1 ... n), we obtain an advantageous system

of canonical equations of the unknown. An element of integration potential energy functions
strain are functions of the second degree, whose solution is complicated by the classic method.
To simplify the solutions of equations (2), we use Leibniz’s rule which is easily converted into
an algorithm during integrand functions with differentiation [1]:

aﬁ f (s,a)ds}

oa

{2, ©

oL Oa

That is, if the integrand consists of parameters and variables, it independently can be
differentiated according to « parameter and integrate with the variable s .

In a modification of the minimum potential energy of deformation using another
characteristics of calculus of appointed integrals, i.e. the integral sum (difference) equals to the
sum (difference) of integrals:

b b b

T(ciki...i n)sds =fc-s-ds ijk-s-dsi...i.[n-s-ds. (4)
0 0 0 0

It is the most appropriate to show the effectiveness of the above and other provisions in
specific example which will be considered in this article (Fig. 1).
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s/ m

Figure 1. Schematization of loads on the structural system: P1=1200H, P,=1000H, R1=1100H, R>=1300H,
1k=3,634 - 10°m*, 1,=436- 10-°m*, | =768,3-10"2m° E=2,1- 10" Pa, G=8+ 10 Py, k=4,245.

Functions of bending and twisting moments are recorded within internal power factors
and output for external loads of two parts of the given system. The current scheme (Figure 1)
shows that the internal power factors K, M,, Q,are equal in magnitude and opposite in their
signs.

The right side of the structural system, areas I, I, Il and IV (Fig. 1) record moments

functions:

larea, 0<s<b: Ilarea, 0<s<a:

M(s)=M,-Q, -s; M(s)=K,-Q,-s—Ps;

K(s)=K,. K(s)=-M, +Q,-b.

IlTarea, 0<s<a: IVarea, 0<s<b:
M(s)=K,-Q,-s-Q,-a-P,-s—P-a+R,-s; M(s)=—M,+Q,-b-Q,-s—P,-s+R,-s;
K(s)=-M,+Q,b. K(s)=—K,+Q,-2a+P-2a-R,-a.  (5)

The left side of the structural system, areas V, VI, VII i VIII (Fig. 1):

Varea, 0<s<bh: VIarea, 0<s<a:

M(S)=M1+Q1'S; M(S)z—K1+Ql-S;

K(s)=K,. K(s)=M,+Q,-b.

VIl area, 0<s<a: VIll area, 0<s<b:

M(s)=—K,+Q -s+Q-a+Rs; M(s)=—M,-Q,-b+Q,-s—P,-s+R;s;
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K(s)=M, +Q, -b. K(s)=—K,+Q,-2a+R,-a. (6)

The total potential energy of bending and torsion deformations in both parts of the frame
is the following:

U=U, +U, =§:j[M (S)‘]zds+28:j[K(s)‘]zds. (7)

The internal power factors when torsion is compressed in any cross section of the rod
frame are determined by the function of angular deformation ¢(s) ad recorded by differential

equations [5]:

M, (s)=Gl @'(s); B,(s)=-El 0"(s); M, =Gl 0"(s), (8)
Mg~ pure torsional moment; B, —bimoment; M — flexion-torque moment.

Mounting of cross beams to longitudinal longerons within frames, eg mobile
agricultural machines, eliminates deplanation of transverse beam at the intersection of its
accession to the spar and at the crossroads junction of longitudinal spars. This allows to consider
transverse beams as console tightly pinched at one end, and the longitudinal longeron as a single
console beam also pinched at one end and loaded with torque fixing at its cross beams. We
disregard the influence of cross beams bimoments on longerons. This simplifies recording of
bimoments functions [1].

Generalized bimoments equation for a single i-element of the frame construction is:

Ky shk-s).,  [G-I,
~ k ch(k) k= E-l, ©)

[

B, (8);

k — flexion-torque characteristic of the rod stiffness
Potential energy of deplanation of the examining system and the whole structure is:

sB2ds
U, =[—=—; Uz =) Uy (10)
B ! 2EI o ,Z;‘ B

We conduct determination of unknown internal power factors M, , K, Q, for three cases
of potential energy deformation, namely:

U=U, +U,; (11)
U=U,; (12)
u-=u,. (13)

The systems of equations are formed using the method of potential energy minimum:

o, +U,) U, U,
——M __—K/_0;, —K=0; e =0. 14
X, X, X, (14)
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Using potential energy of torsion deformation (12) and the relationship (5) and (6) we
will show a modification MMPED with Leibniz’s rule:

-T 1]ds J‘ M, +Q,-bf S+J[ M, +Q, b -T K,+Q-2a+P-2a— Ra]
a1, ) 261, ),

0 K
2

0 M Q1 aM Q1 b K1 Q1'2 -aff
E[ J‘ + E[ + E[ + ZGIi+Rl a] ds

(15)

According to Leibniz’s rule, we differentiate degree integrand:

UK)_aZ[_ +Ql h [ M +Q1 h [M +Q1
_l 2Gl, ! 2Gl, s+

0

=0;

U, I[K] ([AKirQ 2ar R za-Ral )y FAK]
oK, 326Gl 2GI, 3 261,
+]’-2[—K1+Q1-2a+Rl-a](—1)

) 2GI,

(16)

ds =0;

a(uK):}2[—M1+Q1.b]-bds+jz[ M +Ql b]-b, i ~K,+Q-2a+R-2a-Ral-2a,

Q3 2GI, 2GI,
+j12[Ml+Ql-b]b I +Q1 - S+J-2[—K1+Q1~2a+Rl-a]~2a
\ 2Gl, ) I : 2GI,

0 K

ds =0;

and solve a system of equations:

[Ml—Ql-b]ds+i[M1—Q1-b]ds+j[Ml+Ql-b]ds+ i[MﬁQl-b}js:O;

Ot T O

b b b
Kids + [[K,-Q-2a-R-2a+R,als + [ K,ds+ I[Kl—Ql-Za—Rl-a}js:O,
0 0 0

i[— Mb1+Q1-b2}js+T[—Mbl+Ql-b2}js+}[— K,2a+Q,-4a’ + P -4a> — 2R,a’fis +
0 0 0

. . a7
+j[M1b+Ql~b2}js+j[M1b+Ql~b2}js+}[— K,2a+Q,-4a*+R,-2a’Hs =0
0 0 0

We provide enumeration of internal power factors for the cases (14). The calculation
results are shown in Table 1.
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Table 1.
The results of the calculation of the frame construction

M1 K1 Q1
U, +U, 0.47 551 -2199.2
U, 0 550 -2200
U B, 0 550 -2200
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Figure. 2. Front weld coupling of the frame construction elements

Calculation of the weld seam has been made in the intersection of cross-arm (channel)
joining to longeron frame (Figure 2). In the considered coupling there is a complex stress-strain

state of: Q — cutting force, M — bending moment, Mk — pure torsional moment, B, — bipair
moment, M — flexion-torque moment (Figure 3).
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Figure. 3. Schematization of internal power factors of weld coupling: Q = 2200/ ,M =1100H -,
K =550H -m, B, =150H -m*, M, =66,0H -n, M = 484H - m
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The destruction of the weld seam in this summary is due to the bisector planes cut.
Height of cut plane is 0,7 k. In this case there are only shear stresses in the fracture plane whose
vectors are identical to internal power factors.

We analyse stress-strain of the weld coupling state (Figure 2) and (Figure 3). In this case
only the extreme points of intersection of the weld coupling are dangerous, ie, points 1 and 2.
The maximum shear stress points according to the settings of the profile are:

T =1/46,3° +71,8° =85,4MIla .

m

Conclusions. The proposed energy-integral method for estimating the life of the bearing
of mobile agricultural machines shows that the bimoment impact is dominant on its mode of
deformation. An updated calculation of the weld coupling considering internal force factors
arising in compressed twist.
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EHEPTETUYHO IHTEI'PAJIbHUM METO/I OLIIHKA PECYPCY
POBOTU HECYUUX CUCTEM MOBIJIBHUX
CIVIBCBKOTI'OCITOAAPCBKUX MAIIINH

Tumodiii Pubak'; Oxcana Opummn?; Tapac Josoym'; Anarosmiii J{osoymr!

Y Tepnoninocokuii nayionanvruii mexniunuil ynieepcumem imeni leana Ilynios,
Tepuonins, Ykpaina
2Hayionanvnuti ynisepcumem «JIvgiscoka nonimexuixay, Jlvsie, Ykpaina

Pesrome. [Iposedeno ananiz poskpummsi CMAmMuiHOi HeBUZHAYEHOCMI KOHCMPYKMUGHUX CMPYKMYp
MOOugikoeanum memooom minimymy nomenyianvhoi enepeii oegpopmayii (MMIIE]). V 3aeanvnomy eunadky
nomeHYianbHa enepeis Oeopmayii cKadaemucs 3 KIbKoX CKIA008uUx, a came, eHepeiil 8i0 deghopmayiii pozmsey-
CmucKy, 3pisy, 3euHy ma Kpyudeunsa. Iloxkasamo, wo nomenyianvHi eHnepeii Oegopmayiii po3smsazy-cmucky He
CYmMmeso 6NAUBAIOMb HA Pe3VIbmamu pO3PAXyHKY, MOMY HUMU nepesaxcrHo Hexmytoms [1]. [lna koncmpyxyiti
eneMeHmuU SIKUX CKIA0aomsvCs 3 GIOKpUmMuX npo@inié y Oinbiocmi UnaoKie po3s S30K 3a1eiCums auue 6i0
nomenyianbHoi enepeii depopmayii 3a2a1bH020 KPYYEHHSA, AKA PO3KAAOAEMbC HA NOMEHYIATbHI eHepeii Yucmozo
KpYUeHHsI Ma CMUCHEH020 KpYYeHHs. 3Haune cnpowjents npu GopmyeanHi cucmemu KaHOHIYHUX PIGHAHb 040,
BUKOPUCIMAHHS OKDEMUX 8IACMUBOCTEU IHMESPATLHO20 YUCTIEHHS.

Knrouosi cnosa: nomenyianvua enepeis deqpopmayii, 32un, KpyueHHs, pama, OiMomMenm.

Ompumano 25.02.16
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PARAMETER JUSTIFICATION FOR INTERWORKING
RELATIONSHIP OF ELASTIC SCREW OPERATING ELEMENT
WITH GRAIN MATERIAL

Roman Hevko?; Yuriy Dzyadykevych?; Ihor Tkachenko?; Serhii Zalutskyi?

Ternopil National Economic University, Ternopil, Ukraine
2Ternopil Ivan Pulyuy National Technical University, Ternopil, Ukraine

Summary. Famous constructions of auger operating elements with elastic surfaces and screw operating
conveyors have been analyzed. New construction of auger conveyor with elastic screw surface was developed and
designed. The influence of constructive and technological parameters of elastic screw operating element upon force
value acting on stuck grain was theoretically grounded. Experimental research findings concerning evaluation of impact
of elastic blade section constructive parameters on its deformation value were provided.

Key words: auger conveyor, elastic screw blade, elastic blade section, deformation, blade width,
overhang size.
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Type Codes
o, — starting angle of interworking relationship of auger elastic rib with grain material, deg;
ar— current value angle of interworking relationship of auger elastic rib with grain material, deg;
B — tilt angle of screw blade of auger elastic rib, deg;
Ny — normal force of interworking relationship of auger elastic rib with grain material, N;
N, — vertical element from interworking relationship of auger elastic rib with grain material, N;
N, — horizontal element from interworking relationship of auger elastic rib with grain material, N;
F. — friction force between grain and internal surface of auger conveyor jacket, N;
Fy, — friction force between grain and the surface of auger elastic rib, N;
R« — reaction of interworking relationship reaction of grain material with internal surface of auger conveyor
jacket, N;
r, — radius of dome-shaped corn grain surface, m;
| — overhang length of auger elastic rib, N;
& — backlash size between elastic rib and internal surface of auger conveyor jacket, m;
N, — axial element of force action Np, N;
Ny — circular element of force action Ny, N;
fa — magnitude of movement of auger elastic rib end, m;
N — force acting on running end of auger elastic rib, N;
E — module of elasticity of auger elastic rib, Pa;
I—moment of rib inertia, m*;
k — coefficient taking into account auger elastic rib profile;
6 — width of bigger base of trapezoidal rib, m;
a — width of smaller base of trapezoidal rib, m;
A, —value of starting overlap of elastic rib with a grain, m;
At — value of the current value overlap of elastic rib with a grain, m;
A, —value of residual overlap of elastic rib with a grain, m.

Problem statement. One of the problems arising at transporting bulk agricultural
products is high degree of their damage because of stuck of grain particles between internal
static surface of guiding jacket and rotational peripheral surface of screw operating element.
Because of this, it is also possible stuck of operating element causing its breakdowns and energy
costs increase. This problem can not be solved completely by the selection of different operating
modes of screw conveyors, rational constructive, kinematic and technological parameters,
backlashes change between auger conveyor periphery and surface of guiding jacket, use of
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Parameter justification for interworking relationship of elastic screw operating element with grain material

different profiles of external ribs of screw blades depending on geometrical and rheological
parameters of bulk products.

Analysis of recent investigations and publications. The actuality of the stated above
problem was proved by analysis of famous investigations. Solution of the given tasks, in
particular development of original constructions of screw operating elements and selection of
their rational parameters and operating modes were discussed in the following works [1, 2, 3,
4,5].

In patent literature, constructive solutions are written more and more often, issuing
effective determination of the given tasks [6, 7, 8, 9]. «Lundell Plastics Corp» Company (USA)
suggests using of polymer spiral laps in screw ribs. Italy Company « WAM Group» suggests
screw operating element design, metal base of which is covered with polymer material. There
Is a famous construction of auger conveyor made by Australian Company «Bulknety, peripheral
surface of which was developed in the form of elastic brush.

The main drawback of such constructions of auger conveyors and their designs is
displacement of elastic laps and, as a result, there are backlashes between them causing uneven
wear of auger conveyor blade. Besides, labor input and energy costs increase manufacturing
auger conveyors and their repairability is also decreased. Mainly, the majority of operating
blades of auger conveyors are inhomogeneous and thus, in transition from entire spiral to elastic
brush owing to centrifugal forces, there may be changes of speed and directions of movement
of transported material causing its increased damage.

The research objective is to develop new constructions of auger conveyor with
changeable elastic screw blade, make its design and provide theoretical grounds concerning the
impact of constructive and technological parameters of elastic screw blade upon force value
influencing stuck grain and also to design bench and make test investigations.

Problem definition. To evaluate the impact of constructive parameters, tilt angles and
module of elasticity of auger elastic rib section upon values of axial and circular forces, and test
the impact of overhang size of auger elastic rib upon deformation size of its running end for a
case of stuck grain on the base of theoretical investigations.

Results of investigation. New construction of auger conveyor with elastic screw blades
and design options of auger elastic rib in the form of petals (sections) [10] depicted in Fig. 1
were developed for the implementation of set tasks.

Auger conveyor with elastic screw blade consists of shaft 1, in which band screw
spiral 2, to which elastic spiral 3, which can be made as entire one or of separate petals
(sections) was fixed with the help of sectional blades 4 and bolt connections with half-round
heads 5 and nipples 6.

8-8 121
5 E

|
& <
é 2

Figure 1. Auger conveyor with elastic screw blades and blades design options
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Width and stiffness of petals are chosen depending on physical and mechanical qualities
of transported material.

Granular materials interact with operating elastic screw blades while their transporting
in guiding jacket 7. In case, when grain falls and it is stuck between unmovable blade of guiding
jacket and rotational elastic screw blade, cut petals bend to protect grain from its decay.

An offered construction of auger conveyor with elastic screw blade gives the opportunity
to change quickly an operating elastic spiral in case of its runout or when it is necessary to
transport materials of another rheological quality.

Defining efforts arising during close interaction of elastic rib screw blade, corn grain is
going to be investigated, the form of which can be described as half-sphere transiting to cone.

Performing theoretical calculations (on the first stage), we take the following
hypotheses: the grain form is ideal and it is described by basic mathematical formulas;
peripheral surface of operating element is ideal and it is described by the form of right angle;
friction coefficient in the process of elastic rib screw blade interworking with grain products is
stable; elastic surface of operating element is up to parameters of absolutely elastic blade (for
small deformations); we ignore movements of radial and angular grain; centrifugal forces are
not taken into consideration; fluctuation between elements interaction are not taken into
account; deformation of elastic sections fixed on the surface of auger conveyor rib is defined
according to common formulas of products resistance; in the process of deformation the bend
line of elastic rib screw blade is formalized by ideal span.

The process of interworking screw auger blades (Fig. 2) with half-spherical corn grain
surface 1 stuck between internal surface of guiding jacket 2 and peripheral surface of auger elastic
rib 3 is going to be investigated.

Corn grain position, which can be much more likely stuck, is shown in Fig. 2. In this
case, corn grain touches surface of internal jacket surface with its cone surface and spherical
surface interworks with auger elastic rib.

There is stuck corn grain only when maximal starting angle o, between normal force of
interaction of auger elastic rib with the surface of grain Ny and plane, which is perpendicular to
axis of rotation of auger conveyor, is less than angle of grain friction on internal surface of
jacket.

In the process of grain stuck, auger conveyor rotates and its elastic blade slips in circular
and axial directions with corresponding deformation regarding to grain. During this process
force direction Ny approaches to axis OY and its size increases.

The aim of theoretical calculation is defining such parameters of interaction of auger
elastic rib with grain material, which protect its possible decay. That is to say, auger conveyor rib
will rotate with definite deformation relatively to grain not damaging it. Interaction parameters
include constructive and geometrical system parameters, and rheological qualities of transporting
object and materials used for manufacturing auger elastic rib.

Stuck corn grain is deformed in the process of rotation of auger elastic rib. The process
of rotating of elastic rib from the start of its contact with grain p. A, which is defined by angle
ar to definite the current value position p. B is going to be investigated.

As far as auger elastic rib is not absolutely elastic and its deflection size is insignificant,
then in first approximation we take that length of span OB is equal to overhang length of elastic
rib I.

Preliminary let us define the height of elastic rib in deformed state V7 at transporting its
running end from p. 4 to p. B that is from starting angle of contact o, to the current value ar.
Then

Vr=1-Ar 1)
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Value Aris defined in statement
AT = An - Ag, (2)

Figure 2. Design model for the evaluation of transpositions, deformations and forces, which occur between
elastic rib screw blade and stuck grain

Values A, and A; are correspondingly defined
An =1;—15C0S ay = I; (1 — COS a), (3)
As =1;—15C0S ar = I; (1 — cOS ar). (4)
Substituting dependences (3) and (4) into (2), we get
Ar=r;(1—-coS a) —r; (1 —cos ar) = r;(COS ar — COS ay). (5)
Substituting (5) into (1), we get
V,=1-r(cosa,—cosa,). (6)
Then in triangle BOOr we define the current value meaning of sag of elastic rib

fo=1"-v7, 7)
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f = J12—(1=r [cosa, —cosa ]).
a 3[ T n]

After transformations we get

f = \/g (cosa, —cosa, )(2—r [cosa, —cosa,]). (8)

According to known dependences of resistance of materials [11] transporting of loaded
cantilever fitted beam end is defined as

NP

f=—k
3E

©)

In case of using elastic rib in the form of trapezium, its moment of inertia is defined by
I(b*-a‘)

48(b-a)’

Substituting meaning fa from equation (8) into equation (9), and also taking into account

the moment of inertia of rib of force Ny, which appear between periphery of elastic rib and grain
is defined by dependence

dependence | =

E (b* - a“)\/ra (cosa, —cosa, )(2l -, [cosa, —cosa, ])

N, = . (10)
" 161° (b—a)k
To the case when width of element of elastic rib changes in length | from a to b,
coefficient k in the first approximation will be equal k :1—b;—|a.

Analyzing dependence (10) we preliminary define the intensity impact one or other
parameters of interaction on value of Np.

For this, possible limits of change of value of parameters should be defined. Elastic rib
section of auger conveyor is in the form of trapezium and can be made of rubber, polyethylene
of law and high pressure, and polypropylene can be accepted as the fact. According to data [11]
module of elasticity for these materials is: rubber (at law deformation)—
E=1(0.01...0.1)-10° Pa; polyethylene of law pressure — E = 0.2-10° Pa; polyethylene of high
pressure — E = 0.8-10° Pa.

Let us accept that analysis of the dependence (10) will be done in the range of meanings
E =(0.05...0.25) 10° Pa, at medium meaning £ = 0.15-10° Pa.

Overhang size of auger elastic rib will be changed in the range of I =0.024...0.032 m, at
average meaning | = 0.028 m.

Width of bigger 6 and less a base of auger rib section in the form of trapezium is accepted
in the range of ¢ =0.020...0.024 m (average meaning ¢ = 0.022 m); a = 0.014...0.018 m (average
meaning a = 0.016 m).

According to known investigations [12] corn grain is from 5.2 to 14 mm long; from 5 to
11 mm wide; from 3 to 8 mm thick. That is why radius of its dome-shaped surface is considered in
the range of r; = 0.0015...0.0045 m (average meaning r, = 0.003 m).

According to [12] let us take the range of change of friction angle of corn grains along
different types of materials and roughness of guiding jacket internal surface in the range of
a, = 6°...14° (average meaning o, = 10°). The current value angle o varies from a,, to zero.
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Tilt angle B of elastic screw blade is considered ranging from 10°...30° (average
meaning B = 20°).
Then in the evaluation of intensity impact of stated above parameters on value of Ny let

us take the last meaning ar = 0°. Correspondingly in formula (10) value of cos ar = 1. Then
dependence (10) takes the form

N, = E (b4 —a4)\/l’3 (1-cosa, )(2I -, [l—COSOLn]) | 1)
161* (b—a)k

Force Nb, which acts perpendicular to rib plane, expands on axial N, acting in the
direction of auger axis and circular N, acting in its cross-section. Then axial and circular forces
are defined correspondingly

E (b* —aA)\/Q (1-cosa,)(2I-r [1-cosa,])

— inB: 12

No 161° (b—a)k sinp: (2

N - E(b“_a“)\ln (l—CZOSOLn)(Zl —r [1-cosa,]) cos. 13)
161°(b—a)k

The meaning of one of interworking parameters was changed within a definite range
evaluating the impact on values N, and Nk. The other ones were unaltered and their average
meanings were substituted in formulas (12) i (13).

Graphic dependencies for the evaluation of intensity impact of interworking
parameters of auger operating surface and corn grain on the value of axial force N, and circular
force Nk were shown in Fig. 3 and 4.

860
No,N )E./ a,
660 - { T
N ﬁ
560 ) — T
e
b a
560 r\a/ p ]
/a,./ E
260
160
0.05 0.1 0.15 0.2 E,-10°Pa 0.25
0.024 0.026 0.028 0.030 I,m 0.032
0.020 0.021 0.022 0023 b,m 0.024
0.014 0.015 0.016 0.017 a,m 0.018
0.0015 0.0022 0.0030 0.0038 73, m 0.0045
6 8 10 12 a,,deg 14
10 15 20 25 p,deg 30

Figure 3. Graphical dependencies for the evaluation of intensity impact of interworking parameters of auger
operating surface and corn grain on the value of axial force N,
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Having analyzed shown graphic dependences, we can make the following conclusion that
modulus of elastic screw blade of auger elastic rib that is to say quality of material used in
manufacturing screw blade has a great impact on the meanings N, and Nk within variation values
of stated above parameters for interworking relationship. Next, according to intensity impact on the
value of N, is starting angle of interworking relationship of auger elastic rib and grain surface o,
overhang length of auger elastic rib | and tilt angle B of screw blade of auger elastic rib.

Radius increase of grain r, causes increase both N, and N.

Constructive parameters of auger elastic rib section in the form of trapezium especially
parameters a and ¢ have minimal impact on values N, and N.

Regarding to circular force N, tilt angle B of screw blade of auger elastic rib is the next
after elasticity modulus according to intensity impact on the meaning of circular force N.

Thus, changes of parameter values for axial force of N, and its increase are ranging: for £
is in 5 times; for a,, is in 2.34 times; for r, is in 1.79 times; for ¢ is in 1.42 times; for a is
in 1.27 times. Increase of meaning N, is for | is in 1.49 times; for B is in 1.15 times.

Increase for circular force N is the following: for £ in 5.12 times; for B is in 2.88 times;
for o, is in 2.32 times; for r; is in 1.79 times; for ¢ is in 1.4 times; for a is in 1.32 times. Decrease
of meaning N, is only for | in 1.33 times.

Axial force intensity N, is in 2.76 times bigger than circular force intensity Nk for
indicated values limit of interoperating parameters and for central point where graphical
dependences are crossed.
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0.014 0.015 0.016 0.017 a,m 0.018
0.0015 0.0022 0.0030 0.0038 rs,m 0.0045
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Figure 4. Graphical dependencies for the evaluation of intensity impact of interworking parameters of auger
operating surface and corn grain on the value of circular force N,

Process of manufacturing of the given operating element is depicted in Fig. 5. Firstly,
flat is wrapped on arbor on rib in pile and then holes are made regularly and diametrically in
arbor (Fig. 5a). Then pile is set on shaft and spiral is extended in specified interval to its full
contact with haft, after this spiral is welded to shaft (Fig. 5b). The following step is that elastic
spiral or its sections, which create auger elastic rib, are fixed to holes of holding spiral.
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Figure 5. Manufacturing method for auger conveyor with elastic screw blade

Test bench, depicted in Fig. 6 was developed and made for evaluating the impact of
width B and overhang size h of petal (section) of auger elastic rib on its deformation value A.
It consists of two hard planks 1, which are compressed together by bolted joints 2. There is
elastic blade 3 between them modeling auger elastic rib section. The bar 4 is fixed to blade
running end on which on the other side is cup for measured weight 6.

Since, load intensity of blade should be insignificant and bar shift should be vertical,
balls of diameter 4.5 mm were used as measured weight to be uniformly distributed on the
bottom of cup.

Because of elastic blade load, its running end bends and deformation value is fixed to
vertical wall 7, where horizontal lines with distance of 1 mm between them are drawn.

Test investigations were done for material of elastic blade «polyurethane PU-60»
2.5 mm thick.

Overhang size and elastic blade width were determined discretely with 5 mm step
ranging: h =25...10 mm; B=25...5 mm.
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Figure 6. Test bench scheme for evaluation of impact on elastic blade section deformation value A of its width B
and overhang size h

Experimental research findings for the dependency of blade running end deformation
value A from measured load mass m for different values of B and h were shown in Fig. 7.

Having analyzed the given dependencies, we made the following conclusions, that
dependencies are mostly linear, moreover for overhang size of elastic blade h =25 mm, its
increase in width from 5 to 25 mm causes increase of load intensity for A=2 mm —in 4.9 times;
for A=4 mm —in 5.6 times; for A = 6 mm —in 5.8 times; for A =8 mm —in 5.3 times.

For overhang size of elastic blade h = 20 mm, analogical meanings are the following:
for A =2 mm — in 4.8 times; for A =4 mm — in 4.6 times; for A = 6 mm — in 4.4 times;
for A =8 mm —in 4.3 times.
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For overhang size of elastic blade h = 15 mm, analogical meanings are the following:
for A =2 mm — in 4.8 times; for A =4 mm — in 5.8 times; for A = 6 mm — in 5.9 times;
for A =8 mm —in 5.7 times.

For overhang size of elastic blade h = 10 mm, analogical meanings are the following:
for A =2 mm — in 4.8 times; for A =4 mm — in 4.1 times; for A = 6 mm — in 4.0 times;
for A =8 mm —in 4.2 times.

Error on between minimal and maximal meanings of increase of load for range
A =2...8 mm and stated above values of elastic blade width is: for h =25 mm — &, = 15.5 %; for
h =20 mm - &, =10.4 %; for h =15 mm — &, = 18.7 %; for h = 10 mm — &, = 16.7 %.
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Figure 7. Experimental research findings for the dependency of blade running end deformation value A from
measured load mass m for different values of B and h

Experimental research findings for the dependency of impact of overhang size value h
of elastic rib from load mass m in deformation of running rib end A = 8 mm were shown
in Fig. 8.

Having analyzed graphical dependencies, depicted in Fig. 8, we can make such
conclusions, that load mass should be increased in 2.8 times, from 180 to 500 gr; for h = 15 mm
in 4.8 times; for h = 20 mm in 4.2 times; for h =25 mm in 4.3 times for overhang size of elastic
blade h = 10 mm, the increase of its width ranging from B =5 mm to B = 25 mm for support of
deformation value of running end of elastic blade A =8 mm.

It should be noted that the character of graphical dependences of elastic blade overhang
size h from measured load mass m changes from linear to curvilinear in decreasing of elastic
blade width B.

Conclusions. Based on the patent search analysis of screw operating surfaces and
literary sources concerning the evaluation of their operating modes a new design of auger
conveyor with elastic screw blades and its manufacturing method has been proposed.
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Parameter justification for interworking relationship of elastic screw operating element with grain material

Theoretical predictions have been conducted to evaluate the impact of design
parameters, tilt angles and elasticity coefficient of elastic rib screw as well as its interoperation
specifications with multiple-shaped stuck corn grains on axial and circular force values.
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Figure 8. Experimental research findings for the dependency of impact value of elastic blade
overhang size h from measured load mass m at blade running end deformation A =8 mm

Based on theoretical research analysis impact degree of elastic rib screw interoperating
specifications with grain has determined on delimitations that prevent grain bulk damage, and
those specifications have been set, which impose dominant effect on grain decay process.

A test bench for conducting experimental research has been developed and designed.
Experimental research findings have been produced to determine the impact of elastic blade
section, its width, overhang size and measured load mass upon deformation value.

Obtained findings may find practical application in designing different types of auger
operating parts with elastic operating surfaces according to deformation characteristics of
conveying bulk agricultural material and intensity accepted values leading to its decay.
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OBI'PYHTYBAHHS TAPAMETPIB B3A€MO I EJACTUYHOI'O
I'BUHTOBOI'O POBOYOI'O OPT'ARHY I3 3BEPHOBUM MATEPIAJIOM

Poman Iesko!; I0piii I3aaukesny’; Irop Tkauenxo?; Cepriii 3aayubKmii?

! Tepnoninvcoxuii nayionanvuuti exonomiunuii ynisepcumem, Tepronin,
Ykpaina
2 Teproninbcokutl HayionansHutl mexuiunuii ynisepcumem iveni leana Iymios,
Teproniny, Yrkpaina

Peztome. 30iticneno ananiz 6i00Mux KOHCMPYKYItl POOOUUX OP2AHI8 WIHEKIE 3 eNACUYHUMU NOBEPXHAMU MA
npoyecie pobomu 28UHMOBUX KOHBEEPIB. 3anponoHO6aHO HOBY KOHCMPYKYIIO WHEKA 3 elacmuiHol0 26UHMOB0I0
nOGepXHerD ma cnocié 1ozo eueomosnents. Ilposedeno meopemuune OOIPYHMYBAHHS U000 BUSHAYEHHS GNIUBY
KOHCMPYKIMUBHUX | MEXHOIO2IYHUX NAPAMEMpI8 enacmuyHoi NOBEPXHI 28UHMOB020 PODOU020 OP2aHY HA BeUHUHY
3ycunb, wo Oitomb Ha 3awjemieHy 3epHuty. Haseleno pezynbmamu excnepumeHmanbHux OOCHONCEHb W00
BUBHAYEHHSL GNIUBY KOHCMPYKIMUBHUX NAPAMEMPI6 ceKyii enacmudHoi nIacmunu Ha geauduny ii degpopmayii.

Kniouosi cnosa: winex, eracmuyna 26uHmMo8a NOBEPXHsl, CEKYIsi enacmudnol niacmuny, degopmayis,
WUPUHA NAACMUHY, BETUYUHA KOHCOILHO20 BUCTNYTY.
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ISSUES ABOUT LIMIT PLASTIC DEFORMATIONS OF DEFORMING
BROACHING OF CAST IRON PARTS
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Summary. Scientific and technical issues about the possibility of deforming broaching of bores in cast
iron parts were investigated in the article. New methods to deform cast iron parts under conditions of all-round
compression were developed. The diagram of plasticity was built according to results of mechanical tests of cast
iron samples. The conditions of plastic deformation of half-brittle cast iron were determined. The dependence of
the resource of cast iron plasticity from structural components and form of graphite inclusions was indicated.
Necessary conditions for effective deforming broaching of bores in cast iron parts were determined. The measure
of plastic deforming broaching of cast iron parts was chosen. The influence of tool geometry, thick walls of a part
and element strain on plasticity during deforming broaching were investigated. The dependence to define limit
deformations during deforming broaching of cast iron parts was suggested.

Key words: deforming broaching, cast iron, plastic deformation.
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Problem setting. Graphite cast iron is widely used as a constructive material in modern
mechanical engineering. Traditional methods of deforming broaching of cast iron parts require
considerable time consumption, however more than 80% is for total factory labour hours.

Deforming broaching is a highly productive operation on plastic materials and it is
widely used. The use of this method during deforming broaching of bores in cast iron parts is
restrained by low resource of plasticity of processed material.

The resource of used plasticity is one of important parameter of quality of parts
machined by plastic deforming and characterizes the deficiency of finished surface. In works
[1, 2] it was stated that the plasticity during cold plastic deforming depends on characteristics
of machined material and the history of its deforming.

Consequently, the investigation of this quality parameter during plastic deforming of
cast iron, which is half-brittle and composite material, should be certainly done.

Research objective. To study the possibilities of bores deforming broaching
investigating its resource of plasticity and choice of optimal conditions of deformation.

Review of recent investigations and papers.

The issues of plasticity during deforming broaching were investigated in works
[1, 2, 3], where tense state of machined material on the surface of the contact with the tool
corresponds to volumetric pressure allowing to do considerable plastic deformations. At the

3-c

same time, tense state corresponds to double-axis tension. While index of tense state 7 = —
Oy

(where o — hydrostatical pressure, o, — stress intensity) changes owing to negative meanings

(—7.16) in contact area up to positive meanings (+2) on external surface. It helps to forecast the
beginning of failure during distribution of parts with different thickness of wall near external
surface of a part.
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Therefore, authors [1] suggest to use the directed deformation e’ to external surface
depending on relative deformation of tension a/d, and thick walls of a part t,/r,as

determinative factor according to their investigations. This suggestion is caused by the
following reasons. Conducted investigations regard to deforming broaching of plastic parts
while at their distributions big tensions on considerable total plastic deformations of a bore are
used. Using such big strains, transparent plastic deformation of bore is found that is either
internal or external diameter of a part increases. The degree of used resource of plasticity v ,
caused, correspondingly by suggestions [1] made by V. Kolmohorov, is maximum near external
surface where the failure of a part takes place.

Cast iron is known to be half-brittle composite material consisting of ferrite-pearlitic
structure including free graphite of different form presenting brittle component of this
material [4]. Methods and results shown in works [5, 6, 7, 8] are used for investigations of
plastic deforming of cast iron parts.

Research results. Peculiarities of plastic deforming of cast ironware should be
considered. Grey cast iron C420 (hardness HB 1.7 GPa) and high-test cast iron BY50
(HB 2.1 GPa) are widely used in modern mechanical engineering.

Diagram of plasticity (Fig. 1) was constructed to determine possibilities of plastic
deforming of cast ironware that is mechanical characteristic of deformation of cast iron

€ep
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Figure 1. Diagram of plasticity of grey cast iron CH20

According to suggestions [5], to make such diagram, mechanical tests of cast iron under
conditions of simple load and deformation when stresses change proportionally to one
parameter were done. Such tests are of the following types: tension, torsion and compression.
Besides, original methods of testing cast iron under conditions of deformation close to all-round
compression have been developed in the given research.

Tests on tension of cast iron patterns C420 and BY50 were done on special tension
testing machine.

For tests on compression, there were made samples, geometrical sizes of which were
defined according to correlation h/d = 1.5, where h = 15 mm — height of a part; d = 10 — its
diameter. On patterns’ ends, according to suggestions [6], cylindrical grooves about 0.4 mm in
depth and 9.2 mm in diameter were made. Grooves were filled with hard oiling on the base of
varnish ®-9-K with MoS2 that should support deformations that are more homogeneous. Tests
were made on press [IMM-200 using special instrument providing parallelism of supports.
Compression of samples was made until their failure took place. After failure of samples on
compression and tension, there were made sections on which toughness according to Vickers’
scale was measured at the load P = 49 N.
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Issues about limit plastic deformations of deforming broaching of cast iron parts

The following methods were used at deformation of cast iron under conditions close to
all-round compression. Research data [7] used at deformation of plastic production were taken
into consideration for the development of the first method. Samples made of investigated
materials of cylindrical form about 35 mm in diameter and h = 15 mm in height were prepared
for using this method. Being previously machined by turning, samples’ ends were polished on
planogrinding machine tool of mod. 3671M. Micro-hardness of samples in starting position
and strained state was measured by Vickers’ method using micro-hardness tester «Shimadzu»
(Japan). Load on indenter (diamond pyramid) at measuring micro-hardness of ferrite composite
was 25 gr. and for pearlitic one — 100 gr. Microscope MUM-7, optical microscope «Altamyy,
raster electronic microscope PEM-106U and instrumental microscope BMMU-1 were used to
investigate microstructure of samples and state of machined surface.

Investigations were done according to recommendations [7] in the following way. Hard-
alloyed ball about 10 mm in diameter with effort 30 kN was filled in previously polished
surface. This operation was being processed on hardness tester TILI-2M during 30 sec. After
removing load, received bore and micro-hardness were measured and external strained area was
observed for magnification. In case of failure on the surface of contact, deforming of sample
was stopped. Surface of samples, where failure was not found out, was polished until initial
diameter of bore was decreased in two times. After this, the sample was put on hardness tester
and repeated cycles of load were done.

After each load, hardness of investigated area of a sample (according to Vickers) in the
range of points situated radially starting from the centre of bore and ending with transition area
was measured. Then, strained samples were cut in the middle of bore in cross-section, filled
with epoxy resin to protect strained area and then they were polished and grinded.

Micro-hardness measuring of strained area was done in three areas (Fig. 2) in the
direction from strained surface to the depth of a sample until hardness of material reached its
initial value.
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Figure 2. Dimension scheme of micro-hardness on samples

Dimension step was ¢ =40 mkm. Areas were chosen on these samples, they were
pickled by 5% solution of hydrogen nitrate in ethyl alcohol and then change of areas of ferrite
and pearlite in initial and strained states was investigated.

We have developed one more method of modeling conditions close to all-round
compression reproducing deformation of micro-ends on internal surface of bore deforming
broaching. Model tests were made on samples of conic form made from stated above cast iron
brands with angle B =90° according to the scheme (Fig. 3)
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Al

Figure 3. Test materials gain rate device: 1 — conic sample of test material; 2 — high-alloy head;
3 — guide pin bushing

Axial load, which is sufficient for plastic deformation of its top with the next unloading
and measuring of contact area was applied to the top of a sample 1, which was fixed in the iron
band 2, through high-alloy plunger. Besides, axial load was fixed using tensometric
dynamometer of the known design [1].

Sections were made of fractured tested samples. Hardness measurements showed that
in all test points the value of hardness is almost identical and is correspondent to initial hardness
of samples. It shows the absence of strengthening and, thus the absence of plastic deformation
at one-axial tension (that is at r =+1).

S. Lopatenko received similar results [8] at defining the limit deformation during
torsion. His experiments showed the absence of visible plastic deformation at torsion
(that is =0).

The results for deformation of samples of stated above cast iron brands at one-axial
compression should be considered. Experiments, conducted according to method presented
above, supported relatively more homogenous plastic deformations (for high-test cast iron
BY50 up to 50% and for grey cast iron C420 up to 9%). Then sections were made of fractured
samples, which were tested on hardness according to Vickers when load was 49N. Test results
showed that test cast iron samples are essentially strengthened at compression. Thus, hardness
of cast iron BY50 was changed from initial 2 up to 2.95 GPa and cast iron C420 was changed
from 1.7 up to 2.25 GPa, in this case the degree of strengthening was 48 and 30%
correspondingly. Such degree of strengthening shows the availability of considerable plastic
deformations at deforming of cast iron at one-axial compression (that is » =-1).

As test results show, the diagram of limit plasticity for cast iron unlike similar diagram
for plastic materials is developed from meanings of deformations which are correspond to
n=-1, that is one-axial compression of samples.

The process of deformation of cast iron samples at conditions close to all-round
compression should be considered. The meaning of tense state index is equal to 7 ~—7 and is
corresponding to this condition.

In Fig. 4 the change of hardness of deformed material on test area after some cycles of
loading is shown, in addition the distance from the centre of bore is put on axis of abscissas and
the hardness according to Vickers is put on axis of ordinates.
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Figure 4. Change of hardness of cast iron C420, HB1.7 GPa at deformation of a ball in & 10 mm at load
P = 30 kN. Deformation cycles © —1; ¢ —2; v —3; V-4

As it is shown in Fig. 4 at such method of deformation, grey cast iron is under essential
plastic deformations (to 20%), which explains the increase of hardness to HV 2.2 GPa, while
maximum increase of hardness is observed near edge limiting bore. Identical picture is observed
at deformation of high-test cast iron B450 changing to maximum hardness HV 3.0 GPa.

Tests on modeling conditions close to all-round compression owing to compression of
tops of cast iron cones C420 and high-test cast iron BY50 (Fig. 5) according to stated above
method showed that the dependence of hardness from cycles of additional load is of extreme
nature.

HV,[Ma
3,0

2.9

2\

0 03 06 09 12 P«kH

Figure 5. Dependence of hardness of strengthened layer from axial load on the top of cone:
1 — cast iron BU50, 2 — cast iron CY20

Initial cone material hardness and hardness after each cycle of deformation were shown
on axis of ordinates. Firstly, at first cycles of deformation, hardness increases and achieves its
maximum while its maximum meaning is correspondent to hardness of identical materials
received at pressing of a ball. Thus, for cast iron C420 maximum meaning of hardness is
HV 2.25 GPa, and for high-test B450 — HV 3.0 GPa.

Decrease of hardness of cast iron after peak achievement, especially for grey cast iron
C420 was caused by relatively small resource of plasticity of the material leading to micro-
failures on fractured surface of a cone. Limit contraction degree of cones is up to 18% before
failure tracks appear on a fractured surface.

Changes of microstructure of test samples after deformation should be considered.
Microstructure of test samples in initial state is shown in Fig. 6.
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Figure 6. Microstructure of samples (x380): a) C420; b) BU50

Surface patterns after some cycles of deformation of cast iron samples by a ball is shown
in the pictures made by microscope (Fig. 7)

1

e L Y
WD=12.7mm 25.00kV _~ x200 201

Figure 7. Failure pattern of samples surface (x200): a) C420, b) BU50

Experiments showed that the process of fracture of grey cast iron started to fail after the
fifth cycle of load (Fig. 7a). Appearance of small fractures alongside graphite inclusions are
signs of failure. Moreover, there are areas where small fractures are merged into more main
ones causing separation of some iron parts from a sample.

Availability of brittle graphite in the form of plates essentially makes weaker iron
composite of cast iron structure and causes failure even at such favorable indication of tense
state that is during pressing a ball, which can be seen in Fig. 7a.

Slightly another pattern can be observed at deformation of samples of high-test cast iron
BY50. Even after the sixth cycle of load, failure of machined surface is not observed
(Fig. 7b). To explain this fact, structure of a sample after deformation should be investigated
(Fig. 7b). Deformation of surface layer in depth to 1 — 1.5 mm influences the form of ferrite
composite and graphite inclusions. These spherical form composites in initial state (Fig. 8a)
became of an oval form after deformation and in a considerable deformation they became of an
elongate form (Fig. 8b). Pearlite composite of structure practically does not change its form
(Fig. 8), that is plastically does not change in form what is confirmed by insignificant change
of its micro-hardness.
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Figure 8. Cast iron structure BU50 (x380): a) in initial state; b) after deformation

If cross-section of bore in area of maximum deformation of material is investigated,
then for cast iron CY20, there can be observed areas, where strained grains of graphite forming
micro-fractures are present, which are merged into main fractures (Fig. 9a). Strained graphite
inclusions of spherical and oval form are observed on samples of high-test cast iron (Fig. 9b),
fracture porosity of which is considerably less.

25006V x250 __ 2mm

a) ‘WD=14.6mm

Figure 9. Strained area of samples in cross-section of bore (x25), where A — compound (epoxy resin),
b — body of a sample. a) C420; b) BU50

It explains additionally higher resource of plasticity of high-test cast iron BY50.

Consequently, conducted investigations showed that cast iron is deformed plastically
under conditions of deformation close to all-round compression. Resource of plasticity of cast
iron depends on its structural composites and form of free graphite.

As it was sated above, limit deformation for plastic materials is considered to be the
deformation led to external surface of samples. Investigations conducted at developing a
diagram of cast iron plasticity (Fig. 1) showed that its plastic deformation is possible only at
negative meanings of index of tense state. Thus, at deforming broaching of cast iron samples it
is necessary to avoid cross-section plastic deformation of a sample that is its external surface
would not be plastically strained. That is why, plastic area should cover only internal part of a
wall of a part. To make theoretical definition of a radius of limit of plastic area is a complex
task. So, to determine limit deformation of cast iron samples, experimental methods were used
to define limit deformation analyzing experimental results on a phenomenological level.

Total intensity of deformation of a part before failure should be taken into consideration
according to suggestions [9] to evaluate gquantitatively the meaning of plastic deformation
before the failure appears during deforming broaching.

As a result, small plastic deformations appear on cast iron parts and deforming
broaching is done by consecutive single deforming elements with identical nominal tensions, it
can be suggested that in radial direction on some removing from contact area, deformation is
monotonous and close to the scheme of distribution of pipe by internal pressure [1]. In this case,
intensity of deformation can be shown in the following form:
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2 2 2 2
eizﬁ'\/(er_ew) +(e,—e,) +(e,—e,)", (1)
where e, e, e, — linear deformations in cylindrical coordinates: e =t /t;; e, =r/1,;

e,=111,.
Using the condition of incompressibility for e, definition the equation (1) can be shown
in the next form:

2 2
t t ;
ei:2~\/2~1/ef—e,-e¢+ef}:2~\/2~ LI L B 2)
) tor Lr

0

Dependence (2) was used for definition of limit plastic deformation e, of cast iron
bushes CY20 at their machining by deforming elements of different angles « . In Fig. 10

Ya | . . L .

dependence e, = f[d_J is shown, from which comese,, which increases proportionally to
0

total tension.

€i, %

4

0,0028 0,0056 0,0084 0,0112 0,014 za/do

Figure 10. Intensiveness dependency of plastic deformations on total tension at deforming broaching of cast iron
parts C420, HCI1.7 GPa with thick wall t, /r, = 0,56 , tension on element a/d, = 0,0028 , angles of operating
cone: e —a=2°;°-a=4°;V-—a=8°,V - a=12°

In such a case, limit plastic deformation reaches 4%. From Fig. 10 it can be observed
that angle of operating cone of deforming element at using small tensions on element practically
does not influence the value of limit deformation.

In technological practice, it is convenient to use relative total tension ? , aS a measure
of deformation of parts. Thickness of wall of a part influences the meaning of Iiﬁnit total tension
e, = i—?: >a . The more is thickness of a wall, the higher is the contact pressure as well as
hydrostatic pressure on plastic area, which increases the value of limit deformation =a . It is
proved by results of experiments (Fig. 11).
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>a/do

2 r / 2
Q%/{

1 %

0 0,28 056 084 1,12 to/ro

Figure 11. Dependency ? on t, / r, at deforming broaching of cast iron bushes C420 by deforming elements
0

with angle « = 4° and tensions on elementa/d,: 1 —0.0042; 2 — 0.0028; 3 — 0.0014

As can be seen in Fig. 11, the increase of thickness of a wall of a part causes the increase
of limit meaning >a. Tension on each deforming element influences the value of limit
deformation too. The minimum tension is the most favorable for increase of resource of

plasticity on element (a/d, = 0,0014, straight line 1). The value of limit deformation decreases
while relative tension of value of limit deformation increases. Extrapolation of straight
lines 1,2,3 on axis of ordinates, that is t, / r, =0 shows the meaning of cast iron deformation at

single-axle tension. For straight line 1 — e=0.7%; for 2 — 0.6%; 3 — 0.5%, which approximately
corresponds to limit of elasticity of this material.
Statistical data processing, shown in Fig. 11, allowed receiving the equation:

e, :[o,oos—o,71-dij+[o,014—o,71-i}t—° 3)

0 0 r0

Conclusions. Having investigated the stated above issues, we can make the following
conclusions:

1) Half-brittle cast iron was determined to be plastically strained at negative meanings
of tense state index.

2) It was shown that the resource of plasticity depends on structural composites and the
form of graphite inclusions at deforming cast iron. However, cast iron has maximum resource
of plasticity, where ferrite structure and spherical form of free graphite are prevailing.

3) It was investigated that the main condition for deforming broaching of cast iron parts
is the absence of plastic deformation on external surface of a part and plastic deformations
should be expand only on internal part of thickness of a wall of a part.

4) It was suggested to evaluate plasticity of cast iron parts at deforming broaching using

. z . . .
the value of total tension d—a before the failure, which does not depend on angle of operating
0

cone of deforming element and increases while thickness of a wall of a part increases and
tension on each deforming element decreases.

5) The dependence to define limit deformations at distribution of cast iron parts
determining necessary quantity of deforming elements and distribution of tensions has been
suggested.
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JIO IUTAHHS ITPO 'PAHUYHI IIJIACTUYHI JE®OPMAIIII
3AT'OTOBOK I3 YABYHY, OBPOBJIEHUX JTE®OPMYBAJIbBHUM
HNPOTAI'YBAHHSAM

sIkis HemupoBcbkmii'; Onexcanap Yepuspceokuiil; IlaBiao €promin;
IOpiii Ilexanon?

'Kiposozpadcvruii nayionansnuii mexuiunuii ynisepcumem, Kipoeozpao,
Ykpaina
2BoponesbKuil 0epicasHull apximexmypHo-6yoieenvHuil yHisepcumen,
Boponeorc, Pocis

Pe3ztome. Posensinymo HayK080-mexXHIuHi NUMAHHL MOICIUBOCMT 0OPOOKU OMBOPIE Y Oemaiax i3 YagyHy
OdeghopmysanvHum npomszysanusim. Pospodneno nosi memoouku OegopmyeanHs 3paskieé 3 4aBYHY 6 YyMO8aAX
6cebiuH020 cmucky. 3a pesyrbmamamu MeXaHiuHux GunpoOysansb 3pasKié i3 uasyHy nobyoosano diazpamy
RAACMUYHOCTI.  YCmanoeneno ymosu NAACmMuyHoz0 O0eqpopMye8anHs Haniskpuxxkoeo uaeyny. Ilokaszarno
3anexcHicmsy pecypcy NAACMUYHOCII YABYHY 6I0 CMPYKMYPHUX CKIAO0SUX MA opmu epaimosux GKi0UeHb.
Yemanoeneno neo6xioni ymosu ons eghpexmugnoi 06podKu omeopis y 3a20moeKax i3 4agyHy 0e@opmyBanbHUM
npomsazyeanam. Bubpano mipy naacmuynocmi npu 0e@opmysarbHOMy RPOMALY8AHHI YABYHHUX 3A20MOGOK.
Bugueno enaue zeomempii incmpymenma, mMOGCMOCMIHHOCII 3A20MO6KU MA HamsA2y HA eneMenm Ha
nAACTMUYHICIG NPU 0eOPMYBATTLHOMY NPOMAZYBAHHI. 3aNPONOHOBAHO 3ANEHCHICMb OJI5i BUSHAUEHHS 2DAHUYHUX
Odepopmayiti npu deghopmysanmi 3a20mMoBoK i3 HagyHy.

Kniouogi cnosa: oeghopmysanvre npomszysanns, 4agyH, NAACMUYHA 0epopmayis.

Ompumano 01.03.16
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FEATURES OF STATISTICAL DATA PROCESSING AT INSULATION
TESTING OF ENAMELED ELECTRIC WIRES
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Abstract. The necessity of checking of variation series of voltage by insulation breakdown of enameled
wire for the sharply differing values from statistical laws is substantiated. The need for additional research of
causes of abnormal values of voltage breakdown of enameled wires insulation within standard testing methods is
established. The methodology of enameled wire insulation testing by high voltage to evaluate the degree of their
defectiveness using methods of statistical analysis is developed. The advantage of statistical modeling in the study
of enameled coating directly in the locations of indulgence and insulation defects is proved.
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Problem setting. Requirements for enameled wires used to manufacture winding
elements of electrical devices, envisage (2 ... 3) — time breakdown voltage exceeding of lacquer
layer of wire insulation, measured using a standard method of double wire «twist» samples
according to IEC 60317-0-1 (GOST 14340.7-74), above standard value, which is considered a
reasonable level of quality assurance of the winding technological process [1].

However, conducted control tests on winding elements after their winding process prove
that the given excess does not always guarantee their quality. Moreover, testing has also
revealed that the above stock voltage breakdown mostly does not exist due to peculiarities of
the breakdown in the discharge gap of the standard sample.

This disadvantage of standard methodology is due to the fact that the breakdown of
insulation is conducted under the scheme «dielectric — air — dielectric». The same occurs to the
dielectric where there is insulation derogation and some defects.

The presence of the air layer in the discharge gap significantly alters the largest voltage
breakdown of lacquer layer of enameled wire and causes it considerable variation, «masking»
thus the real state of insulation, especially in its minimum voltage breakdown in the controlled
samples [2].

Therefore, the standard method of determining the breakdown voltage insulation of
enameled wire can be considered only as determining one with low information content of its
defectiveness.

However, extreme values of the insulation voltage breakdown variations series from
enameled wire sample the statistical test results in the recommended literature are often
contradictory. Thus, the standard method of testing insulation using samples such as double
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wire «twist» allows rejection lowest from the five values of breakdown voltage insulation
without appropriate regulation. The majority of special regulations (e.g. ISO GOST
5725-2:2005), including developed standards instead of outdated ones, recommend the
researcher to reject and do not take into account the «problem» results of measurements that
disturb statistical regularity of variation members.

The basis of the recommendations constitutes the techniques of the well-known
researcher of statistical series Grubbs, in which a number of variations can be used to detect the
minimum (maximum) anomalous values or both [3]. B. Lemeshko’s recommendations are a
further development of Grubbs’ methods on the allocation of the normal number of variations
of several anomalous minimum or maximum values in their various combinations [4]. Thus the
presence of such values inevitably affects the measurement of dispersion and other studied
characteristics of scattering value. Therefore, using Grubbs’ criteria it is necessary to test
statistical sample, consistently increasing the amount of the potential anomalous values.

More closer to reality are such researchers as M. Shcherbakov, A. Orlov, who cast doubt
on the allegations of a comprehensive broad applicability of normal distribution and
recommend a cautious attitude as to remove measurements that sharply differ, for safety reasons
underlying statistical analysis and so as to the allocation of the special values in the statistics
that may indicate the presence of new physical effect [5].

The purpose of the work is to suggest, using metrological analysis, new approaches to
consideration of abnormal values in statistical research samples of electric strength of enameled
wires insulation for a more adequate assessment and mathematical description of its
defectiveness.

Material and methodology of the research. The study involved the most common for
the winding elements of electrical machines and apparatus enameled wires of the following
makrs PET — 155 TU U 31.3-20006134-015:2004, PET-155 GOST 21428-75, PETD — 200 TU
U 31.3-20006134-014:2004, PETD2 — 200 TU U 13970259.001-97 and PEEIDKH2 — 200 TU
U 31.3-0021534.035:2005 of nominal diameters from 0.18 to 1.50 mm.

The program includes the following studies of enameled wires insulation:

- establishing of normality of dispersion values of voltage breakdown of air gaps
between weakened spots or defective insulation ones;

- metrological research of the breakdown voltage abnormal values;

- definition and mathematical description of the spread of values of real electric strength
of weakened spot of insulation defect locations during testing its electric strength.

To implement the program the following research methods are used:

- breakdown voltage insulation of the investigated enameled wire is determined using
standard double wire «twists» according to the methods IEC 60317-0-1 (GOST 14340.7-74).
Processing of the received measurements for determining the metrological characteristics of the
distributions of voltage breakdown is done with GOST ISO 5725-2:2005 method;

- dielectric strength of the lacquer insulation layer in defects spots is determined by
«continuous contact» according to [6].

Research results. For research the impact of technological and structural factors during
manufacture of winding elements of various structural dimensions on the lacquer layer of
enameled wire insulation, they are unwind without insulation damage and the electric strength
along the element is determined.

Sample of the groups controlled by electric vehicles (semi-finished) are tested. Their
winding elements are made, for example, from enameled wire mark PET-155-0.56 TU U 31.3-
20006134-015:2004 as rectangular products with combined folding frame and aspect ratio
(2.0 ... 2.5): 1 with 900 convolutions and their winding speed is about 1600 turns / min.™ on
one and the same winding machine.
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The breakdown of voltage variation row with this sampling n, =10 units of standard

samples for insulation breakdown by «twists» method have ~ (2 ... 3) — time exceeding electric
strength of insulation (standard one is at least 4600V), namely kV: 8.2; 10.4; 10.4; 10.6; 10.8;
10.8; 11.0; 11.0; 11.2; 11.6, as well as statistical series options: voltage average value

U », =10,6 KV, standard deviation S, =0,92 kV.

As the statistical characteristics of random variables of insulation breakdown voltage u
of controlled winding elements enameled wires are unknown, the results evaluation is
conducted to test abnormality with Grubbs’ methods according to [7, Table 5]. Namely, for the
value of bilateral probability of a random variable u in the interval (Umin ... Umax) Y = 0.95 or
appropriate level of significance a = 0.05 the coefficient 1 = 2.29 at n1=10 units of samples.

Since the coefficient of variation X, of the sample extreme values (8.2 kV and 11.6 kV) is:

u,-U U, -U,
X, = 15 % x, =261>229 and x, =——™"; x_=109, (1)

n N

then the value U = 8,2 kV is abnormal and should be excluded from the sample results as a
gross mistake and whose probability is less than the significance level a.

However, this output cannot satisfy the researcher due to its uncertainty of the result [5].
To clarify the statistical characteristics of insulation breakdown voltage from the other winding
element of the same products groups a sample form with double units, where n,=20 units, are
formed and tested with the number of standard samples («twists») variation range of which has
the following values, kV: 5.6; 7.4; 9.2; 9.6; 9.6; 10.0; 10.2; 10.4; 10.4; 10.6; 10.8; 10.8; 10.8;

11.0; 11.0; 11.2; 11.2; 11.4; 11.4, 12.2 and statistical characteristics: Ljnz =10.24 kV,
S, =149 kV.

n

Abnormality verification suggests the following values of spread coefficient X, :
X, =311; x, =191; x, =132, when « = 0.05 and the -corresponding coefficient

P2 =2.709 [7, Table 5] again indicates abnormality of the smallest breakdown voltage value
U1 =5.6 kV. Thus, the second minimum result U= 7.4 kV has a spread coefficient of x, =191

is less than the coefficient 4> and, therefore, belongs to the normal voltage distribution of
breakdown insulation u, although the absolute value is less than the abnormal value U; = 8.2
kV in the first sample.

Since both samples with their mutual overlapping of their confidence intervals of
random variable insulation change of voltage breakdown, it is necessary to define their
homogeneity. In order to do this, we take into account «problemy results in both samples, the
value offset of their average values is estimated using Student’s t-criterion [8] according to the
expression (2):

u,-U,
t= ;
\/n1+n2 n,-(n,—1)-SZ +n,-(n,-1)-82 2)
nl-nz. n+n,—-2
t =0.162.
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With the value of bilateral probability of a random variable u in the interval (Umin ... Umax)
vy = 0.95 and the number of degrees of freedom k=n +n,—2; k = 28, according to [8]

confidence factor is t, =t,,, =2,048>t. Thus, according to this criterion of compatibility

sample medium U, and U, are differ insignificantly and samples can be considered as being
derived from a general summation of the random variable u.

The results of some research [9] may question the latter conclusion, arguing that the
t-criterion only allows to test the hypothesis of equality of mathematical expectations
considering the limited volume samples (at least two orders of magnitude). Instead of Students’
criteria to test homogeneity Cramer — Welch’s T-criterion is proposed to use being based on
such statistics (3) which adapted for these studies:

Jn-n, (LJ nl—L]nzj

_ 3)
\/n2 'Sri + nl-Snzz

T

There follows a decision based on asymptotic normality of T-statistics: if |T|s u

o !

2
where U o =Up— quantile of normal distribution with probability p (in this case — the critical

a

2
value for significance level «), then the hypothesis of homogeneity (equality) mathematical
expectations is taken at significance level o. This means that investigating the statistical
characteristics of both samples (including their anomalous values) with probability y = 0.95
from equation (3) a disparity is received which confirms this hypothesis:

[T|=0814 <uygs =196,

Admissibility of average-deviation spread is checked using Fisher’s F-criterion [10]
according to (4) with regard to anomalous values of breakdown voltage and inequalitys  >s :

1 s,
— - <F="<F(f;f),
Fo(fif) S Afi6) “

Ny

where for value y = 0.95 with the numbers of freedom degrees f,=n -1; f, =9 and f,=n,-1;
f, =19 formed by the expression (4) inequality [7] 0,396 <2,623<2,908 indicates equal
accuracy of the conducted measurements of enameled wire insulation voltage breakdown of
both samples according to standard «twists» method. The measurements themselves are devoid
of systematic error.

Finally, as both samples contain some anomalous values and are homogeneous, it can
be suggested that understated abnormal voltages have some information about technological
and constructive factors. These ones act on the enameled wire insulation in the process of
winding elements formation whose essence is not disclosed by this standard method of testing.
Their movement beyond confidence intervals of values of the random variable indicates a slight
deviation from the normal distribution of the insulation breakdown voltage.

Rank nonparametric Wilcoxon’s T-criterion is applied to prove deviation from the
normal law of insulation voltage breakdown values in both samples and homogeneity of the
results. According to this criterion [9] two samples of experimental data: X, X,,...X, and

n

Yoo Yoree Yo, (n, > n, >5) are considered as relatively homogeneous comparing to their average

ISSN 1727-7108. Bictux THTY, Ne 1 (81), 2016 ..........coovooe e oo e oo e 101



Features of Statistical Data Processing at Insulation Testing of Enameled Electric Wires

arithmetic, if the calculated value of the sum W = " R; satisfies the condition:
i=1
r- MW, (5)
DWw)

where Ri—elements ranks xi-yi in both samples, equal to their numbers (1, 2, ... 30) in the ranking
table according to the variational series of insulation voltage breakdown [8];

. 1 . .
MW )= no(man,+1) mathematical expectation of the rank sum W;
2
Dw)="2" (rl]l; n,+1) variance of the rank sum W;
U o = Ugers = 1,96 — quantile of normal distribution (see (3)).
2

The following components of Wilcoxon’s T-criterion are received as a result of
compiling rank table and the corresponding calculations: W = 168.5 =~ 169; M(W) = 155;
D(W) = 517.

Since in the process of ranking revealed some spots of interconnectedness of both
variational series, variance D (W) is adjusted by the factor kw according to the expression (6):

I
Zti '(ti2 _1)

i=1 .

(nl + nz)'(nl +N, _1)'(n1 +N, +1) ’
k, =1-0,01=0.99,

k, =1-

(6)

where ti — size | connection, which includes ranks in both samples. According to the ranking
table one can received: t1 =4; b =2; 3 =54 =4;ts = 3.

Thus, according to (5) and (6) obtained inequality T = 0,62 <1,96 indicates the validity
of the null hypothesis about homogeneity of the two sample distributions of enameled wire
insulation breakdown voltage which differs from the normal law.

To eliminate uncertainty about abnormal voltage values by insulation breakdown there
has been developed a special technique to diagnose enameled wires. Given method allows
increasing accuracy and informative contents of test results compared to the standard ones. In
addition, it provides opportunity to bind defects to the technological level during manufacturing
winding items of electrical equipment, and the homogeneity of lacquer layer of enameled wire
in the initial state. The methodology has been verified by numerous tests and based on the patent
use [6]. As a result of the experiment a statistical number of discrete values of minimum
quantities of insulation voltage breakdown in its most heterogeneous, clearly weakened or
defected locations, normalized to a unit of length of enameled wire is obtained.

The most effective mathematical laws for modeling distributions of breakdown voltage
insulation of enameled wire, taking into account their existing asymmetry and kurtosis are
derived from normal distribution convergent Gram-Charlier’s statistical series, which is

described using the density distribution function f.(x) by equation [10]:

f(X)= p(X)— 2 0" (x)+ £ (x), @)
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where ¢(x) — density of the standard normal distribution; ¢"'(x), ¢"(x) — 3 and 4%
derivatives order of the function gp(x); S, € — asymmetry and kurtosis of investigational

distribution.

The method of «continuous contacty» according to [6] is used to test given above
enameled wires in course of the research program. Synthesized result is shown below in the
following example of the same make of enameled wire mark PET-155-0.56 TU
U 31.3-20006134-015: 2004 mounted from winding element of the investigated group using
the methodology in [11].

The distribution of voltage by insulation breakdown N; = 34 units of samples along
array of winding element and N2 = 16 units at the beginning of winding in their intervals AU
are given in Table 1, where the number of intervals in accordance with Sturges’ rules r = 7,
nu — interval number of samples; h — value of interval voltage change, kV.

Table Ne 1.
The distributions of enameled wire insulation breakdown voltage PET — 155 — 0.56
AU KV [1.54 ... [2.24 ... [2.94 ... [3.64 ... [434... | [5.04...] [5.74...
’ 2.24) 2.94) 3.64) 4.34) 5.04) 5.74 6.40)
Nu1 1 3 10 8 7 3 2
AUy 1V [0.46 ... [0.60 ... [0.74 ... [0.88 ... [1.02... | [1.16... | [1.30...
’ 0.60) 0.74) 0.88) 1.02) 1.16) 1.30 1.44)
Nu2 2 4 4 2 2 1 1

As a result of these calculations the following statistical characteristics of insulation
breakdown voltage are obtained:

- mathematical expectation M1(U) = 3.99 xV; M>(U) = 0.86 xV,

- mode M1 = 3.29 kB < M1(U); M> = 0.76 kB < M2(U);

- standard deviation o1(U) = 1.01 xV; o2(U) = 0.24 xV;

- asymmetry Sk1 = +0.24 > 0; Sk2 = +0.60 > 0;

- kurtosis 1 =—0.60 < 0; &2 =—0.50 < 0.

Given the existing asymmetry, it is assumed that the distribution of insulation
breakdown voltage is mathematically described by Gram-Charlier’s statistics (7) with the
computed coefficients Sk, and ¢ and relative frequency ws (8):

yZ

h 1 - Sy 2 € [.2 (.2
wszm-ﬁ-e -{1+E-y-(y —3)—£-[y -(y —6)+3]}. (8)

Then the relative frequencies distributions of insulation breakdown voltage of enameled
wire along winding element and at the beginning winding according to the simulation results
can be presented by the following expressions, respectively:

o -3.99
W =%\/zl_ne * {0039y, -(y; ~3)-0025-[y; - (v - 6)+ 3]} y1=U1.§i99,

Fig. 1 shows graph distribution functions of given voltage U by insulation breakdown
of enameled wire mark PET-155-0.56, winded off from the winding element.
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Figure 1. Graphs of distribution functions of insulation breakdown voltage:
F1* — along winding element without beginning of the coiling; Fs1 — is the same, according to the simulation
results; F2* — beginning of the coiling; Fs2 — is the same, according to the simulation results.

To confirm the hypothesis of test precision modeling, namely Kolmogorov’s parametric
test (D — criterion), [10] is used. Having calculated the corresponding statistical distribution
function F*(x) and theoretical (integral) distribution function F(x) parameter A in this criterion
is defined:

A=D-JN; D=max|F'(U)-F(U), )
where D = 0.040; 41 = 0,23; 22 = 0.27.
Then [10], the numerical value of probability P(2)=1- > (1) -e 7" : p;(0.23) = 1.0
j=—0

and P2(0.27) = 1.0 indicates the validity of the accepted hypotheses.
Since the threshold and nominal dielectric strength of insulation enameled wire mark
PET-155-0.56 with diametrical insulation thickness of (0.052 ... 0.060) mm is respectively:

~2-(2.46...2.52)

E 0.1)= =(82...96) kV-mm™*>20 kV-mm™

1o (0-1) 0.052 ...0.060 ( ) KVt 2 20 &V -mm

and

E, . (0.75)= 2-(4.38...4.42) = (146 ...170) kV-mm™ > 150 kV-mm™,
0.052...0.060

then according to [6] investigated enameled wire along winding element should be attributed
to the classification group: insulation with an average degree of defectiveness.
The same characteristics apply to coiling at the beginning, respectively:

E, preq (0.1) = 2-(0.46....0.52) =(16...20) kV mm™ <20 kV-mm™
0.052...0.060

and

E,.n(0.75)= 2-(0.88...092) =(30...36) kV-mm™* < 100 kV-mm™,
0.052...0.060

and therefore, according to [6] the researched enameled wire at the early stage of coiling of the
winding element should be attributed to the classification group: insulation with a high degree
of defectiveness. The most probable electrical insulation strength of this segment is:
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E,(0.50) = 2:(072...0.76) _ (24...30) kV-mm™,
0.052 ...0.060

which is (5 ... 7) times less than electric insulation strength values of enameled wire along
winding element.

Therefore, researches using methodologies [6] is found that at manufacturing of the
winding elements party of electrical apparatus from the enameled wire mark PET-155-0.56
TU U 31.3-20006134-015:2004 its insulation at the beginning of winding as a result of
intensive technological factors gets significant damage. However, these damages visualize in
the tests using standard methodology only as implied «emission» of distribution statistical law.

It should be noted that a significant variation of enameled wire insulation breakdown
voltage along the array of coiling element with obvious asymmetry towards small values
indicates its heterogeneity, and increased breakdown probability due to the relative position of
defective insulation spots at critically short distances within its thickness. During its
exploitation the longitudinal defectiveness of insulation only increases, negatively acting on the
operating time of winding element in electrical devices.

Conclusions. Insufficient informative contents of the widely used metrological
procedures of objects research such as insulation electric strength of enameled wires using
standard methods of their testing is detected.

The necessity of taking into account and additional research of abnormal test results
without systematic errors, to improve the diagnosing efficiency of objects research is
substantiated.

The proposed methodology is more accurate instrument for insulation research of the
enameled wire. It enables improvement of information content of the existing standard
methodologies, especially at presence in statistical samples minimal values of insulation
breakdown voltage, which are substantiated by metrological procedures as abnormal.

The developed methodology enables to mathematically describe the breakdown voltage
random variables distributions in weakened locations and insulation defects of enameled wires
by using the derived from normal law Gram-Charlier’s statistical series. The method makes it
possible to create mathematical models that take into account the real insulation defectiveness
both in the initial state of enameled wire and as a result traumatic actions of technological
factors during manufacturing of electrical products with winding elements.
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OCOBJIUBOCTI ObPOBJIEHHA CTATUCTUYHUX JAHUX ITPU
BUITPOBYBAHHAX I130JI51II EMAJIBOBAHUX EJIEKTPUYHUX
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Iletpo €BTYX; Onexcanap BakyiieHko

TepHoninbcokuul HayioHaIbHULL MeXHIYHUU YHisepcumem imeHi Ieana Ilynios,
M. Tepuonins, Yrkpaina

Peztome. Obrpynmosano meobxionicmos nepegipxu eapiayitnozo psaoy Hanpyeu npo6oio izonayii
eMAnboBAHUX NPOBOJI8 HA HASIBHICMb PI3KO GIOMIHHUX 3HAYEHb 6i0 BUAGLEHOI CIMAMUCMUYHOL 3AKOHOMIDHOCHI.
Bcemanosneno neobxionicms 000amk08020 00CHIONHCEHH NPUYUH NOSABU AHOMATbHUX 3HAYEHb Hanpyau npoboro
3oasayii  eManbosanux mnpoeoodi6 npu CMAHOAPMHUX Memoouxkax eunpooysans. Pospobaeno memoouxy
8UNPOOYBAHD 1301AYIT eMATbOBAHUX NPOBOOLIE NIOBUUEHOIO HANPY2OI0 OJisl OYIHIOBAHHS CIYNeHs. ix OeghekmHocmi
Memodamu cmamucmuyno2o ananizy. /logedeno nepesazy cmamucmuuno20 MOOENOBAHH NPU OO0CTIONCEHHT
eManboBaAHO20 NOKPUMMS 6e3n0CepeOnbo Y MICYAX pO3MAUYB8ANHA NOCIAOAeHb | OedeKmia i30aYii.

Knruosi crosa: emanvosanuii nposio, sunpo6y8anHs niOSUWEHOI HANPY2or, 0eheKmHicmy 1301Yii,
CMamucmuyHi Memoou.

Ompumano 02.12.15

106 oo et ISSN 1727-7108. Scientific Journal of the TNTU, No 1 (81), 2016



7\ BicHuk TepHONiIbCHKOI0 HALIOHAJIBLHOIO TEXHIYHOT0 YHIBEPCHTETY
Scientific Journal of the Ternopil National Technical University
@ 2016, Me 1 (81)
ISSN 1727-7108. Web: visnyk.tntu.edu.ua

UDC 621.865.8

OPTIMIZATION OF BERNOULLI GRIPPING DEVICE’S
ORIENTATION UNDER THE PROCESS OF MANIPULATIONS
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Summary. There was appointed the task to define the optimal orientation of bernoulli gripping device
aiming to minimal consumption of compressed air under given parameters of bernoulli gripping device,
manipulation object and trajectory. The author suggested splitting of rectilinear trajectory into 5 sections. These
sections secure permanent transportation of manipulation object by means of pure momentum and weight power.
Two intermediate re-orientation sections secure permanent transportation being limited with gravitation of
gripping device. There was presented the task solution for the particular example under permanent transportation
of manipulation object along the whole trajectory.

Key-words: bernoulli gripping device, manipulation object, permanent transportation, manipulator,
orientation, industrial robot.
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Problem setting. The modern stage of automation requires the decrease of energy
consumption during transportation of and manipulation with industrial objects. Manipulation
objects are gripped and relocated by industrial robot into different positions. The lifting power
in bernoulli gripping devices is formed by aerodynamic gravitation effect due to compressed
air. One has to limit motion and acceleration speed to retain equilibrium of manipulated object.
It will result in increasing of manipulation time and energy consumption respectfully.

Analysis of the latest research and issues. The research project [1 — 3] stipulates the
definition of admissible acceleration of bernoulli gripping device during vertical motion for
permanent transportation of manipulation object. There was investigated one of the most
adverse cases of gripping device allocation relatively manipulation object. There were
stipulated the rotation parameters ®, €, which secure relative equilibrium of manipulation
object.

Research objectives. One has to optimize the orientation of bernoulli gripping device
during plate-type object manipulation along direct trajectory.

Task setting. Let’s investigate the case when gripping device, which was designed for
transportation of NCT (non-contact transport unit) [2]. The operation principle for this device
is shown on Fig. 1.

Motion along the given rectilinear is made by means of IRB 1200 (ABB corporation)
manipulator which has 6 stages of freedom. Software and motion simulation (Fig. 2) of gripping
device towards manipulation object is carried out by means of RobotStudio (ABB corporation).
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Figure 1. The principle of the device for non-contact transportation NCT:
A — compressed air, B — air flow, C — lift, D — object

Figure 2. Visualization robot (IRB 1200), gripping device (NCT 60) and manipulation object in the software
environment RobotStudio 6.0

Under given parameters of manipulator, bernoulli gripping device, manipulation device
and trajectory the task is to optimize the orientation of gripping device at which the
consumption of compressed air is minimal.

Investigation results. Let us study the ordinary method of plate-type plane units’
transportation by means of bernoulli gripping device (Fig. 3). One can see that along entire
transportation period the gripping device, which is parallel with x-y plane of global coordinate

system in such way that orientation axis of gripping device n is directed contrariwise to global
axis Z. So, the gripping device orientation was not changed during entire manipulation period
since gripping device has seized the manipulation object. It means that outflow of compressed
air is constant (maximal) during entire manipulation period.

Let us assume that it is necessary to move manipulation object MO from position A,

into position B (Fig. 4.). We think that both positions can be reached by the manipulator. To
grip MO in initial position it is necessary that orientation axis of gripping device (GD) n is
oriented counter-wise to global axis Z. Analogically, for assembling of details in position
B GD should also be oriented the same way as in initial state. For simplifying B™ coincides
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with 3 B,. We are going to plan the motion trajectoty in the form of three rectilinear areas —

AA, AB,, BB,. Alongsection A A there is made MO lifting and changing of GD orientation
so it would be optimal in energy consumption during retaining of permanent transportation
along section A B, . Along section B,B, there is made MO sinking down to storage place and
changing of GD orientation to necessary one in final position. The usage of compressed air on
these two sections is sufficient for all types of operations (for example, maximal). Along the
section A B, we are going to plan MO movement and orientation in such way that energy

consumption of compressed air will be minimal. For this purpose it is necessary to cut the
motion time along this section to minimal one, and GD orientation should cut to minimum the
consumption of compressed air.

Figure 3. Trajectory without reorientation of gripping device while manipulating RobotStudio 6.0 software

It is known that motion during the shortest time under limited power of manipulator
drives is made when the movement on a first half of trajectory A B, goes on with maximal

acceleration, and with maximal deceleration on the second half of trajectory.
Let us find the optimal GD orientation on the section part where MO moves with

maximal acceleration E.Lifting force of GD is directed counter-wise to GD orientation

axis n. Obviously, orientation axis should be directed in such way so the MO aggregate power
from gravitation and inertia forces would perform the rple of lifting power. Figure 4 shows that

manipulator orientation axis is focused in vector n direction.
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Figure 4. The forces acting on MO during manipulation (acceleration) in global coordinates

Resulting force (without lifting force) is equal to:

F=Fu +mg (1)
F, =-ma )
Elaborating vector equality (1) on axisx', y'we will find:

{ —Fsin o =-macos S @)

—Fcosa = -masin f —mg

Having found the solution for obtained equality system relatively to F and a, we will

get:
F:\/mz(a2+g2)+2mgasinﬁ 4)
a= actg ﬂ (5)
g+asin g

Formula (5) determines the optimal angle of GD orientation during movement with

acceleration a, if £=0 then « = arctg =.

Let us find optimal GD orientation (i.e. angle o) for the situation when the movement
will be with maximal deceleration (Figure 6).

Elaborating vector equality (1) on axisx', y'we will find:

{ Fsin « = macos 3 ©)

—Fcosa = masin f —mg

Having found the solution for obtained equality system relatively to F and o, we will get:
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F:\/mz(a2+gz)—2mgasinﬂ 7
_ acosp
a = actg 9—asind 8)

If p=0 then « = arctg a,

Figure 5. The forces acting on MO during the deceleration in one plane

Now one has to simulate the given trajectory to get authentic data, but with changed
orientation in points A, B, of the straight line into analogic to global system of coordinates.

During the inspection of simulation software it turned out that manipulator with such
GD parameters could not provide the appropriate orientations because during movement to

initial point of the straight line and further motion of gripping device with manipulation object
there happens the collision of manipulation object with manipulator.

‘\

7

o

Figure 6. The collision of manipulation object with manipulator
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That is why we suggested using popular methods that are applied during contour
welding; in particular it was proposed to extend the GD bolting and shift GD axis quadrant
depression i on 30 degrees relatively to final link orientation (Figure 7). Owing to this the
manipulator can easily regenerate any required orientation.

‘ %

Figure 7. Extension of gripping device with reorientation

Before the simulation one has to mark the main points of reorientation on our rectilinear
trajectory as it is shown on Figure 8. It is also necessary to limit the acceleration along entire
distance by means of function PathAccLim (PathAccLim TRUE \AccMax:=2,
TRUE\DecelMax:= 2;).

!
y
T, 's
T; 4
T, L2
To, 4 X'
125% 125%
125% | 0% o 125%
B 100% wnsxy N

Figure 8. — Reorientation points location on rectilinear path

Having done the simulation with extender, we will obtain the velocity graph for
manipulation object (Figure 9). As we need the trapezoid velocity profile, one sufficiently has
to limit velocity to point M, which has the slowest speed on path interval T, —T. by means of

function VAR speeddata vmedium (0,44 meters per second).
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Figure 9. Velocity of manipulation object

Having limited the velocity to 0,44 meters per second, we obtained the trapezoid
velocity profile (Figure 10).
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Figure 10. Graph of trapezoid velocity profile of the manipulation object

Now it is possible to build the graph of gripping device acceleration (Figure 11), which
Is necessary to find orientation.
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Figure 11. Graph of gripping device acceleration
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Optimization of Bernoulli Gripping Device’s Orientation under the Process of Manipulations along Direct Trajectory

Next step is downloading of GD orientation, particularly the angle between axis’s 7 and
Z on the section T,T, we download equal to angle a (5) for acceleration on the section

T,Ts — to angle a (8) for deceleration. On the section T,T, we download the change of
orientation from angle o (5) to zero as there is no acceleration on the middle section T,T5;,
orientation stays unchanged and the angle to global system of coordinates is equal to zero. Next
step is downloading of orientation variable on section T;T, from zero to angle a (8), which is
optimal on the section with further deceleration. Such orientation is retained on the section
T,Ts.

One has to admit from mentioned above that there are two sections T, T, i T,T, of
trajectory where we are not sure in secure MO transportation. Perhaps, the most unfavorable
option will occur when in point T, the acceleration is equal to zero, and the angle here is still
equal to angle ¢ (5) (Figure 12). Let us find the limits for lifting force rate in this case. If there
is no acceleration, then as result of orientation with angle o (5) MO can lose relative balance
and move in S direction. As result, there appears friction force in points of contact between
MO and GD, due to F, = fN, where f friction rate.

Conditions of MO balance are the following
N -mgcosa—F, =0,
F, —mgsina =0.
Out of the first equation we will find
N =mgcosa+F,.
Then f(mgcosa +F,)=-mgsina =0
To provide permanent MO transportation it is necessary to accomplish the condition

mg .
mgcosa +F, 2Tgsma,

abo F, > mg (smTa —COoSa j 9

The analogical limits of lifting force rate (9) are on section T,T, but the angle is
important (8).

For device with m = 0,1 kg, friction rate f = 0,2, angle o = 11.3° we obtain the following
limit:

F, >-0,0294

It indicates that on sections T1T2 and T3T4 the transportation will be permanent and without
applying of lifting force i.e. without supply of GD with compressed air. Under other given
parameters there can appear a necessity in lifting force. It can be done on theses sections with
opening of automatic valve of compressed air supply.
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Figure 12. The forces acting on the object of manipulation at the point T; under the most unfavorable conditions

During ordinary transportation of MO (Figure. 3), GD provides lifting force along the
whole route under the most unfavorable conditions. In our case it is defined by formula [5]:

F,> m[g 4 a(s"‘fy - cosyﬂ , (10)

where y is an angle between acceleration vector and axis 7. In our case y = 90°, then lifting
force is needed:

F >14,98 ~15 H.

Due to technical characteristics of GD [4], at lifting force 15 H. the rail pressure of
P =600 kPa is required, and weight loss of compressed air through crack is

G, =0,0055 kg/s. Having obtained these data, we can calculate GD consuming power:

N = PG = 2640 JIs.

c pa

Now one can find work that has to be used to seize MO with GD on the section T,T.,
where transportation time is 4 sec.:

Ay =N, -t=10560 J

Under planned transportation of MO the required F, on section T, T, is less than zero. It
means that there is no necessity in compressed air and work A, is equal to zero.

Besides the work that is required for MO maintenance there is a job the manipulator
does during transportation and orientation of GD with MO. We shall obtain the data by means
of RobotStudio (ABB corporation) software.

During the transportation without reorientation we will get the following data
(Figure 13) about contributed into MO transportation work.
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T

o Hac
(c)

Figure 13. Work spent on transportation of manipulator of the object manipulation without reorientation
During transportation without reorientation on the section T,T, the MO contributed

A, =A,,)-A,(T,)=140J of work, and during transportation with reorientation on the
section T,T, the MO contributed A, =256 J of work.

Ax

700

~—— pobora

A

/ /
1 2 3 4 5 6 7 Hac

8 9 (C)
Figure 14. Work spent on transportation by manipulator of the object with reorientation

Now we can obtain the aggregate work contributed into MO transportation under two

different types of movement.
During transportation without reorientation the aggregate work on section T.T. is

equal to:
A=A, +A, =10700 J,
and during transportation with reorientation the aggregate work on section T,T, is equal to:

A=Ay +A, =256 [k,

Let us find the efficiency coefficient for MO transportation with reorientation:
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It means that MO transportation with reorientation allows minimizing the loss of
compressed air and decreasing the contributed work into MO transportation along rectilinear
trajectory.

Conclusion. There was proposed the optimization of the orientation of the gripping
device during the transport of object manipulation on a straight-line trajectory. Transportation
using the optimum orientation allows reducing in 40 times the energy consumption comparing
to transportation without reorientation.
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Pestome. [locmasneno 3adauy npu 3a0aHux NApAMempax  MAHInyaIsmopd,  CmpyMUHHOO
3aXONA0BANLHO20 NPUCMPOIO, 00 €EKMA MAHINYII0BAHHA | MPAEKMOPIi BUSHAYUMU ONMUMATLHY OPIEHMAYio
3aX0NNI06ANLHO20 NPUCMPOIO, NPU AKOMY CHOICUBAHHS CIUCHEH020 NOGImps 6y0e MIHIMANbHUM. 3anpONnoOHOBAHO
PO30iNeHHs. npﬂMOﬂin’ﬁHOi' mpaexkmopii Ha 5 OinsiHok. Busnauaemvcs onmumanvha opicHmayis Ha neputil,
cepeoniil i Kinyesin oinanyi. Ha yux Oinaukax 3a6e3neqycmbc;1 0e36i0puHiCMb MPAHCNOPMY8AHHA 00 ckma
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npucmporw. Hasedeno pose’sisamns 3a0aui 0nsi KOHKpemHo20 npukiady, npu 3ade3neyeHHi 6e38I0pueHo20
mMpancnopmyeants 06’ exma MaHinyIo8aHHs Ha yCill Mpackmopii.

Knrouosi cnosa: cmpymunHuil 3aX0NII08ANbHUL NPUCMPIU, 00 '€KM MAHInYI08aHHs, 0e38i0pusHe
MPAHCNOPMYBAHHS, MAHINYIAMOP, OPIEHMAYIS, NPOMUCIOBUL POOOM.
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Abstract. The article deals with the comprehensive research of methodical error appearing during
applying of new measurement method for average energy consumption of microcontrollers whole performing
instructions, applications or their fragments. The author revealed that methodical error is rather insignificant, so
the method provides high measurement accuracy and performance in terms of error probability.
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Type Codes

MC — microcontroller;

CS - current stabilizer;

OB — operation booster;

VS - voltage stabilizer;

SCR — subsystem of current regulation;
SVM - subsystem of voltage measurement.

Problem setting. Built-in computer systems with autonomous power supply have been
widely used lately. Usually, such systems are built on the base of those microcontrollers (MC)
to provide the widest range of methods for economizing of battery and accumulator charge.
One of the relevant tasks of elaboration of such systems is to increase the operation time without
recharging of batteries that requires the corresponding optimization.

According to [1], there exist three main ways to solve the task of increasing of system
operation time in autonomous mode: (i) to increase the capacity of power sources; (ii) to
upgrade the production technology for integrated circuits; (iii) to optimize the power-
consumption software. The two former ways require fundamental research. The third one needs
only the equipment to measure power consumption.

The difficulty of power consumption measurement for MC (as well as for
microprocessors) is evoked with the character of their power consumption. Modern MCs, made
under CMOS (Complementary-symmetry/metal-oxide semiconductor) technology, consume
the current in the form of peaks. These peaks are linked to impulses fronts of clock generator.
Their amplitude exceeds the current constant in tens of times.

Analysis of the latest research and published works. The initial research [2] assumed
the measurement of average energy consumption of MC. Therefore, the built models of MC
power consumption have considerable error (10 per cent and more). Prof. Laopoulos’ group
from University of Salonika (Greece) [3] studied the power consumption of ARM7TDMI
nucleus by means of measurement of instantaneous current of consumption with symmetric
«current mirror». It allowed simultaneous grounding of the digital oscillograph during MC
measurement [3]. The error analysis, made in [1], displayed low accuracy of «current mirror»
due to the change in voltage drop on its transistors during change of MC consumption current.
Into the bargain, the circuit capacitors are cut from MC with «current mirror» (MC power
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supply circuit is not standard). That is why the errors of elaborated models of consumption
reach 7 per cent.

The method to measure MC instantaneous current of consumption [4, 5] uses a capacitor
as a sensor of its consumption current. The elaborated in [6] methods to correct errors in
measurement channel provide instrumental error of MC power consumption that is less than
0.75 per cent. The available capacitor in power supply circuit allows MC working in normal
mode.

But suggested and studied in [4 — 6] method due to measurement of instantaneous
voltage rates has insignificant performance in terms of error probability. This requires the
special analysis of experimental research results. This method also piles up the errors at
measurement of energy of programs or their fragments implementation.

Suggested in [7] method measures MC average consumption. It is based on scheme [4].
But it is reliable in terms of error probability (there are used integrated methods of analogue-
to-number converting), does not accumulate errors and provides higher accuracy of power
consumption measurement. However the method [7] has methodic errors.

Objectives are to research the character and rate of an error.

Task setting. The scheme to apply the suggested in [7] method to measure MC average
power consumption is presented on Fig. 1. It includes the studied MC that is powered from
current stabilizer CS. Its output is linked to capacitor C and stabilizer diode equivalent (on the
base of operation booster OB and diode D). The scheme also assumes the bearing voltage
stabilizer VS and resistor R. All listed elements of the methods’ applying schemes [4] and [7]
are analogical. Method’s scheme [7] is different from [4] in the fact that digital oscillograph
was replaced with subsystems of current measurement SCR of stabilizer CS and measurement
of SVM integral of voltage drop on resistor R.

During the research they record the subsystem of MC’s initiation into its program
memory as well as the sequence of commands and their studied average power consumption (it
can be both a multiply repeated command and entire studied program or its fragment). The
system’s operation faces two stages: setting and measuring. The first stage starts with the signal
to launch the accomplishment of studied commands. At the very moment MC gives a launching
impulse to SCR and SVM subsystems. SCR starts integrating of MC power supply voltage
deviation from VS voltage (the latter is equal to MC nominal power supply voltage).

The measurement process is terminated when three following steps are made:

1. Interval T to measure voltage drop integral on resistor R should not be less of the rate
due to which the elements of measuring schemes were calculated;

2. Interval T (the first clock at construction of SVM on the basis of existing analogue-
to-number converter) should be divisible by period of power supply (the set of accomplished
commands should be long respectfully), that is why the launch of MC program and termination
~f C\/M measurement are to be synchronized

$ t L | 1ge t_ransitions of power supply of the
C_L 1e Via zero;
uc SCR : :
During measurement of multiple
:I: 1 1 | energy one should keep record of
oE [s” number to calculate the energy of
nand.
D aving fulfilled these requirements
— SV is cut from MC and measures the
R . of integral for MC power supply

_ voltage from VS voltage. In case this integral
Figure 1. Subsystem to measure the average power  exceeds admissible rate, SCR changes CS
consumption MC current in such way as to draw closer to zero
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the voltage change in MC circuit during measurement. After this SCR dumps VVC and described
setting process is repeated. During a couple of iterations the deviation of MC power supply
voltage from nominal one will not exceed admissible rate. Then the regulation system records
Cs current rate, launches SVM and dumps MC again. SVM starts integrating of voltage drop
on resistor R. After measurement termination (fulfillment of three listed requirements) SCR
again checks up the deviation of MC power supply voltage from VS voltage. If this deviation
exceeds the admissible rate, SCR does not suspend the research process. It again draws CS
current to necessary rate and initiates new measurement cycle. Unless this deviation exceeds
the admissible rate, SCR suspends the research process and launches the calculation of average
rate of energy for a command fulfillment.
The average energy is determined due to the following formula

E:Tju-i-dt (1)

t=0

where u and i are instantaneous MC voltage and current power rates MK t — current time ratio;
T — energy measurement period.

Energy balance in switch-board with plugged in CS, MC, C and stabilitron equivalent
can be recorded in strict accordance with Kirchhoff 1 law. Having selected capacity C, one
can succeed in obtaining maximum VC power supply voltage deviations that are rather low
(0,5 — 1 per cent). Then the balance of generated and consumed energy will be recorded as
follows

Ecs = EMC + Ec + ER (2)

where Ecs, Emc, Ec and Er — according to energy CS (generated, input to switch-board),
MC (consumed, output from switch-board), capacitor C (output from switch-board when
voltage on C grows and comes to switch-board-input, when voltage on C goes down), linked
via OB at MC protection during voltage exceeding of admissible rate on C (consumed, on the
switch-board output).

We neglect the energies consumed by measurement circuits. The change of capacitor
energy xonaencaropa AEc

AE. =(C-AUQ)/2 (3)

where AUC is voltage change on the capacitor.
As it was mentioned at the beginning they set current C at first in order to direct MC

;
voltage deviation integral from initial rate during period T to zero J'(ui —U,)dt > 0. Then
0
energy change accumulated by C will go to zero AEc—0. That is why the capacitor, which
creates standard work conditions for MC, does not really change the energy balance of
generating / consuming (there are used ceramic capacitors with outflow current). That means
Ec can be excluded from (2) and (2) can be re-written as
Ew = Ecc —Eg (4)
Ecc in turn does not depend upon MC consuming energy, It can be defined as

Ecc :UCH 'Icc T (5)
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When the commands’ set is accomplished with relatively small energy then C voltage
can grow higher than admissible one for this MC. Then OB through D and R «withdrawsy
excessive current from MC power supply switch-board. «Withdrawn» energy is taken into
consideration through R by integration of voltage drop for the time period T.

T
ER = IUMK
t=0

Set of parameters for research
option

Amax, Umax, Umin, Imax,
Imin, n

( Cycle under n T

Calculation of absolute,
relative, and aggregate
methodical error

Output current
values of
methodological
error

Output the sum
of values the
methodological
error

L End cycle under n J

end

Figure 2. The general algorithm of simulation study

;
. u
g -dt = JuMKERdt (6)

t=0

where umk, Ik are MC ongoing current and
voltage rates through resistor R respectfully.

One has to emphasize that in case
umk ~Urer, then (6) can be re-written as

U REF

:
Ep = =2 [ugdt ©)
R t=0

In this respect (4) can be re-written as

U

T
EMK ZUCH 'Icc T - = .[uRdt (8)
t=0

R

According to (8) the energy Ewmk
(consumed by MC) can be defined by means of
voltage Uch (it can be measured by precision
digital volt-meter of direct current), current
ctpymoMm lcc (it can measured with precision
digital ampere-meter of direct current)
measurement time T (it can be measured with
digital counter with incoming impulses from
quartz generator with frequency identified by
precision frequency-meter), electrical
resistance R (it can be measured with precision
digital ohmmeter of direct current) and voltage
drop integral on R. Thus, during the experiment
it is necessary to identify only mentioned
integral. For this purpose it is worth to use the
method of two-stroke integrating as one of the
most precise and performing in terms of error
probability during analogue-to-number

: : Uper
transformation [8]. Besides, U gz - loer, Ty >> ;EF juRdt, so measurement error for
t=0

«withdrawn» excessive energy has the minor impact upon measurement result error during MC

energy consumption.

Methodical errors and methods to study them. Methodical errors are intrinsic to
suggested method of measurement of average power of MC energy consumption. The first one
was caused by the change of product integral for instantaneous voltage and current according
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" to (1) on product of nominal values of voltage
and current according to (5). This process can
be described by the equation

Trnax 1u)

Iref I

g - T (9)

REF

where uj and ij — instantaneous voltage and
Anenlin B current rates on MC power supply_ contacts
that were measured with system Fig. 1, t —
period of one measurement, T — time of
energy measure.

- T
Urmnin Uref  Umax Incase > t=T , the voltage changes
j=0
on MC  are inconsiderable, i.e.

Trmin

Figure 3. The generalized model of energy
consumption of MC

;
: . . . . (U —Uper)dt >0 and studied device of
100 200 300 400 400

energy consumption is linear, then there is no
0.2 //\*/// methodical error at changes according to (9).
003 / However, MC is semiconducting device so it

/ has considerable non-linearity. Thus, there is

The methodological erkor, %
=
[l
=y

h _/ methodical error due to approximate character
——40% . . .
noe s Of equation (9). The value of this error is to be
-0.08 0% studied. _
Humber of cycles under . 4no Experimental research of error

dependence from MC power consumption is

Figure 4. Dependence of the relative total average 1Ot reasonable. Every studied MC will reflect

error of method on number of cycles n performed only one option of methodical error. That is

commands why t is necessary to apply the imitation

modeling method. It will assist in

implementation of all options of methodical error in given framework (even those practically
impossible). General algorithm of the research is shown on Fig. 2.

It assumes determination of correlations between absolute and relative rates of
methodical current and aggregate errors and number of command implementation cycles or
program, non-linearity of energy consumption, maximum voltage and current rates of power
supply in accordance with required research conditions. For its implementation it is necessary
to build the model of MC power consumption

Model f MC non-linear consumption. The real character of different types MC energy
consumption | defined by their technological characteristics. So it is necessary to build up
aggregate model of consumption MK Ivk (Fig. 3). It includes the minimal consumption current
Imin linear Iun and non-linear Inonuin current constituents of MC consumption.

IMK = IMIN + ILIN + INONLIN (10)

ILin is defined as ILin=k-AUwmk=k-(Umk-Umin), where Uvk 1 AUwk — current MC voltage
and its change; k — coefficient, k=(Imax-Imin)/(Umk-Umin) . Inonuin are defined as

Lo = A-AUZ. +B-AU, . , where A, B — coefficients obtained as result of equation system
solution.

{A(UMAX _UMIN)2+B(UMAX _UMIN):() (ll)
A((U MAX -U MIN )/ 2)2 + B(U MAX _UMIN )/2 = AMA><
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PR , ‘ , where Amax — maximal absolute rate of
N . — g methodical error. _

; —_— It should be mentioned that for known
R MC types Amax and its marker are not fixed.
C - \\t\ Their research is also unknown. So, the model
g I on Fig. 3 assumes Awax of both polarities. Its
B inearivy of eneray commpeion maximal value during imitation research is

given within 10 ... 40 per cent.
During the imitation modeling the value
Figure 5. Dependence of the relative total AUwc is given at random. Thus, different energy
average error of method on type A nonlinearity of ~ cONSumption of MC is imitated. Methodical

—— 20y’ —m—4 0/ —e— B0y —— B0y —— 100

energy consumption and maximum voltage error Aver grows simultaneously with deviation
change Uwmc from Uvs. That is why there was selected
the equable law of distribution AUmc.
* oo _ Results of methodical error research.
£ oo —* Fig. 4 displays the correlation between
GO P S——. aggregate average relative methodical error
ra ] .
£ oo Ower and number of command cycles n (or
;Ejgggﬁ — number of rows in the program) as well as non-
£ oo linearity of MC energy consumption (non-
: The mOmIineArity Of energy consumption, ¥ linearity is given to the right side from graphs).
T e Y a0 e B e BOMY g 1007V As Fig. 5 shows, &, considerably drops
) _ simultaneously with n growth. It is explained
Figure 6. Dependence of the relative total with the fact that at initial setting of the system
energy consumption and maximum voltage such way that aggregate MC voltage deviation
change during given number of cycles n approaches

zero. Then values of Aver will be both positive
and negative and compensate each other.

Fig. 5 displays the correlations between aggregate relative methodical error &,

for n = 500 and non-linear type A from non-linearity of MC energy consumption MK B mesxax
10...40% within 10 ... 40 per cent and maximal voltage change on MC from +10 no + 50
megavolts (shown right side from graph).

As it show on Fig. 5, in case of non-linearity of consumption current at 40 per cent and

voltage change + 50 megavolts), .., <0,018%. During decrease on non-linearity and voltage

change on MC, &, decreases considerably.
For non-linearity of B type and under the research conditions the relative methodical error
Syer » as it displayed on Fig. 6, is less. In this case the mutual compensation of errors it acts

more successfully.

Conclusions. The research of the methodical error of the proposed method for
measuring the average energy consumption of MC (caused by replacing the integral of product
of instantaneous values of voltage and current with the product of the nominal values of voltage
and current supply of MC), have shown that it is quite small during multiple performance of an
instruction or a program. One should investigate another methodological error that appears due
to inequality voltage on the capacitor in the circuit of MC before and after studies (inability to
ensure the accurate condition AEc — 0) to solve the problem of designing of precision
measuring system of MC energy consumption on the basis of the proposed method.
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JOCJII)KEHHSI METOAUYHOI IOXUBKU [TPU
BUMIPIOBAHHI CEPEIHBOI'O EHEPT' OCITIO’)KNBAHHSA
MIKPOKOHTPOJIEPIB

Oaexcanap OcostiHcbKuUii

Hayxoeo-0ocnionuti incmumym InmenexmyanbHux KoMn 1omepHux cucmem,
TepHoninbcoKuil HAYIOHATbHUL eKOHOMIYHUL YHIBEpCUMEem,
Tepuonins, Ykpaina
Pestome. Posensinymo memoouuny noxubKy, wo GUHUKAE NPpU GUKOPUCHAHHI HOB020 Memooy
BUMIPIOBAHHSL CEPEOHbOLO EHEP2OCHONCUBAHHS MIKDOKOHMPONEPIE Ni0 4ac 6UKOHAHHS IHCMPYKYI, npozpam abo
ix @ppaemenmis. Ilokazano, wo memoouuna nOXUOKA € 0OCMAMHLO MALOI0, MOMY MemoO 3a6e3neyyc GUCOKY

MOYHICMb  3a8a00CMIUKICMb GUMIDIOGAHD.
Knrwouosi cnoea: mikpokonmponep, BUMIPIOBAHHSA eHEP2OCHONCUBAHHSA, MEMOO.

Ompumano 29.12.15
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FINITE ELEMENT METHOD IN SPATIAL FILTRATION
CONSOLIDATION PROBLEM WITH THIN SEMI-PERMEABLE
INCLUSIONS UNDER THE INFLUENCE OF THE HEAT AND SALT
TRANSFER
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Summary. Mathematical model of filtration consolidation of soils, taking into account available there
thin semi-permeable inclusions in three-dimensional case, has been constructed. The finite element method was
used for numerical solution of three-dimensional problem. A number of numerical experiments has been done and
the influence of the heat and salt transfer and semi-permeable inclusions on the distribution of the pressures in
soil massifs has been shown.

Key words: filtration consolidation, matching conditions, semi-permeable inclusion, finite element
method.
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Introduction. Soil massifs can contain heterogeneity under natural conditions [7, 15,
16]. Semi-permeable inclusions, through properties of the materials, from which they are
composed, are free to pass water and partly to pass various chemicals dissolved in water. This
kind of inclusions has properties of semi-permeable membranes [17].

Availability of semi-permeable properties in the clays is explained by the phenomenon
of chemical osmosis, in other words, by the dissolvent flow through semi-permeable partition,
which is free to pass molecules of dissolvent and blocks molecules of dissolved substance [6].
Osmosis appears at micro and macro levels in soils. Availability of osmosis flow is like
filtration anomaly, so far as osmotic flow, depending on direction, can speed up diffusion and
filtration or prevent them.

The phenomena of internal and external osmosis, under the influence of which double
electrical layer of particles, that serves as a semi-permeable membrane and correspondingly has
their properties, were investigated in the article [13]. Due to this, there is the necessity of
forecast amendment of engineering structures based on the soils with semi-permeable
inclusions.
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The actuality of the research of consolidation processes in multivendor environment is
explained by the necessity of defining stability of industrial, civil, hydro-technical structures
built on heterogeneous soil layers [10].

Consolidation of heterogeneous soil foundation during vertical drainage establishment
was investigated in [11]. Mathematical model was built in three-dimensional case. The solution
of corresponding boundary problem was shown in the form of combination of Bessel functions.

Fractional differential mathematical model for investigation of locally unbalanced geo-
migration processes, including chemical osmosis and ultra filtration, and mathematical
modeling for consolidation dynamics of double-layer geoporous massif located on
impenetrable base non-equilibrium in time, were constructed in [1, 2].

Works of the following scholars as 1. Serhiyenko, V. Skopetskyy, V. Deyneka,
A. Vlasyuk, Th. J.S. Keijzer, M. Petryk were dedicated to processes of heterogeneous porous
medium [7, 14 — 16, 17, 18]. Particularly, mathematical models for filtration soil consolidation
under the influence of the heat and salt transfer with the availability of thin inclusions which
have characteristics of semi-permeable membranes were constructed in [4]. However, only one-
dimensional case of problem was examined there.

There were a great number of damages because of non-uniform settings of big buildings
built in the first half of the last century, when only general theoretical principles of filtration
consolidation of clay soils were known. For example, there was a collapse of Transcona elevator
in Canada, which was located on lake clay deposits with a depth
of 9 m [8].

Nowadays, the whole range of examples emphasizes the actuality of investigations of
filtration consolidation processes, particularly taking into consideration salt transfer under
anisothermic conditions, — while building and operation of Rivne, Zaporizhzhya, Balakiv
atomic power stations, the necessity arose for solving problems, concerning non-uniform soil
deformation of bases of constructions. In particular, while building Balakiv atomic power
station, counter-loads of thousand tons (hinged vessels filled with water), the weight of which
had to be always corrected, were used to avoid big slopes of reactor blocks [12].

The special attention should be paid to three-dimensional case. It shows the influence
of different factors the most completely and equally, and study of three-dimensional case gives
a possibility to take into consideration the area of consolidation, and to set a location of thin
clay semi-permeable inclusions in sand soils more precisely.

Research objective is to investigate processes of consolidation of soil with available
there semi-permeable inclusions in three-dimensional case and the influence of the heat and salt
transfer on the given processes in soil.

Problem statement and its mathematical model. Considering the given area €2,
consisting of homogeneous soil and thin semi-permeable inclusions, without loss of generality,

we will suppose that such inclusion is one (3~ Fig. 1).
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Figure 1. Spatial area of the soil with semi-permeable inclusion

Mathematical model of three-dimensional case of filtration consolidation process
taking into account the influence of salt transfer in nonisothermal condition will be described
by the following boundary value problem [3, 4]:

megs/—lgzé)[div(KVh—va—yVT)]zg,(x,y,z)eQ, t>0, (1)
div(DVc+ Dy VT )—(u, Vc)-y(c-Cp )= a%,(x,y,z) eQ,t>0, 2)
div(i(c)VT)—pcp(u,VT)chaa—-lt-,(x,y,z)eQ,t>0, (3)
u=-K(c,T,e)Vh+v(c)Vc+uVT, (4)

(U ) loy)er, Urs s Urer s = 0 (5)

hlxy)er, = Hu Pl yyer,= Has (6)

(DVe+ Dy VT ~uc,n) |(ny)€F2uF4uT5uFeuF7urs =0, (7)

c |(x,y)eF1= ¢, C |(x,y)eF3 =Gy, (8)
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(i(C)VT B pCpuT ) |(XvY)Er2Ur4Ur5UF6Ur7Ur8 =0, (9)

T |(x,y)eF1=Tl' T |(x,y)eF3=T2’ (10)

+ k}/* - Vy* + - ,uy* + - * 11

(U,n)}/*——T(h —h )+T(C —C )+T(T =T ),(X,y)E]/ ,t>0, ( )
£ 4 + - I:)'lj'/* + - *

(qc,n)y*:(l—a) (u,n) *——(c —C )—T(T -T ) (X,y)ey ,t>0, (12)

+ A Ay— - 13

(qT,n)y*=pcp(u,n)7*T——T(T -T ),(x,y)ey 1>0, (13)

[(un)] | -=0, [(9e.n)] | -=0, [(ar.n)] | -=01t>0, (14)

g =uc—DVc—D;VT, gr = pc,uT —4(c)VT, (15)

h(x,y,2,0)=hy(x,y,2), c(x,y,2,0)=¢o (X, y,2), T (X,Y,2,0)=To(x,y,2), (16)

(X, y,x)eﬁ,

where h —pressure; ¢ —concentration; T —temperature; K = K(c,T,e) —filtration coefficient;
v — chemical osmosis coefficient; x — thermal osmosis coefficient; y — specific gravity of
pore liquid; e — coefficient of soil porosity; & — coefficient of lateral soil pressure;
a — coefficient of soil constriction; u — vector of filtration speed; D — coefficient of convective
diffusion; D; — coefficient of thermal diffusion; C,, — concentration of soil saturation limit;
7, — coefficient of mass-transfer rate; o — soil porosity; 4 — coefficient of effective damp soil
thermal conductivity; p — density of pore solution; c, — specific heat of pore solution;

* * *

¢; — soil volumetric heat; d — thickness of semi-permeable inclusion; k7 , v/, u” |, D”

Df , A7 — characteristics of semi-permeable inclusion 7 . a — degree of ideality of semi-
permeable inclusion, 0 <« <1; n —directed vector of directional cosine of the normal before
semi-permeable inclusion; hy(x,y,z), co(x,¥.2), To(xy,2), Hy, Hy, ¢, ¢, Ty, T, —

specified functions; 'y ' s s s\ g\ _L7\_g =1 —area border Q .
Numerical solution of boundary value problem received with the help of finite

element method (FEM). Considering H, - as space of vector-functions
s(X,¥,2)=(s,(%¥,2);5, (X ¥,2);85(x,y,2)), each element s, (X, y,2),S, (X, ¥,2),55(X,y,Z)
of which in area Q (except limit points I' and inclusions »") belong to Sobolyev space
W, (Q), besides that $,(XY,2),5,(X,¥,2),55(x,y,z) obtain zero meaning in those parts of
area Q, where correspondingly for the next functions h(x,y,z,t),c(x,y,z,t),T(xy,z1),
limit conditions of the first kind are established.
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Multiplying equations (1) — (3) and each of initial conditions (16) by functions
(s1(x,y,2);5, (% Y,2);83(x y,2)) € Hy and having integrated received equations in area €,

after use of the Gauss-Ostrogradsky formula, taking into account limit conditions (5) — (10) and
matching conditions (11) — (14), we will receive

J‘Hz—Tsldxdydz meg’ﬂ HI (c.T,e)Vh—v(c)Ve—uVT)x
o ya

(17)
><Vslo|xo|yo|z+a j j k" [h]—w [c]- e [TDIs.]dr) =0,
m'h(x, y,2,0)s,(X,y,z)dxdydz = m' ho(X, Y, 2)s, (X, y, z)dxdydz, (18)
0'”_[% s,dxdydz + ”I(DVC, Vs, )dxdydz + ”J'(DTVT , Vs, )dxdydz +
Q Q Q
+Iy(u vc)s,dxdydz + 71I£J;J'cszdxdy +(1-a)x {J' ((%[c] + %[T |- (19)
—(u, n);* c)[s,]+(u, n); [cs,1)dI” = y,C,, ”J.szdxdydz,
m'c(x, y,2,0)s, (X, y,z)dxdydz = J'_U Co(X, Y, 2)s, (X, y, z)dxdydz, (20)
Q
¢ H —sgdxdydz + ”I c)VT Vs3 dxdydz + = ” ((— [T]-pc, x
(21)
x(u, n);* T7)[s3]+pc, (u, n)y* [Ts;])dl" + pcp”_[ (u,VT)szdxdydz =0,
J'J'J'T (X,¥,2,0)s5(X,y,z)dxdydz = m'To(x, y,2)S;5(x,y, z)dxdydz. 22)
Q Q

We will seek approximate generalized solution in the following equation

n

(ﬁ(xyzt) C(x,y,z,t);T xyzt) (Za xyz) ij(t)NEZ)(x,y,z);
j=1
er (X,y,2)), 1e N' = (Ni(l);O;O),Nj =(0;N§2);0) Nk = (o ;N ))

i=1,n, j=1n, k=1n — basic vector-functions of finite-dimensional subspace M, c H,,

which are discontinuous on inclusion [5, 10, 11].

To solve the problem with the help of finite element method, we will discretise area Q
into tetrahedrons with double numeration of points placed on inclusion. Substituting form of
approximate solution in equations (17) — (22), we will receive Cauchy problem for the system

of non-linear differential equations relating to vector U (t)=(A(t); B(t); R(t))
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o dA

M + WAt =cYB(1)+GYR(t)+FD,

M@ Oc'j—?+ LDB(t)=GPR(t)+F®?,

MOAQ D q@BRO R qEIRO _EE)

where

) = NN, 190, 50 - [Py
Q

(1)_(1+e)(1+2§ ) gn L TN@TN®
I _?j]/—a.m(KVNg),VNi())dxdydz+EJ':[k7 [INOIIN® T,
Y
1+e 1+2§ 1 *
o _ a m( VN VNi(l))dxdydz+a.[!v7 [IN{IINO1ar,

w (1+e)(1+2 N
gij(l)_ ) ”j( vN! VNi(l))dxdydz+EHu7 [N IINO1dr,

m? = aﬂj NN Paxdydz, m® =c; J'” NS*IN Pdxdydz,

12 —”j((DVN )+ N2 )(u,VN}Z))+lei<2>N}2))dxdydz+
+(1—a)”{[%[NEZ)}—(u,n)y*NEZ) [Ni(z)}+(u,n);*[Ngz)Ni(z)} ar
g

952):‘”!( TVN ))dxdydz—(l a)jj—[ }[N Jar,

f<2>—my 2, dxdydz, m<2)—m|\| dxdydz f(z)—” c,N Pdxdydz,

|i§3)—m((WN N+ o, NI (e, 9N ))dxdydz+éx

[ 2100 [

£ =0, m = m NN Pdxdydz, £, = mTo Jdxdydz.

(23)

(24)

(25)

(26)
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We will receive approximate solution of the system of non-linear differential equations
(23) — (25) with the help of the Crank-Nicolson scheme [9]

RUD R, L 0al2) 5192 U132 R (12) _ g 01372)

T

g(i*) _ B(]))+ L) (A(+2) gli1/2) p(i+02)yp(1412) _ G(2)R(i+1/2) 4 p (2)(i41/2)

)+ L(l)(B(j+1/2), R(j+1/2))A(j+1/2) _gWpg(i+112) , p@(i+2)

where rzti, j=012,...,m -1 AY _ value of elements at t=7j, j=0,m 1
m

AU %(A““) + Ay Another vectors and matrices have similar notations.

Received scheme is non-linear relatively to required functions on time layers
(j+1),j=0,m —1. That is why, for its solution, it is necessary to use iterated methods. To

avoid this, the scheme predicator-corrector can be used [15].

Results of numeral experiments. Three-dimensional problem of filtration
consolidation of soil in the basis of hydro-technical construction taking into account the heat
and salt transfer with the following basic data was investigated:

2
e=0.7, £=0.75, a=5.12-1o*6M4, 7 =10%006a*, q=2-10°u,
Vis =V, =2.8:1075 0 — 11,y =2.8-1075 M D,, = D,, =0.02°
117 22 = = x2-006q’ 11T H T4 2pao-ooba’ 117 T2 0oba’
y_ 10" M 7105 m° 7 _10-6 M2 _
k” =6-10 ooba’ vi =10 ke -0oba’ n =10 %pad-()o&z’ d=02xm,

* 2
~ A S " _ _ K2 _ Kk/orc
Cry =850 %/ ys D7 =0000220/7 -, a=01, p_nooAﬁ, Cp =42 %z-epa()'

_ Ko = -1 ekl y _ 10kl
Cr =2137 /wa.epa()’ y1=0006a ", 1=108 /u-epa().()ow’ A 108 A-epaaw)o&z’
Hy =8, Hy =2, 012350%l.mp, T, =30, cozs%imp, T,=20C, 1 =100i6.

(m-m, kr-kg, rpaa-grade, nmob6a-day, ni6-days, uaitp-liter, x/Jxk-kJ) Experimental
dependencies for filtration coefficient and their approximation were taken from work [5].

Soil area is right-angled parallelepiped 10 x10xx10x . Area of load application q is
located between right lines x=2.9x i x=7.1x inplane z=0.

Semi-permeable inclusion is located in the depth of 5 m. It is in the form of rectangle
with tops (3;3), (3;7), (87), (83).
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Figure 2. Distribution of the pressures when t=720 days with taking into account heat and salt transfer
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Figure 3. Distribution of the pressures when t=720 days without taking into account heat and salt transfer

Table Ne 1.

Jumps of pressure on inclusion taking into account the heat and salt transfer (dimension is defined by meters)

« y . t=30 t=180 t=360 t=720 | t=1080 | t=1440
days days days days days days

3 5 5 0,2152 | -0,6366 | -0,3934 | 0,0359 | 0,2196 | 0,2920
4,643 5,893 5 0,2275 | -1,3838 | -0,9825 | -0,1550 | 0,2071 | 0,3487
4,000 5,000 5 0,3130 | -1,2567 | -0,8491 | -0,0513 | 0,2932 | 0,4273
7,274 6,310 5 -0,1634 | -1,2844 | -0,9507 | -0,3467 | -0,0744 | 0,0359
5,714 6,786 5 0,0852 | -1,2145 | -0,8825 | -0,2317 | 0,0565 | 0,1698
5 5 5 0,2893 | -1,6253 | -1,1573 | -0,2084 | 0,2063 | 0,3681
7,786 5,714 5 -0,2860 | -1,2546 | -0,9377 | -0,3673 | -0,1076 | -0,0007
8,000 5,000 5 -0,2702 | -1,0523 | -0,7867 | -0,3129 | -0,0971 | -0,0079
4,286 3,214 5 0,2678 | -0,8096 | -0,5465 | -0,0290 | 0,1964 | 0,2830
4,643 4,107 5 0,2960 | -1,3766 | -0,9612 | -0,1286 | 0,2350 | 0,3765
6,381 4,048 5 -0,0007 | -1,5514 | -1,1363 | -0,3494 | 0,0009 | 0,1407
7,238 3,571 5 -0,1883 | -1,0700 | -0,7912 | -0,2907 | -0,0637 | 0,0289
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Jumps of pressure on inclusion without taking into account the heat and salt transfer

Table Ne 2.

(dimension isdefined by meters)

« y , t=30 days t=180 t=360 t=720 t=1440
days days days days

3 5 5 0,2316 -0,0170 | -0,2329 | -0,3005 -0,2203
4,643 | 5,893 5 0,2456 -0,1672 | -0,6451 | -0,8011 -0,6495
4,000 | 5,000 5 0,3359 -0,0941 | -0,5349 | -0,6750 -0,5284
7,274 | 6,310 5 -0,1379 -0,4028 | -0,6964 | -0,7901 -0,6763
5714 | 6,786 5 0,1046 -0,2713 | -0,6289 | -0,7440 -0,6219

5 5 5 0,3098 -0,2185 | -0,7534 | -0,9289 -0,7572
7,786 | 5,714 5 -0,2554 -0,4237 | -0,6903 | -0,7741 -0,6655
8,000 | 5,000 5 -0,2433 -0,3595 | -0,5777 | -0,6461 -0,5561
4,286 | 3,214 5 0,2872 -0,0784 | -0,3657 | -0,4557 -0,3576
4,643 | 4,107 5 0,3181 -0,1568 | -0,6284 | -0,7822 -0,6291
6,381 | 4,048 5 0,0247 -0,3933 | -0,8021 | -0,9342 -0,7886
7,238 | 3,571 5 -0,1595 -0,3425 | -0,5852 | -0,6608 -0,5648

Considering the stated above results (Fig. 2, 3), we can see how the heat and salt transfer
influence the distribution of the pressures in the soil. Taking into account the given processes,
filtration consolidation takes place nearly in one and a half times more rapid than while without
taking into account the heat and salt transfer.

As we can see in Table 1, jump of the pressures is observed on semi-permeable
inclusion, besides almost at all points it is negative and then it becomes positive, (taking into
account the heat and salt transfer at time layer t = 1080 days). Without considering the heat and
salt transfer, the change of jump of the pressure takes place more slowly without change of a
sign.

Conclusions. The model of filtration consolidation of soils with semi-permeable
inclusions in three-dimensional case has been constructed. The influence of the heat and salt
transfer, taking into account the level of ideality of semi-permeable inclusion, on the
distributions of pressures has been shown. Jump of the pressure on the inclusion was found and
the dynamics of its change was investigated. A number of numerical experiments has been
conducted.

Theoretical investigations of quality characteristics of obtained numerical solutions
are planned to be done in future.
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METO/JI CKIHYEHHUX EJEMEHTIB Y ITIPOCTOPOBI 3AJIAUI
®LILTPAIIITHOT KOHCOJIJIALIT TPYHTIB 3 TOHKAMHA
HANIBIMIPOHUKHNMHA BKJIIOYEHHSIMHY B YMOBAX BILIMBY
TEIJIOCOJIENIEPEHECEHHS

FOpiii Yyii; Ilerpo MapTuniok

Hayionanvnuti ynieepcumem 600Ho20 2ocnooapcmea ma
npupoookopucmyeanns, Piene, Yxpaina

Peztome. Chopmosano mamemamuuny mooenv Qinempayiinoi KoHcorioayii IpyHmie 3 ypaxyeauHim
HASIBHUX MAM MOHKUX HANIGNPOHUKHUX GKIIOYEHb ) NPOCMOPO8OMY GUNAOKY. /s uucenvHo2o po36 s3aHHs
MPUBUMIPHOT 3a0ayi BUKOPUCIAHO MemOO CKIHYeHHUX elemenmis. [Iposedero pso uucenbHux eKkcnepumenmis ma
NOKA3AHO 8NIIUE MENLOCOIeNnepeHecer s | HaNiIBNPOHUKHUX BKIIOYeHb HA PO3N0OIN HANOPI8 Y IPYHMOBUX NIACMAX.

Kniouosi cnosa: ginompayitina KoHconioayis, ymMo8u CnpsidiCents, HaniGNPOHUKHE BKIIOYEHHS, MemOO
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WAYS TO IMPROVE FOURIER SERIES CONVERGENCE AND ITS
APPLICATION FOR LAPLACE NUMERICAL INVERSION
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National Academy of Sciences of Ukraine, Lviv, Ukraine

Summary. The solution of a wide class of the problems of mathematical physics can be obtained in the
form of Fourier series. When considering the problems, concerned with study of the localized actions, the quick-
changing solutions are obtained, in this connection the series converge slowly. To solve complex problems the
Fourier series method is used jointly with other approaches, in particular, when using in addition the boundary
element method the series coefficients are determined by solving one- and two-dimensional integral equations that
demands a large amount of calculations. The series coefficients are determined with certain errors what can cause
the loss of calculation accuracy. In such cases the problem of improvement the series convergence with controlled
accuracy of calculations will be of high priority. Below we propose method of improving the Fourier series
convergence for functions which can be approximated with sufficiently high accuracy by the least squares method
by means of the first degree piecewise-continuous polynomials on whole interval of series specifying.

Keywords: Fourier series, improvement of series convergence, piecewise-continuous polynomials, conformal
mapping, numerical inversion of Laplace transform
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Introduction. The solutions for wide range of applied problems can be found in Fourier
series. Here often the series convergence is low that requires calculations of a large number of
series terms. As it indicated in references [1], in such cases they predominantly use the formulas
that are obtained from series summing-up as incorrect [2]. As the functions, being described by
the series with improved convergence, are here calculated as certain averaging of basic
value [1] then fast-variable values within localized operations will be determined with the
largest error.

The article deals with the comprehensive research of the ways to improve Fourier series
convergence for the functions in assumption that they can be approximated with given accuracy
by piecewise-continuous polynomials of first degree. The constructed formula was used to improve
the accuracy of numerical inversion of Laplace transform.

Formulation of problem. Let the function f(x) at 0<x <L is given by the series

f(x)= i a e, (1)

where a, are given coefficients, 4 = Z—EH , L=const.

Let us look up the case when coefficients a, slowly decrease during the increasing of

n parameter due to which the series converge slowly. To define functions with given accuracy
one has to consider a large number of series terms (around 1000). While finding solution of
complicated problems in mathematical physics the series terms can be defined numerically (for
example, by method integral equations [3, 4, 5]), that requires large number of calculations.
Due to this fact there appears the relevant question how to find functions with controlled

accuracy on the basis of relatively small number of coefficients in a, series.
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Approximation of functions with piecewise-continuous polynomials. Let us look at
continuous along section c<x<d function f(x). We shall describe it along this section

approximately with the following function
N

fFo)= f(x)=> Ag;(x),
j=0

where g;(x) are given linearly independent functions. Coefficients A, are found with the
method of least squares in order to minimize the formula

|=j¢uﬂf(m—§jmgxm}dh

where ¢(x) is a given function weighting. There comes system of equities to determine
coefficients A,

ZaijAjzﬂi, i=0,..,N, (2)
where
b b
@ :J.¢gigjdx’ B =_[¢7fgidx'

Let us study the approximation of functions with linear piecewise-continuous functions.

The section [c,d ] is divided into N subsections with the step h = % and put onto

1 | X=X | S X=X,

where xj=c+jh, S(z)=1 at |z|<1 and S(z) = 0 at |z|>1.
It should be mentioned that in this case f(x;)=A,.
Then the equation system (2) at ¢ =1 will be following

aA,_, +bA +aA  =p,, j=1..,N-1,
0,5bA, +aA = 5, @)
aA,_; +0,5bA, = 5, ,
2 1 “ x|
where b=-h, a=h, f=[f(x+x)1-—=|d, i=1.,N-1
2n a=gh A= focen)(1-ax, 1o

-h

By =} f(X+C)(1—%jdx, By =I f (d —x)(l—%jdx.

0

ISSN 1727-7108. Bictux THTY, Ne 1 (81), 2016 ..........coovooe e oo e oo oo 13T



Ways to Improve Fourier series Convergence and its Application for Laplace Numerical Inversion

Improvement of Fourier series convergence. Let us use the mentioned-above
approach for the case when function f (x) is determined by formula (1).
Coefficients f;, that are constituents of equation system (3), inthiscaseat ¢ =0, d = L

are derived with formula
- N i | X— Xj | iA,X
ﬂj:jfgjdx:Zanj 1——h e dx. 4
0 N== Xy
Hence we find

B;=h> ay(054he™ at j=0,N,

= eh"_1-iih = e " _1+iAh
—hY a0 g =-hY a0
Fo n;oo " (A4h)? A n;n " (4,h)?
sin?z
where y(z) = ——.
Z

Initially we accept that f (x) is continuous periodic function (at f (0)= f (L) ). Denote
for it the coefficients A, as C;. For such functions the equation system (3) is recorded as

aC,,+bC,+aC,, =4, =h> ay(054h)e ", j=0,.,N, (5)

n=—o0

whereC , =C,,, C,,=C,.
The solution for the system (5) is expressed as

C,=h> a,B,7(0.54,h)e™, j=0,.,N,

N=—o0

where B, are unknown constants.
Having inserted this solution into system equation (5) we get

B, [aexp(i4,h) +b+aexp(-it,h)]=1.
And there comes

5 3
" h(2+cosAh)’

and

Cj = Z anl—‘n exp(iﬂ’nxj) ' (6)

where T, =B,7(0,54,h)h=g(4,h), g(t)= 3 (sin(t/Z)j.

2+cost t/2
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To find solution for equation system (3) in general case (when f(0) = f (L)) one has to
additionally investigate relevant to it homogenous system which is recorded as

aA, +bA +aA =0, j=0,.,N.

The general solution for this difference equation system is
A; = Ulylj +U2;/2j ,
where U, , are arbitrary constants, y, , are roots of equation
a+by+ay’ =0,

that are equal to y,, = —2++/3 .
Then the full solution for the equation system (3) is recorded as

U,
A =C,+Uy) +=27y,).
V2

The first system equation (3) is solved identically. Out of two last equations we obtain
the following system

U,(0,5b+ay,)+U,(0,5b+ay,)r," =p,—0,5bC,-aC,,
U, (0,5by, +a)y'* +U, (0,5b+a/y,) = B, —0,5bC, —aC,,_,.
At N >10 practically precise solution to this system can be recorded in simple manner

f,—-0,5bC, —aC, 6p,/h-2C,-C,

! 0,5b+ay, \/§ ’
B, —0,5bC, —aC, , 68,/h-2C, -C, ,
? 0,5b+aly, J3 '

Thus, we have

f(x)= 2 al,exp(iz,x;)+Uy/ +Up ™. (7)

N=—o

For periodic functions the joint points can be selected at random and we will get the
formula for series calculation

f(x)= i a,I', exp(id,x).

n=—o0

At large arguments values g(t)=0O(t?), ie. [,=0(n?)—0 as n—o, so the
series (7) converges faster than initial series (4). The coefficients I' | are defined by means of
function g. The graph of this function is displayed on Figure 1.
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Figure 1. The graph of function g

Figure 1 shows that in order to improve the convergence of slow-converging series it is
worth to limit terms in M series. They have to be selected in such way that 4,,h=2xr,47x, i.e.
accept M = N or M = 2N . Here the first series terms will be least due to the close to zero
values of I, multipliers.

The next one is the example highlighting the peculiarities of the formula (6). We accept
that f(x) =sign(x),—z<x <, i.e. the function is split. Fourier series distribution for this
function is

F(x) = ii sin(22nn_—11)x . ®)

T =1

Having used the formulas to improve the convergence we get (function f is periodic)

4 & . sin(2n-1)x
f(Xx)=—>TI ———.
9 EZ; " 2n-1 ©)
At h=27z/N innodal points x; = hj the precise value of this function is
f(x,)=sign(x,)L+7"), where y =2+ /3. (10)

Here N isan arbitrary integer number, j=0,+1,+2,... .

Out of formula (10) it is seen that relative error of the formula (9) in nodal points is
equal to ¢, = y“‘. This error is alternating and decreases fast during counter-wise movement
from point of discontinuity because y =-0.2679. Maximal error value is reached in the first
point. In the third point the relative error is less than 2 per cent.

Table 1 displays the function f(x) in nodal points at N =60 and at series (8) there are
10000 terms (2" column) and 60 terms ( f, (x) , 3" column). The 4™ and 5™ columns display the

precise f function value and approximate series value (9) when they retain 60 terms ( £, (x)).
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Table Ne 1

Estimation of efficiency of the formula of convergence improvement (9) for the series (8)

X f(x) fy (X) f(x) fiu (%)

0 -0,00009 0 0 0
0,1047 1,0003 0,90264 1,26302 1,26795
0,2094 1,00016 0,94957 0,93026 0,9282
0,3142 0,9998 0,96585 1,01893 1,01924
0,4189 1,00008 0,97399 0,99503 0,99484
0,5236 1,00006 0,97882 1,00139 1,00138
0,6283 0,99991 0,98197 0,99966 0,99963
0,7330 1,00005 0,98416 1,00011 1,0001
0,9425 0,99992 0,98689 1,00001 1,00001
1,0472 1,0001 0,98775 1 1
1,2566 0,99996 0,98885 1 1
1,3614 1,00003 0,98916 1 1
1,5708 0,99994 0,98939 1 1

Table 1 displays that to sum up directly the slowly converging series with high accuracy

one has to calculate up to 10000 terms. The formula of convergence improvement allows
finding of series value with accuracy higher than 1 per cent everywhere except for three nodal
points bein% closest to point of discontinuity; the series in formula (6) is fast converging (data
of 4"and 5% columns). The presented results illustrate inherent features of the selected formula
of convergence improvement: high accuracy in the areas where the function is smooth; fast
decreasing of errors during counter-wise movement from the function special points.

Let us use the obtained formula for convergence improvement of series that describe
functions being used during conformable displaying of the exterior of the unit disk in given
area

() =cs + icng-", I£]>1,

where c; are given coefficients.
The closest convergence of this series appears on the line where

w(o-)zco-+2cne_im , o'=eit, O<t<2r. (11)
n=0

After convergence improvement in correlation (11) we get
w(c)=co+y cIe™. (12)
n=0

Having extended analytically this series we obtain approximate formula for
conformable displaying

o) =cC+ Y 6T, 1L (13)

Let us present some properties of formula (13). During application of this formula the
ellipsis stays the ellipsis with the same correlation of semi-axis, but its dimensions grow
into g(h) times. Really, in general case for arbitrary allocation of ellipsis hole we get

wo(l)=ad +b/{ +c,

where a, b, ¢ are known constants.
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Having applied the suggested convergence improvement we obtain
w()=T (ag+b/{)+c.

As result it is seen that at h~ 0.1 we have I', ~1.001, i.e. the dimensions remain

practically unchangeable. It also means that selected transformation retains rectilinear crack the
same crack. The boundaries fragments being ellipses, straight lines, and cracks retain their
forms except for small junction areas between them.

Fourier series convergence improvement in Laplace inversion formula on
Prudnikov main formulas.

Let us study the problem of function f(t) allocation on the basis of popular Laplace

[ee]

integral image F(s)= J' f (t)exp(—st)dt. We mark via & constant the fact that function F (s)
0
is analytical at Re(s) > &. Then there exists the precise formula of original exterior through its

image [6]

f(t)z%expanll)jé F (s, )exp(2znit /1)~ R, (14)

=—00

where s, =(c+2zni)/l; cis the constant to improve solution convergence (Re(c) >0); l isa
certain constant, 0 <t <|

Rlzzw:exp(—nc) f(t+nl). (15)

As a rule, the series in formula (14) converges slowly due to the fact that for wide class
of functions F(s,) =0(1/n), where at large n values the series is alternating. That is why
during series calculations with formula (14) one has to keep a large number of terms in it.
Accordingly, it is problematic to use the formula (14) directly. In certain list of issues [7 — 9]
for the class of functions with known values of the original and its derivative at t=0 and at
large values of the independent variable the were obtained the specified inversion formulas that
facilitate calculating the original with controlled accuracy via fast converging series.

Let us investigate the wide-spread case when the only known fact is original, which can
be approximated with predetermined accuracy by the first degree piecewise-continuous
polynomials.

To apply formula (14) it is necessary to sum-up slowly converging series with
predetermined accuracy

S(t)=> A exp(2rnit/l), O<t<l, where A =F(s,).

We indicate that formula (7) can be efficiently applied with this purpose. As an example
let us study the image predetermined with the formula F (s) =1/\/s2 +a’, where a=const. It
should be mentioned, that an original for this image is the function f (t) = J,(at), where J,(at)

is the Bessel first class function. We accepted c=8, a=1, | =6 and denied remainder term
R,, as it has small multiplier here e® ~3-10™*.

Table 2 displays values of precise function y, = f(t) and relative error in per cent

g = uloo , &= uloo ,

Yr Yr
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where Y, is the function obtained on the basis of formula (7) at N =60 (there are 60 terms in
series), Y, is starting series with 1000 terms.

Table Ne 2.
Precise values of the originals and the error of Laplace inversion formula
y=J,(x) y=e"

T Yr & &, Yr & &,
0,000 1,000 -1,014 -50,0 1,000 -1,345 -50,0
0,500 0,938 -0,153 0,099 0,607 -0,448 0,140
1,000 0,765 -0,226 0,013 0,368 -0,450 0,000
1,500 0,512 -0,349 -0,212 0,223 -0,450 -0,526
2,000 0,224 -0,717 1,206 0,135 -0,450 1,953
2,500 -0,048 2,523 6,725 0,082 -0,449 -3,985
3,000 -0,260 0,272 0,007 0,050 -0,453 0,039
3,500 -0,380 0,044 -3,236 0,030 -0,490 40,91
4,000 -0,397 -0,070 9,601 0,018 -0,769 -207,7
4,500 -0,321 -0,122 -20,03 0,011 -3,078 579,2
5,000 -0,178 0,623 0,333 0,007 -29,2 -11,47

As it can be seen from Table 2 the suggested formula (7) facilitates higher accuracy at
60 terms in series than direct calculation of series with 1000 terms. The most relative errors of
the formula (7) occur in points where function f(x) is small in terms of value.

Table 2 also displays the results of calculations for the function f(t)=e™, which image
IS F(s)=1/(s+1). We can see that original allocation accuracy due to formula (7) for this

function is also high.

Conclusions. The author suggested Fourier series convergence improvement for the
functions that can be approximated with sufficiently high accuracy with the method of least
squares by piecewise — continuous polynomials of the first degree along the entire task section
within a series. The obtained formulas are applied to improve the series convergences which
appear at Laplace numerical transformation by means of Prudnikov formula. The basic problem
in this method is reduced to finding the sum of slowly convergent Fourier series. Given
examples illustrate the efficiency of given approach for numerical determination the originals
on basis of their Laplace images.
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CIIOCIb MOKPAIIIEHHS 3BI)KHOCTI PSIIIB ®YP’E TA NOT'O
3ACTOCYBAHHA JIAA YU CJI0OBOI'O OBEPHEHHSA
INEPETBOPEHHA JIAIIJIACA

Tersana Coasip

Inemumym npukiaouux npoobaem MexaniKu i Mamemamuxu
im. A. C. Iliocmpueawa HAH Yxpainu, Jlveis, Yxpaina

Pe3tome. Po38’530K wupoxoeo Koaa 3a0ay MamemamuyHoi Qizuxu modce Oymu OmpumaHo y eueisoi
paois @yp’e. [lpu po3ensdi 3a0ay, wjo no8 sa3ami 3 O0CIIONCCHHAM JOKANIZ08AHUX Oill, OMPUMYIOMb WUBUOKOIMIHHI
PO38’A3KU, Y 36 SA3KY 3 UUM PSAOU NOBIIbHO 30icaromubca. s po38 a3y8anus CKIAOHUX 3a0ay Memoo psdie Pyp’e
BUKOPUCTNOBYIOMb CYMICHO 3 THUWUMU niOXo0amu. 30Kkpema, npu 000amKk08OMY 3ACHOCYBAHHI MEMOOY ePAHUYHUX
enemenmie xKoeghiyicumu psaoi@ 3HAXOOAMbCA UWISAXOM PO36 SA3Y8AHHST 00HO- AO0 0BOBUMIDHUX THMESPATbHUX
PIBHAND, WO GIONOGIOHO GuMA2Ac 3HAYHO20 00csaey oduucienv. Ilpu yvomy xoeiyicnmu psaoie 3HAX00SAMb 3
nesHUMU NOXUOKAMU, WO BIONOBIOHO MOdCe NPU3Becmuy 00 8Mpamu MoYHOCMI PO3PAXyHKIe. Y maxux eunaoxkax
AKmyanbHow € npodieMa NOKPawjeHHs 30IHCHOCMI P0i8 3 KOHMPOIbOB8AHOI MOYHICIMIO po3paxyHKie. Huocue
3anpONOHOBAHO MemoO NOKpaweHHs 30ixchocmi padie Dyp’e 0na ynkyiu, ski mMocyms 6ymu 3 00CMAmMHbLO
BUCOKOI MOYHICMIO ANPOKCUMOBAHI MEMOOOM HAUMEHWUX K6a0pamie KyCKOB0-HenepepeHUMU HONHOMAMU
Nepuio2o CMenetst Ha 8CbOMY NPOMINCKY 3a0A6AHHS PAOY.

Karouosi caoBa: psaou @Dyp’e, noxpawenna 30ixcnocmi psoie, KycKOGO-Henepepeui NoaiHOMU,
KOH@OpMHe 8i000padicenHsi, yuciose obepHenHs: nepemeopenus Jlannaca.

Ompumano 03.03.16
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IN COMMEMORATION OF DR. OLEH M. SHABLIY.

On the 31% January 2016 the first
Rector of the Ternopil Ivan Pul’uj National
Technical University Dr. Oleh Shabliy,
aged 81, passed away.

He was a talanted scientist and a public
figure, highly intellectual person, tolerant
friend and colleague, Doctor of Sciences
(Physics and Mathematics), Professor,
Member of the Academy of Engineering
Sciences of Ukraine, Honoured Scientist of
Ukraine.

Dr. Oleh M. Shabliy was born on the
18™ June 1935 in the Ternopil region. In
1958 he graduated from the Lviv Ivan
Franko State University. In 1963 he
defended the Candidate of Sciences thesis
and in 10 years he gained his Doctor of
Sciences Degree in  Physics and
Mathematics.

In 1961 Dr. O. Shabliy started his

career as the Assistant of the Department of
the theoretical mechanics at the Ternopil
branch of the Lviv Politechnical Institute,
1963 — 1964 — Sin. Teacher, from 1964 till
1985 — Head of Department.
He challenged himself as the capable guide
and administrative manager: Director of the
Ternopil branch of the Lviv Politechnic
Institute (TBLPI, 1985 — 1991), Rector of
the Ternopil Instrument — making Institute
(1991 — 1997), Rector of the Ternopil Ivan
Pul’uj State Technical University (1997 —
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2007). Besides, he has been one of the first
Doctors of Sciences (Physics and
Mathematics) in the Ternopil region (since
1974), Professor (since 1976), Member of
the Academy of Engineering Sciences of
Ukraine (since 1991), Honoured Scientist of
Ukraine (since 1992).

Being supervised by him the Ternopil
branch of the Lviv Politechnics developed
and maintained facilities, trained teaching
staff, which resulted in reorganisation of the
institution into the Ternopil Instrument —
making Institute in 1991. Inspired by
Academician O. Shabliy, the Institute was
named after Ivan Pul’uj, famous Ukrainian
physicist, electrical engineer, public figure
and the patriot of Ukraine.

In two years the Ternopil Ivan Pulu’j
State Technical University was founded, the
4" accreditation level institution, on the
basis of the Instrument — making Institute,
where he was elected as the first Rector.
Having become more academically
ambitious our University gained the
membership in the European Association of
Universities in 1999, and in 6 years it joined
the Magna Gharta Universitatum.

During the period of 1991 — 2007 years
Dr. O. Shabliy strived to facilitate the
progress in educational and teaching
excellence, paying special attention to
physical training of students. We honour his
philosophy of education: TO TEACH, TO
EDUCATE, TO CULTIVATE HEALTHY
LIFE STYLE as the pre-conditions to equip
students with a high level of knowledge and
to adjust them to a new academic culture.
He seeked to provide comfortable rooms,
designed to accomodate the needs of
students and the staff. Estate facilities
comprise about 100 thousand squre meters,
accomodating more than 900 computer
users connected in local net and having
good WF access, 85 special teaching —
scientific laboratories, 33 computer classes,
scientific — technical library, provided with
audio-visual support and other AV services,
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educational-art and sport-training complex
«Politechnicy, which includes concert — hall
accomodating 650 people, conference —
hall, canteen, versatile sport ground, gyms
and 25-meter long swimming pool.

During all his career the scientist
strived to facilitate and generate new
knowledge and understanding of the
potential for progress and to foster new
research agendas. In 1978 he founded a
scientific school «Facilitation of the stress-
strain state of solid fractured bodies», where
the problem of the solid fractured bodies
mechanics, optimal manufacturing process
design, heating systems design,
development and design of the satellite
television and communication antennae
have become of paramount importance.

He fostered high — level cooperation
for many years between our University and
the Institute for Electric Welding named
after Y.O. Paton (IEW) of the National
Academy of Sciences of Ukraine paying
special attention to the welding production
technologies.  Investigations in  the
development of the energy — saving
technologies of the induction fusion of the
structure thin elements, recovering of the
weared railway wheel pairs and mathematic
modeling of the stress-strain state Kinetics
under multiple-pass welding of the structure
elements, taking into account the phase
transformation, have been carried out.
Nurturing academic ambitions and being
promoted by IEW the department
«Technologies and equipment of the
welding production» has been founded,
where under the  supervision of
Dr. Oleh M. Shabliy the Candidate’s
Degree Thesis and the Doctor’s Degree
Thesis in the field of welding have been
defended.

Aiming to build bridges between
science and production the Rector of our
University started the Technologies
Transfer Center (TTC) by pioneering what
has never been tried in more than ten areas
in different fields of fundamental and
applied sciences, Welding Technologies
Center (WTTC) in particular, of the
Ternopil Ivan Pul’'uj National Technical

University. Development and application of
new energy-saving technologies for
strengthening and recovering of weared
machine parts and mechanisms for the
national economy have become
challenging.

Famous scientist has supervised and
was the Head of more than ten International

all-Ukrainian scientific symposia,
conferences and  working-shops, the
International  scientific — educational
Conference, I.Pul’uj’s Readings in
particular, dedicated to the 150"

anniversary of the famous physicist our
University is named after.

Dr. Oleh M. Shablij was the author of
more than 250 edited scientific papers,
2 monographies, the owner of 25 invention
patents of Ukraine, the owner of 20
Author’s rights Certificates. Some results of
scientific investigations are published in
foreign journals, in «Automatic Welding»
in particular.

A man of ideas and a man of action, he
was seeking to impart his knowledge to
young scientists promoting reasoning skills
and training. He supervised three Doctor’s
Degree theses and twelve Candidate’s
Degree theses in the field of engineering
and physical — mathematic sciences. Ten

scientific — investigation production -
related topics were researched under his
supervision. During this period the

University was ranked as one of the top
Universities of Ukraine.

His scientific activity was successfully
incorporated  with  the scientific -
management and public activity: he was the
Counsil Head of the Technologies Transfer
Center of the University (2006 — 2016),
Head of the Ternopil regional Fund named
after Ivan Pul’uj (1997 — 2016), Head of the
Ternopil Organisation of the Ukrainian
Union of the scientific — engineering
intellectuals (2002 — 2016), supervisior
of the Ternopil scientific — coordenation
Counsil of the Western scientific center of
the National Academy of Sciences of
Ukraine and the Ministry of Education of
Ukraine (1985 —2000), supervisor of the
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scientific working — shop on the solid body
mechanics and optimisation methods, Head
and a member of Academic Counsils for
defending Candidate’s and Doctor’s theses,
Head of the educational scientific —
production complex «Svitloy, Chief Editor
and a member of the Editorial Board of the
«Digest of the Ternopil National Technical
University» (1996 — 2007).

Academician Oleh M. Shabliy was
awarded by the Badge of Honour (1986),
Badge for Public Service (third class, 2009).
Gold medal of the American Biographic
Institute of the USA (2008). He was
decorated by the order «St. Sophia» (2005),
«Petro Mohyla» of the Ministry of
education of Ukraine (2007), Diploma of
the All-Union Programs «Ukraine National
Leaders» (2013) and «Fuel — energy
complex of Ukraine» (2013). Cambridge
International Bibliographic Center
recognised him as the Person of the year in
1998 in the nomination «Sciencey.
Dr. Olen M. Shabliy was Honourable
Citizen of Ternopil (since 2003).

Dr. Oleh M. Shabliy should be paid
tribute to for gaining the status of the
National University. Since 2007 he has
been working as the Vice — Rector
(Production Cooperation Affairs) and as the
Head of the department of programming
and mathematic modeling of the Ternopil
Ivan Pul’uj National Technical University.
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Oleh Mykolayovych Shabliy is a
notable person in our society. He strived to
nurture academic ambitions to contribute
the people of Ukraine. He has been working
hard for all his life having benefited our
University, our town, our country.
Dr. Oleh Shabliy was open — hearted
person, wise and faithful. He was not only a
good leader and manager, devoted scientist,
but close friend, imparting colleague and
supervisor of young scientists. His
phylosophy of live and success was «To
live — is to work. This is what makes the life
of people notabley.

University alumni appreciate his
contribution in challenging their scientific
careers and express their gratitude to a
Teacher. He inspired to aim high adjusting
young people to a new academic culture,
educating new generation of the scientific
engineering intellectuals.

In  loving memory of Oleh
Mykolayovych Shabliy.

Ternopil Ivan Pul’uj National Technical
University

The E.O. Paton Electric Welding Institute
of the National Academy of Sciences of
Ukraine

Edition Board of «Avtomaticheskaya
svarkay.
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ITAM’ITI OJIET A MUKOJIAMOBUYA IITABJIIA

31 ciuyns 2016 poky Ha 81-my pori
KHUTTA IepecTano OUTHCA ceplie NepIIoro
pekropa TepHOIIIBECHKOTO HallilOHAIEHOTO
TEeXHIYHOIO YHiBepcuTeTy iMmeHi IBaHa
[Tymtosi,  TaTaHOBHTOTO  BYCHOTO 1
IPOMAJICBKOTO Jisfiya, JIOJAWHU BHCOKOIO
THTENIeKTy, JOOpOro TOBapHIIa Ta KOJETH,
JIOKTOpa  (I3MKO-MaTeMaTUYHUX  Hayk,
npodecopa, milicHoro uieHa Axkaaemii
IH)KEHEpHUX HayK YKpaiHH, 3aCIyKEHOTro
misiaa Hayku i1 TexHikn Ykpainm [labmis
Onera MuxkonaiioBuua. Bin Hapoauscs
18 uepBHst 1935 poky Ha TepHOMIBIIHHI.
1958 p. 3akiHuuB JIbBIBCHKUI AeprkaBHUI
yHiBepcHuTeT iMeHi [Bana ®panka. 1963 p.
3aXMCTUB KaHJIUAATCHKY JWCEpTaIliio, a
yepe3 10 pokiB — JOKTOPCHKY.

Oner la6mit 1961 poky po3modaB
TPYAOBY IisJIBHICTH 13 MOCATU aCHCTEHTa
kadeapu TEOPETHIHOI MEXaHIKH
TepHomninbCHKOTO 3arajJlbHOTEXHIYHOTO
(dakynpTeTy JIBBIBCHKOTO TOJITEXHIYHOTO
iHcTUTYTY. Bing 1963 no 1964 poky Oys
CTapIIuM BUKIIagadem, a Big 1964 no 1985
POKY — 3aBiJyBadyeM L€l K KadeapHu.

Oner MukonaitoBUY TPOUIITIOB TOBT Uit
IIJIAX aJIMiHICTpaTHBHO-OpTaHi3aIitHOl
pobOTH SK YMUIMA 1 JaJICKOTJISAIHUMA
KEpIBHUK: JUPEKTOp TepHOMiIbCHKOTro
¢dimiany  JIbBIBCBKOTO  TOJIITEXHIYHOTO
iHcTuTyTy (TOJIIIL) (1985 — 1991 pp.),
pektop TepHONIIBLCHKOTO MPUIAT00YIiB-

Horo iHcTUTyTYy (1991 — 1997 pp.), pekTop
TepHOMIIBCHKOTO JEPKABHOTO TEXHIYHOTO
yHiBepcuteTy iMeHi [Bana Ilymiosa (1997 —
2007 pp.). OkpiM TOTO, BiH CTaB OJHUM i3
MepIKuX JOKTOPIB (i3MKO-MaTeMaTHIHHX
Hayk Ha Tepuomimemumui (Bix 1974 p.),
npodecopom (Big 1976 p.), npiiicHuM
yieHoOM  AkazaeMmii  IH)KEHEpPHHUX  HaykK
VYkpainu (Big 1991 p.), 3acaykeHum gissaemMm
HayKH 1 TexHikn Ykpainu (Bix 1992 p.).

VY Tepuoninbcpkiit ¢unii JIbBIBCbKOI
MOJIITEXHIKK 32 WOro KepiBHUITBA OYJI0
IHTEHCUBHO  PO3BUHYTO  MarepiajbHO-
TeXHIYHY 0a3y 1 3MIIIHEHO KaJPOBHIA CKIIAJL.
I1e nano 3mory 1991 poky peopranizyBatu
HaBYAIBHUN 3aKiajg y TepHOMUIbChKUI
npuIago0yIiBHUN 1HCTUTYT. 3a 1HILIaTUBU
akagemika O.M. la6mist 1995 p. incTuTyTY
OyJl0  NPUCBOEHO  IM’S  BHUJATHOIO
YKpaiHCBKOTO  (pi3MKa, eJNEeKTPOTEXHIKa,
rpoOMaJIchbKoro Jisya 1 marpiota IBana
[Tymros.

Yepes gBa  poku  Ha  0asi
npuIao0yIiBHOTO IHCTHTYTY BIH
1HII[IFOBaB CTBOPEHHS HaBYAJILHOTO
sakmany IV piBHA  akpemuTamii  —
TepHOMINBCHKUIA JIepKaBHUNH TEXHIYHUH
yHiBepcuteT iMeHi IBana Ilymios, ge #oro
oOpanu mepmwuM  pekTopoM. Bemukum
JIOCSITHEHHSIM cTasio Te, mo 1999 p. Bum
HaOyB uJeHCTBa B €Bporenchkiil Acomiamii
VHiBepcuTeTiB, a uepe3 6  POKIB
npuenHaBcss 10  bomoHchkoi  Xaprii
VuisepcuteriB — Magna Gharta Universita-
tum.

3a qac peKTopCcTBa Omnera
MuxkomaiioBuda (1991 — 2007 pp.) Oymo
3MIMCHEHO BEJIUKY poboty 3

YIIOCKOHAJIEHHS! HaBYaJIbHOT'O TPOIIECY,
MaTPIOTHYHOTO BUXOBAaHHSA Ta (PI3MUHOTO
3MILHEHHSI MOJIO/I, 10 CTal0 MiATPYHTSAM
JUISl YCHIIIHOTO BIPOBAKEHHS TPUETHMHOL
MOJIEJII: HABYUNTU, BUXOBATU,
O3I0POBUTHU sk HEeOOXigHOI yMOBH
3000yTTSl SIKICHOI OCBITH, TapMOHIMHOTO
pO3BUTKY Ta  (I3UYHOTO  3MIITHEHHS
ctyaeHTiB. KepiBHUK poOHB yce, A TOTO
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mobu 3abe3neunt KOMGOPTHI YMOBH
cTyaeHTaMm 1 mpaniBHukam. Hacammnepen
BiH CTBOPHMB MarepiaJbHO-TEXHIUHY 0a3zy:
omm3pko 100  THc. M®  TOmIi, TIOHAJ
900 pobouymx KOMIT'IOTEPHHX  MiCIb,
0o0’€IHaHUX Y JIOKAIbHY MEpEexXy 3
BHXOZIOM B |HTepHeT, 85 cmerianizoBaHuX
HaBYAJIbHO-HAYKOBUX  Jlaboparopiii, 33
KOMIT'FOTEPHI  KJIaCH, HAayKOBO-TEXHIYHA
6i10ioTeKa 3 ENEKTPOHHOI0 YHMTAIBHOIO
341010, OCBITHBO-MHUCTENLKHM 1 HaBYallb-
HUW CHOPTHUBHO-03/I0POBUMI  KOMILJIEKC
«[TomiTexHIK», 10 CKIIay SKOTO BXOJSAThH
mpocTopa akTtoBa 3ama Ha 650 Micip,
KoH(epeHI-3alla,  CTYAGHTChKe  Kade,
yHiBepcallbHa IrpoBa CIIOpPTHUBHA 3aja,
TPEHaXXEPHI 3aJU Ta 25-MEeTpOBHiA OaceiiH.
Bce me crano OCHOBOIO Jjisi BTUICHHS
BHCOKOT'O PiBHSI HABYAJIBHOTO i BUXOBHOT'O
poIiecy.

YpoaoBx yciel TpyaoBoi AisSIBHOCTI
BUYCHUI OCOOJIMBY yBary MpHIUISIB OCBITI Ta
MiATOTOBIIl HAayKOBHX KaipiB. s mporo
1978 poky 3acHyBaB HAayKOBY IIKOIY
«OntuMizariiss  KepyBaHHS  HaIMpyKHO-

nepopMOBaHUM  CTaHOM  J1e(pOpMiBHUX
TBEpAMX TUD», J€ TeMa MEXaHIKU
nedhopMiBHOTO TBEPJIOTO Tina,

ONTUMAJILHOTO MPOEKTYBaHHSI TEXHOJIOT14-
HUX TIPOIIECIB, MPOEKTYBaHHS HarpiBajib-
HUX CHUCTEM, PO3pPOOKM 1 MHPOEKTYBaHHS

AQHTEH CYMYTHUKOBOTO Tele0ayeHHs 1
3B’SI3Ky ~ cTajla MpPEeAMETOM OCHOBHHX
TIOCIIIKEHb.

3a yac OararopiyHOi cmiBmpami 3
Incturytom enexrtposBaproBanHs  (IE3)
imeni €.0. Ilarona HAH Vkpainu
npodecop 30cepekyBaB BEJIUKY yBary Ha
TEXHOJIOTISIX 3BapIOBAJIBLHOTO BUPOOHHUIIT-
Ba. Tak, 3a #oro axkTHBHOI YydYacTi
MPOBOMIIUCS JIOCHIDKEHHS 3 PO3POOKH
€HEepProoIIaTHUX TEXHOJOTIH 1HAYKIIIHHOTO
HaIUIaBJICHHS TOHKHUX €JIEMEHTIB
KOHCTPYKIIIH, BITHOBJICHHS CIIPAallbOBaHUX
3aJII3HUYHUX KOJICHUX nap Ta
MaTeMaTHYHE MOJICNIOBAHHS  KiHETHKHU
HanpyKeHo-1e()OPMOBAHOTO CTaHy IpHU
6araTonpoxiJHOMY 3BapIOBaHHI €JIEMEHTIB
KOHCTPYKIIIH 3 ypaxyBaHHsAM (Ha30BUX
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MePETBOPEHb. 3aBISIKH HOTO X 1HIIIaTHBI
ta miarpumii [E3 1988 poky Oymno
ctBopeHo  kadenpy — «Texnomorii 1
o0agHaHHSA 3BapIOBAJILHOTO BHPOOHHIIT-
Bay, J¢ 0€3MocCepeIHbO IiJl KEPIBHUIITBOM
O.M. lllabmiss ~ mpauiBHUKA  Kadeapu
3aXMCTWIM KAaHJUIATCbKY 1 JOKTOPCBKY
JcepTalii B Taimy3i 3BaplOBaHHS.

3 wMerorw 3abe3reueHHs IHTerparlii
HAYK{ 3 BHPOOHHUIITBOM TOJIIIHIA PEKTOp
3acHyBaB lleHTp TpaHcdepy TexHOMOTIH
(ITT), sxwmii Ha choromHi Mae Oinbiie
JIECSATH HAMpPSAMIB pOOOTH y PI3HHX Tally3sx
(GyHIaMEeHTaJIbHOT Ta MPHUKJIAJHOI HAYKH,
30kpemMa LlenTp TpaHcdepy 3BaproBaibHUX
texnosorii  (UT3T) TepHOMiIBCHKOTO
HAI[IOHAJILHOTO TEXHIYHOTO YHIBEPCUTETY
imeni Ieama ITymos. MHoro ocHOBHEM
3aBIaHHAM crana po3poOka 1
BIIPOBA/DKEHHSI HOBHX  EHEPrOOINAIHHUX
TEXHOJIOT1H I 3MILIHEHHS Ta BiJHOBJICHHS
CIpalbOBaHUX  JeTalied  MamuH 1
MEXaH13MiB /11 HApOJHOT'O TOCTIOAAPCTBA.

Bimomuii BUeHMiII 04O0JIFOBaB pOOOTY
OlbIIe IEeCITH MDKHapOJIHHUX,
BCEYKPAiHCHKUX HAYKOBUX CHMIIO31yMIB,
KOH(epeHIiii Ta ceMiHapiB, cepen SKHUX
MixHaposHa HayKOBO-OCBITHSI KOH(]epeH-
i 3 [lymoeBUMH YMTaHHAMM, IPUCBSYEHA
150-pivuto Bix AHS HAPOJKEHHS BIIOMOTO
¢izuka, im’s sikoro Hocuts THTY.

AxkaneMmik OyB aBTOpoM moHaj 250-u
JPYKOBaHUX  Mpalb,  30Kpema  2-X
MoHOrpadii, 25-Tu NaTeHTIB YKpaiHu Ha
BUHaX0/1H, 20-1 CBIAOITB aBTOPCHKHUX MpaB
Ha HOBITHI TexHosorii. Husky HaykoBHX
JOCIIPKEHDb OIMYOJI1KOBAHO B 3aKOPJOHHUX
BUJAHHAX 1 y XKYpHalIl «ABTOMaTHUYECKas
CBapKay.

Myzapuii HacTaBHUK IIEAPO JiTHBCS
CBOIMH 3HAHHSIMH 3 MOJIOJIIO 1 CIIPHUSB
HiABUIIEHHIO ()axoBOro piBHS HAayKOBHUX
kaapiB. Bin OyB KepiBHUKOM  TpbOX
JOKTOPCBKUX 1 12-M  KaHAMOATCHKUX
JcepTalliil y Talry3i TEXHIYHHX Ta (Pi3UKO-
MaTeMaTHYHUX HayK. JlecaTh HayKOBO-
JOCITITHUX TeM 3a JiepKaBHUM
3aMOBJICHHSIM, a TaKOXX 3aMOBJICHHSIM
IOpUIMYHUX 0C10 OY10 BUKOHAHO ITi/T HOTO
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KEpIBHUIITBOM. 3a dYac rmepeOyBaHHS
O.M. [llabmiss Ha  mocami  peKropa
YHIBEpCUTET MaB OJWH 13 HAWBUIIUX
peiitunriB cepen BH3 Ykpainu.

[Inigny  HaykoBy  poboty  Ouer
MukonaiioBUd yCHINIHO MO€JHYBaB i3
HayKOBO-OPraHi3aliifHO 1 CYCHUIBHOO:
rojgoBa  paxd  gupekropiB  Llentpy
TpaHchepy  TEXHOJIOTIH  YHIBEPCHTETY
(2006 — 2016 pp.), ronoBa TepHOMIILCH-
Koro obsiacHoro oy iMeHi [Bana ITymros
(1997 — 2016 pp.), rosoBa TepHOMILCHKOT
oprasizanii YKpaiHCbKOTO COI03Yy HayKOBO-
texHiHOo1 iHTenmirenmii (2002 —2016 pp.),
KepiBHUK  TepHOMIbCHKOI  HAYKOBO-
KOOpAMHAIIIHOT pajy 3aXiqHOTO HAyKOBO-
ro uentpy HAH VYkpainu i MOH VYkpainu
(1985 — 2000 pp.), KepiBHUK HayKOBOI'O
ceMiHapy 3 MEXaHIKM TBepAOoro Tina i
MeToniB omrumizarii. [onoBa 1 wieH
creriajai3oBaHuX pan 3 3aXUCTY
KaHIUJIATCHKUX 1 JOKTOPCHKUX IHcCepTa-
1[i{f, TOJIOBa HaBYaJIbHO-HAYKOBO-BUPOOHU-
qoro KoMmIuiekcy «CBITIIO», TOJOBHUM
pemnakTop 1 unmeH pexakouserii «BicHuka
TepHONUIBCHKOTO HAIIOHAIHHOTO TEXHIY-
Horo yHiBepcutety» (1996 — 2007 pp.).
Axanemik O.M. [Ilabmiit Haropomxe-HUM
opaeHamHu «3Hak nomanu» (1986 p.) Ta «3a
3acayru» III crynens (2009 p.), 3050TOM0
MeaTio AMEpUKaHChKOro 6iorpagdigyHoro
iHcTuTyTy CHIA (2008 p.). Bigznauenuit
Haroponoto «Cmsita Codis» (2005 p.),
«ITerpo Morwmia» MOH VYkpainu (2007 p.),

JUIUIOMaMH  BCEYKpaiHCBKOI  MpOrpamu
«3omotut  ponx  Hamii» (2013 p.),
BCEeYKpaiHChKO1 mporpamu  «HarionanpHi
niepu VYkpainn» (2013 p.),
BCEeyKpaiHCcbKol  nporpamu  «llammBHO-
€HepreTUYHUN KOMILIEKC Ykpainu»

(2013 p.). KeMOpimKChKH Mi>KHAPOTHUI
6i0miorpagiunuit neHtp 1998 p. BHU3HaB
1oro Jr0AMHOIO poKy B HOMiHalii «Haykay,
a me Omer Hlabniii OyB mnovyecHUM
rpoMagsiHuHOM MicTa Tepromoss (2003 p.).

Y HajaHHI CTaTycy YyHIBEPCHTETY
HalllOHAJTBHOTO, Oe3mepeyHo, € Horo
BeJIMKa 3aciyra: HayKoBIio Big 2007 poky

BJAJIOCS 3MAIMCHUTH YUMAJl0 TBOPYHUX
3aJyMiB Ha MOCaAax MPOPEKTOpa 3 MUTAHb
3B’SI3KIB 13 BUPOOHMIITBOM Ta 3aBilyBaya
kadenapu iHPOPMATUKU 1 MATEMATUYHOTO
MoJietoBaHHsA TepHONUIBCHKOro  Halio-
HAJIBHOTO TEXHIYHOTO YHIBEPCUTETY IMEHi
IBana Ilymros.

Oner MukonaiioBu4 — L€ 3HAKOBa
JIOIMHA IS CyCcHinbCTBA. BiH OyB TuUM
MOJyM’sIM, IO 3alajioBalO IMPHCTPACHE
MparHeHHs CIYXUTH Hayll, CBOEMY
HApOJOBI Ta YKpaiHi. Yce HOTo KUTTA — 1e

HEBTOMHA  Mpams 381l PO3BHUTKY
YHIBEpCHUTETY, MiCTa i KpaiHH.
[Ipodpecop Ilabmiit —  mgroguHa

rTuO0KO1 BipH, BIAKPUTOCTI Ta MYAPOCTI.
Bin OyB He JHIle XOPOUIMM KEPIBHHUKOM,
NPOHHUKJIMBAM HAyKOBIEM, a H J00pum
JIpYroM, TMOpPagHUKOM JUIsl  KojJer 1
HACTaBHUKOM Juisi Moioxi. He BumaakoBo
¢bimocodcrkoro KBIHTECEHIII €10 Ta
dopmynor0 #oro ycmixy craid CIloBa:
«XKutn — 3HaunTh mpaioBaTH. Ilpans e
KHUTTS JTFOTTHIY.

Oner Mukonaiiopuu [11abniii BuxoBaB
1 MPOKJIAB IIJISIX Y BEJIUKY HayKy OaraTboM
YUHSM, sIKi 0€3MEeXHO BJSIUHI 32 1€ CBOEMY
Buurenesi. Bin 6auuB y Monoaux JrOIsX
MaiiOyTHe KpaiHM, a TOMY BCi CBOi CHJIH 1
pO3yM  BiJJiaBaB BHXOBaHHIO  HOBOTO
MOKOJIIHHA HAayKOBO-TE€XHIYHOI IHTEJIreH-
mii. Bucoko 1iHyr04YM nap KUTTS, BUYCHHUI
NPUCBATUB ce0e TOMY, IOOM TBOPUTH Y
CBITI Jume J0o0pl Ta HUISAXETHI CIpPAaBH.
Omer 1Iabmiii XATHME OOTH, JOKH HOTro
Oynyrb mam’ATaTM y4HI Ta OyayTh
MIPOJIOBXKEH1 HOTO 0JIaropoIH1 MTOYMHAHHS.

[Tam’sste mpo HBOI'O — wumcra i
CBITJIa — Ha3aBXIU 3AIUIIATHCS B CEPIISIX
THX, XTO 3HaB, JIIOOUB 1 MOBaXkaB HOTO.

TepHoninvcvkuti HayioHATLHUL
mexniunuu ynisepcumem im. 1. [lynios

Incmumym enexmpo36apiosamnHs
im. €.0. Ilamona HAH Ykpainu,

Peoxonezis srcypnany «Aemomamuueckas
ceapkay
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BUrOTOBNSAE NiAPYYHUKU ANSA BY3iB, METOAUYHY
nitepatypy, XyAoXHi BUAaHHA,Hagae
peAakuinHo-BMAaBHUYI Ta nonirpacdivHi nocnyru
3 Habopy TEKCTy, PO3POOKU MaKeTIB
i APYKY KHUMM 4Yu Oyab-AKol iHwWol nonirpadgivyHol
npoAaykuii (bpowypwu, nnakaru, adilli, KaneHgapi ).

KPIM TOT O, BUOABHWULITBO NPOMOHYE TAKI MOCAYTI:

— Ou3aaiin 613umieox, byKaemis, 6IMAALHUX AUCTIIG,
— npogeciiine BUHUMYBAHHSA T 6ePCKY;

— CKanysanus ma Koniro8anms,

— UOPHO-bIAUTL T NOBHOKOAIPHUIL OPYK,

eKONOMIYHUU 8ICHUK
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