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MATHEMATICAL MODELING OF THE TECHNOLOGICAL
PROCESS OF THE ROCK DESTRUCTION BY A VIBRO
IMPACT DEVICE WITH A HYDRO PULSE DRIVE

A.B. Isanuyk. MaTteMaTH4YHe MOJEJIOBAHHSI TEXHOJIOTIYHOro mpouecy pyiiHyBaHHA TipcbKoi mnopoau BiGpoyaapHum
HNPHCTPOEM 3 TiPOIMIYJILCHUM NPUBOAOM. J[OBEACHO BHCOKY €()eKTHBHICTh TEXHOJIOTIYHOTO MPOLECY PYHHYBaHHS TipChKOi MOPOAH 3a
JIOTIOMOTOI0  BiOpOY/IapHUX HaBaHTa)KeHb. BHCOKMH cTymiHb iHTeHcudikamii mnpouecy pylHYBaHHsA TipCbKOI MOPOAM JOCSTAETHCS
3aCTOCYBAHHAM PO3POOJICHOI OpPUTiHATBHOI KOHCTPYKUIT BiOPOYIapHOTO MPHUCTPOIO 3 TiIPOIMITYJILCHUM MPUBOAOM Ha 0a3i JABOKACKAJHOTO
KJIanaHa-1yibcaropa. Po3po0ieHo HOBY MaTeMaTHYHY MOJEIb JUIS JIOCHIUKEHHS TEXHOJOIIYHHUX IPOLECIB PYyHHYBaHHS TipChKOI MOPOIH
BiOpOYJZapHUM MPUCTPOEM Ha 0a3i 3aKOHIB TiAPOJAMHAMIKM 13 BHUKOPHUCTAHHSM Yy3arajJbHEHHMX 3aKOHIB MexaHiku. [Ipu po3poOui
MaTeMaTHYHOI MOJIeNi TEXHOJNOTTYHUH Tpolec Oya0 IOCIIPKEHO Haja ABYX (as3ax: (a3a HAaKOIMHMYEHHs KiHETHYHOI eHeprii, a Takox ¢asza
yIapHOi B3aeMojiii poOouoro oprany BiOpOyAapHOTO MPUCTPOIO i3 TOBEPXHEIO TipchKOI MOpoau. MaTemMaTiuHa MOJEIb yAapHOI B3aeMOIT
Oyna moOymoBana Ha ocHOBi Mozeni ynmapy Cipca a cucTeMH piBHSHB HampyxeHo-aedopMoBaHoro crany. Ha ocHOBI po3poGieHol
MaTEeMaTUYHOI MOJENi METOAOM KIHIEBHX 00’€MIB 3a JOMOMOTOK YHCEIBHOTO MOJCTIOBAHHS OTPUMAHO PO3MOALT THUCKY 1 IIBHIKOCTL
pobovoi piIMHM B TigPOIMIYJbCHOMY HPHBOII BiOpPOYZapHOrO HPHCTPOIO. 3a IOMOMOIOI0 YHCEIFHOTO METONY KIiHIIEBHX CJIEMEHTIB
OTPUMAHO PO3MOALT HANPYXKEHb Y poOOYOMY OpraHi i €IeMEHTY TipCchbKOi MOpoau IpH BiOpoynapHOMy pyHHYBaHHI. AHaji3 po3paxyHKY
BJIACHUX YacCTOT Po0OOYOro opraHy IOKa3aB CTiHKy po0OOTy BiOpOyIapHOTO NpPUCTPOIO y HOPE30HAHCHUX pexxmmax. OTpumaHi poboui
3aJIOKHOCTI OCHOBHHMX POOOYMX XapaKTEPUCTHUK BiOPOYJapHOTO MPUCTPOIO HA 0a3i TiApOIMITYIBCHOTO MPHUBOIY AO3BOJIMIIM PO3POOHUTH
peKkoMeHzanii s MOAANBIIOro IiBHINEHHS €()eKTHBHOCTI TEXHOJIOTiYHOro mporecy. OTpuMaHi pe3ylbTaTH YHCEIHHOTO MOJIETIOBAHHS
TEXHOJIOTIYHHX MPOLECIB pyHHYBaHHs TipCbKOI OPOAH BiOPOYIAPHUM NMPUCTPOEM Ha 0a3i TiApOIMITyIbCHOTO MPUBO/LY, TOKA3aIU IepeBary
00paHOTro MiX0/Y /10 MPOEKTYBAHHS, a TAKOXK JIO3BOJINB JOBECTH €(DEKTUBHICTD PO3POOIEHOI KOHCTPYKITI.

Kunrouosi crosa: imiyibce, ripcbka IOpoJa, yaap, Bidparlii, MaTeMaTHyHa MOJIEIb, T1iPOIPUBO/, KJIAllaH

Y. Ivanchuk. Mathematical modeling of the technological process of the rock destruction by a vibro impact device with a hydro
pulse drive. The high efficiency of the technological process of destruction of the rock with the help of vibration of shock loads has been
proved. A high degree of intensification of the process of rock destruction is achieved by using the developed original design of a vibro-
impact device with a hydro-pulse drive based on the two-stage pulsate valve. A new mathematical model has been developed for studying of
technological processes of rock destruction using a vibro-impact device based on the laws of hydrodynamics using the generalized laws of
mechanics. When developing a mathematical model, the technological process was investigated over two phases. This is the phase of kinetic
energy accumulation, as well as the phase of the impact interaction of the working body of the vibro-impact device with the surface of the
rock. The mathematical model of the shock interaction was built based on the Sears impact model and the system of equations of the stress-
strain state. Based on the developed mathematical model and using the finite volume method as well as the numerical simulation, the
pressure and velocity of the working fluid in a hydro-pulse drive of a vibro-impact device are obtained. Using the numerical finite element
method, the stress distribution in the working body of the vibro-impact device and the rock element during vibro-impact destruction is
obtained. Analysis of the calculation of the natural frequencies of the working body showed the stable operation of the vibro-impact device
in the preresonance modes. The obtained working dependences of the main performance characteristics of the vibro-impact device based on
the impulse allowed us to develop recommendations for further improving the efficiency of the technological process. The obtained results of
numerical simulation of rock destruction technological processes by a vibro impact device based on a hydro-impulse reason, showed the
advantages of the chosen design approach, and allowed to prove the effectiveness of the developed design.

Keywords: impulse, rock formation, shock, vibrations, mathematical model, hydraulic drive, valve

Introduction. Increasing the effectiveness of social production based on its comprehensive in-
tensification and further acceleration of scientific and technological progress, involves the creation and
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introduction into the production of new technology and advanced technology. In the mining industries
to equipment that meets the task, include impact machines. They allow significantly increasing the
efficiency of secondary crushing of rocks in open mining operations and the development of frozen
soils in quarries and in construction [1]. The use of shock machines for the destruction of rocks opened
the way where significant productivity is achieved not by increasing the power of base machines, but
by increasing the energy of single strikes, increasing the frequency of strokes when fully utilizing the
power of base machines. However, the experience of using shock impact machines has led to the solu-
tion of a number of problems, the understanding of which is impossible without analyzing the impact
of shock impulses on a destructive environment. It is also impossible without analyzing the dynamics
of the hinged equipment of the entire machine under the influence of loads from the working shock
mechanism [2].

Analysis of literary data and problem statement. In the article [3] systems with multi-mode
shock-vibration units are considered. They represent dynamic systems with nonlinear performance, in
which vibration is combined with blows. The work of such shock-vibration units is carried out in the
mode of nonlinear oscillations of the working body. This paper defines the optimal relationships between
the period of the excitatory force and the period of forced oscillations in a shock-vibration system.

The work of the vibration units, which are considered in the article [4], is based on the nonline-
arity of characteristics of the elasticity of the medium with the material being processed and the
change of characteristics depending on the time. As a result, the dynamic characteristics of the installa-
tion are improved and the operation of the installation is possible in modes using higher harmonic
components of the vibration of the working body. In such modes, the energy consumption of a vibra-
tion unit is significantly reduced.

In the article [5] the results of analysis of modes of harmonic oscillations are given. In the article [5]
a mathematical model of the system “vibration installation — concrete mix” with discrete parameters of
a concrete mixture as a medium is considered. Such a mathematical model has certain limitations. As
shown in [5], with a certain correlation between the oscillation period and the time period required to
pass the wave of oscillations in the medium, the mathematical model with discrete environmental pa-
rameters becomes false.

Therefore, the construction of a mathematical model that will allow investigating the technological
process of rock destruction during a pulse loading at different operating modes of a hydropulse drive of a
vibro impact device in order to determine the basic performance characteristics is an urgent task.

Purpose and tasks of the research. The aim of the work is to increase the efficiency of the theo-
retical study of the technological process of crushing the rock through the development of perspective
mathematical models of physical processes of impulse destruction by vibro impact devices based on
the hydropulse drive (HPD).

To achieve this goal, the following tasks were solved:

—to develop an effective structure of a vibro impact device with a HPD, based on a two-stage
valve-pulsator, to implement the most effective modes of impulse influence on the treated environment;

—to develop a mathematical model of the technology of rock crushing by a vibro-impact device
based on the HPD with a two-stage valve-pulsator;

— on the basis of the developed mathematical model to obtain working dependences for determin-
ing the basic performance characteristics of the technological process.

Materials and methods of research. In the Vinnytsia National Technical University, the de-
partment of industry mechanical engineering for the effective destruction of rocks based on GIP with a
two-stage valve with a pulsator [6, 7]. Fig. 1 shows a three-dimensional CAD-model of a hinged vi-
bro-impact device based on HPD.

Attached vibro impact device consists of a working body 1 (a bit with a conical tip). On its upper
base, a periodic impact load is applied to the impact mass 2 under the action of gravity forces and the
forces of return of the elastic element 3.

The reciprocating motion of the shock mass 2 occurs due to the action of the hydropulse drive,
which consists of a hydraulic cylinder 4 and a pulse generator of pressure 5 (two-stage pulsating valve).
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Fig. 1. Three-dimensional model of hinged
vibro-impact device on the basis of HPD

In the working cavity (see Fig. 1), the hydraulic
cylinder 4 creates a periodic pressure change with
the amplitude Ap=p;—p,, which is transmitted to
the hydraulic cylinder 7.

In turn, the plunger, under the action of the
current pressure in the cavity 6 of the hydraulic
cylinder 4, moves the impact mass 2, which caus-
es deformation of the elastic element 3 and the
accumulation of potential energy from the forces
of gravity.

After the valve of the second cascade 8
opening there is a drain of the working fluid,
which causes the pressure drop in the working
cavity of the hydraulic cylinder 4. In this case, the shock mass 2 moves to its original position, which
causes a shock interaction with the working body 1.

The energy of the shock interaction consists of the potential energy of the return forces of the
elastic element 3 and the forces of gravity of the impact mass 2. The adjustment of the pressure of the
pressure p, of the pulse pressure generator 5 depends on the adjustment of the spring 10, and the regu-
lation of the connection of the pressure line with the drain valve of the second cascade 8 (resetting of
the working pressure to pressure p;) occurs with the help of the locking element 9 (valve of the first
cascade) in the form of a spool.

Fig. 2 presents a three-component (flat, multivariate) inertial model with non-constricted contacts
between the masses, which allows to simulate elastoplastic deformations of rock 7 by x, y, z.

We introduce the motion of the coordinate system x'0'y'z ', rigidly connected with the body 1 of

the vibro impact device of mass My, and the fixed coordinate system x"0"y"z", rigidly connected to the

Fig. 2. Dynamic model of the technological process of
destruction of the rock by a hinged vibro-impact device
from the HPD on the basis of an elastic-plastic strain-
strain solid-state model
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main central axes of inertia of the rock 7 , whose surface is represented by a three-dimensional surface
function. We also introduce an absolute (stationary) xOy coordinate system.

The mathematical model of the technological process of rock formation destruction by a hydro-
pulse vibro impact device should be considered as one consisting of two periods: the period of accu-
mulation of Kinetic energy and the period of shock interaction.

The period of accumulation of kinetic energy of the technological process of the destruction of
the rock by a hydropulse vibro impact device consists of the characteristic working movements of the
stop elements 4, 5 and the inertial mass 3.

In turn, the period of shock interaction is characterized by elastic-plastic deformations of inertial
mass 3, shock mass 6 and rock 7 in the places of their contact interaction.

Consider a longer working period of accumulation of kinetic energy. Let's record the equation of
motion for body 1 of a vibro impact device of mass My:

~Mo§ =-Mog +ki (Yo + Y1) +K(yo + y')—ﬂ Ps (t)dSy + ¢,y +cji + a2 +cp' + Ky Y — Noay + Nosy;
S

) . )
~MoX = —” Ps (£)dSy + 2¢,X + 2Ky X — Nogx,
§

where ps(t) — function of pressure change of the working fluid in the internal hydraulic channels of
the vibro impact device 1,

” ps (t)dSy, ” ps (t)dSx — corresponding components of forces acting on the inner surface of the
§ §

cavity of the hydraulic channels of the vibro impact device 1;

¢, — coefficient of viscous friction forces between the walls of the body of the vibration shock
device 1 and the valve of the first cascade 5;

¢, — coefficient of viscous frictional forces between the walls of the body of the vibro impact de-
vice 1 and the valve of the second cascade 4;

¢ — coefficient of viscous friction forces between the walls of the body of the vibro impact device
1 and the inertial mass 3;

¢y, Cx — vertical and horizontal components of the coefficient of viscous friction of the damping
component of the damping unit, which connects the hydropulse vibro impact device with the boom of
the vehicle [8];

Nosy — Vertical components of the reaction forces of the conical valve of the second cascade 4 to
the conic resistance of the body of the vibro impact device 1;

Nosx, Nosy — horizontal and vertical components of the forces of reaction of shock mass 6 on the
surface of the body of the vibration shock device 1;

k, — stiffness of the valve spring of the first cascade 5;

k — torsional spring of inertia mass 3;

ky, k« — vertical and horizontal components of the stiffness of the elastic component of the shock
absorber, which connects the hydropulse vibro impact device 1 with the boom of the vehicle [8];

yo1 — preliminary tension of the spring of the valve of the first cascade;

Yo — preliminary tension of the spring of the inertial mass.
Equation of motion for an inertial mass 3 weighed by Mg
Myia ==Mg — k(v +y) + [[ ps, (005 — (3 = 4) + Nas,, @)
38
where Ps, (t) - function of pressure change of the working fluid in the internal pressure cavity D
two-stage valve-pulsator;

H Ps, (1)dS - the corresponding components of the forces acting on the lower surface Sy of the
3%
plungers of the inertial mass 3;
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Nzsy, — the vertical component of the force of the reaction of the impact mass 6 on the inertial
mass 3.
Equation of motion for the valve of the first cascade 5 weighing M,g:

Mafi = ~Mag —ku(Yos + ) + ke (Ve + ¥ = v2) + [ ps. (008 — e — (34 - o), ©)

S12

where ps, (t) — function of pressure change of a working fluid in internal pressure A, C, B and drain W
cavities of a two-stage valve-pulsator;

J-J- Ps, (t)dS — corresponding force components acting on the bottom surface S;, of the valve of
Si2
the first cascade 5;
k, — stiffness of the spring of the valve of the second cascade 4;
Yo2 — previous tension of valve spring of the second cascade 4.

Equation of motion for the valve of the second cascade 4 M,g weight:

Moy =—M2g —ka(Yee + i = ¥8)+ [ Prsu-su (0)IS + (5" = ) = coh + N, (4)

(S21—S22)

where ps, (t) — function of pressure change of a working fluid in internal pressure A, C, B and drain W
cavities of a two-stage valve-pulsator;
J'J' P(sx-s.) (t)dS — corresponding components of the forces acting on the lower surface

(S21-S22)
S,1 — S, of the valve of the second cascade 4;
N4y — vertical components of the reaction forces of the conical support of the body of the vibro

impact device 1 to the valve of the second cascade 4.
The law of motion for a shock mass 6 weighing m,g:
M Y11 =—mg — Neoy + N7y — Neay;
{ " (%)
My X1 = Neox,
where Ngoy, Neoy — horizontal and vertical components of the reaction forces of the body of the vibro
impact device 1 on the surface of the impact mass 6;

Ne7y — the force of the reaction of rock 7 to the impact mass 6;

Nesy — vertical component of the reaction force of the inertial mass 3 on the impact mass 6.

In this case, we also neglected the inertial forces of the working fluid acting on the working bod-
ies of the hydropulse vibro impact device, as having a small contribution to the movement of the de-
vice as a whole.

In order to completely record the mathematical model of the operation of the hydropulse vibro
impact device, we need to consider the operation of the HPD at the appropriate working phases of the
two-stage valve-pulsator.

1) Pressure set phase. In this phase, the conical valve of the second cascade 4 of mass M, and the
spool valve of the 5th mass M; are in a state of rest. In this phase, the conical valve of the second cas-
cade 4 overlaps the pressure cavities A, B, D from the drainage cavity W (see Fig. 2), and the spool
one-stage valve 5 overlaps the pressure cavities B and C from the drainage cavity W, which causes a
set of pressure in the pressure cavities A and D, therefore the main pressure pressure acts on the area Sy
of the lower base of the inertial mass 3.

It should be noted that this phase occurs during the time t when the impact mass 6 is in contact
with the surface of the rock 7. The coordinate of the contact point of the impact mass 6 and the rock
7 — (X, I3, 0). In this phase, the inertia mass 3 is moving.

For this phase 0 <t <t, we write the following initial conditions:

MACHINE BUILDING. PROCESS METALLURGY. MATERIALS SCIENCE
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” Ps,, (t)dS < kiyos; H P(sasz) (1)dS < Kz yo2;
Si2 (S21—S22) (6)

yi(t)=y2(t)=0; 02Y'(t) = yma; Neay =Nasy =0,
where Ymax — maximum strok of inertia mass M.
2) The phase of operation (opening) of a two-stage valve-pulsator. In this phase, the pressure

H Ps, (t)dS from the pressure pg, (t) acting on the area S;, of the valve of the first cascade 5 is equal
Sz

to the force of adjusting the regulating springkiyo:, that is H Ps. (1)dS > k;yos, causing its opening.
Sz

When opening the valve of the first cascade 5 there is a combination of pressure cavities B and C with
drainage cavity W. This combination of cavities causes a drop in pressure in the pressure cavity C,
which in turn causes a pressure drop in the pressure cavities A and C. The result of the pressure differ-
ence in pressure cavities A and C is the emergence of a driving force that forces the valve of the sec-
ond cascade 4 to move. In this case, the opening of the valve of the second cascade 4 and, respectively,
the combination of the pressure cavity A and the drainage cavity W.

In this phase, there is also the movement of the inertia mass M to the maximum displace-
ment y,.. , the valve of the first cascade M; to the value of maximum opening ;... and the valve of the

second cascade M, to the magnitude of the maximum opening Y;ma. Therefore, for this phase
tps <t <t,, We write the following initial conditions:

H Ps,, (t)dS >k yos; ” P(sxu-s2) (1)AS > K2Y52; Naoy = Noay =0; Nesy = Nzsy =0;
Si2 (S21—S22) (7)

02> y'(t) > Ymax; 0= YI(t) = Yimax; 0= Y5 (t) = Yomax; Naox = Noax =0.

3) The closing (lowering) phase of the two-stage valve-pulsator. In this phase, a working fluid
drain occurs due to the drainage cavity W in the water jack 8 causing the pressure drop in the pressure
cavities A, B, C, D. In this case, the valve of the first cascade 5 begins to fall to its original position
(the place of the overlapping of the pressure cavities B and C with drainage cavity W). After the pres-
sure cavities B and C have been detached from the discharge cavity W, the pressure in the pressure
cavities B and C sharply begins to increase, in comparison with the pressure in the middle of the valve
of the second cascade 4, the pressure cavity A. As a consequence of the pressure difference in the pres-
sure cavities B, C and A are the driving hydraulic force [9], which, together with the force of the spring
tension of the valve of the second cascade 4, k,(yo. + Yy2) causes the valve itself of the second cascade

4 to return to its original position. In this case there is an overlapping of pressure cavities A and D
from the drainage cavity W.

In this phase, the reverse movements of the inertia mass M, the valve of the first cascade M; and
the valve of the second cascade M, to the initial position also occur. Therefore, for this phase
top <t <ty we write the following initial conditions:

” Ps,, (£)dS > kyyou; J.J. p(szrszz)(t)ds > Ko Yoo; Nioy = Noay =0; Nesy = N3y =0;
Si2 (S21—S22) (8)

0= y,(t) 2 Yr'nax, 0> yf(t) e yfmax, 0= yé(t) 2 yémax, N40x = N04x =0.

Consider the period of shock interaction of the inertial mass 3, the shock mass 6, and also the
rock 7. For this period, the following general initial conditions for the equations of the body of the

body 1- Ngsy =0 . The generalizing forces acting on the shock mass 3 from equation (1) are represent-
able, like Z F =kys +cVh and Z Fos =—30So Where Vj is the velocity of the shock mass 3 at the end
of the closure (lowering) phase of the two-stage valve-pulsator.
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The beginning of the absolute fixed axis of the coordinates OY will be placed at the upper point
of the inertial mass 3 and directed vertically downwards. Similarly, fasting with a fixed system of co-
ordinates x"0"y"z", which is rigidly connected with the main central axes of inertia of rock 7.

The inertial mass 3 and the shock mass 6 are represented in the form of cylindrical stepped rods
00"y, 01X, Xa0'5, 0"2Xc and the conic rod XcXg,, and the shock surfaces of which are represented as flat
round surfaces (Fig. 3).

2F;
Y
i - Sll 0 - |10; I
T 11
f’f |'\\/|/|’ 01
_ 37 0" /
i 9 SFyql2 2Fpal2 |
1
SlZ
y
6 Ya A
N I21
mll |20
— |22
822 |_ 0,2
m; 02 ' I2

f(X”, yN, ZII)

yY

Fig. 3. Dynamic model of impact interaction of inertial 3 and shock 6 masses, as well as rock 7 on the basis
of the model of Cirs and elastoplastic model of solids
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Each elementary cylindrical rod is expressed by geometric parameters such as:

1. The length I3; and the cross-sectional area Si; for the rod 00';.

2. The length (I,—l;;) and the cross-sectional area S;, for the rod 0';Xa.

3. The length of I,; and the cross-sectional area S;, for the rod X,0',.

4. The length (l,o—151) and the cross-sectional area Sy, for the rod 0’,Xc.

The centers of the masses of the inertial mass 3, the impact mass 6 and the rock 7 are at the corre-
sponding points 04, 0,, 03. Let's give the center of gravity of the inertial mass 3 to the point 0';, which
is on the verge of the two cylindrical rods 0'; and 0';Xa. To do this, from the condition of equilibrium
of the moments of the force of weight relative to the point 0 [10], we write: M'=M(l1¢/l11).

In the same way, we give the center of gravity of the shock mass 6 to the point 0',, which is on
the verge of the two cylindrical rods X,0', i 0'>Xc. To do this, from the equilibrium condition of the
moments of the force of weight relative to the point X, [4, 8], we write: m';=my(l,1/l5).

To simulate the shock interaction of the inertial mass 3, the shock mass 6, and also the rock 7, we
use the Sears model [11], which combines the Hertz approach [6], which takes into account only the
local deformation of co-inflicted bodies, and the Saint-Venant's approach [8], which takes into account
the general dynamic deformation of bodies when struck.

The motion of the inertial mass 3, the impact mass 6, as well as the rock 7 occurs along the y ax-
is, the beginning of which we place at the point O.

The motion of the cross sections of the rods 00';, 0'1Xa, Xa0', 0'2X¢, XcXg is described by the
wave equations (10) and the initial conditions (11), which determine the state of the rods 00';, 0"y Xa,
Xa0'5, 02X, XcXg absolutely solids at t=t,=0.

In the system of equations (9) a; =+/Ei/p1 , @ =+/E2/ p. — the propagation velocity of the elas-
tic wave in the material of the inertial mass 3 and the impact mass 6, respectively; E;, E; — modulus of

elasticity of materials of inertial mass 3 and shock mass, respectively, 6; p1, p2 — the density of the
materials of the inertial mass 3 and the impact mass, respectively, 6;

S(Y)=Sa2 — (S22 - SO)[%) — the cross-sectional area of the rod X-Xg, whose position is
2 — 122

determined by the coordinate y (see Fig. 2); usi(y, t), ux(y, t), us(y, t), us(y, t), us(y, t) — longitudinal

displacement of the cross sections of the roots of the rods 001, 0'1Xa, Xa0"2, 0'2X¢, XX respective-

ly. In the system of equations (10), ym (0)=h + 11, ym'(0) =hk: — the coordinates of absolutely solid

bodies at the initial moment of time; yw'(0)=Vo, y_(0)=0 — the velocity of absolutely solids at the

initial time t=tp=0.

2 2
0 u1(>2',t) _ 12 0 Ul(zy't) =0, 0<y<ly;
ay & ot
Ju(y,t) 1 dux(y,t
UZ(Zy )__2 UZ(Zy ):0, |11SyS|1,
oy a ot
Qus(y,t) 1 dus(y.t
U3(2y )__2 u3(2y ):0' I]_SyS|1+|21; (9)
oy a ot
Jus(y,t) 1 dus(y,t
u4(2y )__2 U4(2V )20, htly<y<h+ho
oy a ot
2
s(p PO B ausy) S TG
y ) > =0, lnp<y<l,
oy ay ay o ot
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auléz/,t) V. 5U16()3(/’t) =0, 0<y<ly;
6u2(§ty,t) _v, auza(i”t) =0, ki<y<k;
5“32") — 0y, ausa(i”t) =0, h<y<h+ly; (10)
6u4(§ty,t) _o 8“48(1'0 =0, b+l <y<h+hy
6u5;ty,t) —0, 5“56(;’*0 =0,l <y<l;

Y (0)=hi, Ym'(0)=Vo, Ym (0)=h +lu, Ym (0)=0.

The boundary conditions determine the presence of forces in the section 0, as well as the conditions
of the interaction of the rods in the sections X,, Xg and absolutely solids in the sections 0';, 05, X¢:

Oy (O,t) Oy (O,t)

—E:Si = kyé +cl, if < 0,

aul(lll,t)

M 'y'M' =—-ESi + ES»

0Up (h1,t) +MG-3poSo;
oy

6u1(|11,t) _ 8U2 (Ill,t) y L 6u1(|11,t) i

ot ot ) ot
ESw Ous (ll,t) ~E,Sp, OUs (ll,t) _ 0, if

8U2 (ll,t)

<0;

o (h,t) _ous(h,t) oo Oua(ht) o
at o oy ’

6U3 (|1 + |21,t) (11)

aU4 (ll + |21,t) +

miyrm =-ExSp + E2S2 mg;
8U3 (ll + |21,t) _ 6u4(|1 + |21,t) _— 8U3 (ll + |21,t) .

at ay i m 5‘t )
8U4(I1 + Izz,t) _ 8u5 (Il + Izz,t) if 6u1(|1 + Izz,t) <0

at at 1 8y )

6U5(I1 + Iz,t) < 0,
oy

8U5(|1+|2,t):aU7(|1+|2,t), if 8U5(I1+|2,t)<0.
at ot oy

We will write down the general mathematical model of the technological process of the destruc-
tion of the rock by the hinged vibro-impact device on the basis of the HPD additionally using the Na-
vier-Stokes equation system [12], the continuity equation for the weakly liquid fluid, and also the
complex of a system of stress-strain state equations for the rock 7 (Fig.3). Since the weight of the
working family in relation to the total mass of the vibro impact device is insignificant, we therefore
neglect the inertial forces of the working fluid itself [1, 7]. The complex of the system of equations of
a stress-strain state for rock 7 will consist of: equilibrium equations [8], dependencies between dis-
placements and deformations [9], equations of joint deformation [11] and instead of the Hooke law
used in the linear theory of elasticity, to apply the system Equations in the theory of plasticity [11].
Since we have a turbulent flow regime in the hydrosystem of the vibro impact device, so in order to

6U5 (Il + |2 ,t)
20— -

E.S Nez =0, if
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apply the Navier-Stokes equation system [12] we additionally use the numerical model of turbulence
k—e [10, 12].

Research results and their discussion. The mathematical model of the technological process of
destruction of the rock using the vibro impact device based on the HPD, represented by systems of
equations (1) — (12) and additionally by equations of hydrodynamics and stress-strain state, was im-
plemented by numerical simulation methods based on FlowVision software systems [1], Matlab Sim-
ulink [6] and APM Structure [8] on the power of computing clusters of the Glushkov Institute of Cy-
bernetics of National Academy of Sciences of Ukraine. The results of the simulation are the distribu-
tion of pressure in the working cavity of the HPD of the vibro impact device (Fig. 4).

. 1.8458e+006

B 1.2557¢+006
6.6566¢+005
75606
-5.1445e+005
1.1045e+006
-1.6946e+006
-2.2846e+006
-2.8747e+006

|
n
B 3.4647e+008
™

-4.0548e+006

. 2.0787e+006
. 1.4653e+006
8.5192e+005
2.3852e+005
-3.7488e+005
-9.8827e+005
-1.6017e+006
-2.2151e+006
-2.8285e+006
-3.4419e+006
-4.0553e+006

a b

Fig. 4. Distribution of pressure in the working cavity of the HPD of the vibro impact device: in the yOx plane (a);
in the z0y plane (b)

Fig. 4 shows that in the middle cavity of the valve of the first cascade, the pressure is significant-
ly higher than in the lower cavity. This difference in pressure creates an additional effort that allows
you to move the valve of the first cascade while connecting the pressure and drain cavity.

The difference in pressure produced at the same time in the lower and upper cavities of the valve of
the second cascade allows you to adjust the amplitude of the pressure in the cavity of the executive hy-
draulic cylinder. The use of an additional regulating cascade in the form of a valve of the first cascade
can significantly reduce the size and, accordingly, the total mass of the regulating hydroequipment.

Also, one of the simulation results is the speed distribution in the working cavity of the HPD of
the vibro impact device (Fig. 5).

Based on the results of numerical simulation (see Fig. 5, a), the working fluid velocity in the bot-
tom of the valve of the second cascade is 32 m/s. This high speed of the working family forms cavita-
tion phenomena, which negatively affects the quality of the conical surface of the valve of the second
cascade. This requires the use of special material and processing mode in the manufacture of this shut-
off element.

Also, the result of the calculation is a diagram of the change in pressure in the cavities of the two-
stage valve-pulsator (Fig. 6).
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Fig. 5. Distribution of speed in the working cavity of the GIP of the vibro impact device: in the yOx plane (a);
in the zOy plane (b)

Analyzing the pressure diagrams in the correspond-

ing cavities of the two-stage valve of the pulsator, one can P-10, :
K . I\/IPa 1\ A 3\ B

conclude that the amplitude of the pressure change in the A _ = .
cavity of the executive cylinder is 12 MPa. 12 | ) ’

It is also possible to note that when pressure is set g |
. - - 0.4
in the lower cavity of the valve of the first cascade there 0 |
is an oscillatory pressure process that can cause an un-  _g4 | HH l
planned movement of the valve of the first cascade. N i

This phenomenon requires the construction of avalve ~— —1.2

—2
of the first cascade so that there would be a positive over- 06 18 30 42 t107%s

lap between the body of the HPD and the tent itself. Fig. 6. Change in pressure in the working
The next results of the calculation are the diagrams  cavities of the HPD of vibro-impact device: 1 —
of the working parameters of the HPD (Fig. 7), namely: in the cavity of the executive hydraulic cylinder;
changes in the displacement (Fig. 7, a) and speed 2 - in the upper cavity of the valve of the first
(Fig. 7, b) of the corresponding moving elements of ~cascade; 3 —in the lower cavity of the valve of

the HPD. the first cascade
V, m/s 13
310, . 2SN p
n;rg /— \ //—/\ OM, t
KA E R\ VA _2
O |V —— —
0.4 / A |3 My 4
yAES /3 SRS | ! |
0 1 2 3 4 t102s 0 08 16 24 t102%s
a b

Fig. 7. Diagrams of changing the working parameters of the HPD: changes in displacement (a); change of speed
(b); 1 — impact mass; 2 — the valve of the first cascade; 3 — the valve of the second cascade
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Analyzing the diagrams (Fig. 7, a), moving the moving elements of the HPD can come to the
conclusion:

Amplitude of oscillation of impact mass is — 10 mm; valve of the first cascade — 6 mm; the valve
of the other cascade — 5 mm. The general frequency of oscillations is approximately 34 Hz.

Analyzing the diagrams (Fig. 7, b) of the velocity of moving elements of the HPD, one can come
to the following conclusion.

The speed at the moment of impact of a shock mass with an executive body is 3 m/s; valve of the
first cascade is 6 mm. The speed of the second stage cascade with the seating position is approximate-
ly 4 m/s, which requires a special heat treatment of the surface of the seat.

On the basis of the calculated calculations of the HPD elements using the FSI [7, 11] technology,
the APM Structure program determined the stress-strain state of the executive body of the vibro im-
pact device (Fig. 8, a) and the working rocks itself (Fig. 8, b).

163 Hz . 344 Hz
a b

Fig. 8. Stress-deformed state of elements of the vibro impact device: own frequency of oscillations
of the executive body (a), rock (b)

By comparing the own oscillation frequencies of the executive body (163 Hz, 344 Hz) of the vi-
bro impact device (see Fig. 8, a) and the frequency of the device itself (34 Hz), one can conclude that
negative resonance phenomena are not observed. It is also possible to note the emergence of extreme
stresses in the most rocky rock exposed to vibration damage.

Conclusions. An effective design of the vibro impact device based on the HPD has been devel-
oped. At the heart of the device is a two-stage valve-pulsator, to implement the most effective modes
of impulse influence on the environment.

Based on the laws of hydrodynamics, using mechanorheological phenomenology and generalized
mechanics laws, a new mathematical model for the study of technological processes of surface sealing
of soils by inertial vibration ram is developed.

On the basis of the developed mathematical model, by means of finite volume and element meth-
ods, numerical simulations have obtained working dependences for determining the basic performance
characteristics of the technological process of vibration damaging of rocks by a vibro impact device
based on HPD.

The results of numerical modeling of the technological processes of vibration damaging rocks by
the vibro impact device on the basis of HPD have shown the advantages of the chosen approach to
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design,

and also allowed to prove the effectiveness of the developed design of the HPD on the basis of

a two-stage valve-pulsator.
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