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Purpose. To create a mechatron model of vacuum tube vibration system for rock cutting by flat auger tools
based on physical and mechanical properties of processed array and kinematic characteristics of the instrument.

Methodology. The analytical model of the fracture process of rock cutting by tool vibration considering plas-
tic properties of the massif was developed. The main technological parameters of massif vibrating cutting with
normal variations were modelled: dependences of normal and tangential pressure in the zone of working body
interaction with the medium, normal and shear stresses in the zone of destruction, rock characteristics of the
medium, vibration parameter dependences on the characteristics of mechatronic system geometry of the contact
area of flat chisel treated with medium.

Findings. The choice of the computational model of the vibration rock cutting with the normal to the direc-
tion of movement of the working body fluctuations was substantiated considering the processes arising from de-
struction: the occurrence of compressive and tensile stresses. The main stages and interconnection options in the
simulation of vibration cutting were established.

Originality. Scientific novelty lies in the development of a method of analysis of contact interaction of roller
working body molding machine with an array taking into account the changes in the stabilization process of
physical and mechanical properties of the treated medium, the aim of which is to predict the required voltage and
depth of the formed layer.

Practical value. The theoretical basis of rock cutting by flat auger tool taking into account the normal com-
ponent of the vibration with regard to the movement direction allowing for the deformation of the rock mass and
the contact interaction with the working body was established, that allows improving the technology of drilling
wells by reducing the power consumption of the cutting process. The results enable us to determine the parameters

of power and kinematic conditions for the occurrence of the vibration cutting.
Keywords: mechatrone vibration system, massif, cutting, drilling

Introduction. Drilling the wells while construct-
ing structure foundations and exploratory wells of all
kinds of mineral resources, including oil and gas, is a
specific type of capital construction of complex tech-
nical facilities under unique geological and geoclima-
tic conditions; it is characterized by high material costs
throughout their construction facilities cycle. Howev-
er, drilling is one of the most popular ways of founda-
tion construction and geological Earth surveys, and
exploration of virtually all minerals deposits. The vol-
ume of drilling operations, both in the world and in
Ukraine are increasing and require new technical and
technological tools and solutions to reduce the cost of
their implementation [1, 2].
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Unsolved problems. Modern technology of drill-
ing operations, used in the formation of wells for vari-
ous purposes, involves a mechanical destruction of
rocks. In this regard, the construction of modern drill-
ing, boring-crane machines and equipment were de-
veloped using mostly mechanical methods of rock de-
struction. The most common way for well construc-
tion is a rotary method of drilling equipment using a
rotational action of drilling tool equipped with a cut-
ting type. Mechanical destruction of rocks is achieved
with tools with cutting action. That is why they play a
very important and sometimes decisive role as a means
of influence on the environment that is destroyed.
Currently, drilling equipment is produced which lacks
advanced design, leading to significant cost and over-
runs of material resources, energy in particular, re-
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duced productivity of machinery and equipment as
well as to the increased cost of drilling.

One of the promising areas of drilling equipment
power consumption reduction is the creation of inno-
vative cutting technology by analyzing patterns of their
interaction with the developed soil. Creation of special
conditions, where vibration cutting during drilling op-
erations appears, eliminates the above drawbacks with
significantly reduced energy costs.

Significant contribution to the creation and devel-
opment of the foundations of the theory of dynamical
destruction of rocks has been made by such famous
scholars of the research and higher education institu-
tions as M.Dombrovskii, A.Zelenin, V.Balovniev,
W.Baumann, Yu. Vetrov, V.Baladinskii, R.Poderni
and others. In their works most authors take into ac-
count the application of dynamic loading in the nor-
mal direction to the surface of the mountain massif
with the emergence of compression stress. However,
the process of rock destruction occurs with minimal
energy power costs while creating tensile stresses in the
array. That is why the development and introduction
of new resource-saving technologies of rock destruc-
tion, including a vibrating cutting, will significantly
improve specific indicators of energy according to
which Ukraine lags behind developed countries by
2—5 times.

Analysis of the recent research. Research of vi-
bration action due to rocks drilling can be divided into
two groups: the first group examines the dynamic be-
haviour of the drilling column; the second group con-
siders the interaction of working bodies with the rock.
The main idea of the first studies is to minimize oscil-
latory processes of the drilling column to stabilize the
cutting process. Among the second group works, great
interest in terms of disclosure of vibrating mechanism
while rock cutting is evoked by inquiries in rock de-
struction with chisel of PDC [3, 4]. In these works ur-
gent issues of interaction mechanism of cutting ele-
ments of modern rock cutting tools with a rock steady
are considered. The peculiarities of geometry and dy-
namics of chisels impact in the cutting process were
established. However, application of these results in
terms of the main vibration parameter (frequency and
amplitude) choice and the definition of cutting forces
is complicated because of the lack of calculation mod-
els considering mechanics of contact interaction ele-
ment of the rock separated from the working body and
the array direction at different vibrations tools.

Unsolved aspects of the problem. Rock vibra-
tion cutting can be divided into two main types of tool
vibrations when cutting directions and vibrations are
parallel or perpendicular. Most vibration technologies
and research studies consider the first type as the pre-
ferred process of destruction. The basis of the research
of the first type of oscillation is the hypothesis for re-
ducing strain during dynamic destruction that would
reduce the energy intensity of the process. However,
intensification of this type of cutting is limited by
emerging higher loads on the contact surface of the
tool which leads to its intensive wear. Research and ap-
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plication of the second type of oscillation by setting
magnetostrictive vibrators, together with the drilling
column and destroying tool that form mechanotronic
oscillating tool system, will change the characteristic
of the static cutting stress distribution and deformation
in the zone of destruction. Changing the direction of
the rock movement with regard to the instrument in
the process of destruction would reduce the contact
pressure and stress, and as a result will reduce energy-
power parameters.

Objectives. To install the main technological pa-
rameters of vibrating cutting normal to the direction of
cutting vibrations, it is important to create a process
model for contact interaction of flat chisel screw drill
with the processed environment, taking into account
the characteristics of the distribution of stresses and
strains that occur in the mountain range.

Presentation of the main research. Screw drills
are equipped with boring crane machines for well drill-
ing cycle. Bore blade design consists of a body, to which
cutting elements (cutters) and intake are attached. In-
take 7 (Fig. 1) in a screw auger, is an element which al-
lows lining up the drill on the axis of the drill hole dur-
ing drilling. Most of the rocks, and as a result, energy
costs account for cutting elements — flat chisels 2. To
create vibrations that are oriented normal (perpendicu-
lar) to the direction of the chisel, boring machine is
equipped with a magnetostrictive vibrator which ex-
panding and contracting with high frequency under al-
ternating magnetic field takes the drill towards the face.

Kinematics of the screw borer is the combination
of two movements: a rotational one and a translational
one along the axis. Thus, with the rotation of the borer
by the drill angle of 6, the cutter travels a distance
equal to the product of the angle of rotation by the ra-
dius, which determines the position of the tool with
the rotation by the angle of 6. Due to this phenome-
non, to achieve full compliance with computational
models it is appropriate to consider a shift of rock per-
pendicular to the direction of the cutting edge, which
will quite complicate the calculations. Moreover, this
phenomenon reduces its influence on the contact area
with increasing radius of the screw borer, which allows
applying a plane orthogonal model while describing
the process of cutting. To confirm the theoretical effi-
ciency of vibration effects on massif let us compare the
results of static and vibrating rock destruction with flat
chisel (Fig. 2, a, b).

Let us consider the balance of the discharge from ar-
ray rock element of thickness 7 and height /4. The action
of the tool on the breed causes normal p and tangential
pressure 1 for the interaction of which Coulomb’s law of
friction should be used. Detachment of element is
caused by its relative shift along the plane of the array,
which is characterized by inclination to horizontal v,
length 4/siny, and the maximum shear stress tg.

Limiting the shear stress 15 in the case of rock de-
struction while using Coulomb-Mohr model depend-
ing on the conditions is of the following form:

in the case of compression: 14=pgtano + c;

in the case of stretching: t4=c — |p|tano,
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b

Fig. 1. Exterior (a) and scheme of screw borer re-
positioning (b)

where pg is normal pressure that occurs at the site of
displacement; ¢ is the angle of internal friction; c is
cohesion.

The equilibrium equation of discharge static ele-
ment when cutting (Fig. 2, a) is

Y X =0;p, _h siny +1, ——cosy —
siny
—ptsind—1rcosd =0;
ZY:O;pS ——CosY —T,——siny +
siny siny

+ptcosd—1rsind =0,

where & is a cutting angle of.
Normal pressure on the basis of equality of friction
and shear angles y = @ is

p= he(tg(20)te(9)+1)
tg(9)7(sin(8)+1.cos(8) +tg(2¢) cos(8) ~n tg(20)sin(3))’

Let us determine the parameters of vibration action
when element separation occurs with the least effort,
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Fig. 2. Scheme to output ratio of contact pressures
and velocities at vibrocutting, h and t are the
height and thickness of the array element sepa-
rated from the rock; v and & are shift angles
and sharp rocks; p and t are normal and tan-
gential components of the contact pressure be-
tween the rock and a chisel; p, and <, are nor-
mal and tangential components of the contact
pressure between the array and the discharge
element; V and U are tangent and normal com-
ponents of the speed of the chisel; Vgand V, are
the relative speeds of the element in regard to
array and a chisel

and, as a consequence, with lower energy efficiency.
The condition of vibrocutting effect is the direction of
the tangential component of the complete contact
pressure changing (Fig. 2, b). This is possible while
creating a vibration velocity, when its tangential com-
ponent U along the plane of contact of rocks with a
tool is higher than the chip velocity V., in relevance to
speed of the chisel

I/c < UB/C‘ (])

According to the triangle of velocities (Fig. 2, ¢), let
us find the speed of the chips relating to the tooth V.

_ sin(y)
V"_Vsin(n—S—w)' 2
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From the expressions (1) and (2) the condition of
vibration velocity for vibrocutting regime setting is

sin(y)sin(8)
o=V 2msin(é+ ) B

8

where a and f are amplitude and frequency of vibra-
tion; k, is the coefficient of vibration.

Dependence of the vibration coefficient on the
cutting angle d at different angles y appears close to a
linear relationship with increasing inclination and cur-
vature of the rocks with a large shear angle (Fig. 3).
The shearing angle for the soil increases with the de-
gree of compression (20—35°); as for rocks, it increases
with increasing of strength (18—35°). Thus, to provide
the vibration cutting regime with normal vibrations to
the direction of tool at which will reverse the relative
motion of the tool relatively to the chip, it is necessary
to create fluctuations of higher vibrovelosity for more
compacted soils and hard rocks.

By providing the condition for vibrovelocity (1)
with the purpose of ensuring the vibrocutting regime,
pressure tangential component changes its direction
(Fig. 2, b). Under conditions of equilibrium of dis-
charge element (in the case of vibration cutting with
the normal direction of fluctuations)

Y X=0; -p

siny +1,——cosy —
siny
—ptsind+1¢cosd=0;
ZY:O; - p,———COSy —T ,——siny +
siny

+ptcosd—1zsind =0.

Similarly, normal pressure p in the course of the
tool moving up is

b= he(ty(29)tg(9)+1)
° tg(0)#(sin(8)-pcos(8)+tg(20) cos(d) +utg(20)sin(d))”
0.16 - T
sin(y) sin(d)
2m sin(3 + ) '//
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Fig. 3. Dependence of the vibration coefficient on
the cutting angle  at different angles of split-

ting y
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Comparison of the obtained dependences of nor-
mal pressure values p, p, (Fig. 4) appearing at static
and vibration cutting and with normal fluctuations in
the direction to the tool movement when cutting geo-
metrical parameters are different, shows the effective-
ness of the proposed method of rock destroying (for
the next conditions: #=0.1, m7=0.1 m, u=0.4). Aver-
age cutting resistance decreases due to the fact that the
massif during one oscillation cycle will be under the
influence of variable stretching and compression forc-
es. The variable cutting force might be obtained if large
sinusoidal oscillations are put on a normal component
of the mentioned force. Thus, the cutting force will in-
volve impulses of maximum values corresponding to
normal pressures p, p,. So the average value of the
pressures and cutting forces will decrease. Pressure re-
ducing by 57 % during the move of the chisel at the top
as a whole will reduce pressure by 30 % on average and
will result in decrease in strength and power necessary
for the implementation of the cutting process. With
the change of direction and speed of the separate ele-
ment of rock V,, tribotechnical properties of surfaces
in contact with the reduction coefficient of friction
will vary significantly during the cycle, which, in turn,
will lead to reductions in cutting forces.

However, it should be noted that the implementa-
tion process of drilling vibration requires a rather com-
plex system of energy-electromechatronic additional
source of high-frequency vibration (magnetostrictor)
to create the necessary vibrovelosities that provide the
reverse direction of movement of rocks on the surface
of the chisel, which will reduce the energy efficiency of
the proposed method.

Besides, a significant shortcoming that will in-
crease energy costs and reduce the stability instrument

Fig. 4. Dependence of normal pressures p, p, aris-
ing under static and cutting vibration with nor-
mal fluctuations to the direction of the tool
movement from cutting and chipping angles
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includes intensive force interaction of back chisel sur-
faces with rock at vibration borer motion in the direc-
tion of the face.

Conclusions and recommendations for fur-
ther research. The proposed approach to the vibro-
power impact of mechatronic vibration drilling sys-
tem when obtaining wells allows establishing the in-
teraction between the stress and contact pressures in
the zone of destruction, which is the basis for calcu-
lating the energy-power cutting process. The reduc-
tion (up to 57 %) of contact pressures was defined
which will significantly increase the stability of the
front surface of the tool and reduce energy costs at
the destruction.

The conditions for the process of vibration cutting
were established with normal fluctuations to the direc-
tion of cutting; the fluctuations determine the depen-
dence of major vibration mechatronic system param-
eters (frequency and amplitude) on the geometric pa-
rameters of drilling chisel.

In addition, the authors proposed principles and
patterns of rock fracture with normal fluctuations to
the direction of cutting which will allow application in
modelling of other technological and mining geotech-
nical processes requiring power consumption reducing
and chisel life increasing.
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Meta. CTBOpeHHS MOJEi MPOoLeCcy MeXaTpOHHOI
BiOpaliifHO1 cMCTEMU pi3aHHS FipChbKO1 MOPOAY TL1ac-
KMMMU Pi3LsIMU IITHEKOBOTO Oypa 3 ypaXyBaHHSIM i-
3MKO-MEXaHiYHUX BJIACTMBOCTEH MacHuBY, 110 0Opo-
OJISIETBCS Ta KiHEMAaTUYHUX XapaKTePUCTUK iHCTPY-
MEHTa.

Metonuka. Po3pobieHa aHalmiTUYHA MOIETb
Mpolecy pyiHyBaHHS TipCbKO1 MOPOAU BiOpalliiHUM
PIXKYIUM iHCTPYMEHTOM 3 YpaxXyBaHHSIM IIJIAaCTUIHUX
BJIACTUBOCTEM MacHuBYy. 3MOAEIbOBAHI OCHOBHIi TeX-
HOJIOTiIYHI MmapaMeTpu IIpolecy BiOpaliiiHOro pizaH-
HSI TipChKOTO MAaCHUBY 3 HOpMaJIbHUMU KOJTMBAHHSIMMU:
3aJIe3KHOCTI HOPMaJIbHUX i TOTUYHMX TUCKIB y 30Hi
B3aEMO/Iil poOOYOro opraHy i3 cepeaoBUILIEM, HOP-
MaJibHi fI TOTWYHI HampyXeHHsI B 30HI pyiHYBaHHS
TipChKOI TTOPOAM, XapaKTEpUCTUKU CEpelOBUILIA, 3a-
JIEKHOCTI BiOpalliifHUX TapaMeTpiB MeXaTPpOHHOI
CHCTEMH Bijl 0COOJMBOCTEN 30HM KOHTAKTY TIJIAaCKUX
Ppi3liB 3 0OPOOJIOBAHUM CEPEAOBUIIIEM.

PesynsraTii. OO6TrpyHTOBaHO BUOIP PO3paxyHKO-
BOi Mojieli Tnpoliecy BiOpalliliHOTO pi3aHHS TipChKO1
MOPOIN 3 HOPMAJIbHUMMU 10 HAIIPSIMY PyXy pOOOYOTo
OpraHy KOJIMBaHHSIMU 3 ypaxXyBaHHSIM BUHUKAIOUMX
MpOLIECiB MpU pyHYBaHHI: CTUCKAIOUUX i PO3TSTYIO-
YyuX HaIpyxXeHb. BcTaHOBJIEHI OCHOBHI eTanu Ta
B3a€EMO3B’SI3KM MapaMeTpiB MPU MOASTIOBaHHI TPo-
Lecy BiOpalliiiHOTO pi3aHHS.

Haykosa noBusHa. [lojisirae B po3po0ili MeToxy
aHaJlizy KOHTaKTHOI B3aEMOii pixKydyoro iHCTpyMeH-
Ty 3 TipCBKMM MacCHUBOM 3 YpaxyBaHHSIM 3MiHU ITif 4ac
rnpoliecy pizaHHs (pi3uKo-MeXaHIYHUX BJIACTUBOCTEN
00pOOJIIOBAHOTO CEPENOBUILIA, METOIO SIKOTO € TIPO-
THO3YBaHHSI BUHUKAIOUUX HAMPYKEHb i TUCKIB Y 30Hi
KOHTaKTy Ta IJIMOMHU BiZOKPEMJICHOTO Iapy, a Ta-
KOX BU3HAYCHHST YMOB BUHUKHEHHS TIPOIIeCy Bibpa-
LilfHOTO pi3aHHSI.

IIpakTnuyna 3HaunMicTb. CTBOpPEHiI TEOpEeTUYHI
OCHOBM pi3aHHS TipChKOI MOPOAU MJIACKUMMU Pi3lisi-
MU IIHEKOBOTO Oypa 3 ypaxyBaHHSIM JIil HOpMaJibHO1
CKJIaAOBOI BiOpallii BITHOCHO HaINpPsIMKY PyXy 3 ypa-
XYBaHHSIM O0COOJIMBOCTEN nedopmallii ripcbKoro Ma-
CUBY Ta KOHTaKTHOI B3a€MOii poOOYOro opraHy i3
cepeoBUILEM, 110 OOPOOISIEThCS, SIKi AO3BOJISIIOTh
YIOCKOHAJIUTU TEXHOJOril0 OypiHHS CBEpIIOBUH
1IJISIXOM 3MEHILEeHHSI eHEPTOEMHOCTI MpolIecy pi3aH-
Hs1. OTpuUMaHi pe3yJIbTaTU ITO3BOJISIIOTh BU3HAYNTU
CUJIOBI TTapaMeTpu Ipoliecy Ta KiHeMaTU4Hi YMOBU
BUHUKHEHHSI BiOpaLiliHOTO pi3aHHSI.

KuouoBi cioBa: mexamponua eiopauitina cuc-
mema, 2ipcbKuil Macue, pi3auHs, OYpiHHs

IMexp. Co3ganne Momenu IIpoliecca MexaTpOHHOM
BUOPALIMOHHOI CHUCTeMbl pPe3aHUSI TOPHOI ITOPOIbI
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TUIOCKUMMM pe3LiaMU IIIHEKOBOTO Oypa ¢ y4eToM (hU3u-
KO-MEXaHMYECKUX CBOMCTB 00pabaThIBAEMOTO MACCH -
Ba M KWHEMAaTUYECKNX XapaKTepUCTUK MHCTPYMEHTA.
Metonuka. PaspaboraHa aHaJIuMTHYeCKask MO-
IIeJTb TIpoliecca pa3pylieHUsI TOPHOM ITOpoabl BUOpa-
HUOHHBIM PEXYIINM MHCTPYMEHTOM C Y4EeTOM ILIa-
CTMYECKMX CBOMCTB MaccuBa. CMoOmeInupoBaHbl OC-
HOBHBIC TEXHOJOIMYeCKue MapaMeTpbl Ipoliecca
BUOpPALIMOHHOTO pe3aHusl TOPHOTO MaccuBa C HOP-
MaJbHBIMU KOJEOaHUSIMU: 3aBUCUMOCTH HOPMaJlb-
HBIX U KacaTeJbHBIX JaBJICHWI B 30HE B3aMMOICHi-
CTBUSI pabOYero opraHa cO Cpeloil, HOpMaJbHEIE U
KacaTeJIbHBIe HaIlPSDKeHMST B 30HE pa3pylIeHUS Top-
HOU TTOPOIBI, XapaKTePUCTUKHI CPEIBI, 3aBUCUMOCTH
BUOpAIIMOHHBIX TTApaMETPOB MEXaTPOHHOM CUCTEMBI
OT OCOOEHHOCTE TeOMETPUM 30HBI KOHTAKTa ILIO-
CKUX pe3L0B ¢ 00pabdaThiBaeMOIi Cpeaoii.
PesynbraTei. O00CHOBaH BHIOOP pacyeTHOI MO-
Ied Tpoliecca BUOPALIMOHHOTO pe3aHusl TOPHOU
TMOPOJIbl C HOPMATBHBIMU K HAIIPpaBJICHUIO IBUKESHUS
pabouero opraHa kojaedaHUSIMU C Y4€TOM BO3HUKAIO-
IIMX TMPOLIECCOB MPU Pa3pylIeHUU: CXKUMAIOIIUX U
paCTATUBAIONINX HaNpPsSDKEeHWIA. YCTaHOBJICHBI OC-
HOBHBIE 3TAIThl M B3ANMOCBSI31 ITapaMeTPOB IIPU MO-
IEeTUPOBAHNH IIPOIIecca BUOPAIIMOHHOTO PE3aHUsI.
Hayunas HoBH3HA. 3aKJfodacTcs B pa3pabOTKe
METola aHaJIn3a KOHTaKTHOTO B3aMMOIEHCTBUS pe-
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KYIIEr0 MHCTPYMEHTA C TOPHBIM MAacCUBOM, C y4ye-
TOM U3MEHEHUS BO BpeMs Mpoliecca pe3ku (pru3uko-
MEXaHUUECKNX CBOMCTB 00pabaThIBAEMOTO CpEmdbI,
LIEJIbI0O KOTOPOTO SIBJISICTCS IIPOTHO3MPOBAHUE BO3-
HUKAIONINX HAMNPSDKeHWH W JABICHUN B 30HE KOH-
TakTa U TIyOMHBI O0OCOOJIEHHOIO CJIOs, a TaKXe
oIpenejeHWe YCIOBUI BO3ZHMKHOBEHMS IIpoliecca
BUOPALIMOHHOTO pEe3aHMsI.

ITpakTuyeckas 3HaumMocTb. Co3laHbI Teope-
TUYECKME OCHOBBI pe3aHusl TOPHOI MOPOIbI MIOCKM-
MU pe3llaMy IITHEKOBOTO Oypa ¢ Y4eTOM NeHCTBUS
HOPMAaJIbHOM COCTaBJIstolleld BUOpalluu OTHOCHU-
TeJIbHO HampaBJeHUs NBUXKEHHUS C y4eTOM OCOOEH-
HoCTell gedopMalliy TOPHOTO MacCUBa M KOHTAKT-
HOTO B3aMMOACHCTBHSI pab04ero opraHa ¢ 0opadarThI-
BaeMOI Cpemoii, ITO3BOJISIONINE YCOBEPIIICHCTBOBATh
TEXHOJIOTHIO OYPEeHMST CKBaXKMH ITyTEM YMCHBIIICHUS
DHEProeMKOCTU TIpoliecca pe3aHus. IlorydeHHBIS
pe3yJbTaThl IMTO3BOJISIIOT OIPEISIUTh CUIOBBIC Tapa-
METpPBI Mpoliecca U KMHEMaTUYECKHUE YCIOBUSI BO3-
HUKHOBEHUSI BUOPALIMOHHOIO Pe3aHusl.

KiioueBble ciaoBa: mexampoHHas 8UOpAuUOH-
Has cucmema, 20pHuL Maccus, pezanue, bypexHue

Pexomerndosano 0o nybaikauyii O0oKm. mexH.

nayk K. K. Tkauyxom Zama Haoxoo0xceHHsi pyKo-
nucy 06.05.15.
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