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Annomayus: IlpencrasiieH aHa/IU3 U3BECTHBIX CIIOCOOOB OypeHMs. PaccMoTpeHbl cXeMbl CIUJT,
JeMCTBYIONIMe Ha GYpOBOJ MHCTPYMEHT, ¥ OCHWIJIOTPaMMbI TIPOIecca M3MEHEHUST CUJIOBBIX
ToKasaTeJielt pyu GypeHuM TOPOAbI pasJIMYHbIMU crtocobamu. Ha ocHOBaHUM CpaBHUTETbHO-
ro aHaju3a IMpPeIIo’KeHO MO-HOBOMY OCYILECTBJISITh CMJIOBOE BO3MENCTBME Ha GypOBONM WH-
CTPYMEHT J1Jis1 TIOBbIIIeHMsT 3 PekTUBHOCTM GypeHns], a UMEHHO BHEeIpeHNe Je3Bus J0JI0Ta B
MTOPOIY IO BMHTOBONM TPAeKTOPUM, IIaT KOTOPOI TOA06GPaH U3 YCJIOBUST HAUTYUIIIEro CKOJIOO-
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B TIOBEPXHOCTD IMMOPOJHOTO MacCuBa B 3aBUCUMOCTY OT YIJIa MPWJIOKEHUS YAAPHON HArpy3Ku
YCTAHOBJIEHO HaJIMUME CYIeCTBEHHOrO BAMSHMS JaHHOTO MapameTpa Ha 3P PeKTUBHOCTh CKO-
JIoO6Gpa3oBaHMs B TIOPOAHOM MaccuBe. Ha crenyasbHO pa3pabOTaHHOM CTEHZe JIJIST U3ydeHMst
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TOJIbKO IpobsieHust. [IpencraBieHHble pe3ysibTaThl MaTeMaTUUeCKOTro U GU3MUeCKOro MOIesu-
pOBaHMsI BHEpEeHMs JIe3BUSI [OJOTA B TIOBEPXHOCTDH MOPOJHOTO MacCKBa B 3aBUCUMOCTU OT
yI/1a MPUIOKEHMS YIAPHOM HArpy3Ky MOATBEPSKAAIOT 11eJ1eCO06PasHOCTb PO OIKEHMST MCCIe-
JIOBaHMIA 10 YCTAHOBJIEHMIO ONTHMMAJIbHOIO YIJIa TPUJIOXKEHMS ¥ SHePI UM YIAPHON HarpysKu B
3aBUCUMOCTH OT (QU3UKO-MeXaHNUECKIX CBOVICTB TIOPOIbI M OTIpee/IeHI sl BVSHIUS TeOMeTpU
OGypoBOTro MHCTpyMeHTa Ha 3 (eKTUBHOCTD OypeHus.

Knroueewie cnoea: 6Gypenue, qoJ0OTO, BUHTOBASI TPA€KTOPWMS, TOPOAHBIN MaccuB, 3O PeKTUB-
HOCTb CKOJIO0OpAa30BaHMsI, MaTeMaTiueCKoe MOZeMpoBanne, husnueckoe MOLeIMPOBaHNE,
YTOJI IPUJIOSKEHMST YIapHO Harpy3Kiu.

Bnazodapuocme: VicciemoBaHue BBITIOJHEHO MpY (GMHAHCOBOM nopaepskke PO B pamkax
HayuHoro npoekra Ne 19-35-90079

na yumupoeanusa: I'puneko A. A., Coicoes H. U., I'punvko /1. A. TloBblliieHne 3phekTUBHOCTA
mpoliecca CKoJ006pa3soBaHus MpYU YIapHO-TIOBOPOTHOM BO3MENCTBMM JOJIOTA Ha TOPHYIO TO-
pony // TopHbIi nHdOpMaIOHHO-aHaIUTYe CKUit 6royteteHb. — 2020. - Ne 9. - C. 102-115. DOI:
10.25018/0236-1493-2020-9-0-102-115.

Improving shearing efficiency of percussion rotary drill bits

A.A. Grinko', N.I. Sysoev', D.A. Grinko'

! Platov South-Russian State Polytechnic University (NPI), Novocherkassk, Russia,
e-mail: nextdingo@mail.ru

© A.A. TpuHbko, H.M. Ceicoes, [1.A. TpuHbko. 2020.

102



Abstract: The article presents the analysis of well-known drilling methods. The scheme of
forces on a drill tool and the oscillograms of varied impact force in different-type drilling in
rocks are considered. Based on the comparative analysis, a new approach to force impact on
drilling tool is proposed to increase drilling efficiency, namely, to make a drill bit penetrate
rocks along a helical path at a pitch selected from the condition of the most effective shearing.
The mathematical and physical modeling of drill bit penetration in rock mass depending on the
angle of impact load application reveals significant effect of this parameter on the efficiency
of shearing. The studies into the process of drill pit penetration with rotation in rock mass on a
specially designed test bench prove the more efficient use of the unit impact energy for shear-
ing. The presented results of the mathematical and physical modeling of drill bit penetration in
rock mass depending on the angle of impact point at expediency of further research to optimize
impact angle and energy as function of physical and mechanical properties of rocks and for
determining the effect of drilling tool geometry on drilling efficiency.

Key words: drilling, drill bit, helical path, rock mass, shearing efficiency, mathematical mod-
eling, physical modeling, impact load angle.
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Introduction

In view of the current increase in drill-
ing activities and the need for less energy-
intense methods of rock destruction with
a drilling tool, it is required to improve ef-
ficiency of drilling. Drilling efficiency is
usually estimated by the rate and energy
intensity of rock destruction. The drill-
ing rate is estimated by the drilling tool
penetration per unit time and depends on
such factors as rock strength, geometry
of the rock cutting tool and the selected
operating modes. The energy intensity of
the drilling process is estimated by the
amount of energy spent per meter of drill-
ing and primarily depends on the ratio of
crushed and sheared rocks. In formation of
large-size shears, the energy intensity of
destruction will be less than in formation
of small-size shears with increased crush-
ing. For a less energy-intense process of
rock destruction, it is necessary to select
optimal operating parameters for drilling
in specific conditions. This is achieved

with the help of adaptive control systems
and software algorithms that consider en-
vironmental conditions, as well as using
more advanced schemes of force impact
on drilling tool [1—3]. Lower specific
energy consumption often leads to higher
drilling rates.

Comparative analysis

of drilling methods

At present, drilling employs various
tools and methods of force impact on
rocks to be broken. The volumetric or sur-
face destruction of rocks is defined by the
nature of rock deformation at the contact
with drilling tool [4]. In volumetric dam-
age, the pressure on the rock—drilling tool
interface exceeds the temporary indenta-
tion resistance. While in surface destruc-
tion, there is no penetration in rock since
the specific contact pressure of the tool
edge on rock will be less than the rock in-
dentation hardness. Rock destruction oc-
curs due to abrasion and is accompanied
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Fassible shearing planes

Fig. 1. Diagram of forces acting on drill bit in rotary drilling
Puc. 1. Cxema cun, BeNCTBYOLMX Ha pe3eLy Mpy BpaLLaTe/lbHOM crocobe bypeHus

by intense wear of drilling tool and by
increased energy consumption of fracture.
It follows from the foregoing that the ef-
ficiency of drilling to be increased needs
long as possible operation of the tool in
the field of volumetric fracture.

Rocks can be fractured using such me-
thods of mechanical destruction as cutting,
impact rupture and cutting with simultane-
ous impact effect. Accordingly, rotary drill-
ing, percussive drilling and rotary—percus-
sive drilling modes are distinguished.

In rotary drilling (Fig. 1), rock is frac-
tured in continuous rotation and transla-
tional movement of the drilling tool un-
der constant thrust force P and torque M..
The tool moves along a helical line with a
relatively small pitch, and the tool edges
or lips break the rock to a depth h. This
means that the rotary drilling efficiency is
determined by the zones of volumetric and
surface fracture in rocks. Longer operation
of the tool in the zone of volumetric frac-
ture promotes higher efficiency of rotary
drilling.

To analyze and compare the change in
the force impact on the drilling tool over
a period ¢ for various methods of impact
effects, the oscillograms of drilling were
obtained. Fig. 2 shows the oscillograms of
the thrust force P and torque M. in various
drilling methods. It is seen in Fig. 2a that
the drilling tool is subject to the constant
thrust P and the jumping torque M.. The

104

jumps in the torque are associated with
different forces required for shearing dif-
ferent volumes of rocks in drilling.

The rotary percussive method (Fig. 3)
is a combination of cutting with simultane-
ous impact loading of the drilling tool. In
rotary percussive drilling, a continuously
rotating drill bit, the edge of which has the
form of an asymmetric wedge, penetrates
a rock to a depth A under the action of the
significant thrust P and an impact momen-
tum P, . The shock load contributes to a
more effective penetration of the cutting
edge of the drill bit in rock, and the high
torque M_ provides volumetric shearing of
rock by the front face of the drilling tool
[5].

In rotary percussive drill bits, the pow-
er of the rotator significantly exceeds the
power of the shock mechanism. The rota-
ry percussive drilling method is the most
effective in rocks with Protodyakonov’s
hardness factor f=6—12.

The oscillogram of percussive drilling
in Fig. 2b shows that the change in the im-
pact forces over a period ¢ is similar to the
oscillogram of rotary drilling. However,
a distinctive feature is the presence of im-
pact momentum P, , which is applied to
the drilling tool at a certain frequency.

In percussion rotary drilling (Fig. 4),
the drill bit is affected by the similar
forces as in the above-described method
of drilling, but their ratio is fundamentally
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Fig. 2. Oscillograms of thrust force P and torque M_: (a) rotary drilling; (b) rotary percussive drilling;
(c) percussion rotary drilling

Puc. 2. Ocymnnorpammbl oceBoro ycunus P u kpyTsiuero MomMeHTa MKp: npu BpaLLatesbHoM bypeHuu (a); npy Bpa-
LatenbHo-yaapHoM 6yperHuu (6); npu yaapHo-BpaLuatesbHoM bypeHuu (B)
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Fig. 3. Diagram of forces on drill bit in rotary percussive drilling
Puc. 3. Cxema cun, fencTByroLmMX Ha 6YpOBOM pe3eL| npu BpaluaTesbHO-yAapHOM crocobe bypeHus



Fig. 4. Diagram of forces on drill bit in percussion rotary drilling: P—thrust; P, —impact momentum;

M. —torque; h— penetration depth; y— rake angle

Puc. 4. Cxema cun, AedCTBYHOLLMX Ha 4OJIOTO MpU yAapHO-BPaLLaTesibHoM criocobe bypeHus: P — ocesoe ycunve;
Pyn — yAapHas Harpyska; MK,, — KPYTSLLMIA MOMEHT; h — rnybrHa BHEAPEHUs B NOpOAY; Y — Yron passasa 6oposapl

different. Penetration in rock to a depth h
and bulk rock fracture is due to the impact
momentum P, . The constant torque M,
rotates the drill bit and cleans up the face
from crests of neighbor indents, while the
constant and relatively low thrust only
presses the drilling tool to the face [5].

The analysis of the percussion rotary
drilling oscillogram in Fig. 2c shows that
the process of the force change during ¢ is
identical to the oscillogram of rotary per-
cussive drilling, except for a higher value
of P, required for additional penetration
of the drilling tool in the axial direction
and for destruction of the bulk volume of
rock.

Fim

The value of energy supplied to the
rock-breaking tool in rotary percussive and
percussion rotary drilling is always greater
than in rotary or percussive drilling, and
the nature of rock destruction can be both
volumetric and surface depending on the
ratio of specific static and dynamic loads
acting simultaneously, and on the hardness
of rock mass in its complex stress state.
This means that increase in efficiency of
percussion rotary and rotary percussive
drilling requires volumetric fracture pro-
cess to be maintained for a longer period
of time.

In percussion rotary drilling (Fig. 5),
rock is destroyed by the impact P ap-

Fig. 5. Drill bit-rock interaction in percussion rotary drilling: o.— angle between impacts; 3 — tool angle

Puc. 5. Cxema B3auMOAeNcTBMS 40A10Ta M paspyLLUaemMoro MaccuBa rnpu yaapHO-rnoBOpOTHOM BypeHuu: o. — yron
Mexay yaapamu; B — yros 3a0cTpeHus 6ypoBoro MHCTpyMeHTa
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plied along the axis of the drill bit at a cer-
tain frequency, and by turning the tool be-
tween impacts by the angle a. Percussion
rotary drilling creates a complex stress
state in rock mass. Under the action of the
compressive stresses, a compacted core of
crushed rock is formed under the destruc-
tive face of the tool, and under the action
of the shear stresses from the forces N,
shearing of rocks takes place at an angle
v > B in the direction of the open plane.
The drill bit penetrates rock to a depth h
governed by the unit impact energy of P, .

The main factors affecting the efficien-
cy of percussion rotary drilling are the en-
ergy and frequency of impact load applied
to the tool, as well as the tool turn angle o
between impacts.

Fig. 6 shows the dependence of the
penetration depth A of the drilling tool
edge on the angle of the impact load dur-
ing percussion rotary drilling for t. It is
seen from the diagram that the penetration
depth of the drilling tool edge increases
in direct proportion to the percussive load
per|od t The impact load angle a is zero
since the drilling tool penetrates without
turning relative to its axis.

Then, the tool returns to its zero posi-
tion during the time ¢_and rotates at an an-
glea=15-20 degrees out of the contact
with rock during t. After that, the rock-
drilling tool interaction cycle is repeated.

Study concept

An increase in the efficiency of percus-
sion rotary drilling is achieved by penetra-
tion of the drill bit in rock along a helical
path at a pitch sufficient to ensure devia-
tion of the vector of the impact load on the
drill bit from the axis by an angle of the
most efficient shearing.

Fig. 7 shows the diagram of the drilling
tool-rock interaction to explain this idea.
It is obvious that the combination of num-
ber of shears and frequency of impacts
should theoretically coincide in phase, i.e.,

|
|
|
I
|
|
|
a

T 1 fit 1 ¢

Fig. 6. Penetration depth h of drilling tool versus im-
pact load angle a in percussion rotary drilling during
time t: t — percussion loading duration; t, — zero-
point return of drill bit; ¢ —turning time; ¢, ~impact
load time; ¢, — idle rotatlon time of drilling tool

Puc. 6. 3aBMCMMOCTb rny6buHbl BHeapeHus h ne3suui
6YPOBOro MHCTPYMEHTa OT YI/a MPUIIOXKEHUs yaap-
HOV Harpy3Kku o npu yAaapHo-MoBopoTHOM BypeHuu 3a
Bpems t: t — BpeMs [eNCTBUSI YAapHO-NOBOPOTHOM
Harpysku; t — BpeMs BO3BpaTa MHCTPYMEHTa B MC-
XO[iHOE MONOXeHWe; ¢ — BpeMs, 3aTpa4nBaeMoe Ha
MOBOPOT MHCTPYMeHTa; t  — BpeMms, 3aTpaunBaemoe
MHCTPYMEHTOM Ha yAapHYto Harpysky; t —— Bpems
XONIOCTOro NMOBOPOTa BypOBOro MHCTPYMEHTa

the composition of the thrust and impact
load vectors will have a determining in-
fluence on increase in efficiency of rock
breaking by the cutting edge of the drill-
ing tool. However, this process is unpre-
dictable and directly uncontrollable. At the
same time, it is obvious that control over
the direction of the vector of P, and its
value can improve the shearing efﬁaency
and increase the penetration rate as a re-
sult. Applying the impact load P, to the
tool with simultaneous rotation can both
increase the energy transferred to rock for
destruction and ensure its targeted action
on the face.

Thus, the proposed method of drilling
differs from the regular percussion rotary
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Fig. 7. Scheme of forces on drilling tool in its penetration in rock along helical path: P— thrust; P, —
cutting resistance; o — possible domain of impact load change

impact load; P_— penetration resistance; P —
P z

directional

Puc. 7. Cxema cun, AevCTBYOLMX Ha 6YpOBOM MHCTPYMEHT NPy BHEAPEHUM €ro B OpoAY 10 BUHTOBOM TPaeKTO-

pun: P — oceBoe ycunue; P

— Harpas/ieHHasa yaapHaa Harpyska, P — conpoTuBAeHWe Nopoabl BHEAPEHUKO,

P_ — conpotuenerue nopo,u,bl pe3aHuto; 0L — BO3MOXKHasl 06nacTb U3MeHeHus YOAPHOM Harpysku

drilling by the fact that in the power stroke,
the drill bit penetrates rocks with rotation
at a small angle. The illustration is given
by the curves of the penetration depth A of
the drilling tool edge and the impact load
angle a during the time t in Fig. 8. During
movement of the drilling tool toward the
rock mass and in the tool penetration in
rock during t, the tool edge moves at a
strlctly deﬁned angle o relative to the drill
bit axis and makes helical movements in
the time .
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This force impact generates additional
shear and tensile stresses. Since the ulti-
mate shearing and tension strength of rocks
is significantly less than the compression
strength of rocks, we can expect that such
force impact produced by the drilling tool
on rock mass forms more large-size shears,
and, therefore, the efficiency of shearing
and the rate of drilling will increase. Upon
completion of the power stroke, the kin-
ematics of the drilling tool movement is
identical to the rotary percussive drilling
kinematics, namely, the tool returns to its
zero position in the time ¢ and turns at an
angle o =15—-20 degrees in the time ¢, _

Fig. 8. Penetration depth h of drilling tool edge and
impact load angle a in percussion rotary drilling
along a helical path during t: t — percussion loading
duration; t_— zero-point return of drill bit; ¢ —turn-
ing time; tu—impact load time; t— idle rotation time
of drilling tool

Puc. 8. 3aBucumocTb rnybuHbl BHeapeHus h ne3suii
6YPOBOro MHCTPYMEHTa OT YI/a MPUIOXKeHUs yaap-
HOM Harpysku o npu yAapHO-NOBOPOTHOM BypeHumn
Mo BUHTOBO TpaeKTopuW 3a Bpems t: t — Bpems
YAAPHO-MOBOPOTHOW Harpysku no BUHTOBOI TpaekTo-
puM; t — BpeMs BO3BpaTa MHCTPYMEHTa B MCXOOHOE
rnonowxeHue; t  — BpeMs, 3aTpaynBaeMoe Ha MoBoO-
pot VIHCprMEHTa t, — BpeMs ABikKeHus Gyposoro
MHCTPYMEHTa Mo BUHTOBOI! TpaekTopuu; ¢t — Bpems
X0NOCTOro noBopoTa BypoBoro MHCprMeHTa



As a result of percussion rotary drilling
with the bit penetration in rocks along a
helical trajectory, in comparison with tra-
ditional rotary percussive drilling, the ef-
ficiency of shearing increases. The direc-
tional movement of the drill bit at an angle
will form not only the forces necessary for
penetration but also the forces required
for shearing. Fig. 9 shows the conditional
scheme of shearing in regular rotary per-
cussive drilling (A) and in drilling by the
proposed method (B). The diagram shows
that in regular rotary percussive drilling
(A), in section ab-a'b’, tool penetration
and shearing towards the open plane are
equal to the angle of rotation of the tool
between impacts. In the case of drilling
with penetration of the drill along a helical
trajectory (B), additional shear stresses ap-
pear in the rock section ab-a’b’, which will
increase the efficiency of shearing and,
thus, ensure the process of rock destruc-
tion at the lowest energy consumption as
compared with classical rotary percussive
drilling.

Aimed to confirm this statement, the
goal was set to perform mathematical and
physical modeling of the drill bit edge
penetration in rock mass, to obtain the
dependences of the influence exerted by
the angle of impact load application to the

\_‘

a b

surface of penetration on the efficiency of
shearing and use the dependences to find
an efficient pitch of the helical trajectory
of the power stoke.

Mathematical modeling

The finite element method was used for
the stress—strain analysis of rock under the
drilling tool due to the action of a wedge
simulating the drill bit edge. ANSYS
Workbench was used as a software pack-
age for this study. As a result of modeling
various force effects generated by the cut-
ting wedge edge 1 mm wide on rock mass
with Young’s modulus E = 1 - 10° Pa and
Poisson’s ratio u = 0.3, we obtained the
stress—strain behavior patterns in rock in
the zone under the edge (Fig. 10).

It is seen from Fig. 10a that the stress—
strain fields ahead of the front edge of the
wedge and under the cutting edge are ap-
proximately the same in simulated rotary
drilling. In case of the thrust applied to the
wedge (Fig. 10b), the wedge penetrates
rock a little deeper. This can indirectly be
judged by the patterns of the stress—strain
fields in rock mass. When the thrust and
impact load moment act on the wedge
(Fig. 10c), the stress—strain fields arise in
a larger volume as against the other cas-
es, which is reflective of additional shear

Fig. 9. Diagram of shearing in regular rotary percussive drilling (A) and in percussion rotary drilling along

a helical trajectory (B)

Puc. 9. Cxema 06pa3oBaHus CKOI0B Mpu yaAapHO-rMoBOPOTHOM BypeHuu (A) v npu yaapHo-rnoBopoTHOM bypeHue

o BuHTOBOM TpaekTopmu (b)
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Resulfant cuffing
force

a b c
Fig. 10. Stress-strain behavior of rock mass in simulation of various drilling methods: a— rotary; b— rotary,
with additional impulse thrust; c — rotary, with additional impulse thrust and load moment on wedge

Puc. 10. CxeMbl HanpsxeHHO-Ae(OpMUPOBaHHOrO COCTOSIHME MOPOAHOIr0 MacCMBa Mpu UMUTALMM PasNyHbIX
cnocoboB bypeHus: BpaLLaTesbHOro (a); BpallaTesbHoro ¢ AOMONHUTEbHbIM UMMY/IbCHbIM BO3AEHCTBUEM OCe-
BOV Harpy3sku (6); BpalLaTesbHOro C AOMOAHNTENbHBIMU UMITY/IbCHbIMU BO3AENCTBUSIMM OCEBOM M MOMEHTHOM
Harpy3kamu Ha K/vH (B)

stresses in rock mass. This force impact used to model mechanical damage of brit-
will provide less energy-intense fracture tle materials (ceramics, concrete, etc.) in
of rock due to the transfer of more energy  a range of strain rates. The model is ap-
in the form of strains to rock, which will plicable to plane strain, axially symmet-
allow a larger-size shear, will reduce fric-  ric and three-dimensional solid elements,
tion between the wedge and rock, and will  and can be used in both Lagrangian and
increase the shearing efficiency and, thus,  Eulerian regions [9—11]. The modeling
the drilling rate [6—8]. of the cutting edge penetration at a rate
The Abaqus/CAE finite element ana- of 0.8 m/s to simulate the working edge
lysis software package was used for the of a drill cutter 0.5 mm wide, with a cut
mathematical modeling of the depend- thickness of 2 mm, in the mode of the
ence between the shearing volume and directional impact loading produces the
the angle of the impact load application qualitative pattern of large-size shearing
to the wedge. The Holmquist-Johnson—- in Fig. 11 [12—14].
Cook fracture criterion was chosen as the It is seen in Fig. 11 that for different
fracture model. The mentioned criterion is  values of the load application angles rela-

a | b | c d
Fig. 11. Large-size shearing at different angles of impact load application to wedge: a— 30 deg; b—45 deg;
c—55 deg; d— 90 deg

Puc. 11. Cxembi ¢popMUpOBaHMS KPYIMHbIX CKOI0B MPU PasiMyHbIX 3HaYEHWSX YITI0B MPUIOXKEHUS YAapHOM
Harpy3sku K knanHy: 30 ° (a); 45° (6); 55° (8); 90° (r)
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tive to the drill axis, different size shears
are produced. At the impact load angle of
30 degrees (Fig. 11a) to the cutting plane,
a shear 5 mm?* in volume is formed. With
an increase in the angle of the impact load
application to 45 degrees (Fig. 11b), the
volume of sheared rock grows to 8 mm?®.
In case when the angle of the impact load
is 55 and 90 degrees (Figs. 11c and 11d,
respectively), the shearing volume de-
creases to 6 mm?® and and 2 mm? [15].

These results of mathematical mode-
ling prove advisability of changing the di-
rection of the impact load application to
the drill bit edge to increase the shearing
efficiency. Fig. 12 shows the curve of the
shearing volume and the angle of the im-
pact load application to the wedge simu-
lating the working surface of a drill bit.

It is seen from Fig. 12 that the increase
in the angle of the impact load application
to the wedge to 45 degrees has a positive
effect on the volume of rock shearing,
while the higher angle has a negative in-
fluence. However, these results are rather
qualitative in nature. Therefore, to obtain
quantitative data and confirm the mathe-
matical modeling data, physical modeling
was carried out on a specially designed
test bench for penetration of drill bits in
rock mass at various impact load applica-
tion angles and shock energy applied to the
drill bit (Fig. 13). The test bench is made

as a gravity pendulum impact machine and
consists of a table 1, base 2 and a head-
frame 3 with studding 4 to the base by 2.
For kinematic connection between the
headframe 3 and pulling 6, the machine
is equipped with bearing units 5. An out-
put element 7 is connected to the pulling 6
through the bearing units 5 and to the drill
bit 8 by the bolt 10 set in a through hole.
To change the impact energy on the rock
surface 19, the weights 9 with mass m , m,,
m, are put on the shank of the drill bit 8.
To raise the drill bit 8 with a mass m to the
height H = 1 m, the test bench is equipped
with winch 12, which is fixed through the
hole on the drill bit shank 20 by the pulling
rope 13, rollers 15 and a hook 17. To detach
the hook 17 from the drill bit shank 20, the
rail 18 is equipped with an eye bolt 21. To
change the impact load application angle
o, the inclined plate 11 is equipped with
the rail 18 with through holes 16. Using
the locking bolt 15, the plate is fixed at
a preset angle a.. The change step for o
is 5 degrees.

After the drill bit impacts on rock mass,
the shearing products were weighed on a
scale with an accuracy of 0.01 g.To deter-
mine the dependence of the sheared rock
volume on the angle of the impact load ap-
plication, 10 shears were made on a rock
sample at 9 values of the angles. The ta-
ble presents the mass values of shearing
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Fig. 12. Shearing volume versus impact load application angle
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Fig. 13. Test bench, general view
Puc. 13. O6wmvi Bug cteHaa

products and the averaged values of this
parameter depending on the impact load
application angles.

Based on the physical modeling data
on the shearing product volume versus the

35

application angle of impact load, a graph
was plotted (Fig. 14). The graph shows
that an increase in the impact load appli-
cation angle increases the mass of sheared
rock up to the highest value achieved at
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Fig. 14. Shearing product mass versus impact load application angle
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Dependence of shearing product mass on impact load application angle
3aBucUMOCTb Macchbl MPOAYKTOB CKONa OT BeIMYMHbI YrAa MPUIOKEHNS yaapHOi Harpy3ku

Rock | Plate tilt Shearing product mass, mg Averaged mass
angle,deg| ¢ | 2 | 3 | 4| 5| 6| 7181 910 of shearing
products, mg
0 1 1 3 2 4 1 3 1 2 1.9
5 2 6 3 2 5 2 3 2 2 5 4.1
10 7 117 9 8 9 |10 7 |11 | 6 7.6
15 1 |13 |10 |12 110 |12 | 9 | 14 | 11 | 12 11.4
Gypsum 20 12 | 13 | 16 | 15 | 17 | 16 | 15 | 14 | 18 | 17 15.8
25 19 | 214 | 23|21 20| 22|19 | 20| 22 | 19 20.6
30 24 | 23 | 24 | 26 | 22 | 27 | 26 | 25 | 27 | 24 24.9
35 28 | 31 | 32 | 30 | 32 | 31|29 | 32|31 | 30 30.6
40 24 | 29 | 27 | 26 | 28 | 29 | 28 | 30 | 27 | 26 27.4

the angle of 35 degrees. As against the test
at the angle of 0 degrees, the mass of the
shearing products at the impact load appli-
cation angle of 35 degrees grows 15 times
approximately.

The results obtained, to a first approxi-
mation, give reason to believe that bit drill
penetration in rocks should follow not a
linear but a helical path. In order to apply
load impact to the drill bit edge at an angle
of 30— 40 degrees relative to the axis of
the drill bit, the pitch of the helical path
should be 4— 6 diameters of a drill hole.

Conclusions

1. The percussion rotary drilling effi-
ciency can be increased by changing the
mode of drill bit penetration in rock, name-
ly, by driving the drill bit not along the ax-

CIIMCOK JIUTEPATYPbI

ial but along the helical path, and the pitch
of the helical path should ensure deviation
of the impact load vector of the bit edge
from the hole axis by the value sufficient
for the most effective shearing.

2. The mathematical and physical mo-
deling of drill bit penetration in rock at
various angles of impact load application
exhibits significant effect of this parameter
on the shearing efficiency.

3. The results obtained prove advisabil-
ity of further research to optimize applica-
tion angle and energy of the impact load
depending on the physical and mechanical
properties of rocks and to determine the
influence of the drilling tool geometry on
the drilling efficiency, which will certain-
ly serve as the basis for improving drilling
equipment.

1. FOnrmevictep 4. A., Ypasbaxtun P. FO., MenbHukos . A. TopHble MallWHbI C MOLEPHM-
3MPOBAHHbIMK KOHCTPYKLMAMM YAAPHbIX UCMONHUTENbHbIX opraHoB / TexHonoruyeckoe o6o-
pYAOBaHWe ANS TOPHOW M HedTerasoBoM NPOMbILLIEHHOCTH: COOPHUK Hayubix cTaTen XV Mex-
LYHapOLHOW Hay4YHO-TEXHMYecKon koHdepeHummn. — 2017. — C. 124—128.

2. CbicoeB H. W., MNpuHbko . A., KosxesHukos A. C. MNosbiweHne 3¢ddekTMBHOCTU DYHKLM-
OHMPOBAHMA OUUCTHbIX U BYPUIBbHBIX MaLLWH AUCKPETHBIM YNPABAEHUEM UX PEXMMHbIX Napa-
meTpogB // FopHoe obopynoBaHue 1 anekTpomexaHuka. — 2018. — N2 3(137). — C. 37—42.

3. XazaHosuy I LLl. AKTyanbHble HanpaeneHUs Hay4YHbIX MCCNEA0BAHUIA FOPHOMPOXOAYECKOrO
obopynosaHus // lopHoe obopynoBaHue 1 anekTpoMexaHuka. — 2018. — N22(136). — C.41—45.

4. JlykbsiHos B.T., Kpey B. . [opHble MalMHbI M NPOBEAEHME rOPHO-Pa3BeA0YHbIX Bbipabo-
Tok: yuebHuk gns CMO. — M.: Uza-o «HOpanT», 2016. — 342 c.

113



5. Typrene [. K. FopHble MalwmHbl 1 060pya0BaHME MOA3EMHbIX pa3paboTok: YuyebHoe no-
cobue. — Ekatepunbypr: M3ao-so YITY, 2007. — 302 c.

6. Cbicoes H. ., bypeHkos H.H., Yy Kum XyHr ObocHoBaHWe CTpyKTypbl 1 BblIGOp paLuu-
OHaJIbHbIX KOHCTPYKTMBHbIX MapaMeTpoB BypoBoro pesLia, apMMPOBAHHOMO a/IMa3HO-TBEPLO-
cnnaBHbiMK nnactuHamu // Ussectus By3os. Cesepo-KaBkasckuii pervoH. TexHuueckue Hay-
kn. — 2016. — N2 2, — C.77—83.

7. CbicoeB H.W., MpuHbko . A., MpuHbko A.A. UccnepoBaHue HanpsixkeHHO-aedhopMupo-
BaHHOI0O COCTOSHMSA MPUPOLHOro MaccmBa Npu MMMYbCHO-MOMEHTHOM BO3AENCTBUM Ha Bypo-
BOM MHCTPYMeHT / TexHonorndyeckoe 060pynoBaHMe Ans ropHom U HedTerasoBoi NpoMbILLIeH-
HocTu: cbopHuK TpypoB XVI MexayHapogHOM Hay4YHO-TEXHUYECKOW KOHdepeHumun «YTeHus
namaTu B.P. Kybaueka», 12—13 anp. 2018 r. — Exatepunbypr: YITY, 2018. — C. 283 —287.

8. CoicoeB H.U., Yy Kum XyHr OnpeneneHve MakcMManbHO BO3MOXKHOM CKOPOCTM Bype-
HMS LIMYPOB YMCNIEHHBIM MoaenMpoBaHuneM // MopHoe 060pyaoBaHUE M 3NEKTPOMEXaHMKA. —
2016. — N2 2. — C. 20— 26.

9. Pryhorovska T. O., Chaplinskiy S.S., Kudriavtsev I. O. Finite element modelling of rock
mass cutting by cutters for PDC drill bits // Petroleum Exploration and Development. 2015.
Vol. 42. No 6. Pp. 888 —892.

10. Yari N., Kapitaniak M., Vaziri V., Ma L., Wiercigroch M. Calibrated FEM modelling of
rock cutting with PDC cutter // MATEC Web of Conferences. 2018. Vol. 148. Article 16006.
DOI: 10.1051/matecconf/201814816006.

11. Helmons R. L. J., Miedema S.A., van Rhee C. Modeling the effect of water depth on rock cut-
ting processes with the use of discrete element method // Terra et Aqua. 2016. Vol. 142. Pp. 17— 24.

12. Che D., Zhu W.-L., Ehmann K. F. Chipping and crushing mechanisms in orthogonal rock
cutting // International Journal of Mechanical Sciences. 2016. Vol. 119. Pp. 224 — 236.

13. Cheng Z., Sheng M., Li G. Cracks imaging in linear cutting tests with a PDC cutter:
Characteristics and development sequence of cracks in the rock // Journal of Petroleum Science
and Engineering. 2019. Vol. 179, Pp. 1151 —1158. DOI: 10.1016/j.petrol.2019.04.053.

14. MpotoceHs A. T, Mosnes I'. A. TTporHo3 npoCcTpaHCTBEHHOIO HanpsiXXeHHO-AehopMUpo-
BaHHOMO COCTOSAHUS (DU3UYECKM HENIMHENHOMO MPYHTOBOrO0 MacCuBa B Npu3abonHOM 30He TOH-
Hens // FopHbIM MHbOPMaLMOHHO-aHanUTMYeckuin bronnetedb. — 2020. — N2 5. — C. 128-
139. DOI: 10.25018/0236-1493-2020-5-0-128-139.

15. CbicoeB H. ., MpuHbko . A., IpuHbko A. A. MaTeMaTMyeCckoe MOAEIMPOBaHUe BIMUS-
HME yrna NPUIOXKEHUS YAAPHOM Harpysku npu GypeHun ropHoi nopogpl Ha 3hdheKTUBHOCTD
ckonoobpasosaHus // BecTHuk HayuHoro LeHTpa no 6e3omacHoCTM paboT B yronbHOW Mpo-
MbliwneHHocTn. — 2019. — N2 2. — C.70-75.

REFERENCES

1. Jungmeister D.A., Urazbakhtin R.Yu., Melnikov D.A. Mining machines with modern-
ized designs of percussion tools. Tekhnologicheskoe oborudovanie dlya gornoy i neftegazovoy
promyshlennosti: sbornik nauchykh statey XV Mezhdunarodnoy nauchno-tekhnicheskoy
konferentsii [Technological Equipment for the Mining and Oil and Gas Industry: XV Interna-
tional Scientific-Technical Conference Proceedings], 2017, pp. 124—128. [In Russ].

2. Sysoev N. ., Grinko D.A., Kozhevnikov A.S. Increasing efficiency of functioning of cut-
ter—loader and drilling machines by discrete management of their regime parameters. Mining
Equipment and Electromechanics. 2018, no 3(137), pp. 37 —42. [In Russ].

3. Khazanovich G.Sh. Current trends in scientific research of mining equipment. Mining
Equipment and Electromechanics. 2018, no 2(136), pp. 41 —45. [In Russ].

4. Lukyanov V. G., Krets V. G. Gornye mashiny i provedenie gorno-razvedochnykh vyrabotok
[Mining machines and prospecting holes: Textbook], Moscow, lzd-vo «Yurayt», 2016, 342 p.

5. Turgel D.K. Gornye mashiny i oborudovanie podzemnykh razrabotok [Underground min-
ing machines and equipment: Educational aid], Yekaterinburg: Izd-vo UGGU, 2007, 302 p.

114



6. Sysoev N.I., Burenkov N.N., Chu Kim Hung. Structure justification and rational de-
sign parameters for drill bit reinforced with diamond carbide inserts. Izvestiya vuzov. Severo-
Kavkazskiy region. Tekhnicheskie nauki. 2016, no 2, pp. 77 — 83. [In Russ].

7. Sysoev N.l., Grinko D.A., Grinko A.A. Stress-strain analysis f rock mass in drilling by
tool under impact momentum. Tekhnologicheskoe oborudovanie dlya gornoy i neftegazovoy
promyshlennosti: sbornik trudov XVI Mezhdunarodnoy nauchno-tekhnicheskoy konferentsii
«Chteniya pamyati V.R. Kubacheka» [Technological equipment for the mining and oil and gas
industry: XVI International Scientific-Technical Conference Proceedings — Lectures in Memory
of V.R. Kubachek], Yekaterinburg: 1zd-vo UGGU, 2018, pp. 283 —287. [In Russ].

8. Sysoev N.I., Chu Kim Hung. Determination of the maximum possible drilling speed of
holes by numerical simulation. Mining Equipment and Electromechanics. 2016, no 2, pp. 20—
26. [In Russ].

9. Pryhorovska T.O., Chaplinskiy S.S., Kudriavtsev I.O. Finite element modelling of rock
mass cutting by cutters for PDC drill bits. Petroleum Exploration and Development. 2015.
Vol. 42. No 6. Pp. 888 —892.

10. Yari N., Kapitaniak M., Vaziri V., Ma L., Wiercigroch M. Calibrated FEM modelling of
rock cutting with PDC cutter. MATEC Web of Conferences. 2018. Vol. 148. Article 16006. DOI:
10.1051/matecconf/201814816006.

11. Helmons R.L.J., Miedema S.A., van Rhee C. Modeling the effect of water depth on rock cut-
ting processes with the use of discrete element method. Terra et Aqua. 2016. Vol. 142. Pp. 17 — 24.

12. Che D., Zhu W.-L., Ehmann K. F. Chipping and crushing mechanisms in orthogonal rock
cutting. International Journal of Mechanical Sciences. 2016. Vol. 119. Pp. 224 — 236.

13. Cheng Z., Sheng M., Li G. Cracks imaging in linear cutting tests with a PDC cutter: Char-
acteristics and development sequence of cracks in the rock. Journal of Petroleum Science and
Engineering. 2019. Vol. 179, Pp. 1151 —1158. DOI: 10.1016/j.petrol.2019.04.053.

14. Protosenya A.G., lovlev G. A. Prediction of spatial stress—strain behavior of physically
nonlinear soil mass in tunnel face area. MIAB. Mining Inf. Anal. Bull. 2020, no 5, pp. 128 — 139.
[In Russ]. DOI: 10.25018/0236-1493-2020-5-0-128-139.

15. Sysoev N. 1., Grinko D.A., Grinko A.A. Mathematical modeling of influence exerted by
impact load angle on shearing efficiency in drilling. Vestnik nauchnogo tsentra po bezopasnosti
rabot v ugol’noy promyshlennosti. 2019, no 2, pp. 70—75. [In Russ].

NH®OPMALISAA Ob ABTOPAX

[puHbKO AHTOH AnekcaHaposuy® — acnmpaHT, e-mail: nextdingo@mail.ru,

Cbicoes Hukonaii MBaHoBuy! — n-p TexH. Hayk, npodeccop,

e-mail: sysoevngmo@gmail.com,

[pyHbKO AMUTPUi AnekcaHaposuy' — KaHg. TEXH. Hayk,

noueHT, e-mail: dingol7@mail.ru,

' HOsKHO-PocCHIACKMIA TOCyfapCTBEHHbIN NONUTEXHUYECKUI yHUBepeuTeT (HMW) nm. M.W. MnaTosa.
[ na koHTakTOB: MprHbKO A.A., e-mail: nextdingo@mail.ru.

INFORMATION ABOUT THE AUTHORS

A.A. Grinko, Graduate Student, e-mail: nextdingo@mail.ru,

N.I. Sysoevt, Dr. Sci. (Eng.), Professor, e-mail: sysoevngmo@gmail.com,
D.A. Grinko',Cand. Sci. (Eng.), Assistant Professor, e-mail: dingol7@mail.ru,
1 M.I. Platov South-Russian State Polytechnic University (NPI),

346428, Novocherkassk, Russia.

Corresponding author: A.A. Grinko, e-mail: nextdingo@mail.ru.

MonyyeHa pepgakument 26.04.2020; nonyuera nocne peuensumn 17.06.2020; npunsaTa k nevatu 20.08.2020.
Received by the editors 26.04.2020; received after the review 17.06.2020; accepted for printing 20.08.2020.

115



