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Summary. The article presents finite-element simulation results of the PDC drill bit’s operational stress-
strain state in order to determine the most stressed and deformed areas in drill bit’s operation. Operational stress-
strain state of drill bit definition is important because external diameter of the drill bit is the main operation
parameter; and drill bit external diameter decreasing is a cause of drill bit failure. There were simulated
operations of PDC drill bit with welded blades and a solid drill bit. The authors used the Ansys Workbench
(academic license version) to specify the biggest deformation areas. They are the welding joint areas and thread
area. The authors considered the dependence of stresses and strains in these areas on the thickness of a welding
joint. We can conclude that bits with welded blades are more prone to external diameter deformation; they have
worse performance. This fact stipulates requirements for technology improvement of manufacturing these types of
bits.
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Statement of the problem. A modern drilling tool operates under high loads in a
corrosive environment. Therefore, the challenge is to improve its manufacturing technology,
that is, the structure elements containing stress concentrators (welding joints of welded bit
bodies, threads etc.) are under the study. Modern drill bits are made either solid (sintered alloy
sintering) or the blades are welded to the steel body. In this case, domestic manufacturers
mainly produce bits with blades welded to the body (Figure 1).

Figure 1. ISM drill bits with welded blades (photos from the Internet)

According to the foreign standards, the outer diameter is the main dimension that
determines the operational suitability of a bit of any type and design. In fact, the loss of the bit
diameter is one of the reasons for the bit failure and the cessation of drilling [1]. Before drilling,
the bit diameter is measured by means of a special calibration ring (Figure 2). The tolerances
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Finite-element simulation of PDC drill bit’s operational stress-strain state
of the outer diameter of the PDC type drill bits according to APl are presented
in Table 1 [2].

Table 1

Tolerances of the outer diameter of drill bits

Nominal outer diameter of a bit, mm In inches In millimetres
From 85,76 to 349,2 mm (inclusively) -0 ....+0,313 (1/32) -0 ... +0,794
From 355,6 to 444,5 mm (inclusively) -0 .... 10,625 (1/16) -0 ... +1,588
From 447,88 and more -0 .... 10,938 (3/32) -0...+2,381

Figure 2. Control by 216,05 Round Ring™ gauge (nominal external diameter of the drill bit
is 215,99 mm (8 %4 *), Round Ring™ gauge’s height — 30 mm)

Analyses of available investigations. The information on the stress-strain state of the
tool is insufficient, therefore, the performance of the bit elements could not be substantiated,
and the problems of optimizing the bit design could not be solved [3].

The issues of simulating the stress-strain state of cutting tools in operation are covered
in the works of scientists O. G. Blinkov [4], V. V. Solonychnyi, V. M. Vakaliuk, Y. M. Liakh,
D. Yu. Zhuravlev [5]. Based on the finite element method, the drilling tool operation was
studied in the works of S.Dinescu, I. Kertész (Brinas), M. Vesa (Benea) [6],
Mahdi Saadati [7], P.V.Burkov [8], Guangjian Dong and Ping Chen[9], Yi Zhou,
Lin Wang [10], J. Pei, Z.Yinghu, W. Zhenquan, S. Dongyu [11], V. Srinivas[12], JuP.,
Wang Z., Zhai Y., Su D., Zhang Y. & Cao Z. [13], Hlembotska L., Balytska N., Melnychuk P.,
Melnyk O. [19], Kovalchuk Ya., Shynhera N., Chornomaz N. [20].

Thus, in [5], the stress-strain state of a PDC-type solid bit in its operation was analysed.
The central cutters and blades of the bit were found to be the most loaded ones. The same
conclusion was made in [12], namely, the load on the cutter was inversely proportional to the
centre of the bit. In [16], the most loaded sections were found to be the sections of the cutters,
the area of the «body-blade» in the central part of the bit, and the bit rifle.

The contact forces that occur during drilling and distort the wellbore were studied
in [13]. The vibrations of the bit and the column during drilling were studied in [14]. In [16], it
was considered how vibration could be used to improve rock fracture efficiency. In [15],
experimental and finite element characteristics of rock fracture were compared to refine the
rock model.
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Therefore, we can summarize that the vast majority of works focuses on the problem of
rock destruction; it is aimed at the study of stress-strain state of rocks, and rarely at the
determining of the shape and size of structural elements.

Objective of the paper. The objective of this paper is to simulate the cut-erase type
bits’ operation in order to determine the stresses and strains in places of stress concentration.
Based on the simulation analysis, the necessary recommendations on the improvement of bit
production technology should be made.

Statement of the task. To determine the most loaded sections of the drill bit in
its operation, a finite element model of the bit was developed; the model of the drilling head
ISM 14.4764.1001 (Figure 3) was adopted as an analogue.

Since cutting is a rather complicated process, its complete analytical description is now
virtually impossible. Therefore, a numerical experiment was conducted using a number of
assumptions:

1. Heat production in the cutting area was not taken into account.

2. The coefficient of friction on the front surface was assumed constant over its entire
length, regardless of the stresses involved.

3. The coefficient of friction on the back surface was assumed constant and equal to
the coefficient on the front surface.

4. The cutting edge was assumed constant, the shape of the cutter was not changed.
The wear of the cutter during processing was not taken into account.

Both solid and welded bodies were considered.

The model accepted the following limitations:

- Ambient temperature 200°C.

The bit could rotate and move about the vertical axis; the rock was assumed fixed.
The movement speed of the bit along the vertical axis was set 0,1 m/s.

The rotation speed of the bit 1 rad/s.

- The pressure 10,000 Pa on the attachment surface of the bit was set.

The stress-strain state of the bit and rock elements was determined in simulation.
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Figure 3. ISM 14.4764.1001 drill bit (assembly drawing)
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Finite-element simulation of PDC drill bit’s operational stress-strain state

Materials used for simulation are presented in Table 1. The thickness of the welding
jointis 10 mm.

Table 2

Bit and rock elements used in simulation

Element/Material Rock Blade Welding joint Bit body
Body with the . Constructional Constructional
welded blades Concrete-L | BoronCarbi Steel Steel
Solid body Concrete-L. | BoronCarbi - BoronCarbid

Table 3

Materials parameters used in simulation

Material/characteristics Density Volumetric _m_odulus of Shear module
elasticity
Concrete-L 2440 kg/m?® 0,42-10°Pa 7,88-10° Pa
BoronCarbi 2516 kg/m?® 2,33-10' Pa 1,99-10% Pa
Constructional Steel 7900 kg/m?® 2-10" Pa 7,9-10° Pa

Mathematical model of investigation. The model was based on the fundamental
equation of motion of solid body points, which can be deduced [17]:

pU; = pfi + oy )

if u,u,t — respectively, the vectors of the moving points of the solid body, their velocity and
acceleration; f; — density at the moment of acceleration; p — density at a given time; o, —
components of the Cauchy stress tensor.
Boundary conditions are mathematically formulated:
in the forces at the boundaries of the body
oy M =F(); @)

in movements at the boundary of the body

u=U; 3
in the forces at the contact boundary
(J+—0'")n:0if u =u. (4)
Mass conservation equation
PV =p,, ()
if V= det(%} — the initial density of the material.
j
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Energy equation

E:V'Sij'éij_(p_q)\j (6)

. . 1
if s, =0, +(p+q)s, — components of the Cauchy stress tensor deviator; p = —gau % —q

hydrostatic pressure (negative when stretched); g — bulk viscosity; &; — Kronecker symbol;
&; —components of the strain rate tensor.

The assumption concerning the flat deformation is accepted in the work, which is well
confirmed by the experiment. u; =0, e,=0,b=1
The forces acting on a solid body can be determined by the formula [17]

f= fload + fcontact =1 (7)
f..a — the volume and external forces acting on the body are reduced to the CE grid nodes;
f.omaee — the forces at the contact boundary of the body are reduced to the CE grid nodes; | —

internal forces.
Based on these fundamental equations, the numerical calculation of the displacements
of solid’s nodes can be performed applying the following iterative procedure.
Assumedly, at the initial time, in all points of the simulated body
U=0,u=0,u=0; f

=0’ fcontacti ZO’ Ii :0' (8)

load;

Let us find the moving points of the body in some infinitely short time At. To do this,
the kinematic boundary conditions and loads determined by the conditions of the problem at
the given point of time should be set:

u; :U.i’ u; :Ui’ U; =Ui; floadi =Floadi' (9)
Based on the equation (1), the vector of accelerations is calculated:

l"ji |t: (M i;le|Oad| + fcontactI - Ii )|t (10)

M — the matrix of masses.
Next, by integrating with the central difference method, the velocity vector is calculated:

U, |t+A—t= U, |t7ﬂ +At, |, (11)

2 2

Similarly, the vector of displacements of body points is calculated:

ul=ul, +Atu luﬁ (12)

2

Evidently, displacements of body points will cause a force reaction of the body in the
form of internal forces I, which remain unknown. To determine them, the strain rate tensor
should be deduced:
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Finite-element simulation of PDC drill bit’s operational stress-strain state

& | ‘l(dui+dujJ (13)
Y L
Puo2ldx,  dx, o
2
The decomposition is performed:
& =& +eéb,
if £ — elastic strain rate tensor; ¢/ — plastic strain rate tensor.
Then, the increment of any component of deformation
dgij trat Atéi? t+%. (14)
The magnitude of any component of deformation:
Cile e ~ i ‘t +d leat” (15)

Considering the high deformation rates in the chip formation zone at practically applied
cutting speeds [17], the assumption about the adiabatic nature of the deformation is accepted.
Then, the temperature resulting from such deformation can be calculated

o g'ijp'
T=plifn
Cy

Applying the rheological model (equation of state) of the deformable body material, the
stress at the nodes of the CE is deduced [3]:

& t+At ’T) (14)

teat’ U

LAt F(Gij L,g“

j

The internal forces at the nodes are assembled
L, =1(c,).

The rheological model of elastic deformations is presented in this paper by the
generalized Hooke law. This rheological model is used to calculate stresses both in the tool and
in the workpiece. The workpiece is also deformed plastically. The Johnson — Cook equation
describes, for this case, the experiment in the best way:

a,=@+5@ﬁfﬁ+0k¢?ﬁﬁ—ﬁﬁﬂ, (15)

if Z° — intensity of plastic deformation; £* =£"/£,” — intensity of plastic deformation rate;
T =(T-T,)/(T, -T,) — homologous temperature.

Then, the forces at the contact boundaries should be determined. The solution of the
contact problem and the determination of forces at the contact boundary f,,... are performed

by the method of penalties. The contact tangential stresses were calculated by the model
r=min(uc,,7,.,), if u isthe coefficient of friction; 7, — maximum contact stresses; o, —

normal stresses on the contact pad.
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Further, the performance of the destruction criterion in each CE workpiece is verified.
In this paper, the criterion for the plastic material destruction is the criterion of accumulated
plastic deformation in the form of Johnson-Cook:

Ag
DZZE—ZL (16)
f

if 2, =(D,+D,exp(Dyo” J1+D,In& Y1+ D,T") — limit value of accumulated plastic
deformations, o” =o/0o,,, o =0/ o4, — € — equivalent — hydrostatic pressure; cse— Von

. .. Ag . i
Mises stress. In those CEs, where the condition D = z_—g >1 is satisfied, the Cauchy stress
&y
tensor is set to 0, and the grids are deleted in CE.
The calculations are repeated. The current time t is then increased by the integration

step. The maximum integration step is determined by the formulaAt,__ =min(L/c), where

c= /TlE—Z) is the velocity of a plane sound wave in the material; the characteristic
pl-v

dimension of the CE.

Simulation results. Thus, a feature of this approach is the dynamic statement of the
problem. This made it possible to obtain qualitative characteristics of the process for the entire
life of the cutter. In this work, the practical implementation of the model was carried out using
linear triangular finite elements [18]. When explicitly sampled over time, these CEs provide
good convergence and high computation speeds. The simulation results are presented in
Figures 4-11. The simulation lasted for 12,4 s, the model had 41280 nodes and 8480 elements,
and grid compression was not expected due to hardware limitations (including insufficient PC
power).

In this case, the grid compression would not significantly affect the result, since the aim
of the study was, primarily, to obtain a qualitative picture of stresses distribution and to

determine the places of stress concentration in order to make recommendations for improving
the bit production technology.
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Figure 4. Ansys WorkBench 18,2 screenshot Figure 5. Stresses distribution in the drill bit elements with
(academician version) with a grid set on the drill welded blades (Ansys WorkBench 18,2 screenshot
bit model with welded blades (academician version))
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Figure 6. Deformation distribution in the drill bit
elements with welded blades while digging in (Ansys

Figure 7. Stresses distribution in the solid drill bit
WorkBench 18,2 screenshot (academician version))

while digging in (Ansys WorkBench 18,2 screenshot
(academician version))
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Figure 8. Stresses distribution in the solid drill bit
while digging in (Ansys WorkBench 18,2 screenshot

Figure 9. Deformation distribution in the solid drill
(academician version))

bit during rock destruction (Ansys WorkBench 18,2
screenshot (academician version))

10407
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. . . Figure 11. Rock reation force dynamics during rock
Figure 10. Formation of a whole during rock g destruction by the solid d?/ill bit (Ansysg
destruction by the solid drill bit (Ansys WorkBench 18,2 screenshot (academician version))
WorkBench 18,2 screenshot (academician version)) '

According to the simulation results, the greatest stresses in solid bits and bits with
welded blades occur in time of their digging in.

In all types of bits, the highest stresses occur in the threaded sections. In the bits with
welded blades, the highest stresses occur in the areas of welding joints.
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Table 4

Comparison of stresses and strains that occur in the bit elements during the study

Parameter/Bit element Solid body Body \é\:gge\;velded

Maximum stress Pa (in a bit element) 3,808 10° 6,53 108
Maximum deformations (in bit element), m/m 0,0358 0,027
Sections with maximum stresses Thread Welding joint
Maximum stresses in welding joints, Pa — 3,9108
Mean stresses in welding joints, Pa — 3,35 108
Maximum stresses in a threaded section, Pa 3,05 108 3,2 108
Mean stresses in a threaded section, Pa 3,1108 2,9108
Maximum deformations in welding joints, m/m — 0,027
Maximum deformations in a threaded section, m/m 0,021 0,023

Thus, the solid bits are characterized by lower stresses and strains. The maximum stress
level in the bits with welded blades was 1,5 higher than in the solid bits. The mean stresses in
the threaded section are slightly higher in the bits with welded blades (3,2 108 Pa in the bits
with welded blades and 3,05 102 Pa in the bits with solid body).

The highest magnitude of stresses occur near the welding joint, which can lead to defects
during loading. Maximum stresses 3,9 10® Pa and mean stresses 3,35 108 Pa are observed in the
area of welding joints of the bits with welded blades.

At the same time, the magnitude of deformations in the threaded areas and welding
joints (in bits with welded blades) is of particular interest. Such scientific interest is explained
by the fact that deformations in the threaded area can cause the so-called vortex movement of
a bit that occurs during drilling [5]. For example, deformations in the threaded area of a solid
body are 0,021 m/m, and deformations in the threaded area of the bits with welded blades —
0,023 m/m. Deformation in the area of welding joints of the bits with welded blades is 0,027
m/m.

Deformations occurring in the area of welding joints cause the loss of the bit diameter,
which is the main operational indicator of the bit operation. Thus, we can conclude that bits
with welded blades are more prone to loss of diameter, that is, possess worse performance
indicators.

This fact raises the question of the dependence of the stresses and strains on the
thickness of a welding joint. The technology of ISM-type bits production implies the large sizes
of welding joints, which ensures reliable and durable mounting and, at the same time, causes
significant bit deformation during welding. The next stage of the study was to determine the
feasibility of reducing the thickness of a welding joint. In our work, welding joints of 5, 7, and
10 mm thickness were considered for simulation. The results of the finite element study are
presented in Table 5.

Table 5

Determination of mean stresses and deformations of a welding joint of different thickness (according the results
of finite element simulation)

Welding joint thickness Stress, Pa Deformation magnitude, m/m
5mm 2,75 108 0,012
7mm 3,05 108 0,019
10 mm 3,35 10° 0,023
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The level of stresses and deformations that occur in operation depends on the thickness
of a welding joint: the reduction of the welding joint thickness causes a decrease in stresses and
deformations. In this regard, the thickness of the welding joint is proposed to be reduced.

Conclusions. The article investigates the stress-strain state of solid bits and bits with
welded blades under operational conditions in order to improve the technology of bit body
production. For this purpose, to determine the forces acting on the bit, the process of rock
destruction by the bit was analytically studied. Based on the data obtained to determine the
areas of maximum stresses, a finite element study of the bit body (solid and with welded blades)
was conducted. According to the finite element study, the maximum stresses in both solid bits
and bits with welded blades occur in time of their digging in. In all types of bits, the sections
with the maximum stresses are the threaded sections. In bits with welded blades, the maximum
stresses occur in the areas of welding joints. Solid bits are characterized by lower stresses and
strains. The maximum stress level in the bits with welded blades was 1,5 higher than in the bits
with solid body. The mean stresses in the threaded section are slightly higher in the bits with
welded blades (3,2 102 Pa in the bits with welded blades and 3,05 108 Pa in the bits with solid
body). The highest magnitude of stresses occurs near the welding joint, which can lead to
defects in loading. In the area of welding joints of bits with welded blades, maximum stresses
are 3,9 108 Pa, and mean stresses — 3,35 108 Pa. Deformations occurring in the area of welding
joints cause the loss of the bit diameter, which is the main operational parameter of the bit
performance. Thus, we can conclude that bits with welded blades are more prone to loss of
diameter, that is, possess worse operational parameters. The reduction of thickness of the
welding joint was proposed. The finite element study of the operation of bits with welding joints
of 5, 7 and 10 mm was conducted. The level of stresses and strains that occur in operation
depends on the thickness of the welding joint: the reduction of thickness of the welding joint
causes a decrease in stresses and strains. In this regard, the thickness of the welding joint is
proposed to be reduced.
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V]IK 624.014

CKIHYEHO-EJIEMEHTHE JOCJILIKEHHS
HANIPYKEHO-IE®OPMOBAHOI'O CTAHY JOJIT TUITY PDC
1] YAC IXHBOI POBOTH

Tersina Ilpuroposcbka; Onexkcanap Ilpuroposcbkmii

learno-DPpankiecorkuil HAUIOHATLHUL MEXHIYHUL YHIGepcumem Hagmu i 2asy,
lsano-®panxiscovk, Ykpaina

Pestome. Haseoeno pesynvbmamu CKiHUEHO-e1EMEHMHO20 MOOENOBAHHS HANPYICEHO-0edOPMOBAHO20
cmany oonim piscyyo-cmuparoyoi 0ii (PDC) nio uac ixnvoi excniyamayii 3 memoro eusHayuenHst OLIIHOK 00J10Ma,
Oe € Haubinbwii HanpyiceHHs i deopmayii 3 Memoro 8UpoOIeHH NOOATLUIUX PeKOMEHOAayill 011 YOOCKOHANEHHS
mexHoN02Il 8ueomognentss oonoma. Busnauenns depopmayiti, axi eunuxaromev ni0 uyac ekcniyamayii, mae
8aICIUGE 3HAYEHHS, OCKLIbKU 8Mpama OOJOMOM 308HIUHBO20 Olamempy € OOHIEW i3 NPUYUH BUXOOY 3 A0y
donoma. Buxonane modenrosanns pobomu doroma i3 CyyinbHUM KOpnycom ma i3 npusapenumu sonamsamu. 11io
yac ckinueno-enemenmno2o docaioscenns zacooamu AnsysWorkBench (axaodemiuna niyensis) ecmanoeneno, wo
AK 018 CYYIIbHUX, MaK i 018 00nim i3 NpueapeHuMu Jonamamy HauOiibwi HAnpyiIcenHs Cnocmepieaiomvcs 8
MoMmenm 8pizants 0oroma y nopooy. Jlis 6cix munie 0onim OinaHKaMU i3 HAUOLILUUMU HANPYIHCEHHAMU € HAPI3EBi
Ooinsinku. J{nsi oonim i3 npueapenumu 10namsamu maxumu OssHKamu € i Oiianku 38apuux wigis. Ilpu yvomy,
depopmayii, wo eunuxarmev 6 0064ACMI 36APHUX WBI8, € NPUUUHONO SMPAMOI0 00JIOMOM Jdiamempd, wo €
OCHOBHUM eKCHIYAMAyiiHuM NOKA3HUKoM podomu odoaoma. Posersnymo 3anedxcuicms  Odegopmayiti ma
HAnpys#Ccensb y Yyux OLIAHKAX 8I0 MOBWUHU 36APHO20 wied. TaKum 4uHOM, 3p00IeHO BUCHOBOK PO me, ujo 0o10ma
i3 npueapeHumMu JONamamMu € OLibi CXULbHUMU 00 empamu Jdiamempa, moOmo Mawms 2ipuii NOKA3HUKU
excniyamayii, wo ucysae negHi eumozu 00 YOOCKOHANICHHS MeXHON02I GU20MOGNeHH S 00im MAaKo20 Mmuny.
3anpononosano 3MeHwieHHs MOGWUHU 36APHO20 W6d. Bukonano cKiHueHO-eleMeHmHe OO0CHi0NCeHHs
excnayamayii oonim i3 3gapuumu weamu 'y 5, 7 i 10 mm. Bemanosneno, wo pieens nanpyoicens i deghopmayiil, ugo
BUHUKAIOMb NIO 4aC eKCHyamayii, 3a1eicums 6i0 MoSWUHU WA . 3MEHUEHHS MOBUWUHU 36APHO20 WEA GUKIIUKAE
3MEHUIeHHS HANPYICceHb i Oedhopmayiil.

Knwwuosi cnosa: oonoma muny PDC, memod ckinuenux enemenmis, MOOenO8AHHS, HANPYHCEHO-
Odepopmosanuii cmam, Hapizb, 36aPHULL ULOE.
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