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IMPROVEMENT OF THE METHODOLOGY FOR CALCULATING
THE EXPECTED DRILLING SPEED WITH PDC CHISELS

Purpose. Determination of the dependence of the depth of penetration of the PDC cutter into the bottom hole rock, taking
into account its geometric parameters and spatial placement in relation to the destroyed array.

Methodology. The tasks were solved by a comprehensive research method, including analysis and generalization of literary and
patent sources, conducting theoretical research, which consists in solving the theoretical problem of the impact of a superhard
circular cutter on an elastically fragile mountain range, using computer and mathematical modeling methods.

Findings. A simplified expression has been obtained that allows taking into account the features of the PDC cutter with suffi-
cient accuracy for engineering calculations when determining the depth of its penetration into the bottom hole rock. A method is
proposed for calculating the depth of fracture in one revolution of a diamond carbide cutter PDC into the rock of the bottom of
the well. The patterns of destruction by the proposed diamond-hard-alloy PDC chisel of a rock mass at the bottom of the well from
the parameters of the drilling regime and the hardness of the drilled rocks have been established.

Originality. For the first time, the dependence has been obtained of the influence of the geometric parameters of the shape of
a single diamond-carbide PDC cutter and its spatial placement in the body of the bit matrix on the magnitude of the technological
parameters of drilling a well, and their effect on the nature of the destruction of the array PDC cutter.

Practical value. A technique for determining the depth of penetration of a single PDC cutter is proposed, the use of which will
allow predicting the mechanical speed, depending on the geological and technical conditions of drilling wells. And taking into ac-
count the abrasive properties of rocks, it is possible to reduce the wear of the bits, and therefore the amount of necessary rock-

crushing tools for the entire volume of drilling operations during the construction of the well.
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Introduction. Rock-breaking tools (drill bits) are de-
signed to destroy rock during the drilling process. The de-
struction of rocks during rotational drilling occurs as a re-
sult of the action of two forces: the axial load on the bit,
created by part of the weight of the drill pipe column, and
the horizontal force created by the rotation of the drill pipe
column.

Drill bits, according to the nature of rock destruction, are
classified as follows [1, 2]:

- chisels of cutting and scalping action. The chisels are de-
signed for the destruction of viscous, plastic, non-abrasive and
slightly abrasive rocks;

- chisels of abrasive-scalating action. The chisels are de-
signed for the destruction of non-abrasive and abrasive rocks
of medium hardness;

- abrasive action chisels. Chisels are used for drilling non-
abrasive and abrasive hard, strong and very strong rocks;

- chisels of cutting and erasing action. The chisels are de-
signed for the destruction of non-abrasive, medium hardness
and hard rocks. They are used for drilling of alternating hard-
ness, abrasive and non-abrasive rocks.

According to the purpose, drill bits are combined into
three groups:

- for drilling wells with a solid face, without core sampling;

- for drilling wells with core sampling;

- to perform special work in the well.

By design, drill bits are divided into: bladed; spherical; dia-
mond and carbide ones [3, 4].

For drilling wells with a solid face, bladed, spherical, dia-
mond and carbide bits are used [5, 6].
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According to the principle of operation, polycrystalline
diamond chisels belong to the chisels of cutting and scaling
action. Their special feature is the presence of a thin layer of
synthetic polycrystalline diamonds on the surface of the cut-
ting elements, firmly connected to a hard alloy base [7, §]. The
cutting elements made in this way have high strength charac-
teristics that are not inferior to natural diamonds.

The diameter of the plates with which the cutters are rein-
forced ranges from 12.7 to 50.8 mm. The thickness of the dia-
mond layer is 0.5—0.7 mm. The plates are attached to the car-
bide base by welding. Thus, the elements of the chisel tooling
are obtained in the form of a tooth or a cutter [9, 10].

Polycrystalline diamond bits provide high mechanical
penetration speed. At the same time, when drilling wells, there
is no need to create a large axial load. Due to this, less energy
is spent on rock destruction, while increasing the mechanical
drilling speed. And as a result, rock-crushing and drilling tools
wear out less.

To date, polycrystalline diamond bits (PDC bits) in a wide
range of types and sizes are produced by well-known foreign
companies such as “Nughes Christensen”, “Hycalos”, “Reed
Tool”, “Diamond Boart”, “J. K. Smith”, “Security” [11, 12].

The rapid scientific and technological progress of drilling
equipment and technologies has led to the creation of new rock-
crushing tools. Recently, employees of Satbayev University, (the
Republic of Kazakhstan), the Institute of Superhard Materials
named after Bakul (Ukraine) and Dnipro University of Tech-
nology (Ukraine) proposed a number of designs of PDC chisels.
Among the latter, PDC diamond carbide cutters occupy a spe-
cial place. They are widely and effectively used for arming bits
when drilling oil and gas and technological wells. A special fea-
ture of the design of the mentioned cutters is the round shape
and the negative angle of inclination with respect to the face.

26 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N° 1



In recent decades, the staff of Satbayev University and
Dnipro University of Technology have accumulated extensive
experience in developing new types of chisels equipped with
PDC cutters.

Literature review. Initially, let us consider the design of the
EC PDC-161 bit (Fig. 1), designed for drilling technological
wells with a diameter of 161 mm [13 The chisel contains a
housing 7 with a thread 2 for connection to the drill string (not
shown). Four blades 3 are welded to the body. The armament
of the latter is made in the form of a pair: “cutter RDC 4 is a
superhard cylindrical element 5” (Fig. 1, F). A feature of the
placement of each mentioned pair is that the cutting edge of
the PDC cutter and the end of the carbide element are in the
same plane. The peripheral (lateral) part of the blades contains
superhard cylindrical inserts 6. The body 7 of the bit from be-
low (from the side of the well face) has a central, expanding
hole with a thread to the top, with which the core 7is mated,
representing a pyramidal peak with a diamond-coated carbide
cutter soldered in the truncated top. The core also has a central
cavity mating with inclined channels. Above the internal
thread of the housing /, inclined holes are made at an angle of
30° to its axis (Fig. 1, £') with an outlet thread, into which four
hydraulic monitoring nozzles 9 are screwed (Figs. 1. D, C).

The drilling bit EC PDC — 220.7 (Fig. 2) designed for
drilling oil and gas wells of constructive type is characterized
by a large drilling diameter, the number of blades (six instead
of four for EC PDC-161) and the absence of hydraulic moni-
toring nozzles [13, 14]. The location at the end of the pair
“cutter PDC - the carbide cylindrical element” is “the same as
in the EC PDC-161 bit” (Fig. 1, E).

The peculiarity of the destruction of the bottom of wells
with EC PDC bits, regardless of diameter, is explained in
Fig. 1, E.

After connecting the bit to the drill string, it is lowered to
the bottom. At the same time, before reaching the bottom, a
new bit is flushed and run-in in the bottom-hole part of the
well. Then, in accordance with the geological and technical
order (GTO), an axial load and a torque (rotational frequency)
are applied to the drilling rig. The mentioned parameters and
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Fig. 1. Drilling bit EC PDC-161:

A — general view; B — left view, C — bottom view;
D—D — an incision along the nozzle for the supply of flushing lig-
uid; E—E — incision along the blade of a pair of PDC cutters; 4 —
superhard cylindrical bead 5

Direction of
rotation

Fig. 2. EC PDC drill bit -220,7:

A — general view; B — bottom view (view of the end);
C—C —incision; D—D — an incision along the opening for the sup-
ply of washing liquid

the consumption of drilling mud are adjusted to the required
rational values. Each pair of downhole armament (PDC cutter
and superhard cylindrical element) acts on the face as follows:
superhard insert 5 forms a crack-weakened zone when exposed
to the face. The power of the latter in hard rocks increases the
depth of diamond grain penetration 8—10 times, which allows
the blade of the PDC cutters to remove the rock of the men-
tioned zone without difficulty.

To realize the most effective destruction of the face, it is
very important to determine the ratio of the distance between
the plane in which the ends of superhard cylindrical inserts are
placed and the PDC cutters. The following variants of spatial
placement of the working elements of paired weapons relative
to each other are possible (Fig. 3) [15, 16].

In the first variant (Fig. 3, a), the end of the superhard
cylindrical insert is closer to the face than above the plane in
which the edge of the PDC cutter is located. The disadvantage
of this option is a slow, irrational decrease in the height of the
insert to the plane in which the cutting edge of the PDC cutter
is located, and the latter is inefficiently involved in the de-
struction of the bottom hole during this period [17, 18].

In the second variant, (Fig. 3, b)) when the edge of the PDC
cutter is closer to the face than the end of the insert, excessive
load on the said cutter and its breakage will be observed.

The third option (Fig. 3, b) is the most rational, since it
implements the combined effect of 2 weapons elements: the
formation of cracks, weakening of the rock strength with a car-
bide insert and its subsequent removal with a PDC cutter blade.

It follows from the above that in the initial stage of drilling,
when the zone of rock weakened by cracks has not yet been
formed, it is necessary to reduce the axial load on the bit,
which then gradually increases to a rational value in accor-
dance with the GTO.

The purpose of the study. Determination of the dependence
of the depth of penetration of the PDC cutter into the bottom
hole rock, taking into account its geometric parameters and
spatial distribution in relation to the destroyed array.
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Fig. 3. Options for spatial placement of paired work items relative to each other:
a — the end of the insert is located closer to the bottom than the PDC cutter; b — the PDC cutter is located closer to the bottom than the end of the

insert; ¢ — the PDC cutter and the end of the insert are in the face plane

Setting the task. The chisel works at the bottom of the well
until the armament is completely worn out, unless there are
other requirements for the drilling process. Since the chisel is
experimental, the mechanical drilling speed is fixed during the
downhole deepening, and when lifting the tool from the well,
the travel speed, the length of the drilled interval and the dura-
bility of the bit are fixed. The drill bit is a tool that directly
destroys and deepens the bottom of the well, and works in very
difficult conditions. Therefore, it is very important to comply
with the drilling technology specified in the geological and
technical order. Excessive load on the face can cause the bit to
burn, and the lack of drilling fluid consumption can lead to the
jamming of wells and the abandonment of drilling tools at the
bottom. During descent operations and assembly of the pro-
jectile, attention should be paid to diamond-containing weap-
ons, avoid sharp impacts, it is necessary to screw the chisel
with a cap wrench, clamping it by the body of the chisel, and
not by its armament.

At the same time, there is currently no theoretical research
that would take into account the features of the geometric pa-
rameters of the PDC cutters (circular shape) and the place-
ment of the latter in space (negative angle of the cutter when
meeting the bottom of the well). In the proposed work, an at-
tempt is made to take into account the mentioned features
when the incisors come into contact with the bottom hole rock.

It was previously established [18] that during rotational
drilling, the initial velocity V of the downhole deepening is de-
termined by the following formula

V=h-m-n, (1)

where 4 is the deepening of the face in one revolution of the
tool by cutters located at the same radius of rotation; m is the

Carbide Carbide Bit
base attachment

number of cutters deepening the annular face of the well; # is
the rotation speed of the tool, rpm.

Certain problems arise when determining the depth 4 of
the incisor insertion. For a long time, its value /# has been de-
termined when a prismatic sharpened cutter is embedded in
the rock, in which the configuration of the embedded part of
the cutter, both the front and rear faces, represents rectangles.
Currently, as a result of a rapid technical process, drilling tools
armed with diamond-carbide PDC cutters have been created
and are being used with great effect [19, 20]. However, in order
to preserve the strength of the diamond layer of the cutter, the
latter is installed with a negative angle of the front face, and the
latter is pressed into the rock and has the shape of a segment,
unlike prismatic cutters. The above features undoubtedly in-
fluenced the determination of the height 4 depending on (1).
The authors [21, 22] solved the problem for these features of
the shape of the PDC incisor (a circle, and the pressed part of
the circle into the rock is a segment), and its placement in
space is the negative front angle of the incisor face (Fig. 4).

Research results and their analysis. When considering the
equilibrium of forces acting on the embedded diamond car-
bide cutter PDC, the following equation is obtained

(cosp—sinB) _ . -
A sin(2B)(1+ £2) = SR n = )
:Hk SinB'O.S[Vl—C(r_hmax)}ﬂ

where P, is the axial load on the PDC cutter; f is the angle of
inclination of the upper face of the PDC cutter relative to the
vertical; fis the coefficient of friction between the PDC cutter
and the rock; H, is the contact strength of the rock. H,=0.62P,
[23, 24] (P, is the hardness of the rock according to A. A. Schrei-
ner); C is the chord length of the segment of the PDC cutter
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Fig. 4. The scheme of embedding the PDC cutter into the bottom hole rock
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embedded in the rock (Fig. 5); fig, is the area of the segment
formed when the PDC cutter is pressed into the bottom of the
well; r is the radius of the diamond-holding plate of the PDC
cutter (Fig. 1); /isthe arc length of the AEDKB segment (Fig. 1).

However, it is difficult to use the obtained formula (3) [25,
26], since the result obtained (the value of 4,,,, is the height of
the segment) will be negatively affected by its other parameters
(r, I, c) of the second layer associated with the value of 4,,,,.
Taking into account these difficulties, we establish dependence
(3) with some approximation that allows its use in calculations.

Having resolved (2) with respect to 4,,,, and performed the
necessary transformations, we obtain

_ (cosB—sinp) _(Ll_r] 3
™0 esin2B(1+ f2)Hpsin \e ) 3)

To this end, we replace the AEDKB segment of the PDC
cutter embedded in the rock to a depth of # with an isosceles
triangle ADB embedded in the rock to the same depth 4. It was
found that at shallow depths h, the area of the ADB triangle
decreases relative to the area of the AEDKB segment by about
30 %, i.e. if the area of the segment and the isosceles triangle
are designated §; and S5, respectively, then their ratio is S, : S, =
=1.3[27, 28].

Therefore, approximately replacing the area of the seg-
ment with the area of the mentioned triangle ADB, we get

P, (cosp—sinp)
cos(2pl+ f?)

From the approximate dependence (4), we find the depth
of the A, insertion of the PDC cutter

B 2P (cosp—sinp)
™ C.0.62P, sinBcos(2P)(1+ £2)

Substituting the 4,,,, value into formula (2), we obtain the
initial drilling speed with a chisel. The analysis of the depen-
dence (5) shows that not all difficulties in using the mentioned
formula (5) have been overcome, since in the real segment the
values /4 and C are related to each other. Therefore, when cal-
culating, it is necessary to assign the exact value of the C chord
of the segment, which would actually correspond to the last
one when calculating the depth h of the PDC incisor (Fig. 6).
In other words, the first calculation according to formula (4) is
approximate, it shows in which direction the value /# needs to
be changed (sideways increases in the C chord, or in the op-
posite direction with a decrease in magnitude). If the radius of
the diamond-hard-alloy plate cutter and the hardness of the
drilled rocks are known, it is possible to try to approximate the
amount of the recess in one turn of the bit using the real drill-
ing speed and the applied modes [29, 30], and assign the val-

=0.62P, sinﬁ%. 4)

max

)

ue C according to its value according to Table 1 and calculate
the recess of 4 wells more accurately using formula (5). If there
are no mentioned data, the value of C is determined approxi-
mately, substituted into formula (5), 4,,, is calculated, which
is compared with the theoretical # corresponding to the ini-
tially selected value of C. Then the calculation according to
formula (5) is repeated using the new value C. Corresponding
to this new value C, the value 4 is again compared with the 4,,,,
obtained by calculation. The calculation is repeated until there
is a slight discrepancy between the calculated max and 4 cor-
responding to the tabular value C (Table).

According to Table, a graphical dependence of the height
of the 4 segment (which in this case means the depth of a sin-
gle PDC cutter during drilling) on the length of the C segment

e .

Fig. 5. The actual (AEDKB arc) and proposed approximate
shape (isosceles triangle ADB) of the profile of the depressed
PDC incisor)

L—

L

0 2 A 6 8 10 12 14 ¢, mm

Fig. 6. Dependence of the height of the segment h on the length
of the chord C

Table
Segment parameters (arc length /, chord length C, height 4, area \S) for different angles of the segment a
Formulas for calculating segment parameters:
The radius of the PDC L=aR;c=2R-sina/2; h=R(I-cosa/2); S=1/2 - R¥c - sina)
cutter is R=6.5 mm
sina,/2 cosa/2 ¢, mm h, mm o —sina S, mm?
o =30°=0.523 rad 0.259 0.966 3.370 0.442 0.523 -0.500 =0.023 0.486
o =60°=1.047 rad 0.500 0.866 6.500 0.871 1.047 — 0.860 = 0.181 3.820
a=90°=1.57 rad 0.707 0.707 9.191 1.904 1.570 — 1.000 = 0.570 12.040
o=105"=1.832rad 0.793 0.609 10.310 2.541 1.832 - 0.966 = 0.866 18.290
o =120°=2.093 rad 0.866 0.500 11.260 3.250 2.093-0.866 =1.227 25.920
o= 135"=2.355rad 0.924 0.383 12.010 4.010 2.355-0.707 = 1.648 34.810
o =150°=2.617 rad 0.966 0.259 12.560 4.820 2.617 - 0.500 = 2.117 44.720
o =165"=2.878 rad 0.991 0.130 12.880 5.650 2.878 - 0.665=2.213 55.520
o= 180" =3.14 rad 1.000 0.000 13.000 6.500 3.140 - 0.000 = 3.140 66.330
ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2024, N° 1 29




is constructed. With the existing drilling technology, calcula-
tions most often use part of the 4 - H(c) graph in the range from
C=2to C= 8.5 mm. The corresponding / values are in the
range 0.3 < & < 1.7 mm (Fig. 6). Taking into account the men-
tioned ranges, the expected initial drilling speed will be from
2 m/h (very hard rocks) to 3.5 m/h (very soft rocks).

An example of determining the depth of insertion of a
PDC cutter in one revolution.

Initial data: axial load on the chisel P, =80 kH, the number
of incisors at the end of the chisel m,= 30, and at one rotation
radius m = 4; rotation speed #n = 1.5 rpm; anterior angle of in-
clination of the front face § = 15°; rock hardness according to
A.A.Schreiner P, =3 kH/mm; f=0.3.

Solution: since there are no other clarifying data, we as-
sume the length of the chord of the segment in contact with
the rock when the incisor is inserted C = 8 mm, which corre-
sponds to the length # = 1.27 mm (Table and Fig. 6). The load
on one PDC cutter will be P, = P,/m, =80 kH/30 =2.67 kH.

We calculate the depth h,,,, of the incisor insertion into the
rock, mm

2-2.67(cos15°—sin15°) :8.296:1.03.

max = 8-0.62-3sin15°cos38°(1+0.3%) 8

At C =8 mm, h,,;;= 1.27 mm. If we had set C = 7, then
when calculating h,,,, according to formula (5), the value
Niax = 8.296/7 = 1.185 mm was obtained, which is closer to the
real value of C =7 mm, which should be applied when calcu-
lating according to formula (5).

The speed calculation according to (1) showed V'=1.185 x
x4-1.5=25.586=25.5m/h.

Conclusions.

1. The formula we derived earlier to determine the depth of
penetration of the PDC cutter into the bottom hole rock in
one turn of the bit requires some simplification and approxi-
mate estimation, since the depth of penetration due to the
round shape of the cutting part of the cutter is the height of the
segment and depends on its other parameters: chord length,
segment angle and segment arc length, into the formula. In
order to make it possible to use the formula with some approx-
imation, the area of the segment forming the PDC incisor em-
bedded in the rock was replaced by the area of an isosceles
triangle, the base of which is the chord, and its height coin-
cides with the height of the segment. At the same time, due to
the decrease in the area of the triangle relative to the area of
the segment, the error is on average 30 %.

2. A technique has been developed for using a simplified
formula to determine the depth of insertion of a PDC cutter in
one revolution. Its essence lies in correctly assigning the value
of the chord of the segment, which would correspond to the
depth of the embedding and its tabular value (i.c., the height of
the segment with the selected chord length). This requires sev-
eral calculations that approximate the values of the calculated
value and the tabular values of the embedding depth and seg-
ment height to each other.

3. The obtained simplified dependences of the depth of
penetration of a single PDC cutter make it possible, with
known parameters of the PDC bit drilling mode and the hard-
ness of rough rocks, to predict with satisfactory accuracy the
expected mechanical drilling speed at a particular geological
object, and in the future, taking into account the abrasive
properties of rocks, to reduce the number of rock-crushing
tools for the entire volume of drilling operations.
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Merta. BcraHoBiieHHS 3a1€KHOCTI TIMOMHY TPOHUKHEH -
H4 pizug PDCy nopony Bu6010 CBEpIJIOBUHM 3 YpaxyBaHHIM
Oro reoMeTpUUYHUX MapaMeTpiB i TPOCTOPOBOTO PO3MillIEH-
HSI TI0 BiTHOIIEHHIO 10 MaCUBY, 110 PYHHYEThCS.

Meronuka. ITocraBieHi 3aBIaHHS BUPILIYyBaIMCSI KOMII-
JIEKCHUM METOJIOM JIOCITIi/DKEHHSI, 1110 BKJTIOUAE aHasli3 i y3a-
TaJIbHeHHS JiTepaTypHUX i MAaTeHTHUX JIKepesl, TPOBEAEHHS
TEOPETUYHUX JTOCIIKEeHb, 110 TOJIITAlOTh Y BUPILIEHHI T€O-
PETUYHOIO 3aBAaHHSI BIUIMBY HAATBEPAOro pi3lisl KPyrjioi
dopMH Ha TIPYKHO KPUXKHUI TipChbKUI MacuB, 3 BUKOPHC-
TaHHSIM METO/IB KOMIT'IOTEPHOTO i1 MaTeMaTUYHOIO MOje-
JIIOBAHHSI.

Pesyabratn. OTpuMaHO CIIpOILEHUI BUpa3, 110 T03BO-
JISIE 3 JOCTaTHBOIO JUIST iHXKEHEPHUX PO3paxXyHKiB TOUHICTIO
BpaxyBaTu ocobauBocTi pizusg PDC mono rmmbuHM iioro
MMPOHUKHEHHSI B TIOPOTy BUOOIO CBEPJIOBUHU. 3aIIPOTIOHO-
BaHa METOJMKa PO3paxyHKy MNIMOMHM PYHHYBaHHS 3a OJVH
000poT anMazoTBepaociiaBHoro pisus PDC y ripebkiii mo-
poai BUOOIO CBepMIOBMHU. BcTaHOBJIEHI 3aKOHOMipHOCTI
pYiiHYBaHHSI  3aIllpONIOHOBAHUM  aJIMa30TBEPAOCILIABHUM
PDC nonotom macuBy ripcbKKX Mopia Ha BUOOI CBEPIJIOBU -
HU Bill mapamMeTpiB pexxuMy OypiHHS Ta TBEPAOCTi OypUMUX
MOpiJ.

HaykoBa HoBuM3HA. YTiepiile OTprMaHa 3aJIeXKHICTh BITTU-
BY F€OMETPUYHMX MapaMeTpiB (popMU OTMHUYHOTO aJIMa30T-
BepaociuiaBHoro pisusg PDC i nmpoctopoBoro iioro posmi-
LIEHHS B TiJIi MaTPUIIi 10JOTA Bill BEIMUMHU TEXHOJOTIYHUX
rnapamMeTpiB OypiHHS CBEPIJIOBUHMU, Ta iX BIUTUBY Ha XapakTep
pyitHyBaHHS MacuBy pizusgmu PDC.

IIpakTyHa 3HAYMMICTB. 3aTIPOMIOHOBAHA METOAMKA BU-
3HAYEHHS INIMOMHM MPOHUKHEHHS oauHu4HOoro pisusg PDC,
BUKOPUCTAaHHSI SIKOi JIO3BOJUTH 3aJIEXKHO Bill T€OJIOTO-TeX-
HiYHUX YMOB OypiHHS CBEPIJIOBUH ITPOrHO3YBAaTU MEXaHIuUHY
IIBHUIKICTh. A 3 ypaXyBaHHSIM a0pa3uBHUX BIIACTUBOCTEI TTO-
Pil 3HU3UTU 3HOLIYBAHHS JIOJIOT, @ OTXKE KiJIbKiCTh HEOOXi-
HOTO MOPOJOPYIHIBHOIO iHCTPYMEHTY Ha BeCb o0cAr Oypo-
BUX POOIT ITpU OYAiBHULITBI CBEPIJIOBUHMU.
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