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Abstract. Presently, there are no methods for calculating the parameters of the drilling practices with rock-cutting
tools equipped with polycrystalline diamond composite (PDC cutters). To create such a method requires the studying
their work. The article presents the results of bench studies of the PDC cutters in the process of a rock sample break-
down when reproducing the actual layout of the cutters on the working surface of the bit.

An important parameter of PDC cutters operation, which is necessary for the bit load analysis, is the pressure of the
cutters on the rock during its breakdown. The total pressure of a cutter on the rock can be broken into two mutually
perpendicular components: the forcing pressure and the cutting pressure.

It is proposed to evaluate the PDC cutters loading at breakage of rocks of different hardness using relative values of
forcing and cutting pressures, which are calculated relative to the yield strength of the rock by the die.

It is established that the variability of the average relative pressures of forcing and cutting is significantly influenced
by drifting per bit turnover and the radius of the cutter on the bit. The dependences of the maximum relative pressures
of PDC cutters at the plastic-brittle rock breakdown on the drifting per bit turnover and the radius of the cutter loca-
tion on the bit are obtained. It has been established that when drifting up to 0.4 mm per turn, the main mechanism of
breakdown is cutting, and with the increase of the breakdown depth, the process of forcing becomes decisive.

Key words: PDC bits; PDC cutters; rock breakdown; axial weight on PDC bit; forcing pressure of PDC cutter; cutting
pressure of PDC cutter; rock hardness by the die

Introduction. Currently, when drilling oil and gas wells, rock-cutting tools of cutting and
chipping action equipped with polycrystalline diamond composite cutters (PDC cutters) are widely
used [6, 9, 10]. The efficiency of rock breakdown with PDC bits and the efficiency of the entire
drilling process depends on both the design of the bits and parameters of drilling practices. To
date, there is no clear methodology for calculating the parameters of the drilling practices with
these tools.

In the process of drilling, there is a load on the bit that is distributed unevenly between indi-
vidual cutters, depending on the design of the bit and the mechanical properties of the rock, so the
development of such a technique can be based on analytical studies of the cutters work at rock
breakdown or on experimental studies, both field and bench. In [1, 13], the results of modeling
the interaction of cutters with rock mass in a specialized software package are presented to opti-
mize the location of cutters on the working surface of the bit; however, there is no description of
the mathematical methods underlying the modeling. In the works of K.I.Borisov,
V.V.Neskoromnykh, V.L.Rubtsov [2-5, 8], a description of the results of the study of cutter per-
formance in the process of rock breakdown is given on the basis of experimental study of single
cutter performance, with the cutter itself being stationary and the rock sample rotating, which
does not fully correspond to the real dynamics of the cutters work in the bottom. In [14-18], the
results of research into the power and energy loading of the PDC cutter are described. The main
drawback of these works is that the interaction of a single cutter with the rock is studied, whereas
in reality, the performance of each cutter is influenced by the profile of the bottom, which is
formed by cutters that affect neighboring areas.

As a result of uneven load distribution, heavy wear and tear of individual cutters or their
breakage occur, so the most informative are bench studies which to a large extent reproduce the
process of rock breakdown in the real scheme of placing cutters on the working surface of the
PDC bit. In the article, the results of bench studies [7, 11, 12], parameters and performance indi-
cators of PDC cutters during the breakdown of a rock sample are used as the initial material.
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Methodology. To assess the loading of individual cutters, the argument was taken as drifting
for one turnover of the bit, and the forces acting on the cutter were recorded. The research was car-
ried out on a specially designed stand, which is a floor drilling machine equipped with an electronic
recording unit, an actuation component with three PDC cutters installed on it, and a cutter area wash
system [12]. The rock sample is mounted in a special holder on the desktop of the drilling machine.
The design of the actuation component of the stand allows to reproduce the required section of the
PDC bit profile, i.e., set the necessary parameters for placing the cutters relative to each other and
the bit axis [11, 12].

The middle of the three PDC cutters in the actuation component is the main one and the other
two are auxiliary. The main cutter is mounted in a special strain gauge rack that allows to measure
three components of the load on the cutter: axial F,, circumferential /;, and radial F, forces.

Before starting the experiment, the following parameters are set: the location of cutters, the an-
gle of their installation, the rotation frequency of the actuation component, and the longitudinal feed
of the drill rod in one of its turns (drifting per one turnover of the cutters). In the course of the ex-
periment, the results of the measurement of the load on the cutter are automatically recorded in digi-
tal form in its own non-volatile memory of the electronic block of the stand and after the experi-
ment is completed, they are saved on the computer’s hard disk.

All experiments were carried out on a sample of medium-hard marble rock, which has the fol-
lowing indicators of mechanical properties determined by the method of static indentation on the
stamp: die hardness py, = 950 MPa; yield strength pp = 650 MPa; conditional plasticity factor
K = 1.7-2; energy intensity of breakdown A4,= 110 J/sm’. The work of 13.5 mm PDC cutters with
sharp edge and chamfer was studied. The following parameters of the location of the main and aux-
iliary cutters were selected for the experiment (Fig.1): offset of the auxiliary cutters X; = 8§ mm,
X, = 8 mm; difference in heights of the auxiliary cutters Z; = 3.7 mm, Z, = 2.8 mm; main cutter ra-
dius R = 25; 50; 85 mm; cutter installation angle oo = 20°.

Drifting 6 per one cutter turnover was set at six levels: 6 = 0.28, 0.4, 0.56, 0.8, 1.12, 1.6 mm at
a speed of 90 min . The cutting zones of the main and auxiliary cutters were washed by the techni-
cal water jets.

Discussion. Based on the results of the experiments, the following ranges of load changes
were obtained:

* The cutter with sharp edge: the average axial
force Fy=328-1427 H; maximum axial force Fgmax =
=472-1970 N; average circumferential force F,=
=315-1388 N; maximum circumferential force
Fimax =519-2296 N;

* The cutter with chamfer: the average axial force
Fg=744-2745 N; maximum axial force Fomax=
=1124-4175 N; average circumferential force
F,=534-1617 N; maximum circumferential force
Fimax = 853-2739 N.

An important parameter of the PDC cutter opera-
tion for calculating bit loads is the pressure of the bit
cutters on the rock mass. Total incisor pressure on the
rock mass vector p is directed perpendicular to the
working surface of the cutter, and can be split into two

&

Axis of rotation

Z,

. ) : Fig.1. Section of the scheme of overlap
mutually perpendlcular dlI'GCtIOIlS; at that of the bottomhole with PDC cutters on the stand

1 and 4 — auxiliary cutters that reproduce the section

_ 2 + 2 of the bit profile; 2 — the main strain gauge cutter;
b= pg P> 3 —ablock of rock mass
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where p, 1s the absolute value of the forcing pressure
created by the axial force F, on the horizontal projec-
tion S, of the contact surface of the cutter perpendicu-
lar to the axis of rotation, 1.e. py = F,y/S, assuming that
distribution of pressure over the contact area is uni-
form; p; is the cutting pressure created by the circum-
ferential force F; on the vertical projection S; of the
cutter contact surface perpendicular to this force, thus
p= F/S..

S Figure 2 shows the profile of a chamfered cutter

tunneling in a single turnover o.

The main working surface of the cutter is in-
clined towards the axis of rotation at an angle a (the
angle of installation of the cutter oo = 20°); the cham-
fer surface is inclined at an angle B = 65°. For a
chamfered cutter, the area S; is considered as the sum
of the main vertical projection S, and the vertical

Fig.2. PDC cutter profile

—Cutler— yrojection of the chamfer S
F fil
ace prof1ile St =Stm—}—Stc, (1)
Rock mass N
Sic and the horizontal projection is:
N e ~— .
‘\H:‘\‘ i - L Slm Sg_ng+Sgc3 (2)
b where Som and Sg. are projections of the main surface

of the cutter and the chamfer, respectively, onto the
horizontal plane (the face plane).
From Fig.2 the following relations are drawn:

S,

Sem = Smtga,

Fig.3. Front view of the cutter (a) and a fragment of
the rock mass cut in one turnover (b)

Sec = Sictgp. 3)

Calculation of the contact area S; of the cutter with the rock mass at a given drifting & for one
of its turnover is carried out in the AutoCAD automated design system (Fig.3).

The projection of the cutter contour on the vertical plane is an ellipse with the major axis d and
the minor axis dCosa located vertically. Since S; lies in the plane passing through the radius R and
the axis of rotation (vertical plane), projections of the contours of the main and auxiliary cutters
were plotted in this plane in two positions: for one drifting and for the subsequent ones offset by d.
Thus, the profile of the face and projections of the contact areas Sy, and S, were obtained, which
were measured using AutoCAD.

The mechanisms of deformation and rock breakdown of various plastic-brittle rocks differ in-
significantly. Assessment of the loading of cutters during the breakdown of rocks of this class with
different hardness can be carried out using the relative values of the forcing pressure p,; and cutting
Pn, Which are calculated relative to the yield strength of the rock by the p, die as follows:

Dt = Pg/Pr; 4)

D= Pi/Pr. (5)

The average forcing p, and cutting p; pressures of the cutter on the rock mass are inversely

proportional, respectively, to the horizontal S, and vertical S; projections of the contact cutter area

with the rock mass. The contact area depends on the drifting per turnover, for each certain bottom-
hole coverage scheme.
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Figure 4 shows graphs of changes of S; and S; on 8 for the bottom-hole coverage scheme under
consideration for a chamfered cutter. The graphs S, = f(8) and S; =¢(d) are approximated by linear
dependencies if the approximation confidence value no less than R* = 0.9962. The growth rate of
the vertical projection of the contact cutter area with the rock S; is higher than the growth rate of S,.

Average relative pressures of the PDC cutter on rock for a chamfered cutter are:

Radius of the cutter Drifting for one Average relative Average relative The ratio of average
location R, mm turnover 4, mm forcing pressure pg; cutting pressure pg pressure p,/p,
85 0.28 0.36 0.39 1.06
50 0.28 0.35 0.44 1.25
25 0.28 0.28 0.35 1.25
85 0.4 0.37 0.32 0.85
50 0.4 0.4 0.37 0.91
25 0.4 0.32 0.32 1.01
85 0.56 0.42 0.29 0.67
50 0.56 0.45 0.34 0.75
25 0.56 0.3 0.27 0.91
85 0.8 0.52 0.26 0.5
50 0.8 0.53 0.29 0.55
25 0.8 0.47 0.28 0.6
85 1.12 0.44 0.21 0.47
50 1.12 0.45 0.22 0.49
25 1.12 0.45 0.21 0.5
85 1.6 0.46 0.18 0.38
50 1.6 0.46 0.19 0.4
25 1.6 0.45 0.19 0.41

Based on the given initial data, a two-factor dispersion analysis was carried out without repeats
at the level of significance a = 0.05 in MS Excel program to establish the essential influence of
separate factors, namely the drifting per turnover & and the radius of the cutter location R on the
variability of the average relative pressure of forcing p.r and cutting py,.

Results of dispersion analysis of the average relative forcing pressure p, of a chamfered cutter:

Sour Sum of squared Degree Aver . Calculated value Significance level Table value
ource deviations of freedom verage square of the Fisher ratio for the calculated f of the Fisher ratio
of variation . MS N L
SS df f-criterion p-value f-critical

Drifting 0.030237 2 0.015119 44.07 0.00001 4.10
Radius 0.057048 5 0.01141 33.26 0.00001 3.33
Error 0.003431 10 0.000343

Total: 0.090716 17

Fig.4 shows a directly proportional relationship between the drifting per turnover 6 and the
projections of the contact cutter areas S, and S;. Based on this, it can be argued that the influence of
contact area projections on average pressures is statistically significant with a probability of 0.95.
Similar results were obtained for a sharp-edged cutter.

Results of dispersion analysis of the average relative cutting pressure p, of a chamfered cutter
are below:

S Sum of squared D ffreedom  Aver . Calculated value Significance level Table value
ource deviations cgree ot freedo verage square of the Fisher ratio for the calculated f of the Fisher ratio
of variation df MS R -
SS f-criterion p-value f-critical

Drifting 0.005578 2 0.002789 8.95 0.006 4.10
Radius 0.092803 5 0.018561 59.56 0.0000004 3.33
Error 0.003116 10 0.000312

Total: 0.101497 17

From the results of the analysis, it follows that the influence of drifting per turnover 6 and the ra-
dius of the cutter location R on p,, and p is significant. This statement is based on the fact that the
p-value, i.e., the significance level for the calculated Fisher f-criterion is less than the specified sig-
nificance level a = 0.05 in all cases. It means that the calculated values of the Fischer f-criterion are
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14 4 significant, and since they are greater than the
12 f-critical value, the statement about the signifi-
é — cant influence of the drifting per turnover and the

10 4 . .

o - radius of the cutter is true.

< . . . .

g 8 Of certain interest is the comparison of
3 4 breakdown indicators of plastic-brittle rock by
g A PDC cutters and indicators of its mechanical
=

P

properties obtained by the standard method of
24 stamp forcing (L.A.Schreiner method). The
0 | | | | | | | hardness of the ps by die with the values of the

02 04 06 08 1 12 14 16 maximum forcing pemax and cutting pmax pres-
Drifting per turnover 8, mm sures, since at these pressures there is a brittle

Fig.4. Dependence S, (1) and S; (2) on & for a chamfered cutter breakout. of plastlc'-brlttle rO.CkS durmg Cl.lttmg
(Sg=3.718 +3.26, R* = 0.9962; S, = 8.295 + 0.05, R* = 1) and forcing. For this comparison, the maximum
relative forcing pressures pgrmax and cutting
pressures pamax Were calculated using the fol-

a lowing formulas:
1.20 1

Pgrmax = pgmax/ps;

050 O~ Prrmax :ptmax/ps-
a Fig.5 shows the graphs of the dependencies
l [— _ pamax = f(8) and pumax = f(8) for cutters with

sharp edge (a) and with chamfer ().

0.40 The range of pgrmax for a sharp-edged cutter
%\1 is very wide-1.2-0.4 (Fig.5, a). When drifting
020 per turnover amounting to 0.28-0.4 mm, the
0 | | | | | | | maximum relative forcing pressure increases
02 04 06 08 1 12 14 16 significantly and reaches its maximum followed

Drifting per turnover 8, mm by an almost gradual decrease. The relative cut-
ting pressure for a sharp-edged cutter varies in a

0.60 1

Maximum relative pressure

b very narrow range of 0.38-0.2.
0.55 - . . .
The range of change in relative forcing pres-
0.5 - sure for a chamfered cutter (Fig.5, b) is signifi-
2 cantly narrower and lies within the range of
g 0.451 0.28-0.5, while in the range of drifting per turn-
s over of 0.28-0.8 mm it increases, and then
2 044 —2 . . .
= slightly decreases. The relative cutting pressure
e 0.35 for a chamfered cutter varies in a wide range of
g 0.5-0.2 at a smooth decrease with increasing
203 1 drifting per turnover.
= Conclusions. The results of experiments to
0-25 1 study loading of individual PDC bit cutters at
02 . . . . | . § breakdown of a plastic-brittle rock sample by re-
02 04 06 08 1 12 14 1.6 producing a section of the bit profile have been
Drifting per turnover 8, mm considered.
—_-—1 =2 -3 4 =5 == The technique of calculating the forcing and

cutting surfaces of cutter for different blade pro-
Fig.5. Dependen'ces of the maximum relative pressures of PDC  files and the values of the corresponding contact
cutters during the breakdown of plastic-brittle rock: pressures is developed. It is proposed to estimate
a — sharp edge cutter, b — chamfered cutter . .
|~ P at R = 85 mm: 2 — 50 mm; 3 — 25 mm; PDC cutters loading with values of average rela-
4 = prmay at R =85 mm; 5 — 50 mm; 6 — 25 mm tive (to the yield strength of rock on the die) forc-
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ing and cutting pressures and maximum pressures (relative to hardness on the die).

Based on the results of experiments at the level of significance a = 0.05, the statistical signifi-
cance of the influence of the drifting per turnover and the radius of the cutter location on the aver-
age relative forcing and cutting pressures was established.

The obtained values of relative forcing and cutting pressures depending on the drifting per bit

turnover can be used to develop a method for calculating axial loads and expected torques on PDC
bits when drilling rocks with known mechanical properties determined by the die forcing method.
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