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Abstract: A rational, theoretically proved and empirically verified control system is a condition for optimal manage-
ment of the drilling process in compliance with the criteria for minimizing the cost of time and material resources.
A new generation of rock-cutting tools using PDC cutters (polycrystalline diamante cutters), which are extremely
effective when drilling wells for various purposes in medium-hard rocks, dictates the need to develop methods and
criteria for optimal control of the drilling process using this tool.

The paper presents an analysis of the force interaction between rock-cutting elements, face rock, and drilling mud
saturated with slam, highlights the influencing factors and provides dependencies for determining the parameters of rock
failure. Empirical verification of the theoretical propositions was carried out based on the data analysis from experi-
mental bit drilling of marble with PDC cutters with a diameter of 76.2 mm, processed using the method of full factor
experiment to obtain mathematical models of factors and their graphical interpretation.

The method of controlling the drilling process based on the optimal ratio of the tool rotation frequency, axial weight
and deepening per one turnover is considered, which allows determining the rock failure mode at the well bottom
by indirect signs and choose the optimal values of the drilling mode parameters that correspond to the most optimal
conditions in terms of achieving the maximum mechanical drilling speed in conjunction with the rational mode
of rock-cutting tool operation. A scheme is presented that contains possible variants of the bit run mode and ways to
recognize them by the ratio of the deepening per turnover and the rotation frequency of the rock-cutting tool.

Key words: diamond drilling; full factor experiment; drilling process control; drilling tool development; PDC cutters;
drilling modes

Introduction. The PDC cutters use as a rock — cutting elements for the crowns and bits pro-
duction is one of the most progressive trends in the production of rock-cutting tools for rock failure
[2, 8-14]. This type of tool is able to provide high drilling speeds for various purposes in rocks of a
wide range of hardness, combined with a large resource. However, the issue of force interaction be-
tween rock-cutting elements, rock containing the face, and drilling mud saturated with slam, can not
be called thoroughly studied.

Resistance forces when drilling with PDC-cutter bits significantly affect the fracture process,
its efficiency, and, in particular, the cutters resistance themselves [7]. The studies presented in [5]
and also Smith Bits analytical data [15] shows that the most intensive cutters wear is possible at
the point distance of 0.8 of the r bit radius, indicating that the main influence on the cutters wear
of resistance force to the cutters work, the size of which is determined by the value of the linear
cutters speed, which increases from the end face center to its periphery in accordance with
the 2nwr, where o is the rotation frequency of the bit. K.I.Borisov's research is devoted to the in-
fluence of the cutter movement speed in the process of cutting and chipping rocks on the rock
failure process [1].

The dependence from the work [1], showing the relationship between the resistance coefficient
to rock failure from the axial weight value on the cutter, obtained during experimental studies on
the stand is known. It follows from the dependence that the resistance coefficient actively
increases at the stage of elastic rock deformation, decreasing at the moment when the stresses in
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the rock cause active bulk failure and irreversible plas-
tic deformation (crack formation, active failure), as
evidenced by the values of the angle a obtained in the
range of small (elastic deformation zone) and more
significant (plastic deformation zone) values of the
axial weight. It should be noted that the curve presented
in this paper does not take into account the resistance of
v the environment, namely, drilling mud and the resistance
of already destroyed rock before the cutter, but not yet
removed from the well bottom.
Fig.1. Diagram for analyzing the process Research methodology. Consider the theoretical
of cutting — chipping rock with a PDC cutter propositions that allow to take into account the resis-
I - rock compression core tance of both rock already destroyed before the cutter,
and the resistance of the environment (sample mud)
when drilling with PDC cutter bits. To clarify the acting forces and reactions, we refer to the
diagram (Fig.1).
The force that pushes out a cutter with a negative front angle in the process of cutting-chipping
rock can be determined by the formula

Rv :cskSskK’ (1)

where o 1s the ultimate resistance on shear rocks, PA; S is the site chipped by cutter rock on the
front face, m2; K — coefficient taking into account the excess rock resistance force to cutting-
chipping with increasing the linear cutter speed.

The site size Sg chipped by cutter rock is defined in [3]:

h
Sy =0,5Vdh ——, )
SIM'Y g
where d is the cutter diameter, m; 4 — the penetration depth of the cutter into the rock, m; yg — chip-
ping angle of the rocks on the cutter front face, deg.
The completed formula (1) would read as follows:

3
GSkKnhZ\/E

RV = .
2sinyg

3)
The resistance of the environment can be calculated by taking into account, first of all, the cut-
ter movement speed and the density of the environment:

R, =0,5vp,SC,, 4)

where ps — the weight density of the environment taking into account the density of drilling mud
saturated with slam from the destruction zone and failure rocks H/m’; § — cutter area or its projec-
tion on the cut line, if the cutting angle o is not zero, and makes an angle of more than 0 degrees
(usually not more than 5-10°); Cs — resistance coefficient on the part of the cutter is determined by
the shape of its plane (approximately for a flat 1, for a round convex 0.5, for a concave circle 1.5).

Thus, the total resistance force moving along the cutter face is equal to the sum of R, and R..

From the presented scheme (Fig.1), it follows that the reaction of the not yet destroyed rock R, affects
the compression core (compaction) 1, since in the compression core it is destroyed to the fine crushing state.
The reaction R, in the case of a steady — state cutting-chipping mode of rock is directed towards the resulting
vector of axial weight and cutting — chipping force R and at right angles to the cutter surface.
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The force that is directed towards the axial weight, compensating the resistance force R,, will
be equal
F, =R, siny,, (5)

where v, is the front angle of the cutter, deg.

The resistance of the environment causes the appearance of the F), reaction, directed towards
the axial weight and producing the effect of pushing the cutter out of the rock during the bit turn-
over and the rocks failure. This reaction can be determined from the dependence

F, =0,5v}p,SC,siny, cosy,. (6)

To determine the coefficient K in formulas (1) and (3), we should use the results of experimen-
tal studies to determine the increasing resistance to cutting — chipping of rock with an increase the
linear cutter speed, presented in [3], where the dependences reflecting the influence of the cutting
and chipping speed of rock v; on the amount of force R, for sandstone are given.

From formula (3) follows that the force R, in the steady-state cutting — chipping mode of rock,
when all the main parameters included in the formula remain unchanged, the change in the cutter
movement speed will depend on the value of the rock stress on chipping og. The rock strength pa-
rameter 6y will also increase with increasing cutting and chipping speed v;. In this case, the coeffi-
cient K represented in formula (3) will be equal to

R

vn

where R, is the resistance force corresponding to the value of the linear cutter speed; Ry, is the re-
sistance force corresponding to the linear speed close to zero.
The R, force can be determined from the dependence

R, =tg0xr, ®)

where 0 is the tilt angle of the experimental curve that can be obtained when testing the ultimate
resistance on shear of a certain rock; x is the current relative value of the distance from the end face
center of the bit to the point where the determination of R, occurs; 7 is the bit radius.

Thus, for a successful estimation of the parameter X, it is sufficient to have an experimentally
determined dependence of the cutting — chipping resistance, namely, the angle B obtained from the
growth line of the parameter R,.

Discussion. For an empirical evaluation of the obtained resistance calculation values, consider
the data of experimental bit drilling of marble with PDC cutters with the diameter of 76.2 mm.

As a result of drilling according to the full factor experiment plan with two influencing factors
(axial weight and rotation frequency) [4], the following models were obtained that reflect the drill-
ing process from various positions, taking into account both the penetration rate and tool life, and
the amount of deepening per turnover — the most important parameter of drilling management,

Vin = 5,84 + 4,53 Pys+ 3,150 +2,4 Pys o, 9)
hrev = 0,82 + 0,63 Pos— 0,07 ® — 0,05 Pys o, (10)
N=10,04 + 8,38 Pys+ 3,66 ® +2,53 Pos ®, (11)
Nvn=1,8+0,3 Pys— 0,23 ® — 0,306 Py . (12)

Fig.2 shows a graphical interpretation of mechanical drilling speed (9) models within the limits
used in the experiment of the axial weight P and rotation frequency o.

Fig.3 shows a graphical interpretation of the deepening model per one turnover (10). The ra-
tional area of drilling modes control, revealed by the analysis of energy intensity (model (12),
shows that the deepening at the level of 1.3-1.4 mm/Rev will be effective, which will provide al-
most the highest mechanical drilling speed in the experimental conditions.
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Fig.2. A graphical interpretation of the mechanical Fig.3. A graphical interpretation of the deepening
speed model drilling of a bit with six PDC cutters model /g, per one tool turnover on the face by bit
with a diameter of 10 mm when drilling marble with six PDC cutters with a diameter of 10 mm
when drilling marble
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Fig.4. Dependence of the deepening per turnover on the axial weight at different values of the drilling tool
rotation frequency
1 — maximum rotation frequency 200 min™'; 2 — average rotation frequency 125 min"'; 3 — minimum rotation frequency 50 min '

Processing of the obtained data, in particular graphs of the mechanical drilling speed, allows to
obtain graphical dependences of the deepening per turnover on the axial weight value (Fig.3) and
the rotation frequency (Fig.4).

The dependencies in Fig.4 according to the graphs of the mechanical drilling speed (see Fig.2)
at the minimum, average and maximum rotation frequency to the dependence /Arey = vi/® In accor-
dance with the method from [4] is obtained. Shown in Fig.4 graphic dependences indicate an
increase in the axial weight with an increase in the deepening value per turnover, while the lines
of the deepening per turnover have an intersection at P, =455 daN. The axial weight of this
value divides the failure process into a fatigue-surface mode (up to 455 daN) and a bulk failure
(after 455 daN).

The failure mode also changes the dependence of the deepening on the rotation frequency
per turnover:
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—1in case of fatigue- hev.,

mm/Rev

surface failure, when the L6 _

axial weight (stresses in {4- ——fm— T T — <4 _
the rock) is not sufficient - = — =
for bulk failure, the 1.2
maximum deepening /
is observed at the maxi-
mum rotation frequency
(200 min"), and the
minimum deepening /3 at
the minimum rotation
frequency (50 min");

—in case of bulk
failure, the situation is
reversed, i.e. the maximum  Fig 5. The dependence of the deepening per turnover on the rotation frequency of the drilling tool
value of the deepening Axial weight 330 daN (1); 600 daN (2); 750 daN (3); 800 daN (4)
corresponds to the lowest
value of the rotation frequency (50 min '), and the minimum deepening /3 corresponds to the
maximum rotation frequency (200 min™").

Fig.5 presents graphs showing the dependence of the deepening value per turnover on the rota-
tion frequency at the values of the axial weight of 330 daN in the fatigue-surface failure mode and
600, 750 and 800 daN in the bulk failure mode of the rock. The presented data show an increase in
the deepening per turnover during fatigue-surface failure (line 1 in Fig.5) as the rotation frequency
of the drilling tool increases. At the same time, in the case of bulk failure, by the contrast, there is a
decrease in the deepening per turnover as the rotation frequency increases (lines 2, 3, 4 in Fig.5),
which indicates an increase in resistance from the rock and the environment as the linear cutting —
chipping speed increases. In doing so, the rate of decrease in the depth of cutting-chipping rock
increases with an increase in the axial weight and, respectively, the cutters penetration depth
into the rock.

The rate of decrease in the deepening per turnover, expressed in terms of the angle 8, allows to
determine the resistance coefficient as the tangent of this angle:

0.8

0.4

0 — 1 1
50 o o, 125 200
Rotation frequency, min™

Ah
K:th:—A‘ZgV, (13)

where Ah is the value of the decrease in the deepening per turnover in the interval of increasing the
rotation frequency Aw, for example, from ol to ®2 (Fig.5).

The presented results of experimental drilling processing data show that the obtained theoreti-
cal dependences have been confirmed, since they indicate that as the deepening of cutter penetration
into the rock /4 increases, the resistance increases in the bulk failure mode, and in the fatigue-surface
failure mode, on the contrary, decreases. It is related to the fact that in the fatigue-surface failure
mode, the maximum deepening per turnover is achieved at the maximum rotation frequency, which
is confirmed by many experimental data [4, 6].

Results. The practical application of the obtained regularities can be implemented in the diag-
nostics of the rock failure mode when controlling the drilling process using interactive systems, for
example, bottom-hole telemetry systems or drilling process control using APS computer support
systems [4].

Fig.6 shows the program for managing the drilling mode parameters. For example, at stage I, the
rotation frequency increased from the value of ; to w, with the constant axial weight (500 daN). In
this case, there is a decrease in the deepening value per turnover due to the growth of resistance
forces from the destroyed rock and environment (formulas (3) and (4), which generates the appear-
ance of forces that reduce the value of the axial weight (formulas (5) and (6). In this case, the me-
chanical speed will be determined by the product vy, = #;0;. Since there was a decrease in the depth
value from 4, to &, the growth of v, will be insignificant or absent.
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Fig.6. Diagram of the program for controlling the parameters of the drilling mode for a given optimal deepening value
for one turnover 4, when changing the rotation frequency of the drilling tool @ and different values of the axial weight P

To solve this problem, we can proceed to the implementation of stage II, which consists in in-
creasing the axial weight to 600 daN and reducing the rotation frequency to the value of w2, which
will provide a higher value of the mechanical drilling speed compared to stage I with a lower value
of the rotation frequency of the drilling tool.

It 1s rational to work out the drilling tool according to a given deepening value per turnover, for
example, /grey (Fig.6). In this case, rotation frequency corrections, for example, from ®; to w3 and
w4, Will require changes in the axial weight, namely, from the axial weight value 600 to 700, and
then 800 daN, which will allow to gradually increase the mechanical drilling speed as the rotation
frequency increases.

To determine the most optimal ratio between the selected rotation frequency and the axial
weight in the interactive drilling process control mode, empirical models of the type (10) and the
corresponding graphical interpretation of the model can be used (see Fig.3). For example, if the set
value for working out the bit is a deepening of 1.3 mm per turnover /gy (see Fig.3), then changing
the rotation frequency from 100 to 170 min ' will require an increase in the axial weight from 710
to 755 daN, which will preserve the value of the deepening of 1.3 mm and increase the mechanical
speed from 7.8 to 13.3 m/h.

Such empirical models obtained in interactive mode and their interpretation allow to quickly
manage drilling modes in the area that ensures rational development of bits.

When working out a drilling tool, the most optimal mode is the bulk failure of rock. However,
in the working out process over a long interval, when there is a change of different drillability de-
grees of rocks, the wear of the bit armament occurs, the volume of generated mud and the condi-
tions for cleaning the face from the drilled rock, the amount of cleaning agent supplied to the face,
and the drilling mode may change, deviating from the favorable bulk failure mode of rock to the
less effective fatigue-surface failure mode.

For example, during bit wear or when soft rock changes to harder rock, the failure mode may
become fatigue-surface. The variant of face slamming with insufficient flushing is possible, or on
the contrary, it may happen that the excessive supply of drilling mud will lead to the hydraulic support
of the bit end part, or the case of bit armament overheating may cause its active thermomechanical
destruction.
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Fig.7. Diagram of the change in the deepening for one turnover from the axial weight and rotation frequency
at the stages of long-term bit development

1 — minimum rotation frequency when working out the bit; 2 — average rotation frequency; 3 — maximum rotation frequency
when working out the bit

Interactive support for bit development in each of these cases, taking into account the estab-
lished relationships between the bit deepening per turnover at the bottom hole and the parameters of
the drilling mode, allows for timely and optimal adjustment of the conditions for bit development.

Figure 7 shows a diagram containing possible variants of the bit development mode and ways
to recognize them by the ratio of the deepening per turnover and the bit rotation frequency.

When working out the bit, the following tool operation modes may occur with some alterna-
tion:

* | — fatigue-surface failure;

e II — bulk failure;

* [II — the return to fatigue-surface failure, can be caused by increased rock hardness, slamming
of the face, wear of the bit armament, hydraulic support of the bit by the flow of sample mud;

* [V — fatigue-surface failure, can be caused by increased rock hardness, slamming of the face,
wear of the bit armament, hydraulic support of the bit by the flow of sample mud;

* V —return to bulk failure;

* VI — bulk failure at a new level of axial weight;

* VII, VIII — the repetition of modes III, 1V;

* [X, X —return to bulk failure and bulk failure at a new level of axial weight;

* XII, XIII — transition and mode of thermomechanical failure of drilling tools under excessive
axial weight (in many respects similar to modes 111, I'V).

Conclusion. Thus, taking into account the theoretical principles and examples of practical test-
ing methods of process control of drilling bits with PDC cutters, considering the resistance forces
during the drilling, it makes possible to automate the process using the proposed method for the
presented algorithm of optimal process conditions based on three main criteria (rotation frequency,
axial weight, and deepening per turnover of the drilling tool), taking into account real-time informa-
tion about the process.

In addition to process control in the optimal range of values of the process parameters, using
the drill bits development method with the use of empirical models of interactive controlling the
drilling process, it is possible to recognize well bottom situation and control the settings for both
exiting adverse drilling conditions, and for selecting of optimum mode parameters when working
out the bits for a given size of the deepening per one turnover of the tool on the well bottom.

The method of drilling process control presented in the article can be used when drilling wells
for both solid minerals and oil and gas of relatively small length (up to 1000-1500 m), due to the
fact that with more significant values of the drilled wells depth, the influence of destructive factors
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on the management process increases, such as increasing rock pressure, which affects the physical
and mechanical properties of the drilled rocks. The long length of the drill string, combined with the
possible complexity of the well profile, leads to increased power losses due to the string friction and
the occurrence of oscillatory processes, which negatively affects the transfer of axial weight and
rotation frequency to the bit from the wellhead.
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