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The paper proposes one of the ways to set up an optimal mode of drilling oil and gas
boreholes. The existing methods of control of the penetration rate and drill bit state were
analysed. It was shown that due to incomplete and often distorted information it is difficult
to perform control of the drilling process based on the mathematical model of the drill bit
penetration, the solution of which is time dependencies of the penetration rate.

As while constructing the borehole, the net drilling time takes less than a half of the total time,
and the rest of time is spent on auxiliary operations, the drilling speed per run was used for
determining the optimal parameters of the drilling mode. Based on the analysis of the benefits and
drawbacks of the methods of the drill bit state identification, it was decided to use the relative
durability of the drill bit, which is invariant with respect to physico-mechanical properties of the
rocks. The dependence of the drilling speed per run on the relative durability of the drill bit and
other drilling parameters was derived. It was shown that such a transition makes it possible to
unify the algorithm of assessing the optimal drilling speed per run, as it does not depend on the
rock type and other factors. An example of calculating the maximum drilling speed per run
ensuring the optimal durability of the drill bit for a selected drilling mode is presented.
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Statement of the problem
One of the ways to ensure Ukraine’s energy security is drilling and construction of new oil and gas
boreholes, using modern methods [1]. The construction of boreholes is characterized by a rapid change of
situations and impact of numerous interrelated factors varying in time and space [2-5]. The modelling of this
process will allow pinpointing the factors having influence on the main technical and economic indicators,
establishing their relations and developing the algorithms of optimal control of borehole construction.
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In a complex of technological stages of the construction of oil and gas boreholes, the most
important, complicated and, at the same time, the least explored due to the lack of information is the
process of the drill bit penetrating the rock (the drill bit crushing the rock), which has a significant impact
on the quality of the borehole column and performance of the well rig.

The process of deepening boreholes, similarly to most technological processes, features non-
stationarity and non-linearity, multidimensionality, incomplete a priori information on the correlation
between the mode parameters and drilling conditions, which significantly complicates its mathematical
description as an object of control. Therefore, an important task is to determine the optimal drilling speed
per run, which has a direct effect on the durability of the drill bit and cost of a meter of penetration.

Analysis of the recent research

Control of borehole deepening is based on the two major models describing the interaction between
the rock-crushing tool (drill bit) and the rock, namely rock crushing and drill bit wear [6,7]. They are used
to form the target function and also to determine the control actions.

The mathematical models of the drill bit operation can be divided into two groups, which can be
nominally named analytical and empirical [7-9].

Analytical models in most cases do not take into consideration the wear of the cutting structure and
bearing of the drill bit. These models make it possible to set up the initial mode of rock crushing. To assess
the weight on the bit, let us use the formula [6]

P= a PrEy
where a; is a coefficient reflecting the effect of the bottom hole factors on the hardness of the rock; p, is
the hardness of the rock; F} is the surface area of the contact between the drill bit and the bottom hole.

The presented mathematical model does not account for the wear of the cutting structure and bearing
of the drill bit. Using this model, one can calculate the minimum weight at which the volumetric rock
destruction occurs. However, this weight on the drill bit cannot be considered optimal.

In most cases, for setting up optimal drilling modes, empirical models are used [7, 8, 10], namely:

— integral models based on the integral indicators that determine the results of the run in whole;

H=F(P,0,0,0), 1y = F,(P,0,0,0), i) = F3(P,0,0,6),
where H is the footage per run; P is the weight on the drill bit; ¢, is the bearing life; 73 is the cutting
structure life; o is the rotary speed of the bit; O is the flow of drilling fluid; 6 is the symbol denoting all the
unaccounted factors (properties of the rock, properties of the drilling fluid, equipment of the drilling string,
etc.)

— differential models, which rely on additional current data on the technological processes at any

moment of a run

dh dD dD
E = .fl(PawaQ’Q’DB) 5 TZB = ‘fz(P,CO,Q,G,DB) 5 7;) = ](:;(Paa):QaO:DB) 5 (1)
where dh is the instant increment of the current footage, ¢ is the current drilling time; Dj is the state of the
bit cutting structure; D, is the state of the bit bearing.

The models (1) enable the determination of the current drilling speed when the mode is changed
within the run.

Research objectives
It should be noted that to determine the coefficients of the differential model, which offers stronger
benefits as compared with other empirical models, the information on the current wear of the bit in the
drilling process is required. This task has no clear-cut solution for today. In most cases, to assess the bit
wear rate, the indirect method based on the reduction of the drilling penetration rate is used.
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This paper shows the possibility of selecting the indicator of the speed of the penetration rate
reduction, which depends on the bit wear rate.

Presentation of the main material
The penetration rate is one of the main indicators characterizing the effectiveness of the borehole
deepening. Using its current value and mode of its variation during the drilling, one can determine the wear
rate of the bit cutting structure and physico-mechanical properties of the rock being drilled, and use it for
optimization purposes in combination with other drilling indicators.
The bit penetration is described by a differential equation proposed in [11]
dv,
dt
where 7 is the net time of drilling with a new drill bit (the time of the bit operation in the bottom hole for
invariable mode parameters); V; is the penetration rate [12]; n is the coefficient reflecting the drilling

=k,

conditions; k.. is the coefficient of the rate of reduction of the penetration rate with time (durability), which
features a complex correlation with the bit design, degree of the bottom hole cleaning, physico-mechanical
properties of the rock, etc. Research showed that the value of k. for rotary drilling vary within the range
from zero to 0.005 + 0.2.
The solution of this equation for the initial conditions =0, V,=V} is the expression
1
v, =V, (1 +k(n—1pg L z)_ﬂ .

If n is an integer, then this equation can be presented in the following way:

n=0; Vi=Vo—k-t; @)

n=1: v, =vy-ek 3)

n=2; V, =Vo(1+Vok 1)L (4)
1

n=3; VI:VO/(1+2-k-V02-t)A. (5)

In practice, for different conditions of the cutting structure operation, it is necessary to select a
function out of the set of all the presented functions ¥, (0+-3) which would describe the averaged value of
the bit wear and thereby would be the closest to all possible variants of solution (2)—(5). The most widely
used in the mode calculations has been the model (3) [6, 13]. It also satisfy the quality picture of the bit
dulling. In this model, we can assume that the coefficient k characterizes the bit wear rate

k=A4-P" -0,
where A is the abrasion factor; P is the weight on the drill bit;  is the rotary speed of the bit; o and 3 are
empirical coefficients the values of which can vary in a wide range depending on specific drilling
conditions and cleaning of the bottom hole: 0 < a<3;02 < <1.

Let us introduce the expression for the drill bit durability, which is invariant with respect to the
physico-mechanical properties of the rocks

t

R=[P*-0’dt. (6)
0
In case of invariable P and  the expression (4) will appear as
R=P" -0 t.
Then
k-t=A4-R,
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and, respectively,
V.=V, -e . @)
The drill bit is considered worn out, i.e. its durability has been used up and R = R, if the rate of
penetration into homogeneous rock drops to the value at which the power of the exponent in the equation

(3) is k¢ = 3, which means the reduction of the rate down to 0.5V, . On this condition,

3
A Rmax:3, AZKM
Then
3 3R
Vy=Vy-e fnas =py.e7, )

where & = R/R,,,, is the relative durability of the drill bit from the start of spudding drilling.

The rate of penetration characterizes the effectiveness of the rock crushing or of the bottom hole
deepening. However, because of the need to replace the worn-out bit, it cannot characterize the
effectiveness of the borehole construction. The bit replacement implies running and pulling operations,
which are time-, energy- and labour-consuming, including manual labour. In the general time schedule of a
deep borehole construction, running and pulling operations take up to 60%.

Therefore, the performance of the well drill should be described using the so-called drilling speed
per run, the mean value of which can be expressed using the formula [9, 12]

= ©)
ty + Tcn
where H, is the value of the borehole deepening with one drill bit for the whole time ¢, of its operation in
t
[viar
the bottom hole, defined as H, = t0+T ; T 1s the duration of the running and pulling operations;
0 cn

ty+ T.,is the duration of one run.
The drilling speed per run is defined by the bit durability and relative durability as

JI'V, -dt jVo et

_0 _0
Poot+T,, t+T,,
For the steady-state mode of drilling homogeneous rock,
t _ipa .wﬁ -t
jVO -e Rinax dt
V. = 0 — 1 VO X Rmax (1 _ —38)
P t+T,, t+T,, 3.p% . B
As
t
R
R:jP“ wPdr, R _pa . b
0 dt

then
_ 1 i i Rmax ( _ 3¢ )
P 0 e )
t+T,, 3-dR/dt
where dR/dt is the rate of the drill bit durability change during the spudding drilling.
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For the steady-state mode of drilling homogeneous rock,

dR R
—=ﬂ=£=—=const,
a1, A

where R us the current durability; 7, is the total spudding drilling time; ¢ is the net drilling time.

Then
Vp — 1 V- Rypax (1_6—38)
t+T,, 3-R/t
or
1 4 ( —38)
= V- l-e .
Pt 3
In the steady-state drilling mode, the time can be defined using the durability as
R
t=—-r,
P% . P
then
R
1 LN _
P R 3.
€
— 1,
P* .of
or
P* 0P R .
v, = @ V- (1—e 38).
R+P*.0l.T, = 3.P*.0P ¢
If we take into account that R = R, , the resulting equation will appear as
Vp _ Rmax . VO (1 _ 6—38) ‘
3(g Rypgx +P* 0P -Tcn)

To find R,..., we take the logarithm of both sides of the expression (7). As a result,

(V)= In(vy) - =2 3R

R =
Rmax e ln(VO / Vt)

©)

Using one experimental point, R,,. can be easily assessed in case of the exponential relationship
between V;, and R by measuring the current durability and current rate of penetration. The value 3 in the
power was taken arbitrarily. The durability of the drill bit at the moment when the penetration rate drops

&’-fold is taken as the maximum allowable one.

As the maximum allowable value of R, we can take a durability at which the speed decreases e

folds. The value a can be determined statistically during further drilling with measuring the parameters of

the pulled bit as
R _a R

max N
In "o

Vi

Taking dV%g =0, we determine the optimal value of the relative durability &,,, based on which

Vpmax for a selected drilling mode can be found. For example, Fig. 1 presents the dependencies of the
drilling speed per run and its derivative for P= 15 kN, V, =1.8 m/hour, = 5.23rad/s, a=1, p= 0.2,
Ryuex=18.5-10°. The aim of determining the maximum drilling speed per run ¥p,. is to find the reasonable
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drill bit durability at the selected values of P and @ and for the given drilling conditions. In the case under
consideration it is seen that the optimal drilling speed per run is Vp,... = 0.474 m/hour, and the relative
durability is &,,,= 0.445.

Vp(s) —Vp(g}
PE), mron de

0.3 T T T e

0.4]

0.3

0.1

a b

Fig. 1. Drilling speed per run (a) and its derivative (b) vs. &€

Conclusions
The time of operation of the drill bit in the bottom hole or the moment of its pulling is determined by
the wear of its cutting structure, which can be assessed based on the value of the current penetration rate
during the deepening of the borehole in homogeneous rock and drill bit durability from the start of drilling.

The proposed model V, = f (8) is invariant with respect to physico-mechanical properties of the rocks and

can be effectively used for the operative control of the borehole deepening process.

Prospects of further research
Further research in this area can be focused on the synthesis of a model for search of the extremum
in order to study the effect of random factors on the drilling speed per run.
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BU3HAYEHHSA OIITUMAJIBHOI'O PEXKUMY BYPIHHS
HA OCHOBI PECYPCY BIAITIPAIIIOBAHHA TOJIOTA
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IIpononyeTbest 0MH 3 CNOCO0IB BCTAHOBJIEHHSI ONTHMAJIBLHOIO peskuMy OypiHHSI HA(TOBHX Ta
ra3oBux cepajioBuH. IIpoanaiizoBaHo icHyl04i crmoco0uM KOHTPOJIIO 3a TeMIIOM OypiHHSI Ta CTaHOM
nosora. Iloka3aHo, o0 B CHJIy HENOBHOI Ta 4acTO CHOTBOPeHOI iH(opMmanii, Baxkko 3ailicCHIOBaTH
KOHTPOJIb Ta KePyBaHHSA NpouecoM OypiHHSI Ha OCHOBI MaTeMATHYHOI MojeJi 3arjJuOJeHHs 10JI0Ta,
PO3B'A3K0M SIKOI € YaCOBi 3aJIe7KHOCTI MeXaHiYHOI IBMIKOCTi OypiHHS.

Ockinbky mig yac OyAiBHMITBA CBEPJOBHMHH YMCTHH 4yac OypiHHA 3aiiMae MeHIIe NOJOBHHHU
BChOI'0 3aTPAY€HOr0 4Yacy, a pelrTy 4yacy e Ha JonoMixHi onepauii, 151 BUZHAYEHHS] ONTHMAJIbHUX
napaMeTpiB pexuMy OypiHHSI BUKOPHCTAHO pelicOBY IIBHAKICTb. Y pe3yiabTaTi aHaJi3y mepeBar Ta
HeAoJiKiB MeToaiB ifeHTH(]iKanil cTaHy OypoBOro iHCTPyMEHTY NPUITHATO PilllcHHS BUKOPUCTOBYBATH
TAKHIl TapaMeTp, IK BiTHOCHUI pecypc BilNpaunioBaHHS 10/10TA, AKUI iHBapiaHTHUH BiTHOCHO (i3uKoO-
MeXaHIYHUX BJIACTHBOCTEH ripchbKHUX mopia. BuseneHo 3ajeskHicTh peiicoBoi MIBUAKOCTI Big BiTHOCHOTO
3HAYeHHs pecypcy BiINpamioBaHHSA N0J0Ta Ta iHIMX nmapameTpiB mpouecy Oypinns. Ilokxasano, 1o
TaKWii mepexix Ja€ 3MOry yHi)ikyBaTu ajJroputM 3HAXOMKEHHSI ONTUMAJIBLHOI peiicoBOi MIBUIAKOCTI,
OCKIIBKM BiH He 3aJIeXKMTh Bil THIY NMOpoaM Ta iHIMX 4YUHHUKIB. HaBeaeHo nmpuKiIag po3paxyHKyY
MAKCHMAJbLHOI0 3HAYeHHSI PeiicoBOi MIBHIKOCTI, 3a siIKoi 3a0e3nmedyeTbcsl ONTHUMAJIbHE 3HAYCHHSA
pecypcy cnpamoBaHHs 10J10Ta 1Jisl BUOPAHOT 0 pesKuMy OypiHHS.

Kniouoei cnosa: ceeponosuna, oOypinns, 6yposa ycmanogka, pecypc 0010ma, peiico6a uiéuoKicnmo.



