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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. 

Key words: borehole, drilling, well drill, durability of the drill bit, drilling speed per run. 
 

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] 

kr FpaP 1= , 
where а1 is a coefficient reflecting the effect  of the bottom hole factors on the hardness of the rock; рr  is 
the hardness of the rock; Fk 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;   

),,,,(1 θω QPFH =  ),,,,(2 θω QPFtВ =  ),Q,,P(Ft θω30 = , 
where H is the footage per run; P is the weight on the drill bit; t0 is the bearing life; tB is the cutting 
structure life; ω is the rotary speed of the bit; Q is the flow of drilling fluid; θ 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 

1( , , , , )B
dh f P Q D
dt

= ω θ ; 2( , , , , )B
B

dD f P Q D
dt

= ω θ ; 0
3( , , , , )B

dD f P Q D
dt

= ω θ ,        (1) 

where dh is the instant increment of the current footage, t is the current drilling time; DB is the state of the 
bit cutting structure; D0 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]  
nt

c t
dV k V
dt

= − , 

where t 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); Vt is the penetration rate [12]; n is the coefficient reflecting the drilling 
conditions; ck 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 ck for rotary drilling vary within the range 
from zero to 0.005 ÷ 0.2. 

The solution of this equation for the initial conditions t=0, Vt=V0 is the expression 

( )( ) 1
1

1
00 11 −

−− ⋅−+= nn
t tVnkVV . 

If n is an integer, then this equation can be presented in the following way: 
n = 0;  tkVVt ⋅−= 0 ;         (2) 

for n=1, taking into account the features of the exponential function, we will write 
n = 1;         tk

t eVV ⋅−⋅= 0 ;      (3) 

n = 2;  ( ) 1
00 1 −⋅+= tkVVVt ;          (4) 

n = 3;  
12 2

0 0(1 2 )tV V k V t= + ⋅ ⋅ ⋅ .         (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 Vt (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 A P= ⋅ ⋅α βω , 
where  А is the abrasion factor;  Р is the weight on the drill bit;  ω is the rotary speed of the bit; α and β 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 ≤ α ≤ 3; 0.2 ≤ β ≤ 1. 

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

0

t

R P dt= ⋅∫ α βω .      (6) 

In case of invariable P and ω the expression (4) will appear as 
R P t= ⋅ ⋅α βω . 

Then  

RAtk ⋅=⋅ , 
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and, respectively,  

0
A R

tV V e− ⋅= ⋅ .      (7) 
The drill bit is considered worn out, i.e. its durability has been used up and R = Rmax, 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·t = 3, which means the reduction of the rate down to 0.5 0V . On this condition, 

max 3A R⋅ = , 
max

3A
R

= . 

Then 

max

3
3

0 0

R
R

tV V e V e ε
−

−= ⋅ = ⋅ ,       (8) 

where maxR Rε = 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] 

спд

д
pc Tt

HV
+

= ,       (9) 

where Нд is the value of the borehole deepening with one drill bit for the whole time tд of its operation in 

the bottom hole, defined as  
спд

t

t

д Tt

dtV

H
+

=
∫
0 ;  Тсп is the duration of the running and pulling operations; 

tд + Тсп  Is the duration of one run.  
The drilling speed per run is defined by the bit durability and relative durability as 

cn

t

cn

t

t

p Tt

dteV

Tt

dtV

V
+

⋅

=
+

⋅

=
∫∫ −

0

3
0

0

ε

. 

For the steady-state mode of drilling homogeneous rock,  

( )
max

3

0
30 max

0
1 1

3

t P t
R

p
cn cn

V e dt
RV V e

t T t T P

α βω

ε
α βω

− ⋅ ⋅

−

⋅
= = ⋅ ⋅ −

+ + ⋅ ⋅

∫
. 

As  

∫ ⋅=
t

dtPR
0

βα ω ,  βα ω⋅= P
dt
dR , 

then 

( )3max
0

1 1
3p

cn

RV V e
t T dR dt

ε−= ⋅ ⋅ −
+ ⋅

, 

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,   

max

L

RdR R R const
dt T t t

∆
= = = =

∆
, 

where R us the current durability; Tд is the total spudding drilling time; t is the net drilling time. 
Then 

( )3max
0

1 1
3p

cn

RV V e
t T R t

ε−= ⋅ ⋅ −
+ ⋅

 

or 

( )ε
ε

3
0 1

3
1 −−

⋅
⋅⋅

+
= etV

Tt
V

cn
p . 

In the steady-state drilling mode, the time can be defined using the durability as  

βα ω⋅
=

P
Rt , 

then 

( )εβα

βα
ε
ω

ω

3
0 1

3
1 −−

⋅
⋅⋅⋅

+
⋅

= eP
R

V
T

P
R

V
cn

p  

or 

( ).e
P

RV
TPR

PV
cn

р  1
3

3
0

ε
βαβα

βα

εωω
ω −−

⋅⋅⋅
⋅⋅

⋅⋅+

⋅
=  

If we take into account that R = εRmax , the resulting equation will appear as  

( )
( )3max

0

max

1  
3

p

cn

RV V e
R P T

ε

α βε ω
−= ⋅ −

⋅ + ⋅ ⋅
.     (10) 

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

( ) ( )0
max

3ln ln RV V
R

= − ;  
( )max

0

3
ln t

RR
V V

= . 

Using one experimental point, Rmax can be easily assessed in case of the exponential relationship 
between Vt 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 
e3-fold is taken as the maximum allowable one. 

As the maximum allowable value of Rmax we can take a durability at which the speed decreases eа 

folds. The value а can be determined statistically during further drilling with measuring the parameters of 
the pulled bit as 

max
0ln
t

a RR V
V

⋅
= . 

Taking 0=εd
dVР , we determine the optimal value of the relative durability εopt, 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 Р = 15 kN, V0 =1.8 m/hour, ω = 5.23 rad/s, α = 1, β = 0.2, 
Rmax= 18.5⋅105. The aim of determining the maximum drilling speed per run Vpmax is to find the reasonable 
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drill bit durability at the selected values of P and ω and for the given drilling conditions. In the case under 
consideration it is seen that the optimal drilling speed per run is Vpmax = 0.474 m/hour, and the relative 
durability is εopt = 0.445. 

 

 
а       b 

Fig. 1. Drilling speed per run (а) and its derivative (b) vs. ε 
 

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 ( )мV f= ε  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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Пропонується один з способів встановлення оптимального режиму буріння нафтових та 

газових свердловин. Проаналізовано існуючі способи контролю за темпом буріння та станом 
долота. Показано, що в силу неповної та часто спотвореної інформації, важко здійснювати 
контроль та керування процесом буріння на основі математичної моделі заглиблення долота, 
розв'язком якої є часові залежності механічної швидкості буріння.  

Оскільки під час будівництва свердловини чистий час буріння займає менше половини 
всього затраченого часу, а решту часу йде на допоміжні операції, для визначення оптимальних 
параметрів режиму буріння використано рейсову швидкість. У результаті аналізу переваг та 
недоліків методів ідентифікації стану бурового інструменту прийнято рішення використовувати 
такий параметр, як відносний ресурс відпрацювання долота, який інваріантний відносно фізико-
механічних властивостей гірських порід. Виведено залежність рейсової швидкості від відносного 
значення ресурсу відпрацювання долота та інших параметрів процесу буріння. Показано, що 
такий перехід дає змогу уніфікувати алгоритм знаходження оптимальної рейсової швидкості, 
оскільки він не залежить від типу породи та інших чинників. Наведено приклад розрахунку 
максимального значення рейсової швидкості,  за якої забезпечується оптимальне значення 
ресурсу спрацювання долота для вибраного режиму буріння. 

Ключові слова: свердловина, буріння, бурова установка, ресурс долота, рейсова швидкість. 
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