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Analysis and development of a mathematical model of the
acoustic method for monitoring downhole parameters of the
drilling process

Abstract. The article analyzes the control of downhole parameters of the drilling process and develops a mathematical model that describes this
process. Analysis of the rotary drilling process showed that the main downhole parameters to be monitored and diagnosed are the degree of wear
and breakage of the bit cutter. The method under study for monitoring and diagnosing downhole parameters is the most reliable and does not
require special costs for transmitting information from the bottomhole to the wellhead. For the successful application of this method, a mathematical
model has been developed that makes it possible to determine the energy of acoustic vibrations of the bit, taking into account bottom hole
parameters. It is shown that the wear of the bit teeth leads to a decrease in the amplitude of the acoustic signal, and the breakage of the cone teeth
causes a change in its frequency and amplitude.

Streszczenie. W artykule dokonano analizy sterowania parametrami otworowymi procesu wiercenia oraz opracowano model matematyczny
opisujacy ten proces. Analiza procesu wiercenia obrotowego wykazata, ze gtéwnymi parametrami otworu wiertniczego, ktére nalezy monitorowac i
diagnozowac, sg stopien zuzycia i ztamania $widra. Badana metoda monitorowania i diagnozowania parametrow odwiertu jest najbardziej
niezawodna i nie wymaga specjalnych naktadéw na przesytanie informacji z odwiertu do gfowicy. Dla pomys$inego zastosowania tej metody
opracowano model matematyczny, ktéry umozliwia wyznaczenie energii drgan akustycznych $widra z uwzglednieniem parametrow dennego otworu.
Wykazano, ze zuzycie zebow Swidra prowadzi do zmniejszenia amplitudy sygnatu akustycznego, a pekniecie zebéw stozka powoduje zmiane jego
czestotliwosci i amplitudy. (Analiza i opracowanie modelu matematycznego metody akustycznej monitorowania parametréw odwiertu

procesu wiertniczego)
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Introduction

Drilling is an integral part of the process of developing
oil and gas fields. Important parameters of the drilling
process are rotor speed, pressure at the bottom of the well,
drilling fluid flow rate, bottomhole depth, and others [1-3].
Control of these parameters is necessary to ensure the
safety of drilling workers, protect the environment and
ensure the efficient use of equipment.

Increasing the depth of drilling wells requires, in turn,
reducing the time spent and the use of express methods for
monitoring bottom hole parameters. Therefore, instruments
and equipment for downhole control of drilling processes
are becoming increasingly important. In the process of
drilling, the cutting structure of the bit, supports and the bit
washing system are most intensively affected.

The bit flushing system plays an important role in the
drilling process. It provides fluid (usually drilling fluid or
water) through the bit to cool, lubricate and remove the
resulting debris. During the flushing process, the system
may be subjected to various stresses such as pressure and
abrasive particles. This can cause wear or damage to flush
system components, including pumps, piping, and filters.
Regular maintenance and testing of the flushing system will
keep it working and efficient.

There are many methods for controlling downhole
parameters of the drilling process, each of which has its
own advantages and limitations. One of the most common
methods is the use of sensors on the drill string and in the
drilling fluid to measure various parameters such as
pressure, temperature, density and viscosity [4-6]. Another
common method is the use of geophysical methods, such
as seismic and electromagnetic tomography, to determine
the geological structure of the well and control the density
and permeability of the reservoir [7-9].

The method of acoustic tomography is based on the
vibration of individual pipe elements under the influence of
pressure pulsation in the pipeline and the emission of
acoustic frequency signals that propagate through the

transported medium. The assessment of the technical
condition of the pipeline is carried out in accordance with
the developed criteria that link the vibration emission
properties of the defect with the likelihood of a leak.

Using this method, it is possible to carry out diagnostics
of overhead and underground pipelines, channel and non-
channel laying with a diameter of 80 mm or more, which are
in operation at an internal pressure of more than 0.25 MPa
and with the obligatory presence of a current of the
transported medium through the pipeline.

The main advantage of using this method is that there is
no need to change the pressure during diagnostics - the
pipeline is operating normally.

It was revealed that the acoustic method of monitoring
and diagnosing bottomhole parameters is the most reliable
and does not require special costs for transmitting
information from the bottomhole to the wellhead; for its
application, a mathematical model has been developed that
allows describing the processes of radiation and
propagation of acoustic signals.

Known methods for controlling the drilling process are
mainly based on monitoring changes in current in motors
associated with changes in the load on the rotary table [10,
11, 17]. However, these methods do not have sufficient
efficiency to obtain information about changes in drilling
parameters. Therefore, they are most often supplemented
by other methods of obtaining information, devoid of this
drawback.

The use of various downhole telemetry systems is a
common practice for monitoring and controlling the drilling
process. Telemetry allows you to receive real-time data on
the state of the well, such as pressure, temperature, depth,
drilling speed and other parameters [12-14].

Of the variety of control methods, the acoustic control
method is the most suitable for obtaining information about
bottomhole parameters.
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Problem setting

The lack of simple and reliable means and systems for
monitoring downhole parameters in rotary drilling is due to
the lack of reliable theoretical models that describe the
physical processes of transmission of sound vibrations that
occur during the operation of the bit and their propagation
through existing communication channels.

The solution of the task will allow not only to develop
effective algorithms for monitoring and diagnosing, but also
to create the principles and methods of diagnosing to
determine defects in bit elements and emergency
conditions during drilling. At the same time, informative
features are essential for describing the object of study.

The development of mathematical models for predicting
downhole parameters of the drilling process is essential for
optimizing and controlling this process. Models can be
based on physical principles, empirical data, or a
combination of both approaches. They may take into
account various factors such as soil type, well depth, drilling
tool properties, etc. The development of mathematical
models makes it possible to predict the behavior of
downhole parameters and predict possible problems or
necessary adjustments during the drilling process [15, 16].

Considering the available power and energy in the drill
string during the impact of the bit teeth on the bottomhole,
we will take into account the sensitivity of rocks to the rate
of application of dynamic loads. In this case, the power
Nin(t) and the energy Won(t) are described by periodic
functions [18].

Expressions of power and energy:
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where zw, - is the cyclic frequency of tooth impacts; N, -
instantaneous power of KBT; E - is the modulus of elasticity
of the KBT material; W, -constant; F - is the cross-sectional
area of the CBT; v - is the propagation velocity of elastic
waves of longitudinal deformation; a - the angle of inclina-
tion of the cone axis to the face plane.

Making some transformations in (2) we get
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S
breed. Series characterizing the relative energy of the bit
1 4 ) 2:’; cosnzw,t +
AHM=—-m*@+1)+ X% (D o 4 =
+ el sinnzw4t

=—%n’2(¢ + 1)+ Y Agsin(n -z - wit + @)

The amplitude level Agq and, accordingly, the energy
according to expression (1) depend more on y. For clarity,
N was calculated using formula (3) for the number of teeth
Z=65 with a change in the value of g from 0 to 500.

As the results of calculations for the series show, the
sum of the first four harmonics for all values of y is an order
of magnitude greater than the sum of the remaining terms
of the series.

If the cyclic frequency of impacts of the teeth is denoted
by m=w,z, then expression (4), taking into account A1 =
rcos a, can be represented as follows:
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where r=r,+h,, ho is the initial height of the cutter teeth

As can be seen from formula (5), the cyclic frequency
does not change due to the wear of the teeth of the cutter
bit, the radius r changes and, accordingly, the area of the
tooth rim.

The latter, in turn, affects the change in the dynamic
impact of the tooth crown on the surface.

The change in the area of the end of the tooth crown
can be determined according to Fig. 1 as follows.

Fig. 1. The degree of wear of the teeth of the cutter bit

We accept the width of the teeth as they wear bo, and
the radius of the crown after wear is ro+h, where h is the
current height of the teeth. Then, the area of the end of the
cutter teeth will increase. With an increase in the area of the
end of the cone teeth, the pressure force of the tooth rim
increases when it meets the rock and, accordingly, the
energy level of the acoustic signal changes due to a change
inr.

Taking into account the above formulas and using
approximate formulas, we obtain:
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Where : m, = w, - Z,, Z,- number of cutter teeth at the start
of bit operation
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The resulting formula (6) makes it possible to determine
the dependence of the bit vibration energy on the change in
the number of teeth. As can be seen from expression (6),
the amplitude of acoustic oscillations and the cyclic
frequency of the cone change almost little relative to the
nominal values, since it is assumed to be w,constant. When
the cone teeth wear, the dynamic force Py can also change,
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which in the general case mainly depends on the length and
weight of the CBT. With a constant magnitude of the weight
Qo, the dynamic force Py decreases and  grows.

Wherein
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Therefore, the dependence of the energy on AP will be
expressed as:
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Result

Thus, the analysis of the rotary drilling process showed
that the main downhole parameters to be monitored and
diagnosed are the degree of wear and breakage of the bit
cones.

It was revealed that the acoustic method for monitoring
and diagnosing downhole parameters is the most reliable
and does not require special costs for transmitting
information from the bottomhole to the wellhead; for its
application, a mathematical model has been developed that
allows describing the processes of radiation and
propagation of acoustic signals. The developed model
describes the conditions for the occurrence of acoustic
vibrations and the propagation of these signals during
drilling. At the same time, their energy was chosen as the
main quantity characterizing acoustic vibrations.

The process of propagation of acoustic signals along the
drill string has been analyzed, the possibility of using the
analogy between the parameters of acoustic and electrical
oscillations to describe this process has been established.

Thus, the main functional dependencies were obtained
for the acoustic energy of the bit, taking into account all
downhole parameters. As can be seen from the formula, a

change in r and l|J causes a change in the amplitude of
acoustic oscillations, and Z in amplitude and frequency. In
order to determine the state of the bit during drilling at the
wellhead using an acoustic information signal, the
amplitude and frequency of the acoustic signal should be
measured.

Conclusions

Theoretical and practical results make it possible to
significantly increase the efficiency of the drilling process
due to the increase in the efficiency and reliability of
monitoring and diagnosing wear and breakage of the bit
cone teeth based on mathematical models of the radiation
and propagation of acoustic vibrations emitted by the bit.

Based on the analogy between the processes of
propagation of acoustic and electromagnetic oscillations, a
theoretical chain model of the CBT signal transmission path
was constructed, which makes it possible to determine the
acoustic energy emitted by the rotary table depending on
the state of the bit during drilling.

On the basis of a system of differential equations in
partial derivatives for electrical circuits, a mathematical
model has been developed for the transmission of acoustic
vibrations of the bit through the CBT to the wellhead, at the
same time, the energy of these vibrations depends on the
state of the bit during drilling.
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