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Abstract: The article provides brief information about a non-standard experimental setup developed
in the laboratory of the St. Petersburg Mining University Well Drilling Department. The developed
technique presented makes it possible to simulate well cleaning process of cuttings by incorporating
the variation of the parameters (the zenith angle of the well, the volume flow and rheological
properties of the cleaning agent, the rotation frequency, the number and length of the drill string
half-waves) that cause buckling. For the first time, the positive side of the drill string (DS) buckling
phenomenon is considered. A positive hydro-mechanical effect on mud plugs and improved well
cleaning were revealed. The results of the experimental study confirm an intense difficulty in
transporting cuttings to the surface at a critical zenith angle of the well of 55◦. Regularities have
been established making it possible to determine the effect of DS buckling on the cutting-carrying
capacity when drilling deviated and extended reach wells. It is proposed to use hydromechanical
impact on the accumulated cuttings by artificially controlling the resulting DS buckling in order to
destroy the mud plug and increase the efficiency of well cleaning without the use of specialized
devices. A conceptual solution aimed at implementing a method for hydromechanical destruction of
mud plugs—the use of drill pipes equipped with a quasi-distributed differential measuring system
of strain gauges based on a fiber-optic Bragg grating—is presented.

Keywords: breakdown of mud plugs; hydromechanical destruction; buckling; drill string; loss of stability;
inclined well; cleaning; drilling parameters; fiber Bragg grating (FBG); FBG deformation sensor

1. Introduction

Every year, the share of directional drilling around the world is increasing and today it
is about 85% of the total volume of oil and gas wells [1,2]. This is due to the development of
hard-to-reach and deep-lying reservoirs, access to which is possible only through long wells
of complex trajectories, which have a large number of areas of change in zenith and azimuth
angles. Consequently, the likelihood of complications and accidents increases, which in
most cases are associated with poor-quality well cleaning of drill cuttings (mud) [3,4]. Poor
cleaning at the well of cuttings leads to their accumulation at the bottom wall and the
formation of the so-called “mud dunes” or “mud pads”, which affect the drilling tool and
hydrodynamic pressure, increasing the equivalent circulation density (ECD) of the drilling
fluid (DF) [5–7]. With a local increase in the concentration of cuttings, the annular space
between the drill string (DS) and the walls of the well can become completely clogged and
form a “mud plug”, which leads to the risk of complications and accidents associated with
the operation of the tool in the well, rock stability [8–10] and reservoir properties.

Improving the quality of well cleaning from drill cuttings is an important task when
drilling directional and, especially, horizontal wells, which can be achieved through the use
of special technical means and technological methods. One of these technological methods
is the operational control and management of drilling parameters, the essence of which
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is the timely regulation of key parameters: DS rotation speed, flow rate and axial load on
bit. An increase in the flow rate leads to an increase in the upward flow velocity in the
annular space and an improvement in well cleaning [11]. The dynamic component of the
ECD strongly depends on the consumption of drilling mud. However, it is impossible to
improve cleaning by increasing the consumption of mud alone, especially under conditions
of a narrow range of fluid loss and kick pressures [12]. Increasing the rotation speed of the
DS has a hydrodynamic effect on the cuttings, creating a circumferential flow that does
not carry particles out of the well, but has a “turbulent” effect, which contributes to the
removal of particles from stagnant zones [13,14]. It has been empirically established that
an increase in the rotational speed of the DS to 140 rpm has a positive effect on the quality
of cleaning, and a subsequent increase in the rotational speed has practically no effect on
the removal of mud. A significant increase in the rotation frequency of the bottom hole
assembly (BHA) can have a negative impact on the elements of the BHA, such as reactive
torque increase—twists-off, increase vibrations and beats—irreversible deformations and
breaks-off. The use of special technical means that are part of the DS and improve well
cleaning [15–17], such as turbulators, circulating subs, etc., do not obtain the desired effect,
due to the complexity of the trajectories, limitations in the number of installed devices,
vugular porosity and rock stability. In oil production, there were situations when the
presence of turbulators had a negative effect—the reactive twisting moment increased, and
the area of the annular space decreased, which led to an increase in hydraulic shocks and
an increase in ECD [16]. The rheology of the mud is one of the factors that have a significant
impact on the cleaning of deviated wells, ECD and the state of the bottomhole zone [18,19].
Undoubtedly, mud chemical treatment makes it possible to increase the efficiency of well
cleaning and prevent technological complications in the drilling process. However, there
are risks of contamination of the oil and gas saturated formation [20], and the selection of
complex rheological profiles for drilling with a complex trajectory in specific geological
and technical conditions requires significant financial costs.

The increase in drilling speed is affected by the axial load on the bit, as well as the
quantity and quality of mud, which must promptly clean the bottomhole from cuttings
during drilling. The axial load applied to the entire area of contact with the drilling tool
must exceed the strength of the rock and break it down. However, it is known that in
directional wells, and especially in wells with complex profiles and large deviations from
the vertical, the axial load applied to the bit does not reach the bottom hole in full [14,21].
This is due to the complex stress–strain state of the drilling tool in cramped downhole
conditions. The initial increase in the axial load that does not reach the bottom leads to the
loss of the longitudinal stability of the DS and the acquisition of the shape of a sinusoid—a
bend of the first kind (sinusoidal buckling) is formed. With a subsequent increase in the
load, the DS takes the form of a spiral—a bend of the second kind (spiral buckling) is
formed [22]. Longitudinal loss of stability of the drilling tool contributes to the occurrence
of lapels and fractures of the drilling tool. In drilling practice, engineers try to avoid
situations in which the DS loses its stability and takes any form of buckling [14,21–23].
However, the positive effects of artificially created and controlled buckling of the DS on the
destruction of mud plugs and cleaning the well from cuttings are proposed in this paper.

Medium- and large-scale full-scale modeling of drilling and well cleaning processes
in the laboratory is being carried out by many researchers, both in Russia and abroad.
Experiments carried out at M-I SWACO (USA) are considered to be particularly significant
studies that have found wide application in the practice of drilling wells. The results of
the research were presented in 2001 as a guide for drilling fluid engineers. Scientists have
determined the critical zenith angles (range 45–60◦) at which cuttings particles are insuffi-
ciently carried out of the well. Many other factors influencing well cleaning were analyzed,
and recommendations were made for the construction of wells of various trajectories. In
2012, Malaysian researchers conducted full-scale experiments to study the effect of mud
viscosity and velocity, as well as the zenith angle, on the transport of drilled particles in
deviated and horizontal wells [24]. In 2016, Iranian researchers developed an experimental
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stand and published the results of studies [25] on the influence of the zenith angle, the
speed of the DS, the consumption of DF and the cuttings fraction on the cleaning of an
inclined well. In 2019, an employee of RN-Vankor published the results of a study of the
effect of DS rotation on cuttings transport in a horizontal well, obtained on a small-scale
experimental bench. The influence of DS rotation on mud transport was confirmed, as well
as a decrease in the “turbulent effect” with an increase in DF viscosity [13]. In 2018–2019
a group of international researchers published the results of the effect of rotation of the
DF on cleaning the well with the use of polypropylene particles in DF at different zenith
angles [26–28]. In 2020–2021 a group of Norwegian scientists published the results [29,30]
of hydraulic studies and mud transport with oil-based solutions in deviated wells, using
a large-scale laboratory facility developed with the support of Aker BP and M-I SWACO.
The above studies confirmed the presence of critical zenith angles of the well trajectory,
described the effect of the rotation speed of the drilling rig, volumetric flow, technological
and mud rheological properties on the quality of wellbore cleaning of cuttings. However,
the effect of DS buckling on the destruction of mud plugs and mud carryover has not been
addressed in any of the above works, due to the fact that engineers are trying to predict
and exclude the buckling phenomenon [21,31–33], and the positive effect of controlled DS
buckling on well cleaning has hardly been considered.

The purpose of the study is to determine the effect of DS buckling on the breakdown of
mud plugs and the cleaning of deviated wells from cuttings, taking into account drilling pa-
rameters, zenith angle and mud properties. To achieve this goal, two series of applied field
studies were carried out using muds with different rheological models. The development
of a technology to improve the quality of well cleaning, which is based on the operational
control and management of the number and lengths of half-waves of DS and their hydrome-
chanical effect on mud plugs, taking into account the drilling parameters, zenith angle and
mud properties, will improve the efficiency of the construction of directional wells.

The present study includes the determination of DS spatial shape influence on the
sludge plugs’ destruction and deviated wells cleaning from cuttings. The main idea of
the study is not to fight against DS buckling, as a negative effect that one way or another
occurs when drilling wells with long or complex trajectories, but to use this phenomenon
to advantage—to control and manage buckling, artificially creating DS bends in places
where cuttings accumulate.

2. Materials and Methods

The study of the effect of DS buckling on the breakdown of mud plugs and well
cleaning was carried out on a specially designed experimental stand in the laboratory of
St. Petersburg Mining University Well Drilling Department [34]. The stand has a closed
circulation system and allows modeling of the process of destruction of the mud plug and
transport of mud from the well, taking into account the zenith angle, rotational speed,
number and length of half-waves string with longitudinal buckling, as well as the mud
flow rate, its rheological properties and the mud fraction. The main characteristics and
composition of the experimental stand are shown in Figure 1 and in Table 1.

The experimental studies are carried out according to the developed algorithm. A
drilling fluid with required composition and quantity is prepared in a tank 8, a sieve
cleaning unit 9 is installed on top, in which, depending on the selected cuttings fraction, a
sieve with a particular mesh size is installed. The wellhead pipe 3 is connected to the upper
part of the “wellbore” pipe 4 installed on the base 15, and the plug 5 is installed in the lower
part of the pipe 4. The pipe DS 6 with the selected number of half-waves is installed at the
lower end (with holes and a rubber seal) into the pipe 4 on the support cone 7, through the
“mouth head” 3, and is connected by a threaded connection to the transit swivel 2, which is
connected to the drive 1. The end of the discharge line 10, connected to the swivel, is made
of a metal pipe, on which a laser tachometer is installed 12 and ultrasonic flow meter 11,
the principle of which is based on the Doppler effect. A reflective element is attached to
the lower part of the swivel shaft 2, which is necessary for measuring the DS speed with a
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laser tachometer 12. The discharge line 10 is connected to the flow controller 13, which is
fixed in the tank 8. The pump 14 is installed at the bottom of the tank 8 and connected to
the flow controller 13. The slurry of the required amount is poured into the annular space
between pipes 4 and 6 through the mouth head 3.

Appl. Sci. 2022, 12, 6460 4 of 16 
 

  

(a) (b) 

Figure 1. Schematic (a) and photo (b) of the experimental stand: 1—drive, 2—swivel, 3—wellhead 
equipment, 4—wellbore, 5—plug, 6—drill pipes, 7—support cone, 8–mud tank, 9—sieve cleaning 
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14—pump. 
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Parameter Unit Value 
Geometric Characteristics 

Stand base size mm 2700 × 300 
Borehole diameter mm 74 

Pipe diameter mm 40 
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Zenith angle of the “well” degree 0 ÷ 90 

Sieve cleaning unit: 
sieve 1—cell mm 0.5 × 0.5 
sieve 2—cell mm 1.0 × 1.0 
sieve 3—cell mm 2.0 × 2.0 

Characteristics of Equipment and Measuring Devices 
Rotation per minute (drive) rpm 0–600 

Maximum pump performance L/min 258 
Tachometer laser (range) rpm 2.5–99,999 

Ultrasonic Doppler flow meter (range) m/s 0.03–12.2 
Scales electronic (range) g 5–40,000 
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drilling fluid with required composition and quantity is prepared in a tank 8, a sieve 
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sieve with a particular mesh size is installed. The wellhead pipe 3 is connected to the 

Figure 1. Schematic (a) and photo (b) of the experimental stand: 1—drive, 2—swivel, 3—wellhead
equipment, 4—wellbore, 5—plug, 6—drill pipes, 7—support cone, 8–mud tank, 9—sieve cleaning
unit, 10—discharge line, 11—ultrasonic flowmeter, 12—laser tachometer, 13—mudflow controller,
14—pump.

The experimental stand is set at the required zenith angle. The pipe 6 with the selected
number of half-waves (straight pipe L0 without half-waves, pipe with the 1st half-wave
L1 = 1.8 m pipe with 3 half-waves L3 = 0.6 m) is installed on the support cone 7 in the pipe
4 “wellbore”. Mud weighing m = 1.5 kg fraction 1.0 ÷ 2.0 mm is poured into the annular
space between pipes 4 and 6. Pump 14 pumps DF at a flow rate of Q (L/min), regulated
by the flow controller 13. The value of the mud flow is displayed on display of the control
unit of the acoustic flowmeter 11. Next, the drive is turned on, which rotates the pipe
with a frequency of n (rpm), the value of which is displayed on the display of the laser
tachometer 12. The time allotted for 1 experiment, within the framework of a series of
experiments, t = 120 s. During this time, the “borehole” is cleaned of accumulated mud on
the sieves of the corresponding fraction in the cleaning unit 9. After the time has elapsed,
the pump and drive are turned off, the sieves are removed and cleaned of mud, which
is weighed on electronic scales. Change of pipe with a different number and lengths of
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half-waves is carried out by disconnecting the swivel from the drive and pipe, with its
subsequent extraction from the “borehole”. After a series of experiments (No. 1), the mud
is disposed of, the circulation system is completely flushed for 10 min, another type of mud
is prepared in the tank, and a series of experiments (No. 2) is carried out according to the
above algorithm.

Table 1. Main technical characteristics of the experimental stand.

Parameter Unit Value

Geometric Characteristics

Stand base size mm 2700 × 300
Borehole diameter mm 74

Pipe diameter mm 40
The length of the “well” (equal to the length of the pipe) mm 2000

Zenith angle of the “well” degree 0 ÷ 90

Sieve cleaning unit:
sieve 1—cell mm 0.5 × 0.5
sieve 2—cell mm 1.0 × 1.0
sieve 3—cell mm 2.0 × 2.0

Characteristics of Equipment and Measuring Devices

Rotation per minute (drive) rpm 0–600
Maximum pump performance L/min 258

Tachometer laser (range) rpm 2.5–99,999
Ultrasonic Doppler flow meter (range) m/s 0.03–12.2

Scales electronic (range) g 5–40,000

The input parameters of the experiments are presented in Table 2.

Table 2. The input parameters of the experiments.

Parameters Unit Value

Experiment series No. - 1 2

Q—consumption of BR ×10−3 m3/s (L/min) 1.25 (75); 1.45 (87); 1.67 (100) 0.83 (50); 1.05 (63); 1.25 (75)

n—rotation frequency s−1 (rpm) 0.83 (50); 1.67 (100); 2.50 (150) 0.83 (50); 1.67 (100); 2.50 (150)

Li—number of half-waves p pcs 0; 1; 3 0; 1; 3

α—zenith angle degree 35; 55; 70 35; 55; 70

Rheological model of mud - DF No. 1—Newtonian model DF No. 2—Pseudo-plastic
model

ρ—density kg/m3 1001 1035

PV (η)—viscosity mPa·s 0.941 (η) 40.283 (PV)

YP—yield point Pa - 16.92

T—temperature ◦C 23 23

The design of the experimental stand was based on the principle of geometric similarity (1):

Dw1

Dw2
=

dDS1

dDS2
= C, (1)

where Dw1 is the diameter of a real wellbore, mm; dDS1 is the diameter of the real
string, mm; Dw2—diameter of the experimental “wellbore”, mm; dDS2 is the diameter
of the experimental string, mm; and C is the coefficient of proportionality or “constant of
geometric similarity”.
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Dw1

Dw2
=

215.9
74

= 2.92;
dDS1

dDS2
=

114.3
40

= 2.86; C ∼= 2.89 ≈ 3

DS deflection (wave amplitude) in the experimental stand (2) is represented as:

f =
(Dw2 − dDS2)

2
(2)

f =
(74 − 40)

2
= 17 mm

In order to determine the effect of buckling on the destruction of mud plugs and well
cleaning of cuttings particles, it was necessary to obtain an artificial buckling of the DS.
At this stage of research, it was decided to abandon the creation of a system for smooth
artificial regulation of the number of half-waves strings in favor of a simplified discrete
system, due to the lack of knowledge of this drilling area and the need to test the hypothesis
put forward. The half-waves strings were obtained by heating the pipes and subsequent
irreversible bending deformation, while maintaining the diameter along the entire length.
Thus, the pipes with 1st and 3rd half-waves were obtained, equal to the length of the well.

3. Results
3.1. General Research Results

In addition to comparing the experimental data on the effect of buckling on the
removal of cuttings, it was possible to evaluate the process of breakdown of the mud
plugs in directional sections of the well visually (Figure 2) due to the transparency of the
“wellbore” pipe.
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impossible to assess the quality of well cleaning, due to the complete removal of cuttings 
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Figure 2. Temporal collage of photographs of experiments with mud No. 2 at α = 70◦,
Q = 1.25 × 10−3 m3/s, rotation with a frequency of n = 1.67 s−1, direct pipe L0 (a) and pipe with
3 half-waves L3 (b).

To assess the effectiveness of the hydromechanical process of breakdown of mud
plugs, which is in a state of buckling of the first kind, as well as to assess the quality of
well cleaning from cuttings, it is necessary to fix the mass of fractional sand poured into
the experimental stand. Through test measurements, it was found that under the given
geometric and temporal conditions, the mass of sand m = 1.5 kg can be taken as a unit.
However, in the course of experimental studies, it was found that, in some cases, it is
impossible to assess the quality of well cleaning, due to the complete removal of cuttings
ahead of the allocated time, and t = 120 s due to certain combinations of values of variable
parameters. For this reason, the number of cuttings cleaned out was recalculated in time
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and the well cleaning intensity was obtained: for series of experiments No. 1, the time
t1 = 30 s, and for series of experiments No. 2, the time t2 = 60 s.

The initial and time-recalculated results of the mud removal intensity, using the
example of a Newtonian fluid at a zenith angle α = 35◦, are shown in Figure 3. It can be
seen from the graphs that when L3 rotates a flat-curved pipe with three half-waves (blue
lines) at a frequency of n = 2.5 s−1, the quality of wellbore cleaning increases significantly
compared to L0 of a straight pipe (yellow lines), with a changing mud consumption, Q
within the range of 1.25 ÷ 1.67 × 10−3 m3/s.
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Figure 3. Initial (a) and recalculated (b) rates of mud removal at α = 35◦, DF No. 1,
Q = 75 ÷100 L/min and rotation at a frequency of n = 2.5 s−1 direct pipe L0 and DS with 3 half-
waves L3.

The recalculation of the removal of mud cuttings over time made it possible to obtain
values for the subsequent assessment of the process of hydromechanical breakdown of
the drilling mud plugs, which is in a state of buckling of the first kind, and the quality
of well cleaning. The data obtained as a result of experimental studies can be interpreted
both on a plane, in two-dimensional space, and in three-dimensional space, in the form
of surfaces, depending on the number of fixed variables. For each case of interpretation,
mathematical models were obtained—regression equations with correlation coefficients
(Figure 4, Table 3). A total of 54 mathematical models have been obtained that describe
the change in the quality of well cleaning from cuttings particles depending on variable
parameters. For processing the results of experiments, correlation-regression and variance
analyzes, “Statistica 13” and “MS Office Excel 2016” software were used.

Analyzing the obtained mathematical models presented in Table 3, the coefficient b12
characterizing the strength of the influence of factors on each other can be seen: with a
direct pipe b12 = 0.0112; at the 1st half-wave b12 = 0.0449; with 3 half-waves b12 = 0.8348.
This allows us to conclude that the mutual influence of the factors of the speed of rotation
of the pipe and the mud consumption on each other increases, as a result of the loss of
stability of the pipe and the subsequent acquisition of a sinusoidal shape.
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Figure 4. Dependence of the amount of mud carried out (fraction of units) during the destruction
of the mud plug on the DF No. 1 consumption, the rotational speed and the number of half-waves
pipes: without half-waves (a); with the 1st half-wave (b) and with the 3rd half-waves (c), at the zenith
angle α = const = 70◦.

At the maximum flow rate of mud No. 1 Q = 1.67 × 10−3 m3/s, a decrease in the mud
carried out on the sieves is observed, in comparison with washing at the average flow rate
Q = 1.45 ×·10−3 m3/s, at a maximum constant frequency n = 2.50 s−1. This observation
allows us to conclude that an increase in the drill speed does not always improve the
removal of cuttings.

Experimental data reflecting the effect of pipe buckling at a rotation frequency of
n = 2.5 s−1, as well as the zenith angle, flow rate, technological and rheological properties
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of DF on the destruction of mud plugs and well cleaning, are shown in Figure 5 in the form
of histograms, convenient for comparison.

Table 3. Mathematical models of dependencies presented in Figure 4.

№ Mathematical Model Number of
Half-Waves Pipes X Y Constant

(a) Z = 0.678 − 0.148x − 1.1825y +
0.0005x2 + 0.0112xy + 0.5119y2 L0

Frequency of DS,
s−1

Mud flow rate,
×10−3 m3/s

Zenith angle
α = 70◦(b) Z = 1.3531 − 0.0889x − 2.0947y +

0.014x2 + 0.0449xy + 0.8247y2 L1

(c) Z = 3.0149 − 1.8193x − 3.0061y +
0.2478x2 + 0.8348xy + 0.824y2 L3
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3.2. Influence of the Zenith Angle on the Destruction of Mud Plugs and Well Cleaning

Analyzing Figure 5a it can be seen that, with an increase in the zenith angle α from
35◦ to 55◦, when cleaning with a Newtonian liquid, the mud removal decreases by 40–56%,
depending on the flow rate of mud No. 1 Q = 1.25 ÷ 1.67 × 10−3 m3/s and drill speed
n = 0.83 ÷ 2.50 s−1. At a flow rate of mud No. 1 Q = 1.25 × 10−3 m3/s, a sufficient upward
flow rate is not provided and cleaning deteriorates by 51–60% in the presence of the three
half-waves pipe, up to the complete absence of 100% mud removal during rotation of the
straight pipe and the pipe with the first half-wave.

The subsequent increase in the zenith angle α from 55◦ to 70◦, ceteris paribus, has a
positive effect on the quality of well cleaning, and cuttings removal is improved by 30–48%.

When comparing the results of experiments, with an increase in the zenith angle α

from 35◦ to 70◦, the mud transportation deteriorates by 17–42%. In Pipe L1, deterioration is
by 34–60%, but is still insufficient for pipe L0.

From Figure 5b it can be seen that when using a pseudo-plastic liquid as a mud,
with an increase in the zenith angle α from 35◦ to 55◦, with a flow rate of mud No. 2
Q = 0.83 ÷ 1.25 × 10−3 m3/s, the mud removal decreases by 29–46%, when rotating at a
frequency of n = 0.83 ÷ 2.50 s−1 pipe with the first half-wave, and by 32–44% when rotating
the direct pipe L0 and DS with three half-waves.

A further increase in the zenith angle α from 55◦ to 70◦, ceteris paribus, provides an
increase in the removal capacity of the cuttings by 25–44%, 24–48% and 25–43%, with pipe
L0, pipe L1 and pipe L3, respectively.

When comparing the results of experiments with an increase in the zenith angleα
from 35◦ to 70◦, by passing the angle α = 55◦, the mud transportation deteriorates by only
13–30%, with a flow rate of pseudo-plastic liquid Q = 0.83 ÷ 1.25 × 10−3 m3/s and rotation
of the straight pipe L0, pipe L1 and pipe L3.

Experimental data on the change in the quality of well cleaning, depending on the
zenith angle α, confirm the presence of a critical angle α = 55◦ in the zone with a range
of 45–60◦.

3.3. Influence of Pipe Buckling on the Destruction of Mud Plugs and Well Cleaning

The results of the experimental study confirm the influence of the spatial shape of the
pipe, namely the sinusoidal bend, on the destruction of mud plugs and cleaning the well
from cuttings.

From Figure 5a it can be seen that, when conducting experiments using Newtonian
liquid as a cleaning agent, depending on the flow rate Q = 1.25 ÷ 1.67 × 10−3 m3/s and
pipe speed n = 2.50 s−1, there is a relative increase in the carrying capacity of the mud.

So, when drilling a well with a zenith angle α = 35◦, the presence of the first half-wave
pipe leads to an improvement in cutting removal by 12–50%, relative to the rotation of a
straight pipe without half-waves. In the presence of the three half-waves pipe, the mud is
better carried out by 3.5 times, relative to the rotation of the pipe with the first half-wave,
and by six times relative to the rotation of the straight pipe, with a speed n = 2.50 s−1.

In the study of hydromechanical destruction of mud plugs in the zone of critical
zenith angles, with α = 55◦, the presence of the first half-wave of the string leads to an
improvement in mud removal by 9–54%, relative to the rotation of the pipe without half-
waves. It is especially noteworthy that in the presence of the three half-waves pipe, the mud
is cleared out 4.5 times better, relative to the rotation of the pipe with the first half-wave,
and more than 6.5 times better, relative to the rotation of a straight pipe without half-waves,
at a frequency of rotation of the pipe n = 2.50 s−1.

After passing through the critical zone, during the rotation of the pipe in the well
with a zenith angle α = 70◦, the presence of the first half-wave of the pipe leads to an
improvement in cuttings removal by 13–49%, relative to the rotation of a straight pipe
without half-waves. When rotating with a frequency of n = 2.50 s−1 and the presence of the
three half-waves pipe, the mud is carried out 4.5 times better, relative to the rotation of the
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string with the first half-wave, and more than 7 times better, relative to the rotation of a
straight string without half wave.

From Figure 5b it can be seen that, when a pseudo-plastic liquid is used as a mud,
depending on the flow rate Q = 0.83 ÷ 1.25 × 10−3 m3/s, the sinusoidal bending of the
pipe increases the carrying capacity of the cuttings.

When drilling a well with a zenith angle α = 35◦, the presence of the first half-wave of
string leads to an improvement in cuttings removal by 4–8%, relative to the rotation of a
straight string without half-waves. In the presence of the three half-waves string, the mud
is better carried out by 6–26%, relative to the rotation of the pipe with the first half-wave,
and by 10–33% relative to the rotation of the straight pipe without half-waves.

In the study of hydromechanical destruction of mud plugs in the zone of critical zenith
angles, with α = 55◦, the presence of the first half-wave string leads to an improvement in
the removal of mud by 3–15%, relative to the rotation of a straight string without half-waves.
It is noteworthy that in the presence of three half-waves pipes, the mud is better carried
out by 7–28%, relative to the rotation of the pipe with the first half-wave, and by 10–36%
relative to the rotation of a straight pipe without half-waves.

It has been established that, during the rotation of pipe in a well with a zenith angle
α = 70◦, the presence of the first half-wave string leads to an improvement in cuttings
removal by 2–7%, relative to the rotation of a straight string without half-waves. In the
presence of three half-waves strings, the mud is carried out better by 4–28%, relative to
the rotation of the pipe with the first half-wave, and by 8–37% relative to the rotation of a
straight pipe without half-waves.

3.4. Influence of Mud Properties on the Destruction of Mud Plugs and Well Cleaning

An analysis of the experimental data reflecting the influence of the properties of
the mud on the quality of cleaning the well of cuttings showed that the physical and
rheological properties have a significant impact on the carrying capacity of the mud. It
has been established that, with an increase in density from 1001 to 1035 kg/m3, viscosity
from 0.941 to 40.283 mPa·s and muds from 0 to 16.92 Pa, when cleaning with a flow rate
Q = 1.25 × 10−3 m3/s, varying drill speed n = 0.83 ÷ 2.50 s−1 and the presence of the
first and third half-waves strings, the mud removal increases by 4–13 times. In some
cases, where the Newtonian fluid did not allow the cuttings to be carried to the surface,
and there was no carryover of the cuttings, the pseudo-plastic fluid showed excellent
results (Figure 6).
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4. Discussion

An increase in the number of cuttings on the screens confirmed the improvement in
cleaning; in addition, it was clear that the pipe, which is in a state of controlled buckling,
has a “double” hydromechanical effect on the cuttings plug and on particles settled on the
bottom wall of the well.

The first impact of the string is mechanical—the body of the pipe in the area of
maximum deflection had a direct physical impact, “breaking” the mud plug and mud
dunes, moving the particles, and involving them in a suspended state.

The second effect of the mud is hydrodynamic—the pipe body, which has lost its
longitudinal stability, changes its spatial shape, and, consequently, changes the profile of
the mud flow moving along the upper wall of the well along the path of least resistance.
This causes the mud to “wash out” the accumulated mud and entrain the particles into the
general flow. As a result, local flow turbulence is created without the use of special devices,
such as turbulators, circulation subs, etc.

The implementation of a hydromechanical method for the destruction of mud plugs
in deviated and extended reach wells in order to improve cleaning and avoid problems
associated with mud build-up is carried out by controlling and regulating the artificially
created pipe buckling. At the moment, there are no field or experimental drill pipes in
the world that, in addition to their main functions, can play the role of a device that
measures deformations.

As a conceptual solution, the authors propose to develop and include in the DS
special sections of pipes in which strain gauges based on a fiber Bragg grating (FBG) are
mounted. Due to their advantages, FBG sensors are increasingly being used in control
systems in the aviation and space industries [35,36], and they can also be used to measure
deformation, displacement, temperature, pressure, tilt angle, as well as acceleration and
vibration [37–40].

FBG fiber optic sensors must be braided from a material that is resistant to the ag-
gressive environment of drilling and cement slurries. The sensors must be rigidly fixed
on the inner wall of the drill pipes (Figure 7a) or in the outer wall, in a specially prepared
channel (Figure 7b), reinforced with welded material to prevent the weakening of the DS as
a result of possible stress concentration. In pipe couplings, the fiber-optic cable is connected
to the FBG sensors by means of a quick-disconnect connection and forms a “garland” of
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sensors—a quasi-distributed differential measuring system that monitors deformations
along the pipe body.
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The reliability of such a differential measurement system will depend on the mounting
methods, materials used and operating conditions. Before including the sensors in the
measuring system, it is necessary to calibrate them according to the deformation of the
strain gauge and determine the proportionality coefficient between the deformation of the
pipe measured by the FBG and the strain gauge.

Thanks to the use of special sections of drill pipe with FBG strain sensors, the operator
can control the place of buckling and the spatial shape of the drill bit by adjusting the axial
load on the bit, within the established strength limits of the drilling tool. By creating an
additional axial load on the bit, the operator forms the buckling of the pipe sections, and
the control panel screen displays the spatial shape of the string in the well, taking into
account the geometry of the wellbore and drilling parameters.

As a result of controlled buckling, using only mud hydraulics and DS mechanics, with-
out the use of special devices that have a positive effect on well cleaning, hydromechanical
destruction of mud plugs and improved removal of broken particles are achieved, and
complications associated with the formation of mud pads are prevented.

5. Conclusions

The experimental stand, developed at the St. Petersburg Mining University, is an
innovative solution in the field of improving the quality of cleaning directional wells.
This study is fundamental, since for the first time the issue of the positive aspect of the
loss of stability of the DS was considered, and the positive effect of pipe buckling on the
efficiency of cuttings removal was established, taking into account the drilling parameters,
technological and rheological properties of the drilling rig, and the angle of inclination of
the well.

The analysis of well cleaning quality data, depending on the zenith angle α, confirms
the presence of a critical angle α = 55◦ in the zone with a range of 45–60◦, in which the
maximum difficulty is noted in the transport of cuttings particles to the day surface—a
decrease in the removal of particles to 40–60%.

When conducting a series of experiments No. 1 with a Newtonian liquid, an increase
in the efficiency of mud removal by up to eight times was found, at the maximum flow
rate of the BR, the rotation frequency n = 0.83 ÷ 2.50 s−1 and the presence of three half-
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waves string, in comparison with straight DS and strings with the first half-wave. When
conducting a series of experiments No. 2 and using a pseudo-plastic liquid as mud, all
other things being equal, an increase in the removal of mud cuttings up to 36% was found.

It has been experimentally established that, when the string rotates at a speed of
n = 0.83 ÷ 2.50 s−1, at a flow rate Q = 1.25 × 10−3 m3/s of a pseudo-plastic liquid with
rheological properties, the removal of mud cuttings to the surface increases dozens of times
in comparison with the Newtonian fluid.

The authors put forward a hypothesis that the controlled buckling of the string, namely,
the number and length of half-waves in the place specified by the operator, allows the
breakdown of mud plugs and improves well cleaning, as well as solving the problem of
“mud-pads” and the complications and emergencies associated with this phenomenon.

The presented technical and technological solution for the implementation of a hy-
dromechanical method for the destruction of stagnant mud zones is a novel concept and
requires further study with the subsequent development of experimental drill pipes based
on FBG strain sensors.

The obtained results confirm the need for further study of the effect of pipe buckling
on the destruction of mud plugs and cleaning of deviated wells from cuttings, taking into
account the multifactorial nature of the drilling process.
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