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Abstract: This paper proposes a solution to the problem of improving the reliability of the operation
of progressive cavity pump units in deviated and directional wells. High dogleg severity signifi-
cantly contributes to rod breakage; rods often break close to the “elbows” with a dogleg severity of
2 deg/10 m or higher. Statistical analyses were used to identify the frequency of failures and their
impact on the reliability of a PCP unit. The design layout and mathematical model for pump rods’
torsional vibrations in the curved section of a wellbore were developed. A simulation of the curved
section was performed. This article provides the basic formulas needed to design a rotating rod
string using two reduced discs. The creation of an additional crooked section resulted in multiple
reductions in the “resonant” rotational speed and rigidity in the mathematical model. Determining
the moment of inertia of the reduced discs’ mass made it possible to determine the sucker-rod string’s
stiffness, the circular rotation frequency, and the number of sucker-rod revolutions under resonance.
The number of reduced discs on the sucker-rod string depends on the curvature pattern. In summary,
a centralizer for a rotating string was designed to reduce the vibration and shock effects of rods on
the tubing.

Keywords: progressive cavity pump; directional wellbore profile; sucker-rod string; reduced disc; centralizer

1. Introduction

Since 2003, long-term experience with the operation of wells using progressive cavity
pumping units (PCPUs) driven by a rotating rod string has shown that screw pumps
are one of the most effective means for artificial lifting of heavy oils under conditions of
low reservoir productivity rates and high gas content at high saturation pressure [1-7].
The author of [1] provides a study in which a simplified flow model of a PCP is used
to control the PCP system and to undertake quick calculations of flow rates. The study
presented in [2] focuses on evaluating the effects of the different variables (such as the
fraction of gas voids, frequency of rotation, and pressure drop) on the performance of
a PCP with two-phase flow. One of the first models used to simulate and analyze PCP
performance was that proposed by Belcher in [3]: it was named the “infinite parallel plate”
and simulated the slip effect as that of a convergent—divergent bearing. Models are being
developed that combine an analytical model to predict the theoretical performance of a
pump with a slippage model [4]. Other studies [5-10] have focused on studying the effect
of the rotor movement on the sealings of stators for various speeds and pressures and on
the improvement of pump design.
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The simplicity of the PCP design is associated with the absence of valves and complex
junctions, thereby significantly reducing hydraulic losses. With a higher viscosity value,
fewer crossflows occur through the sealing lines of the elastomer-rotor couple; therefore,
the viscosity does not have a significant impact on the screw pump’s delivery rate.

The opposite situation is observed with the other methods of operation (sucker-rod
pump, electric submergible pump (ESP), diaphragm pump, etc.). The average delivery rate
of the sucker-rod pumping unit is 0.35 at a viscosity of 300 mPa-s, whereas for the PCP unit
this indicator equals 0.9 < 0.95. The simplicity of operation makes it possible to reduce
operating costs and, thus, the cost of oil production.

It is essential to consider downhole conditions for the efficient operation of downhole
equipment. Optimization of PCP wear can be achieved through the geometry of the pump,
proper selection of stator elastomers and wear-resistant rotor coatings, and correct selection
of the pump size for a specific application [11-17].

Despite the significant amount of research on the development and optimization
of PCP design for well conditions, the operation of wells with PCP is associated with
a shortage of effective technical means to prevent or significantly reduce complications
in the operation of sucker-rod pumps, particularly in wells with high dogleg severity,
which leads to reductions in equipment operating times and in the efficiency of well fluid
extraction [18,19].

This is why the development of new technical means for PCP-operated wells is an
urgent task and the focus of the present study.

The novelty of this research is the new method developed for modeling the motion of
a sucker-rod string during the operation of curved and directional wells. The mathematical
model of rod motion elaborated, involving a reduced disc in the curved section of the well,
makes it possible to detect hazardous resonance phenomenon. When operating crooked
wells, the sucker-rod string takes the shape of a helix or a sine wave of varying pitch. For
wells with a number of severe dogleg sections, the frequencies of the forced and natural
oscillations of the sucker-rod string may coincide, leading to the increased amplitude of the
oscillations and vibration of the sucker-rod string. We developed a new centralizer with
the friction of mating surfaces in order to increase the mean time between failures (MTBF)
in PCPs.

2. Analysis of the Operation of Progressive Cavity Pumping Units

The major problems in wells operated by PCP units are the breakage of sucker rods
and the abrasion of the pump’s helical pair [20,21]. For instance, 175 cases of sucker-rod
breakage were observed during the operation of PCP units at five producing companies of
Sheshmaoil Management Limited Liability Company (Republic of Tatarstan). The rotation
of a sucker-rod string creates tensions, which must be calculated by approximation since
a sucker-rod string is not a rod (shaft) with a constant section due to the presence of
couplings and joints; friction forces and other factors have to be considered. The rotation of
the sucker-rod string is influenced by:

(a) axial tension force due to the self-weight of the rods;
(b) fluid pressure;

(c) bending loads in a curved wellbore;

(d) tangential stresses.

Tangential and tensile stresses reach their maximum values in the upper part of the
sucker-rod string. For example, in joint stock company (JSC) Kondurchaneft, rod partings
occur in the upper fifth of the sucker-rod string, in JSC Sheshmaoil, at one third, and in JSC
Ideloil, rods usually break in the second fifth of the string. It appears that the longer the
string of the sucker rods, the closer to the wellhead the rod breakages occur. The greater the
curvature build-up (referred to as the “elbow”), the greater the collision between the rods
and the tubing; therefore, it is recommended that centralizers, preferably also functioning
as bearings, be installed at these points. The arrangement of the centralizers is based on the
placement of their bearings at the points on the rods with maximum radial loads [22]. High
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dogleg severity means that the curvature gain or decline in a wellbore equals 2 deg/10 m
and higher. Such a section of a wellbore is called an “elbow”.

Table 1 shows that high severity is observed in all companies and significantly con-
tributes to the breakage of rods, and the breakage incidence increases as the rods approach
the “elbow”. If we consider a distance of £50 m between the depth of the rod breakage
and the nearest location of 2 deg/10 m severity, then we can see that:

(@) 42% of rods breakages within the “elbow” took place at JSC Kondurchaneft;
(b) 45% took place at JSC Sheshmaoil;
(c) 76% took place at JSC Ideloil.

Table 1. The average values for the main parameters of wells where sucker-rod breakages occur.

Parameter JSC Kondurchaneft JSC Sheshmaoil JSC Ideloil

Breakage depth, [m] 263 309 377

Rod string length, [m] 1225 978 940

Maximum severity, [deg/10 m] 297 2.42 6.83

Depth of maximum severity, [m] 434 373 260

Dogleg severity at the point of the rod breakage [deg/10 m] 0.86 1.05 1.35
Distance from the point of the rod breakage to the dogleg 105 132 67

severity of 2 deg/10 m [m]
Percentage of broken rods near the dogleg severity 1 45 76

of 2 deg/10 m [%]

The most complicated situation related to the frequency of rod breakages caused
by high dogleg severity. There were accounts for JSC Ideloil in which both artificial
and unintentional (natural) curvature developed while drilling wells, the latter occurring
frequently. It is worth mentioning that, rather than horizontal wells, PCPs mostly operate in
directional wells with deliberately artificial deviations. In wells with high dogleg severity,
no rod breaks along the couplings have been recorded; mainly, the rods break along the
body and, less often, along the wrench square and threads [20,22].

Figure 1 shows that the frequencies of repairs due to rod failures at the facilities of LLC
Sheshmaoil Management Company have changed constantly; for example, the number of
rod failures was minimal in 2008 and 2010. The average percentage of specific dependence
(SD) of rod breakage on the number of PCP repairs is 20%.
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Figure 1. Distribution of rod failures by year.
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Table 2 provides information on workovers of wells with PCPs, the number of wells

with PCPs, as well as the specific dependencies of:

Table 2. Distribution of PCP unit repair by year.

Specific
Number of Dependence of
Work ¢ PCP Repairs Number of PCP Repair Number of Specific Specific
orkovers o . . . umber o
Year Wells with without WI, Wells with (Excluding Well Rod Failures Dependence Dependence
PCPs etc. PCPs Interventions and of Rod Failure  of PCP Repair
Other Types of
Repairs)

2001 0 0 1 0 0 0 0
2002 0 0 2 0 0 0 0
2003 11 9 12 0.75 3 0.25 0.92
2004 30 20 43 0.47 2 0.05 0.70
2005 69 43 65 0.66 14 0.22 1.06
2006 64 47 74 0.64 15 0.20 0.86
2007 61 48 75 0.64 14 0.19 0.81
2008 63 41 83 0.49 3 0.04 0.76
2009 33 22 69 0.32 8 0.12 0.48
2010 38 30 75 0.40 3 0.04 0.51
2011 72 45 86 0.52 17 0.20 0.84
2012 94 65 93 0.70 14 0.15 1.01
2013 95 70 98 0.71 19 0.19 0.97
2014 66 41 104 0.39 6 0.06 0.63
2015 72 45 102 0.44 7 0.07 0.71
2016 81 55 99 0.56 19 0.19 0.82
2017 61 31 95 0.33 9 0.09 0.64
2018 60 38 91 0.42 11 0.12 0.66
2019 41 25 91 0.27 7 0.08 0.45
2020 34 30 85 0.35 9 0.11 0.40
2021 48 35 85 0.41 10 0.12 0.56

(a) PCP repairs on the number of wells with PCPs;

(b) PCP repairs excluding other types of repairs and well interventions (WIs) on the

number of wells with PCPs;
(¢) rod breakages on the number of wells with PCP.

Table 2 shows that the specific dependence of PCP unit repairs on the number of
PCP-operated wells is decreasing: while the specific dependence was equal to 0.9 when
PCPs were first implemented, it has been about 0.5 in recent years, indicating one repair
per two PCP-operated wells per year. If we exclude other types of repairs, which have no
effect on the MTBF, the specific dependence drops, particularly in the years 2004, 2009, 2014,
2017, and 2019. Other types of repairs include well interventions (hydraulic fracturing,
bottom-hole zone treatment, re-perforations, etc.), replacing the surface drive and the
electric motor, troubleshooting the well-head fittings, readjusting the rotor without needing

to lift the downhole pumping equipment, and flushing the well.

The highest SD values were recorded in 2005, 2012, and 2013. SD displays a positive

trend, in accordance with the growing application of PCPs.

Table 3 indicates that the majority of rod failures occur across the bodies.

Table 3. Rotating string failure across structural elements.

Rotating String Part Body Thread Coupling

Wrench Square

Failure ratio 0.853 0.076 0.041

0.03

Table 4 presents the distribution of rotating string failures at the facilities of LLC MC
Sheshmaoil by pump type and size, and it indicates that the failure rate is higher for screw
pumps of larger sizes, as well as for ShVN-7 pumps. The digit in the name of the ShVN

pump refers to the pump’s capacity in m3/day at a rotor speed of 100 rpm.
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Table 4. Rotating string failures by type and size.

Type and Size of 0Oil Production ShVN-2, ShVN-5, ShVN-10, ShVN-13, ShVN-21, ShVN-23,
Pumps Company ShVN-3 ShVN-4 ShVN-6 ShVN-7 ShVN-11 ShVN-14 ShVN-16 ShVN-22 ShVN-24 ShVN-33 ShVN-40
JSC Sheshmaoil 8 145 27 7 83 12 22 8 13 2
JSC Ideloil 2 34 29 70 4 29 7 1 4 3
Retrieved pumps JSC Kondurchaneft 28 36 38 13 13 1
JSC Elabuganeft 1 1 1 1
General 38 215 94 7 166 29 52 15 14 4 5
JSC Sheshmaoil 2 12 1 4 13 8 4 2 3
Number of JSC Ideloil 7 6 24 12 3 2 2
rotating string JSC Kondurchaneft 3 5 6 2
failure cases JSC Elabuganeft 1 1 1 1 1
General 5 24 13 4 37 10 16 5 3 2 2
Failure
General 0.132 0.112 0.138 0.571 0.223 0.345 0.308 0.333 0.214 0.500 0.400

ratio

To represent the dangerous phenomenon of resonance that can occur during the rota-
tion of rods, a mathematical model of rod motion using a reduced disc in the curved section
of a well was here developed for the first time ever, and data from the implementation
of this model in an actual wellsite are shown. The presence of the reduced disc as part
of the sucker-rod string reduces the angular frequency of the sucker-rod rotation, as well
as helping to determine the source of the resonant oscillations. Without a reduced disc,
the sucker-rod string has a maximum rotational frequency that is lower than the forced
oscillation frequency of the sucker-rod string. As the length of sucker rods is much greater
than the length of machine shafts, the time required for dangerous resonance to fade away,
for example, will be much greater. Hence, the sucker rods remain in this position for quite
a long period and are subjected to impacts from the tubing.

3. Materials and Methods

The aspiration to increase PCPs’ operating times in deviated wells is understandable
both from the economic and technical perspectives [22,23].

To do this, it is necessary to advance beyond the existing technical solutions and the
experience of specialists by:

1.  developing a mathematical model of a sucker-rod string in a deviated well;
2. installing efficient centralizers on sucker rods.

The solution to the first problem involves the application of a reduced disc with
eccentricity to the sucker-rod string, thereby making it possible to create a model of sucker-
rod rotation with deviation from the axis that corresponds to the motion of sucker rods in a
borehole. When the rod string rotates with an angular velocity, the reduced disc’s center
of gravity creates a circular motion that generates centrifugal force. The reduced disc on
the rod is located in the crooked section. The reduced disc allows for the deviation of the
sucker rods from the vertical axis of a wellbore. Determining the moment of inertia of the
reduced disc’s mass makes it possible to determine the sucker-rod string’s stiffness, the
circular rotation frequency, and the number of sucker-rod revolutions under resonance. The
number of reduced discs on the sucker-rod string depends on the curvature pattern. The
main method used in the current study was to determine the frequency of natural torsional
oscillations of the rods, and in this paper, a model with two arms (elbows) is considered.
Modeling the proposed sucker-rods with reduced discs the formulas, developed here for
the first time, makes it possible to determine the resonant oscillations that occur when
sucker-rod strings start and stop their rotations. Using curvature data from wells, this
model makes it possible to determine the angular frequencies and numbers of revolutions
of sucker rods during resonant oscillations by increasing the mass and overall dimensions
of the reduced disc.

The solution to the second problem involves the development, manufacture, and
testing of centralizers that additionally function as bearings. Due to the limited overall
dimensions, plain bearings were considered, and the drilling centralizers” bowsprings
were used as centralizing bars, reliably fixed to the detachable half-shells. The centralizers
were tested at the following test benches:

(a) avertical test bench with an electric motor and a frequency converter;
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(b) ahorizontal test bench for bow spring centralizers (SITs-2) with a pipe simulator;
(c) avertical test bench for spring centralizers (SITs-2).

A detailed description of the calculation of the rods’ rotational motion is provided
in [24,25]. The authors of the present study recently [26] presented a design model for
rod strings with one arm that makes it possible to determine the frequency of the natural
torsional oscillations of rods. It was revealed that the presence of a reduced disc leads
to a decrease in the circular rotation frequency of the sucker rods and the number of
their revolutions. In practice, wells often have multiple “elbows” (shoulders) [27], so it
is necessary to consider the design scheme and the mathematical model of the torsional
oscillations of sucker rods in two curved sections of a well (Figures 2 and 3). The distance
from the wellhead A to the reduced disc D; corresponds to aj, the distance from D, to the
point of the nodal joint M corresponds to ay, the distance from M to the reduced disc D; is
by, the distance from D, to the sucker-rod screw pump B equals by, and [ represents the
distance between the reduced disc Dy and the reduced disc D,. All distances are measured
in meters.

D. D.

» ».
> >

A
A4
y
y

< »
< '

Figure 2. Diagram of a rod string with two reduced discs D; and D,.

b

4

Figure 3. Model of a sucker-rod string in a deviated double-arm well.

The circular frequency of the shaft within the sections AM and MB is determined by a
formula similar to that for the single-arm layout:

- for the AM section:
G
w fr— ——————— 1
"\ o K @
@]
Wy =) —o—, 2
2 Jp2 + K4y, @)

where K is the mass reduction factor (K = 1/3), Jp is the moment of inertia of the
reduced disc, and ], is the moment of inertia of the rods.

- for the MB section:

The moments of inertia of the rods are determined by the following formulas:
- for the AM section:

FS

s
]rl = TI(al + a2)pst/ 3)

- for the MB section:
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4
o

]rz = DR (bl + bZ)pstr 4)
where py, is the density of the sucker-rod steel (kg/m?).
The rod string stiffness is calculated as follows:

- for the AM section:

GJ
C=—2>5, 5
1 a; +ap ®)
where G is the shear modulus (MPa).

Jp is the polar moment of inertia of a rod with a diameter d,:

ndt
=3 =72 ©)
- for the MB section:
GJ
Cr=—7P—, 7
2 b1 + by @
By equating w1 and w», we obtain:
C C
1 _ 2 ®)
Jo1 + Ky, T2 £ K,
Considering that a; 4+ b, = 1, Formula (8) can be given the following form:
Glp Glp
= )
(a1 +a2)(Jp1 +KJpy) (b1 +1—ay)(Jpo +KJp,)
Therefore: _—
ay = (b1 +1)zp — 21 (10)
71+ 2y
where z; = Jp1 + Ky ;22 = Jpo + Ky,
The circular oscillation frequency is defined as follows:
G
W= o , 1)
(a1 +a2) (Jp1 + Ky, )

where a, is derived from (10).

4. Results
4.1. Calculation Results fo a Sucker-Rod-String Model for a Specific Well

We next consider the application of the above formulas in a proper case using the data
obtained from well no. 3633 managed by JSC Ideloil, which operates the Bashkirian stage
of the Dachnoye field. Twelve cases of rod body breakage occurred within two years of
PCP operation in well no. 3633. The average rod breakage depth was 287 m, and 11 cases
of rod breakage occurred within an average distance of 8 m from the area of maximum
dogleg severity of 2 deg/10 m; i.e., this well illustrates the effect of dogleg severity on the
rod breakage rate. The maximum dogleg severity at well no. 3633 was 2.39 deg/10 m at the
depth of 250 m, and the average severity at the points of rod breakage was 1.85 deg/10 m
(Figure 4).
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Figure 4. Axonometric projection of well 3633 operated by JSC Ideloil.

We proposed to compensate for the effect of curved sections on the torsional oscilla-
tions of sucker rods by replacing these sections with sufficiently long rectilinear rods with
virtual (reduced) discs placed on them at the centers of the sections. For this model to lead
to realistic results, the most difficult challenge was to determine the initial characteristics of
the discs, such as their mass and moment of inertia. To solve this problem, the radius of the
curvature in the curved sections was defined as the radius of a circular arc in the form of the
conjunction with two branches of straight lines, allowing for a smooth transition from one
branch to the other. The distance between the points of tangency correlated with the length
of the rods in the first approximation; based on this length, the mass of the reduced disc
was determined. Then, by varying the radius of the circular arc, the effect of the obtained
characteristics on the results of the vibration process was analyzed. In contrast to the cases
of torsional vibration in rather short machinery shafts, the mass of which can be neglected
in comparison with the mass of the discs, we had to consider the distributed mass, which
had a substantial value, when a sucker-rod string vibrates. To achieve this, the mass of the
rod string was replaced with a concentrated mass, which was relocated to the suspension
points of the discs. In this case, it was accepted that the value of such a mass is proportional
to the value of the true mass.

The coefficient of proportionality used to determine the value of a true mass is called
the mass reduction factor.

When discs D; and D, rotate in opposite directions to each other, there will be some
segment with the center at point M whose angle of rotation from the condition of equi-
librium is equal to zero. Then, the sections AM and MB of the rod will have the same
frequencies of natural vibrations, and each of these sections can be regarded as a single-arm
system. The cross-section of the rod with the point M in its center is called a nodal or dead
point. Thus, the solution to the problem of determining the natural oscillation frequencies
of a system with two curved sections comes down to determining the position of the
point M.

When there is an “elbow” in the rod string, the frequencies of natural oscillations in
comparison with a straight string are lower; i.e., the resonant frequency of the system is
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reduced significantly, depending on the geometric shape and size of the curved section.
When comparing the frequency of free torsional vibrations with the resonant frequency,
deceleration due to the contact between the rods and the tubing occurs at the points of
curvature. The sucker rod is exposed to shock by the tubing, and this can happen both
when the ground drive is started and when it is stopped because there can be no immediate
rotation gain in or instantaneous stopping of the sucker-rod string.

When an “elbow” emerges, the rod string resonates; after passing the “elbow” zone,
the resonance torque disappears. In these places (“elbows”), slowdown occurs. As the
rods pass the resonance point, they are exposed to shock action by the tubing, and this can
occur both when the surface drive is started and when it is stopped. Once in a complex
stressed state, the rod can break after such shocks because the rod is not designed to twist
(combined with its vibration) in such a way; i.e., the rod is designed without regard for
these type of shocks. If the rod is positioned vertically and upright, the resonance will be
higher than the actual RPM.

The number of revolutions of a rod with reduced discs is not the actual number of
the rod’s revolutions, but the “resonance” number or the frequency of natural torsional
oscillations. Should two reduced discs be placed in any section of an ordinary shaft, twisted
in opposite directions, and released, the shaft will oscillate with the frequency referred
to as the frequency of natural torsional oscillations of the shaft. To distinguish between
the rotational frequency of the sucker-rod string and the rotational frequency of the string
based on the proposed mathematical model with reduced discs, the latter frequency is
referred to as the “resonant” rotational frequency.

Mathematical model calculations based on data obtained from well no. 3633 indicated
the following:

- the main design parameters required for the functioning of the mathematical model
increase as the sucker rod diameter increases (Table 5);

- when the rods rotate under the proposed model, the rod enters the resonance zone
when its natural oscillation frequency reaches 4.41 (or 5.91 or 7.63) rpm, depending on
the rod’s diameter;

- if the point M approaches the point B—for example, by 200 m—the “resonant” fre-
quency of the model’s rotation decreases by 30% and, vice versa, as the point M moves
towards the point A, the “resonant” frequency of the model’s rotation increases;

- if the point M moves toward the point A by 100 m, the “resonant” frequency of
rotation increases by 30%; moving the point M further by 80 m increases the “resonant”
frequency of rotation by more than three times, and in this case, the rigidity of the
mathematical model is multiplied by many times;

- increasing the mass of the reduced disc results in a decrease in the “resonant” fre-
quency of rotation (Figure 5).

Table 5. Estimated data for well no. 3633 operated by Ideloil JSC.

) Rigidity of the “ " :
Sucker Rod Diameter [mm] C1r2c71(1(ljr[ssiple]ed Mathematical Model with IEZOT;[C R[:t::]() n
Reduced Discs 1 yup
19 0.46 0.51 441
22 0.62 0.92 5.91
25 0.8 1.53 7.63

4.2. Application of Centralizers as Part of a Sucker-Rod String

To reduce the adverse effects of dogleg severity and the existence of “elbows” in
PCP-operated wells, centralizers should be used to keep a sucker-rod string in the center
of the tubing while rotating [28]. Application of centralizers helps reduce the number of
well workovers caused by rod breakages and abrasion of tubing and rods. The Innovation
and Examination Department of Sheshmaoil MC LLC has designed centralizers for sucker
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rods (TsNShP) that involve sliding bearings with centering ribs (bars) similar to those of a
drilling centralizer (Figure 6).

"Resonant" circular speed, 2nw, c¢™
© © © © © © ©
= N w S w [e)] ~N

o

30 35 40 100 200
Reduced disc's weight, Md, kg

Figure 5. Effect of the upper reduced disc’s weight on the circular speed in well no. 3633.

7)1?2
|

Figure 6. Centralizer for a PCP unit.

The lower (2) and upper (3) detachable restrainers of the centralizer movement are
installed on the body of the sucker rod (1); these restrainers are comprised of detachable
half-bushings and are bolted to each other by fasteners. It is recommended to install the
centralizer and the restrainers on a short rod with a length of 0.5 ... 1.5 m. A centralizer
consisting of the lower (4) and upper (5) detachable half-shells pulled together through
mounting holes by fasteners is placed between the restrainers on the sucker rod. A min-
imum of three centering ribs (6) (d = 73.2 mm) made in the shape of elastic arc-shaped
slats of a specified cross-section are installed in the half-shells. The end sections of the
centering ribs (6) are bent to fit into the slots of the lower detachable half-shells. The
lower detachable half-shells are plain bearings. Application of centering ribs ensures the
concentric placement of the sucker rods in the tubing and prevents the sucker rods from
touching the tubing walls. The outer diameter of the centering ribs in a free state is greater
than the inner diameter of the tubing.

The centralizer’s operation principle is as follows. Prior to installation in the well, the
lower (2) and upper (3) detachable restrainers are installed on the sucker rods (1), and then
a centering device is positioned between them. The centralizer can also be installed on a
short rod at the factory; in this case, the centralizer will be delivered as a set. The centering
ribs become deformed as they move through different tubing diameters, depending on
the tubing wall thickness; shrinking and expanding, they travel further together with the
sucker rods. The elastic force of the centering ribs (6) keeps the sucker rods (1) in the
center of the tubing. The centering ribs regain their initial form once the centering device is
recovered to the surface.
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According to the approved test program and procedure for verifying TsNSh-22-73
centralizers, they were successfully tested on test benches at Sheshmaoil MC LLC, Tatprom
Holding LLC, and Naberezhnye Chelny Pipe Plant LLC (N.Chelny) (Figure 7). It is planned
to deploy 14 TsShNP centralizers in the first quarter of 2022 in two wells. The annual
savings in costs for JSC Sheshmaoil as a result of the implementation of centralizers will
amount to 494,691 rubles, excluding value-added tax (VAT).
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Figure 7. Testing the TsNShP centralizer: (a) on a vertical bench with an electric motor and a frequency

converter, (b) on the SITs-2 horizontal bench with a pipe simulator, and (c) on the SITs-2 vertical test
bench for bow spring centralizers.

The restoring force directed perpendicularly towards the longitudinal axis of the
centralizer was determined on a horizontal test bench. The load was applied in the pipe
simulator to determine the bending deflection until the minimum restoring force value was
obtained. In this way, centralizer slats were tested in different positions (Table 6).

Table 6. Loads on the slats as a function of outer pipe displacement when a centering degree of 67%
was obtained.

Load [kN]
Sucker Rod Diameter [mm] Displacement [mm]
1 2 3 4 5 6 7 8 9
1 0.31 0.39 0.48 0.56 0.64 0.72 0.83 1.08 2.12
1-2 0.29 0.45 0.57 0.71 0.76 0.88 1.02 1.28 1.49
2 0.16 0.28 0.35 0.42 0.50 0.59 0.67 0.90 2.19
2-3 0.24 0.43 0.55 0.64 0.73 0.88 1.12 1.45 2.33
3 0.26 0.34 0.41 0.48 0.55 0.66 0.78 1.02 1.36
34 0.27 0.37 0.49 0.58 0.64 0.72 0.89 1.10 1.31
4 0.17 0.28 0.35 0.42 0.49 0.61 0.74 0.93 1.57
4-5 0.24 0.39 0.51 0.66 0.75 0.87 1.17 1.61 243

Thanks to this type of centralizer, it is possible to operate horizontal and strongly
deviated wells, thus increasing productivity and making it possible to gain access to
hard-to-reach pay zones.

5. Discussion

This is the first time that calculations have been undertaken for a well with two curved
sections using reduced discs as deflectors of sucker rods from the vertical axis; the axes of
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the discs do not align with the axis of the wellbore. With the design model of sucker-rod
strings developed, the stiffness of the sucker-rod string increases as the diameter of the
sucker rod increases, and the angular rotation speed of the sucker-rod strings also increases.
The resonant RPM increases in proportion to the growth of the angular frequency. The
curvature pattern of the sucker rods in the well is influenced by the weight and size of the
reduced disc. Using centralizers as part of a sucker-rod string can help minimize dangerous
resonant oscillations and increase PCPs’ service lives.

6. Conclusions

1. High dogleg severity significantly contributes to rod breakage; rods often break close
to the “elbows” with a dogleg severity of 2 deg/10 m or higher.

2. The design layout and mathematical model for the torsional oscillations of sucker
rods with two reduced discs at two curved sections of a well were here developed for
the first time.

3.  Increasing the number, size, and weight of the reduced discs and approximating the
curved sections to the screw pump reduced the circular speed and rigidity of the
sucker-rod string proposed by the mathematical model.

4. The TsShNP centralizer developed by the Innovation and Examination Department
of Sheshmaoil LLC enhances the reliability of the sucker-rod string and ensures the
required coaxiality of the sucker-rod string and the tubing is maintained.
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Nomenclature

PCPU progressive cavity pumping units

PCP progressive cavity pump

ESP electric submersible pump

MTBF mean time between failures

MCLLC management company limited liability company

SD specific dependence

WI well interventions

ShVN PCP, sucker-rod screw pump

SITs-2 test bench for bow spring centralizers

TsShNP centralizer for sucker rods

RPM rotations per minute

VAT value-added tax

A the point of the wellhead

B the point of the sucker-rod screw pump

D; and D, discs 1 and 2, respectively

a m the distance from the wellhead A to the reduced disc Dy
ap m the distance from D; to the point of the nodal joint M

M the point of the nodal joint
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b, m the distance from M to the reduced disc D,
by m the distance from D; to the sucker-rod screw pump B
1 m the distance from disc D; to disc D,
wpand wy  27s the circular frequencies for the AM section and the MB section, respectively
J, and ]y, kg/m?  the moments of inertia of the rods for the AM section and the MB
section, respectively
Jpi andJp, kg/m?  the moments of inertia of the reduced discs D; and D,, respectively

C;i and Cy the rod string stiffness for the AM section and the MB section, respectively
G MPa the shear modulus

Jp kg/ m?  the polar moment of inertia of a rod

K the mass reduction factor

Pst kg/m3  the density of the sucker-rod steel

d, mm the diameter of a rod
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