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Abstract: The statistics of using downhole electric submersible pump (ESP) units in the oil fields of
Eurasia show that hydroabrasive wear is a common cause of ESP emergency failures. The authors of
this study theoretically and experimentally investigated the peculiarities of water—abrasive wear of
ESP components. The research methodology and construction of the laboratory bench are described,
and the results of experimental studies of determination of changes in the abrasivity index of impurity
particles contained in the mixture pumped with the working stages of an ESP section are given.
It is shown that large particles of mechanical impurities in contact with the metal of the working
stages are subjected to intensive grinding of up to 0.25 ... 0.3 mm; after that, particle size remains
practically unchanged. An increased abrasiveness index of mechanical impurities causes an increase
in the intensity of wear of interstage seals along the flow of a water—abrasive mixture (from the inlet
to the outlet of the pumping section). Based on the obtained results, recommendations for selection
of devices for formation-fluid cleaning during development and operation of oil wells are given. The
relevance of work on improving the design of interstage seals of ESP units is substantiated.

Keywords: electric submersible pump unit (ESP); well-oil production; mechanical impurities;
hydroabrasive wear; abrasiveness index; increase in operating time

1. Introduction

Well-oil production in the fields of the countries of the Eurasian region is carried
out with widespread use of electric submersible pump units (ESP units). These units are
characterized with high energy efficiency in operation of wells with medium and high
rates (more than 40 m3/day). The introduction of intermittent well-operation technology
in oil fields and mastery of the production of small-sized ESP units makes it possible to
expand the area of use of these pumping units to wells with low flow rates. As a result,
for example, in the fields of the Urals and Western Siberia, more than 60% of oil wells are
equipped with ESP units. These plants produce more than 80% of oil in Russia [1,2].

ESP units are often operated under difficult conditions, which can lead to high risks
of premature unit failure. Elimination of ESP-unit failures entails significant financial and
time costs for the oil producer, since each emergency stop requires expensive tripping
operations [3,4].

A significant part of ESP-unit emergency failures (over 30% of the total number) is
caused by hydroabrasive wear of electric submersible pump units and connected devices [5].
In the most severe situations, the impact of abrasive particles contained in pumped well
fluid is accompanied by cutting of the guide vanes and pump housings (Figure 1), followed
by submersible electric motors and parts of the ESP unit falling to the bottom of the well [6].
Elimination of such failures removes the need to perform technically complex and laborious
fishing operations [4,7].
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Figure 1. Hydroabrasive wear of the guide vanes (a) (the arrow points to areas of local hydroabrasive
wear of the ESP guide apparatus, the dotted line shows its original cross-sectional shape) and
the consequences of cutting the housings of electric submersible pumps (b,c) (arrows show the
consequences of hydro-abrasion—cutting of the ESP housing).

Especially unfavorable operating conditions for ESP units are characterized with wells
that are put into operation after hydraulic fracturing. Removal of loose proppant during
development of such wells reduces the operating time of electric submersible pumps to
several days [8-10].

Several works [11-13] are devoted to the study of the process of hydroabrasive wear of
ESP components. Attention in the process of ESP design is mainly paid to selection of wear-
resistant materials of the working stages, placement and improvement of bearing-support
designs, development of wear-resistant designs for guiding apparatuses and protection
from cutting. The peculiarities of the hydroabrasive-wear process of interstage seals, for
example, remain insufficiently investigated.

Known methods of calculation of the hydroabrasive-wear rate of interstage seals
for ESP installations do not take into account changes in the sizes and shapes of the
impurity particles contained in a pumped hydroabrasive mixture as they pass through
the working stages of the pump. They also do not take into account the nonuniformity of
seal wear depending on the location in the pumping section. In this case, the rate of seal
hydroabrasive wear differs significantly, as not only do values of pressure drop on seals
differ but also abrasiveness of mechanical-impurity changes relative to the initial.

The specified has caused urgency of research of an estimation of abrasiveness change
for solid particles in hydromechanical mixes pumped with ESP units, with the purpose
of development of technical decisions directed toward minimization of consequences of
hydroabrasive wear of ESP-unit knots and details.

2. Materials and Methods

Hydroabrasive wear is a common phenomenon in many fields of technology. It occurs
when a pumped liquid that contains solid impurity particles (a water-abrasive mixture)
interacts with pipelines, pump parts, valves, switchgear assemblies, etc. [14,15].

The abrasive particles contained in borehole fluids are classified based on origin,
as follows:

— Loose proppant after hydraulic fracturing;

— Particles of reservoir rocks;

—  Corrosion products of downhole equipment;

— Solid particles from well-kill solutions;

— Sediment particles formed during mixing of chemically incompatible waters [16,17].

The composition of a mechanical impurity can be single- or multicomponent, and its
concentration, as a rule, is not a constant value. High content of mechanical impurities
in pumped liquid is typical for the stages of well development, startup after current and
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overhaul. A short-term increase in concentration of mechanical impurities is observed
during the startups of ESP units that operate in periodic modes, as well as during changing
of the parameters of reservoir-pressure maintenance systems.

It is known that intensive hydroabrasive wear is accompanied by operation of electric
centrifugal pumps at the following concentrations of mechanical impurities in pumped
well fluid:

—  For pumps in the normal version—C =1 g/ mS;
—  For pumps in the wear-resistant version—C =3 g/ mS.

If the concentration of mechanical impurities in a well fluid is more than C =5 g/m?3, in
addition to hydroabrasive wear, the corresponding ESP-unit operation will be accompanied
by significant vibrations and a high probability of pump-rotor jamming [16,18-21].

The wear of the working stages of electric centrifugal pumps under the influence of
abrasive particles of mechanical impurities is a multifactorial process, the intensity of which
in general can be determined with Equation (1):

% :f(RrFrPrHCrC/Ker/Fdlw) (1)
where K;—relative change in the mass of a wearing part of the working stage of an ESP;
t—time of action of abrasive particles on this wearing part; dK;/dt—rate of hydroabra-
sive wear; R, F, p, H. and C—size, shape, density, hardness and concentration of abra-
sive particles of mechanical impurities, respectively; K—corrosiveness of the medium;
Hj—hardness of the surface of the wearing part; F;—surface shape of the wearing part;
and w—rotation frequency of the pump drive shaft [18].

The influence of geometric parameters and physical and mechanical properties of
particles of mechanical impurities on wear capacity is taken into account in the methodology
of the American Petroleum Institute (API) and estimated via the value of the complex index
of abrasiveness of mechanical impurities, which is generally described with Equation (2):

Al = f(R,F,p, H) 2)

where Al—abrasiveness index of mechanical impurities,%.
Quantitatively, the value of the abrasion index, Al, is determined with Equation (3):

Al =10- (2—K; —K5) +0.3 - M_g259 +0.25 - (Mir% + Mq%) 3)

where M_ 250, is the mass fraction of abrasive particles of mechanical impurities with a
size of less than 0.25 mm,%; K; is the particle-shape coefficient of the mechanical impurities,
found according to the API method; K; is the sphericity coefficient of the mechanical-
impurity particles, found according to the API method; M;,, is the mass fraction of insolu-
ble residue (particles insoluble in acid),%; and Mq, is the fraction of quartz particles in the
total mechanical-impurity mass,% [7].

Analysis of formula (3) shows that the largest influence on abrasiveness of particles
of mechanical impurities that interact with parts of electric centrifugal pumps is made by
the sizes and shapes of solid particles: their roundness and sphericality. A diagram for
visual determination of the values of the coefficients of roundness, K;, and sphericality, K,
of particulate mechanical impurities is shown in Figure 2 [22].

Most of the methods used to protect submersible electric centrifugal pumps from
hydroabrasive wear are aimed at reducing the concentration and average particle size of
mechanical impurities that pass through the pump stages in pumped liquid flow, increasing
the abrasion resistance of pump stage materials and improving interstage seals [23].

The shapes and sizes of the solid particles contained in a liquid stream change as they
pass through the stages of centrifugal pumps; mechanical-impurity particles are ground,
while the values of the circularity and sphericality coefficients, K, and K, respectively, of
the particles change [24-26].
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Figure 2. Diagram for visual determination of the values of the coefficients of roundness, K, and
sphericality, K, of particulate matter of mechanical impurities.

In accordance with Rittinger’s law, when a rock particle is crushed with mass, my, from
the initial diameter, D;, to the final diameter, Dy, energy is determined with Equation (4):

Eoy =36 kp ks ke _n (4)

1 1
N
where E,; is the energy required for crushing a given volume of rock, kJ; kp is the propor-
tionality coefficient of specific energy consumption for formation of new surfaces during
destruction (Bond coefficient), kWh-m%® /t; ks is the particle-shape coefficient; k. is the
coefficient of initial attenuation in particles (grain boundaries in multicomponent parti-
cles, cracks of natural and man-made origin, etc.); and m; is the initial mass of a crushed
particle, kg.

Upon contact with the metal of the working stage, a solid particle moving in a liquid
flow will be transferred to energy, E, the value of which is determined with Equation (5):

E=05-7>-m (5)

where v is the speed of movement of the solid particle in case of impact with the working
stage, m/s.

Decreases in the diameter and mass of a solid abrasive particle cause a decrease in
the value of the energy, E, transmitted to the particle when it hits the metal of the working
stage of the centrifugal pump. At E < E.;, solid particles of mechanical impurities cease
to grind [22,27].

The passage of mechanical impurities contained in a pumped-liquid flow through
the pump stages determines the change in the abrasiveness of the solid particles [28].
At the same time, the wear process has implicit features characteristic of various sec-
tions of a multistage pump [29-31]. The identification and study of these features of the
hydroabrasive-wear process of the stages of electric centrifugal pumps is most simply
carried out during laboratory experiments on special test benches [32,33].

The purpose of the experimental studies performed by the authors was to identify
the dependencies of changes in size, shape and abrasiveness of particles of mechanical
impurities contained in a liquid flow on the number of stages of the centrifugal pump
through which the hydroabrasive mixture was pumped. The program of experimental
studies is given in Table 1.
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Table 1. Program of experimental research to assess changes in abrasiveness of solid particles in
hydromechanical mixtures pumped with ESPs.

Stage

Name of Research Stage Contents of the Research Stage
Number

Evaluation of changes in abrasiveness of solids in

! Setting the Research Goal hydraulic mixtures pumped with ESPs.

—  Development of the main provisions of the
experimental research methodology;

—  Development of a laboratory bench;

Setting the Research —  Selection of the types and concentrations of
Problem model mechanical impurities;

—  Selection of the method for assessing changes
in the abrasiveness of solid particles in the
model hydromixture pumped with an ESP.

Evaluation of the initial parameters of the model
mechanical impurities: average diameter,
abrasiveness index, coefficient of roundness and
coefficient of sphericity;

preparation of a model hydroabrasive mixture;
filling the hydraulic system of the bench;
sampling of mechanical impurities after their
passing through 20, 40, 60 and 80 working stages of
the bench pumping section;

filtration of mechanical impurities; drying of
impurities; and analysis of the obtained data.

Research Execution; Data
Collection and Processing

Construction of dependencies:

changes in the average diameter of mechanical
impurities from the number of working stages, Df;
changes in the index of abrasiveness of mechanical
impurities on the number of working stages, AI;

4 Research Results changes in the coefficient of roundness of particles of
mechanical impurities from the number of working
stages, Ky;
and changes in the coefficient of sphericity of
particles of mechanical impurities from the number
of working stages, K.

Experimental studies were carried out on a bench, which is a section of a centrifugal
pump assembled from 20 working stages, 7A-150 (Figure 3).
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Figure 3. Test bench for operating stages of electric centrifugal pumps.
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The bench is mounted on a frame, 1, on which a drive motor, 2; an inlet assembly, 3; a
pump section, 4, assembled from pump stages, 5; and an outlet assembly, 6, are mounted.
Liquid is supplied to the pumping section, 4, from the tank (not shown in Figure 3) via
gravity through the pipeline, 8; the valve, 9; and the inlet assembly, 3. After passing through
the pump stages, 5, of the pumping section, 4, the liquid is pumped into the pipeline, 10,
through the outlet assembly, 6. The gate valve, 7, allows creation of hydraulic resistance at
the outlet of the pumping section, 4, as well as to determine the characteristics of the pump
stages, 5, when the pumping section, 4, operates with a closed gate valve. To determine
the operating parameters of the tested pumping section, 4, the bench is equipped with
measuring instruments: a pressure sensor, 11, and a flow meter, 12. The rotor speed of the
drive motor, 2, is 2910 rpm.

The hydraulic diagram of the test bench is shown in Figure 4. The hydraulic tank,
4, of the bench is filled with water from the pipeline, 1, through the valve, 2; mechanical
impurities are filled into the hole, 3. Water with abrasive material is supplied from the
hydraulic tank, 4, of the bench through the pipeline, 5, through the open gate valve,
6, to the stages that assemble the pumping section, 7. After passing through the pumping
section, 7, liquid with particles of mechanical impurities from the pipeline, 11, and the
valve, 9, is pumped back into the tank, 4. The pressure and flow in the delivery line, 11, of
the test bench are controlled through means of a pressure gauge, 8, and a flow meter, 10,
respectively. Sampling of liquid containing particles of mechanical impurities is carried out
from the sampler, 12 [15,16].

12 3 1]
e

10
QO

9
)

—0
o {3
b) 6 7

Figure 4. Test hydraulic diagram of the bench for testing the operating stages of electric centrifugal pumps.

Water with mechanical impurities with a concentration of C =3 g/L was used as a
hydroabrasive model medium. The particle-size distribution of mechanical impurities was
set through sieving of the raw materials with laboratory sieves and controlled via analysis
of mechanical-impurity samples under a microscope.

The change in the abrasiveness of the particles of the following materials was investigated:

— Quartz sand of artificial origin, obtained during grinding of dimension pieces of
quartz in crushers; average particle diameter, D; = 1.1 mm (Figure 5a);

— River sand of two fractions, with average particle diameters of D; = 0.26 mm and
D; = 0.58 mm (Figure 5b);

— Proppant with an average particle diameter of D; = 0.88 mm (Figure 5c).
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Figure 5. Particle shape and granulometric composition of model mechanical impurities: (a—c)—initial
shape and composition; (d-f) after passing through 80 working stages, 7A-150, of the tested section
of the electric centrifugal pump; (a,d) particles of artificial quartz sand; (b,e) particles of river sand;
and (c,e) proppant.

Sampling of the pumped liquid that contained particles of mechanical impurities was
carried out after repeated circulation of the hydraulic abrasive mixture through the tested
pump stages. Sampling time was calculated with Equation (6):

_36-N-V;
Q

where T—sampling time, s; N—number of working stages through which the abrasive
particle would pass, pcs.; Q—test-pump section supply, Q = 6.25 m3/h; z—number of
pump stages in the test-pump section, z = 20 pcs; and V;—test-bench tank volume, V; = 200 L.

Fluid that contained particulate matter was sampled after circulation of abrasive
particles through 20, 40, 60 and 80 pump stages. From the samples obtained, the mechanical
impurities were filtered and dried, then analyzed using a microscope.

T (6)

3. Results

In accordance with the diagram shown in Figure 2, the values of the coefficients
of sphericality, K;, and roundness, K;, of the particles of the mechanical impurities were
determined; the particle size distribution was studied; and the average particle diameter, Dy,
was determined. The value of the abrasiveness index, Al, was calculated with Equation (3).
The results obtained from the studies of water-abrasive mixtures that contained particles
of artificial quartz sand and river sand are shown in Figure 6.

Analysis of the obtained graphs showed that the coarse sand particles were subjected
to intensive grinding, passing through 40 working stages of the electric centrifugal pump
(Figure 6a, position 1, 2), to the average diameter of Df =0.25 ... 0.3 mm, after which
the particle size remained almost unchanged. Particles of fine river sand with an average
particle diameter of D; = 0.26 mm (Figure 6a, position 3) were crushed very slightly, to
Df=0.2 mm.
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Figure 6. Changes in the average diameter (a), abrasiveness index (b), roundness coefficient (c) and
sphericity coefficient (d) of sand particles contained in the hydroabrasive mixture during pass-
ing through the pump stages of the electric centrifugal pump: I—quartz sand of artificial origin,
D; = 1.1 mm; 2—river sand, D; = 0.58 mm; 3—river sand, D = 0.26 mm.

The products of grinding sand of artificial and natural origin have an elongated plate
shape (Figure 5a,b,d,e), which determines a decrease in the coefficients of roundness and
sphericality of ground particles compared to the particles of the initial model mechanical
impurities (Figure 6¢,d), causing an increase in their abrasion index (Figure 6b) as they
passed through the working stages of the tested pumping section. The minimum increase
in the abrasion index as the fluid passed through the working stages of the pumping
section in the test was characterized with sand with an initial average particle diameter of
D; = 0.26 mm [34].

The obtained conclusions were confirmed via the results of durability tests of a similar
pumping section assembled from 20 working stages, 7A-150. In circulation of a hydroabra-
sive mixture in which river sand with an average particle diameter of D; = 0.58 mm and a
concentration of C = 3 g/L was used as mechanical impurities, an increase in the wear of
the support washers of the impellers of the stages along the flow from the inlet to the outlet
of the pumping section was observed for 4 h. Thus, the support washers of the working
stages farther along the flow path were worn out from crushed mechanical impurities
more intensely than were the support washers of the stages closest to the flow inlet of the
pumping section (Figure 7) [35].
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Figure 7. Change in the wear value, S, of wheel thrust washers depending on the location of the stage
of the pumping section in the direction of the water—abrasive mixture flow.

The results of experiments in which water with proppant was used as a hydroabrasive
mixture showed that the proppant particles, passing with the flow of liquid through the
stages of the tested pumping section, were practically not ground. Upon contact with
the metal of the wheels and guide vanes, the upper layers of the proppant granules were
removed, while the seal-destruction product, metal and corrosion particles were added to
the circulating water—abrasive mixture (Figure 5f) [36,37]. With an increase of more than
C =3 g/L in the proppant concentration in the model hydraulic abrasive mixture, there
was almost instantaneous destruction of the support washers of the impellers of the first
stages along the flow path and jamming of the rotor of the tested pump section.

4. Discussion

In the Russian and foreign practices of designing ESP installations for the oil industry,
the following ways of protecting working stages from hydroabrasive wear are known:

- Insertion of wear-resistant rings in interstage seals;

- Application of hard coatings on the surfaces of guide vanes and impellers;

- Use of stages with enlarged cross-sections of flow channels and protective ribs on the
upper disk of the guide apparatus in the cavity under the impeller;

- Use of stages with holes in the upper disk of the guide apparatus to remove abrasive
particles from the cavity under the impeller.

Increased flow through sections of stages (without any change in nominal-stage flow
rate) results in decreased hydromechanical mixture velocity, which would determine the
decrease in hydroabrasive-wear intensity. However, in this case, the ESP-unit size and cost
would increase, and the wear rate of interstage seals would remain at the same level.

The presence of protective ribs on the upper disk of the guide apparatus in the cavity
under the impeller changes the character of the eddy-current-formation process. Moving
abrasive particles hit the radially located ribs and lose kinetic energy. Destruction of the
body of the guide apparatus begins only after the wearing of the protective ribs, which
increases its operating time by 30—40%.

However, the obtained positive effect is often insufficient for operation of electric
centrifugal pumps in complicated well conditions after hydraulic fracturing.

Placement of holes in the upper disc of the guide apparatus causes reduction in the
working stage head due to additional fluid overflow through the holes, which reduces the
energy efficiency of ESP operations as a whole.

Today, one of the most cost-effective and efficient ways to protect ESPs from the impact
of mechanical impurities is the use of preinjection devices: filters and mechanical-impurity
separators.
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The analysis of the results of the studies given in this article allowed estimation
of the changes in abrasiveness of mechanical impurities pumped with model fluid flow
through ESP stages. It was shown that coarse particles of mechanical impurities of natural
origin, when in contact with the metal of the working stages, were subjected to intensive
grinding to a value of Dy=0.25 ... 0.3 mm, after which the particle size remained practically
unchanged; that is, the particles were not ground and their abrasiveness did not increase.

It follows from the above that ESP-unit filters should be selected with a main focus on
a cleaning fineness of 0.25 ... 0.3 mm. Particles with an initial size greater than D; = 0.3 mm
would be ground, and the destruction products of such particles would be characterized
with high abrasiveness. Fine filters undergo intensive colmatation and are characterized
with lower dirt capacity and low operating time in downhole conditions.

An increase in the abrasiveness index of mechanical impurities as they pass through
working stages causes an increase in the intensity of wear of the wheel-support washers
and interstage seals along the flow of the hydraulic abrasive mixture (from the inlet to the
outlet of the pumping section).

Uneven hydroabrasive wear of working stages determines the possibility of using
electric centrifugal pumps of combined assembly, in which the first stages in the flow
direction are of normal design, followed by stages with wear-resistant design [38,39]. The
seals in such wear-resistant stages can be made of materials with increased hardness. Use
of labyrinth seals, for example, of the type described in the patent is promising [40].

Large abrasive particles formed during destruction of reservoir rocks and removal of
loose proppant after hydraulic fracturing during development of wells should be separated
from formation fluid using gravity and inertial separators to avoid seizure of the rotors of
electric centrifugal pumps [41,42]. At the same time, it is rational to use separators with
solid-particle storage containers. This technical solution will remove separated mechanical
impurities from the well when the ESP unit is lifted to the daylight surface.

Sequential installation of downhole separators and filters allows creation of cascade
systems for cleaning of formation fluid from mechanical impurities, which provides a
significant increase in ESP-unit operating time in complicated operating conditions [43].
Use of self-cleaning ESP-unit filters is promising. Examples of such devices are given by
the authors of [44,45].

5. Conclusions

Study of the features of the hydroabrasive-wear process of ESP units and development of
technical solutions aimed at increasing the operating time of ESP units that pump hydroabra-
sive mixtures is of current interest for the oil and mechanical-engineering enterprises.

The authors studied issues related to quantitative assessment of changes in abrasiveness
of impurity particles contained in water-abrasive mixtures pumped with ESP installations.

It was proven that the intensity of hydroabrasive wear changes depending on the
position of the working stage in the pumping section.

The most promising solution for the problem of increasing the operating time of ESP
working stages in conditions of intensive hydroabrasive wear is application of downhole
filters and separators, as well as improvement of the geometry of contact surfaces and
materials of interstage seals.
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