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Abstract. The efficiency of sucker rod pump installations, which have become widespread in mechanized lift prac-
tice, is largely determined by the balance of the drive. During the operation of sucker rod installations, the balance of
loads acting on the rod string and the drive can change significantly due to changes in the dynamic fluid level, which
leads to a decrease in balance and an increase in loads on the pumping equipment units. The increase and decrease in
the dynamic level in accordance with the pumping and accumulation cycle occurs in wells operating in the periodic
pumping mode.

It is shown that during the operation of equipment in a periodic mode, fluctuations in the dynamic level and,
accordingly, in the loads acting on the nodes occur. This leads to the need for dynamic adjustment of the balancing
weights to ensure the balance of the pumping unit. A system for automatic balancing of the rod drive has been
developed, including a balancing counterweight, an electric motor that moves the load along the balance beam,
a propeller and a computing unit.

To study the effectiveness of the proposed device, a complex mathematical model of the joint operation of the reser-
voir — well — sucker rod pump — rod string — pumping unit has been developed. It is shown that due to the dynamic
adjustment of the balance counterweight position, the automatic balancing system makes it possible to significantly
reduce the amplitude value of the torque on the crank shaft (in comparison with the traditional rod installation) and
provide a more uniform load of the electric motor. Equalization of torque and motor load reduces the power con-
sumption of the unit.

Key words: sucker rod pumping unit; periodic pumping mode; dynamic level; modeling; load; pumping unit; power
usage; balancing
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Introduction. Low production wells operated by sucker rod pump units (SRPU) make up a sig-
nificant share of the production fund. Due to their large number, ensuring the optimal operating mode
for these categories of wells is of great importance in terms of labor and economic costs, which
largely determine the profitability of field development. In this regard, an urgent task is to improve
the applied methods of artificial lift and the development of technical means aimed at maintaining
optimal operating conditions for pumping equipment [ 17, 20].

The efficiency of the sucker rod installations largely depends on the balance of the drive — the
pumping unit (PU). In particular, insufficient balance of the drive is the reason for the occurrence
of cyclic variable loads of large amplitude, acting on the units of the pumping unit and causing
increased wear of its elements. In addition, due to insufficient balance, the amplitude of the torque
on the crank shaft increases significantly, and, consequently, the maximum torque generated by the
electric motor, increases the degree of unevenness of its load, which leads to a decrease in the effi-
ciency of the engine, an increase in the amount of electricity consumed. Finally, due to the increase
in torque, the amplitude of fluctuations in the tension of the drive belts also increases, which causes
intensive stretching of the belts and decrease in their service life, slipping of the belts and decrease
in the efficiency of the transmission mechanism, and hence the delivery of the pumping unit as a
whole. Thus, ensuring optimal balancing of the drive is one of the key tasks of efficient operation of
sucker rod installations [7].
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Formulation of the problem. Justification of the need to develop a system for automatic
balancing of the rod drive. Among the existing methods of balancing pumping units, the most
common is mechanical, including balancing (balancing is performed by installing a counterweight
on the rear arm of the balancer), crank shaft (counterweights are placed on the crank shaft) and
combined (combination of crank shaft and balancing) balancing. The currently used methods for
controlling the balance of the PU (current and active power measurement) are based on measuring
the current in the stator windings and the voltage on the phases of an induction motor. As a crite-
rion of balance, as a rule, the equality of the amplitude values of the current (current metering) or
the power consumption (watt metering) is taken when the balancer moves up and down. The con-
sidered methods make it possible to balance the drive directly at the time of measurements with
high accuracy. However, during the operation of sucker rod rigs, the balance of loads acting on the
rod string and the balancer head can be transformed due to changes in the dynamic fluid level and
pressure at the pump intake: in the process of bringing the well to a steady state, when changing the
operating mode of the formation or the sucker rod pump. A number of works are devoted to the is-
sues of increasing the energy efficiency of pumping units during pressure fluctuations at their intake
[13, 16, 18, 19]. The most significant fluctuations in the dynamic level, according to the pressure at
the pump intake, arise when rod rigs operate in a periodic withdrawal mode, and the stock of mar-
ginal wells switched to a periodic pumping mode is constantly increasing due to the high degree of
depletion of reserves of deposits, and the issues of balancing these wells are becoming even more
relevant [6].

In the mode of periodic pumping, fluctuations in the dynamic level are of a cyclical nature: in
the half-cycle of accumulation, the pump flow stops, and the liquid level in the annulus increases
due to the inflow of fluid from the formation; in the half-cycle of pumping, the dynamic level de-
creases due to the operation of the pump. The lower boundary of the dynamic level and, accord-
ingly, the minimum value of the pressure at the pump intake are determined from the equation for
the balance of fluid inflow from the reservoir and the sucker rod pump supply:

0, (K s Press 2, + AP, ) =1, Jar (1)

where Qs — reservoir inflow; n — pump flow rate; K, — reservoir productivity index; p,.;— reservoir
pressure; p, — pump intake pressure; Ap,, — pressure drop from pump intake to reservoir; g7 — theo-
retical supply.

Under the assumption that the inflow of reservoir fluid is proportional to the drawdown to the
reservoir, and using the relationship described in [8] to calculate the flow rate, the lower boundary
of the inflow pressure can be calculated according to the relationship:

qr +BKp( res _Appr)+\/(qT +BKp( res _Appr))z +4aBK[27(preS _Appr)
Ppin = 2BKp ’ 2)

where a, B — empirical coefficients of the dependence of the pump flow rate on the pressure at the
pump intake.

In the half-cycle of accumulation, the fluid level in the annulus increases, and the rate
of fluid inflow into the well and, accordingly, the rate of rise of the dynamic level decreases
exponentially [8]:

—Ap_  —pgH K pgt K pgt
h(t) = Pres — AP, — P8I, exp(— P& j_l Tho exp(— oPE j’ 3)
pg S S

where p — fluid density; H, — pump lowering depth; Ani, — lower limit of the dynamic level; cor-
responding to the minimum intake pressure p,, . ; ¢ —time; S — cross-sectional area of the annulus.
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Fig.2. Change in loads on the balancer head during fluid accumulation After the accumulation
(point is a end of accumulation period) process expires during well start

(after 22 hours), the maximum

load on the balancer head
changes (decreases) by almost 15 kN, while the asymmetry of the loads (the ratio of the maximum
load to the minimum) decreases from 2 to 1.4 i.e., by 30 %. A significant change in the nature of
the loads acting on the balancer head leads to the need to adjust the balancing weights depending on
the position of the dynamic level (to ensure the balance of the pumping unit). Since fluctuations
in the dynamic level are of a cyclical nature, it is not possible to permanently adjust the balancing
of the pumping unit in manual mode; it is also required to develop mechanisms and systems for
automatically balancing the balancing drive of the rod units.

This paper presents the results of a study of the automatic balancing system of the rod drive,
which allows in dynamic mode, regardless of the current position of the dynamic level, to ensure
the balance of the pumping unit.

Description of the automatic balancing system and the mathematical model of the opera-
tion of the rod pumping unit. To automate the balancing process and increase the reliability of
the pumping unit, a system of dynamic balancing of the balancing drive of the rod pumping unit
has been developed. Figure 3 shows a general view of a pumping unit with an automatic balancing
system.

The balancing system A is made in the form of a balancing counterweight 9, installed on the
rear arm of the balancer 2, moving along the balancer by means of a screw 10 on two guide sup-
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Fig.3. Pumping unit with automatic balancing system

1 — pumping unit; 2 — balancer; 3 — connecting rod; 4 — crank shaft; 5 — electric motor of the pumping unit; 6 — command-computing
block; 7 — feedback cable; 8 — electric motor of the balancing system; 9 — counterweight; 10 — screw; 11 — counterweight support;
12, 13, 14 — supports; 15 — support for the balancing system electric motor; A — balancing system

ports 11, and an electric motor 8§ that controls the position of the counterweight. In addition, the
system contains a computing module 6, which calculates the necessary correction of the balance
counterweight position according to the ratio of current amplitudes or power consumption, and
then transmits a command to the current distributor that controls the balancing mechanism elec-
tric motor 8. The electric motor, in turn, drives the screw 10 rotates in one direction or another,
automatically correcting the position of the balancing counterweight [2].

A number of works [4, 5, 9-12, 14, 16, 21] are devoted to the study and optimization of the
performance indicators of the balancing drive of sucker-rod installations. In articles [3, 10], a
mathematical model of a rod installation is presented, which combines analytical dependences
for calculating the loads on the balancer head and the torque on the crank shaft. It is shown that the
balance of the pumping unit has a significant effect on the value of the maximum torque and its
range (the difference between the maximum and minimum torque per swing cycle), the importance
of balancing the drive is noted in terms of reducing the maximum torque on the crank shaft and
ensuring reliable operation of the gearbox. The authors also proposed a simplified model for calcu-
lating the power consumption of a rod installation, based on the assumption of the constancy of the
efficiency of the electric motor and drive, regardless of the degree of balance of the pumping unit.
Calculations have shown that in a fairly wide range of changes in the position of the balancing
weights, the power consumption of the installation changes by less than 5 %. It should be noted that
the authors did not take into account the fact that the degree of loading of the electric motor and,
accordingly, its efficiency change within each swing cycle, i.e. are variable. The efficiency of the
electric motor is largely determined by the shape of the load curve: with an uneven load of the elec-
tric motor, due to the unbalance of the pumping unit, the efficiency of the electric motor decreases,
which must be taken into account for a correct assessment of the consumed electricity, and the
balance of the pumping unit has a significant effect on the consumed electrical power.

In [11, 12], dependences are proposed for calculating the integral efficiency of the operation of
an electric motor for a pumping cycle, taking into account the cyclic variable nature of the electric
motor load. It is shown that the balance of the pumping unit has a significant effect on the power
consumed by the electric motor and the rod installation. It was found that the dependence of elec-
tricity losses on the coefficient of imbalance (defined as the relative difference between the maxi-
mum power consumption during the movement of the balancer head up and down) is almost linear,
and electricity losses due to the imbalance of the PU can reach 10-15 % or more. In work [1], based
on the results of field studies, it was found that an insufficient degree of equilibrium of the drive
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leads to an increase in the consumed electricity by 5-12 %. In particular, it has been shown that in
case of insufficient balance in the half-cycle of the downward stroke of the rods, the engine begins
to “spin up” due to the weight of the rods and goes into the generator mode, which is expressed in
the appearance of negative power. When the engine switches to the generator mode, the mechanical
and electrical parts of the engine experience an increased load: the bearings wear out (which can
lead to subsequent “runout”), the consumed currents increase, which causes an increase in electrical
losses, increased wear of the winding insulation, a decrease in the efficiency of the electric motor.

The significant role of the balance of PU as one of the key factors determining the level of dy-
namic loads on the machine tool units and the amount of energy consumption for lifting formation
fluid is noted in [5, 14]. It is shown that significant loads in the nodes of the crank shaft mechanism,
caused, among other things, by an insufficient degree of balance of the drive, are the cause of about
80 % of failures of the ground part of the SRPU equipment. The work also notes the important role
of power measuring as the most effective and informative method both from the point of view of
ensuring continuous monitoring of the balance of the drive, and from the standpoint of diagnosing
the state of ground and downhole pumping equipment. The work [9, 15, 21] is devoted to the study
of the solution of direct (recalculation of the watt-meter into a dynamo-gram) and inverse (recalcu-
lation of a dynamogram into a power measuring) problems of the dynamics of rod installations. The
method including power measuring is undoubtedly one of the most promising methods of instru-
mental control and diagnostics of the technical condition of rod installations.

It should be noted that, despite the large number of published works, the authors have not in-
vestigated the issues of dynamic balancing of rod installations operating in the mode of periodic
cyclic changes in the dynamic level and, accordingly, the loads on the plunger, balancer head and
drive. To study the effectiveness of the proposed automatic balancing device, a complex mathemati-
cal model of the joint operation of the reservoir — well — sucker rod pump — rod string — pumping unit
system has been developed. In contrast to existing models, the proposed complex model takes into
account the effect of fluctuations in the dynamic fluid level on the value of dynamic loads acting
both on the downhole equipment (plunger, rod string) and on the units of the pumping unit (balance
beam, crank mechanism, gearbox). This makes it possible to predict the effect of fluctuations in the
dynamic level on the degree of balance of the pumping unit and the power consumption of the
sucker rod pumping unit and, based on the simulation results, to develop recommendations for
optimizing the operation of wells operating in a periodic mode.

Rod string dynamics and loads on the balancer head model. Let us consider the dynamic load
on the polished rod of the pumping unit during the operation of the SRPU according to article [3].
The reciprocating motion of the rod string is described by the wave equation of longitudinal elastic
vibrations of the rod taking into account the specific external force acting on the rod, which is the
sum of the gravity of the sucker rods in the fluid, the force of viscous friction of the rods against the
liquid, and the force of the boundary friction of the rods against the tubing walls:

2 2
0.8, S =ES(C S, 4 Sy @
where u(x, f) — movement of a fixed point of the rod string, m; 7 — time, s; £ — Young's modulus of
the rod material, Pa; p, — material density of rods, kg/m’; x — Lagrangian coordinate along the
length of the rod column, m; S, — cross-sectional area of rods, m*; f¢ — gravity per length of the rod
string, N/kg; f, f» — specific force of hydrodynamic and boundary friction per length of rods, N/m.

Boundary conditions: the suspension point of the rods moves according to a harmonic law, and
a variable force is applied to the lower end of the rod string, acting on the rod pump plunger, which
consists of the force of the hydrodynamic fluid pressure on the plunger in the tubing and in the
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Fig.5. Dynamic loads on the balancer head

) ) o 1 — corresponds to the upper border of the dynamic level; 2 — middle position;
Fig.4. PU kinematic diagram 3 — lower border

pump sub-plunger cavity, taking into account hydraulic losses and friction forces of the plunger on
the pump cylinder

u(0,) = %(1 —cos(2mnt))

ou ’ ®)

Esra(l”t) :( out _ppl)Sp _Fﬁ
where S — stroke length of the polished rod, m; n — number of swings, s '; L — rod string length, m;
Pou — pressure at the pump outlet, MPa; S, — cross-sectional area of the plunger, m’; F — force of
boundary friction in a plunger pair, N; p,; — pressure in the pump sub-plunger cavity, MPa.

During the upward stroke of the plunger, the pressure in the pump cavity is equal to the intake
pressure minus hydraulic losses in the suction valve; during the downward stroke of the plunger, the
pressure in the pump cavity corresponds to the discharge pressure. A feature of the proposed model
1s taking into account the fluid level fluctuations in the annulus /(#) when calculating the pressure at
the pump intake p,(¢) and, accordingly, the loads acting on the plunger.

Pumping unit model. Kinematic and dynamic models (Fig.4) of the drive operation have been
developed, taking into account the assumption that the joint point of the balance beam and the con-
necting rod moves along a trajectory close to a straight line, which is true for a small radius of the
crank in comparison with the length of the rear arm of the balancer.

The kinematic relations have the form:

sin 0 = FCOSOL’
L

sinp === (6)
lP

Y :e_B’

where a — crank shaft angle; » — crank shaft radius; /; — balance bar front arm length; /, — balancer
rear arm length; /, — connecting rod length (Fig.4).

The calculation of the stresses in the connecting rod is based on the equation of the moments of
forces relative to the axis of the balance beam O rotation

ZMO = (11, —Gblb)cosﬁ—Tpl2 cosy =0, (7)

where T — crank shaft angle; /,, G, — respectively, the shoulder and weight of the balancing coun-
terweight; 7, — force in the connecting rod of the crank shaft mechanism.
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The torque on the crank shaft M is numerically equal to the product of the tangential force on
the shoulder of its action:

RC‘

r

M = [TP sin(a+B) -G, sin(oc)jr, (8)
where R., G. —respectively, the radius and weight of the crank shaft counterweight.

Model for calculating the energy consumption of an electric motor. The useful mechanical
power W consumed by the electric motor is determined by the value of the torque on the shaft of the
electric motor

M(t) do

W)= o M), ©)

ViV,

where o — electric motor angle velocity; v;, v, — gear ratios of the gearbox and V-belt transmission,
determined by the ratio of the gearbox pulleys and the electric motor diameters.

During the operation of the SRPU, power losses occur in the elements of ground equipment,
as a result of which the power consumption will always be more useful. The calculation of losses
in the electric motor (EM) is complicated by the fact that the load, and hence the torque changes
periodically in each swing cycle, respectively, all the EM parameters, including efficiency, change
within each cycle. When the engine is operating with a periodically varying load, its efficiency and
power factor depend on both the load factor K; and the shape factor of the load curve Kr. With a
deterioration in balancing, K increases, which leads to an additional decrease in motor efficiency.

By taking into account all the above the following methodology for calculating the power con-
sumption of the SRPU for a pumping cycle is applied:

1. The efficiency of the electric motor is calculated, corresponding to the equivalent (rms value
of power) according to the load factor of the electric motor,

We v
nekv = f[KL = VkJ’

r

(10)

| (-
W, =—=./|W (t)dt,
k \/? _([
where W, W, W, — instantaneous, equivalent and rated power of the electric motor, respectively,
T — crank shaft rotation period.
2. The shape factor of the load curve is calculated

Wekv

Kp=—y .
= ! W (1)|dt

(1D

3. The cyclical value of the efficiency is calculated depending on the coefficient of the shape of
the curve and the apparent power consumed by the installation,

n — 1’]ekv .
¢ +(1- K, =
MNeky ( nekv) F (12)
w
WZZ ekv,
N

where 1. — efficiency of the electric motor with a cyclic nature of the load; Ws — rod power con-
sumption.
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Analysis of calculation results. The study of the influence loads on the drive formation influence
and power consumption of the pumping unit is carried out for the pumping unit 7SK8-3.5-4000,
which is widespread in mechanized oil production.

Technical parameters of the pumping unit 7SK8-3.5-4000: main balancing system — rotary;
balance arm length: front /; = 3500 mm, rear /, = 2500 mm; connecting rod length /, = 3000 mm,; the
radius of rotation of the most distant point of the crank R = 1600 mm; the total mass of crank weights
1s 6080 kg.

Geological, technical and technological parameters of the well and the rod assembly: internal
diameter of lift pipes — 62 mm; pump diameter — 57 mm; diameter of rods — 22 mm; the density
of the material of the rods is 7800 kg/m’; pump lowering depth 1000 m; intake pressure 1-6 MPa;
liquid viscosity 0.01 Pa-s; liquid density 990 kg/m’; stroke length 2 m; number of swings 6 min .

Figure 5 shows the dynamic loads on the balancer head at different values of the current
dynamic level in the well. With an increase in the dynamic level, the pressure at the pump intake
decreases and the differential pressure increases (the difference between the pressure at the dis-
charge and the intake of the pump) and, accordingly, the liquid load on the pump plunger,
which is reflected in a significant increase in loads in the half-cycle of the upward stroke of the
rods (by about 40 % at the extreme positions of the dynamic level). In addition, with an increase in
the dynamic level, the dynamic component of the load also increases, which leads to an increase
in the maximum and decrease in the minimum loads on the balancer head.

The change in the nature of the loads caused by fluctuations in the dynamic level has a signifi-
cant effect on the amount of torque on the crank shaft. Balancing the PU only at a certain value of
the dynamic level (for example, when the pumping mode is established, when the dynamic level is
close to the lower limit) leads to a significant redistribution of torque in the process of changing
the liquid level, and the degree of balance
of the PU is significantly reduced: in the

N

considered example, the ratio the ampli- 2
tudes of the torque during the movement of 15
the balancer head up and down for the up- s 0
per position of the dynamic level increases 5

to 3 (Fig.6, a). An automatic balancing sys- ? 5
tem prevents such a development of events. &

When the dynamic level (DL) and the liquid 0
load on the plunger change, it adjusts the 5

position of the balancing weights to ensure
the balance of the PU. As a result, the ©?
automatic balancing system allows almost
1.5 times (50 %) to reduce the maximum
torque on the crank shaft, which means to
ensure a more even loading of the electric
motor and drive belts.

The active power consumed by the
electric motor is proportional to the torque
(Fig.6, b). Due to the equalization of the

Active power, kW

torque and the load on the electric motor, Time, s

the automatic balancing system can signifi- Fig.6. Torque on the crank shaft («) and active power consumed

cantly reduce the maximum (instantaneous) by EM (b)

power consumed by the electric motor . 1 —the lqwer limit' of the dynamic level, 2 - the upper limit; '
. PU with automatic balancing system; 3 — upper limit; PU without automatic

(from 10 to 6 kW). In addition, the auto- balancing system
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matic balancing system makes it possible to exclude the operation of the electric motor in the genera-
tor mode (characterized by negative active power with an amplitude of up to —3 kW) at the end of
the first half-cycle of pumping, which has a negative effect on the operation of the electric motor
and the network.

The results of calculating the electricity consumed by the sucker rod are presented in the table.
Since an increase in the dynamic level reduces the work required to lift the pumped product, the
power consumed by the sucker rod unit is reduced by 1.5 times (from 8.7 to 5.7 kW). Due to the
equalization of the torque and load on the electric motor, the SRPU with an automatic balancing
system is characterized by a lower value of the form factor of the EM load curve (1.33 versus 1.36
for the SRPU without an automatic balancing system). As a result, the power consumed by the
sucker rod unit is also reduced by 9 % (from 6.2 to 5.7 kW).

Energy indicators SRPU

Equivalent Cvclic load Power
Index power, Form factor );fc.l lic noa consumption,
KW elnciency KW
DL lower limit 5.5 1.34 0.63 8.7
DL upper limit (SRPU with automatic balancing system) 3.1 1.33 0.62 6.2
DL upper limit (USSHN without automatic balancing system) 4.1 1.36 0.64 5.7
Conclusion

1. It is shown that during the operation of wells with sucker rod units operating in the periodic
pumping mode, significant fluctuations in the dynamic level occur, which leads to a significant
change in the nature of the loads acting on the plunger and the drive, and a decrease in the degree of
balance of the drive. The need to develop mechanisms and systems for automatic balancing of the
balance drive (of pumping units) has been substantiated.

2. A system for automatic balancing of the balancer drive of the rod unit has been developed.
To study the effectiveness of the proposed device, a complex mathematical model of the joint
operation of the reservoir — well — sucker rod pump — rod string — drive system has been devel-
oped. In contrast to the existing ones, the proposed complex model takes into account the effect of
fluctuations in the dynamic fluid level on the value of dynamic loads acting both on the downhole
equipment (plunger, rod string) and on the units of the pumping unit (balance beam, crank mecha-
nism, gearbox). In addition, the proposed model takes into account the influence of dynamic level
fluctuations on the degree of balance of the pumping unit and the power consumption of the sucker
rod pumping unit.

3. It is shown that by adjusting the position of the balancing counterweight and ensuring con-
stant balancing of the PU, the automatic balancing system makes it possible to reduce the maximum
torque on the crank shaft by almost 1.5 times (by 50 %) (in comparison with a sucker rod unit with-
out an automatic balancing system), which means to ensure a more uniform loading of electric mo-
tors and drive belts.

4. It 1s shown that due to the equalization of the torque and the load on the electric motor, the
rod unit with an automatic balancing system is characterized by a lower value of the shape factor
of the ED loading curve (1.33 versus 1.36 (by 5 %) for the SRPU without automatic balancing
system). As a result, the power consumed by the rod installation also decreases (by 9 % in the
design example).

5. The results obtained confirm the effectiveness of the equipment of pumping units with an
automatic balancing system, especially when operating wells in a periodic pumping mode.
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