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Abstract

Fields with hard-to-recover reserves include formations with small
oil-saturated thickness, low-permeable reservoirs and formations
with great depth of occurrence. Premature failures of the well
equipment entail oil recovery from these fields. To increase
technological efficiency of production of high-viscous oils of the
well stock equipped with a walking beam pumping unit (WBPU) it
is proposed to use a sucker-rod pump with an external weighting
agent. Introduction of this type of pumps will increase the value of
the minimum load on a sucker-rod string during its downward
stroke, which will reduce the value of amplitude loads. Additional
load, created by external weighting agents, will prevent the rod
string from hovering due to high hydrodynamic friction forces
caused by the pumped fluid's increased and high viscosity. The
technological efficiency of introducing this pump in wells with
WBPU is demonstrated. Calculations made allow us to determine
the necessary weight of heavy bottom according to the produced
fluid's viscosity.

Keywords
sucker-rod pump with an external weighting agent, plunger,
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Introduction

The most widespread recovery method for high-viscous oils (HVO) is oil production by means of walking
beam pumping unit (WBPU) with chain, hydraulic and screw drives for pumping jack. The main advantages
include the possibility of working with small pump rates (from 1.5 to 2 strokes per minute); increasing stroke
length to 6 m; reduced metal intensity.

In case of HVO production by means of WBPU the following measures to adapt existing pump equipment
to specific conditions are practically used (Adonin, 2013; Aliev et al., 2013; Galikeev et al., 2015; Ivanova et al.,
2018; Ivanova et al., 2018; Nasyrov et al., 2011; Novokshonov et al., 2017; Vakhitov, 2010; Zakharov, 2006;
Zakharov, 2010):

1) Increase in pump submergence below dynamic level;

2) Use of valves with increased flow section;

3) Selection of pumps according to their fit class (clearance between plunger and cylinder should not be

less than 0.12 - 0.17 mm)
4) Preliminary calculation and selection of allowable parameters (n-S) of pump operation to prevent rod
hovering (Krenicky, 2011; Turygin et al., 2018)

5) Implementation of tubing string with increased diameter (for example replace of 73 mm pipe by the one

with 89 mm diameter);

6) Use of differential pumps and sinker rods;

7) Oil production from tubing annulus;

8) Application of downhole electric heaters;

9) Application of heating cables;

10) Use of chain drives.

When it is necessary to increase pumping speed, the next methods are applied: increasing tubing diameter
from 73 mm to 89 mm diameter; stepped tubing string from 73 mm to 89 mm; addition of weight to sucker rod
string bottom; injection of demulsifier in continuous or periodic mode. The efficiency of WBPU in case of HVO
production is 25% less than in case of recovery of oils with small viscosity (Zakharov, 2006).

Material and Methods

During the production of HVO by means of WBPU hydrodynamic friction forces (resistance) occur. These
forces reduce the weight of the rod string and lead to a delay in the movement of the string to the lower boundary
value during the downward stroke. Hydrodynamic friction forces also exert considerable influence during
upward stroke of rod string, increasing the maximum load at rod hanger centre (RHC) (Blatnicky et al., 2020).
Thus, the result of these forces' action is the non-synchronism of the movement of the rod string and the
horsehead of walking beam unit (Baranov et al., 2017).

An increase in the maximum load and a decrease in the minimum load on the rod string in case of the well
exploitation by means of sucker rod pump units under conditions of increased and high viscosity of oil
contributes to an increase in the stress concentration in the pump rods, leading to premature failure of the
downhole pump equipment (DPE) (Grudz et al., 2020; Khanzhina et al., 2014; Lipanov et al., 2020;
Olkhovskaya, 2011; Vasylyshyn et al., 2020).

It was established (Galikeev et al., 2015; Zakharov, 2010) that the growth of the oil viscosity causes a
decrease in the parallelism of the movement of the horsehead and the string of pump rod. Significant alternating
loads appear on the rod string. Impact loads reduce the life of the equipment, leading to accidents at the wells
and therefore reducing the MTBF and the mean time between overhauls.

To increase the technological efficiency of the production of HVO in the conditions of the Arlanskoye field,
it is proposed to use a sucker rod pump with an external weighting agent at the well stock equipped with WBPU.
The introduction of this type of pumps will increase the value of the minimum load on the sucker rod string
during the downward stroke, thereby reducing the value of the amplitude loads. The additional load created by
the external weighting agent will prevent the rod string from hovering due to high hydrodynamic friction forces
caused by the increased and high viscosity of the pumped fluid (Kuric et al., 2019; Qazizada et al., 2017;
Qazizada et al., 2017; Senkevich et al., 2016).

This type of pump consists of two plungers of small and large diameters (Fig. 1). The plungers are
connected to each other and located in the pump cylinder at a distance equal to the plungers' length of stroke.
The two-plunger system forms two chambers of small and large sizes. Standing and travelling valves are
installed in a large diameter plunger. The cylinder is installed on the tubing by means of a pump sitting nipple. A
weighting device in the form of a hollow filter element is located in the lower part of the large plunger and is
installed outside the tubing.
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The sucker rod pump with an external weighting agent works the following way. When the plungers move
down, excessive pressure is formed in the pump cylinder's cavity, causing standing valve closing. Then the
travelling valve opens, and the fluid in the large plunger's cavity flows upward in the direction of movement of
the rod string. When the plungers of the pump move upward, the travelling valve closes due to the pressure
difference above and below the valve. The standing valve opens and the liquid, passing through the filter
openings, gets into the working cavity of the larger diameter plunger. Such a circulation of the liquid cleans the
filter, which plays the role of weighting weight. This weighting agent helps overcome the forces of
hydrodynamic friction during the movement of the pump's plungers and the string of pump rods down. Reducing
the amplitude loads due to increase in minimum load allows an extension of the rod string's life, thereby
increasing the mean time between failures of the downhole pumping equipment and the overhaul period of the
well (Pchela et al., 2019; Vaclav et al., 2017).

Fig. 1 — Construction of sucker rod pump with external weighting agent: 1 — tubing string; 2 — rod string; 3 — cylinder; 4 — plunger of
smaller diameter; 5 — plunger of bigger diameter; 6 — travelling valve; 7 — standing valve; 8 — travelling valve case; 9 — holes; 10 — filter
weighting agent; 11 — toroidal weighting agents; 12 — resin rings; 13 — seating place; 14 — bushing-scraper; 15 — filter

In 2017, the main stock of sucker rod pumps of oil-and-gas production department “Arlanneft” was
represented by the following types: insert pumps - HB15-29, HB1b5-32, HB1b-44; tubing pumps - HH2b5-44,
HH2B-57.

For wells equipped with WBPU, two versions of design of the sucker rod pump were developed: an
assembly with pumps of type HB1b-32+ HH2B5-44; an assembly with pumps of type HB1b5-44+HH2B-57.

Insert pumps HB15-32, and HB1b5-44 are the top component of these units, as they have a smaller diameter
than the plungers of tube pumps HH2b-44 and HH2B-57 located in the lower part. The tubing pump's polished
rod is replaced by the one from an insert pump of the same diameter that is unsuitable for further operation. This
polished rod is employed in the assembly, giving a possibility to connect both plungers. During attaching this
polished rod to the upper plunger, the upper plunger cage from the same pump is used, since it has a thread for
connecting to the polished rod. This plunger cage is screwed onto the lower cage of a smaller plunger, polished
rod with a larger diameter plunger at the lower end is attached to it. To connect with the rods serving as a
weighting agent, the upper cage of the failed pump of the same diameter is also installed in the lower part of the
tubing pump's plunger (Bozek, 2013; Kopas et al., 2017).

In the assembly HB1b-32 + HH2b5-44, rods with a diameter of 19 mm and polished rods of 30 mm are used
as the weighting agents. Rods with a diameter of 22 mm are not used, since the coupling does not pass through
the machined conical seat. On a polished rod, it is necessary to replace the existing M30 thread with an M19
thread. It is necessary to do as the free side of the cage installed on the lower end of the larger plunger has an
M19 thread.

408



Tanyana [IVANOVA et al. / Acta Montanistica Slovaca, Volume 25 (2020), Number 3, 406-416

To assemble the HB1b-44+HH2b-57 installation kit, it is necessary to prepare the tubing pipe with a length
of 5200 mm, inside which the insert pump should be located. This length is specially selected for the size of the
insert pump. It is also chosen to ensure the full stroke length and for easy fitting.

The lowering of this assembly inside the well is made the following way. Firstly, a liner made of tubing
2.5" (73 mm) is lowered. To prevent the weighted bottom assembly from falling, there is a plug at the lower end
of the liner. The liner length is determined by the number of rods used for a heavy bottom assembly. Then, using
an adapter bushing 2.5" x 2" a filter is screwed, which is also connected to the cylinder of the HH2b-57 tubing
pump by means of an adapter bushing 2" x 2.5".

A tubing fitting pipe with a diameter of 73 mm and a length of 300 mm is attached to the pump casing, then
an adaptor with a bushing for fastening of a prepared tubing pipe with a length of 5200 mm is installed. The
seating nipple OM-73 (d = 89 mm, L = 3400 mm) is lowered, after which the tubing string is lowered. Then, the
weighted bottom, the plunger of the HH2B-57 tubing pump, the insert pump HB1b-32, and the rod string are
connected. For a heavy bottom assembly, rods with a diameter of 22 mm are used.

Results

For a sucker rod pump with an external weighting agent, the theoretical feed formula considers the
difference in the cross-sectional area of the larger and smaller diameter plungers (Zakharov, 2010)

O, =14405 [{F, - F, )@, )

where S — length of stroke of polished rod, m; F), — plunger cross-sectional area of the pump with the larger
diameter, m*; F,, — plunger cross-sectional area of the pump with the larger diameter, m*; n — number of strokes
of horsehead, min’'.

To evaluate the operating efficiency for this type of pumps, theoretical productivity was estimated at
minimum, average and maximum work parameters. Thus, for a pump assembly of type HB1b-44 + HH2B-57
(Russia), the theoretical capacity of the pump with a difference in the cross-sectional area of the plungers at
0.0011 m?, with a plunger stroke length of 3 m and a stroke number of 6 min™ will be:

Q, =14403[0.0011[6 = 28.5 m’/day
The results of the calculations for the rest of the pump assemblies are demonstrated in table 1.

Table 1 — Pump capacity depending on work parameters

Type of pump assembly Pump theoretical feed, m’/day
Ne Insert pump x Tubing
pump Sn=3.6 Sn=10.8 Sn=1I8
1 27x29 0.5 1.4 2.3
2 27x32 1.2 3.6 5.9
3 27 x44 4.9 14.7 24.6
4 27 x 57 10.3 30.8 51.3
5 27 x 68 18.8 56.5 94.1
6 29x32 0.7 2.2 3.7
7 29x 44 4.3 12.9 21.6
8 29x 57 9.8 294 49.0
9 29x 68 154 46.1 76.9
10 32x44 3.6 10.7 18.6
11 32x 57 9.1 27.2 45.4
12 32 x 68 14.6 43.9 73.1
13 44 x 57 5.2 17.1 28.5
14 44 x 68 11.1 33.2 55.3
15 57 x68 5.6 16.1 26.7

When oil with increased and high viscosity is produced by means of WBPU, the entire unit's operation
is complicated by the additional load on the sucker rod string due to the action of hydrodynamic friction. During
the downstroke, the rod string is exposed to hydrodynamic resistance, decreasing its weight to zero (Zakharov,
2010). On the contrary, with the rods' reverse stroke (upstroke), forces of hydrodynamic friction cause the load
increase. Such an imbalance in the movement of the horsehead of the walking beam and the rod string leads to a
deterioration in the whole pumping unit's operation.
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A decrease in the minimum loadand an increase in the maximum load in the sucker rod during the
lifting of HVO result in growing of stress amplitudes in the metal of the rods under an asymmetric loading
cycle.

The pumps of a special design with an external weighting agent reduce the hydrodynamic resistance
during the movement of the rod string and increase the minimum load. These pumps help reduce the amplitude
of the loads and avoid the danger of "hovering" of the rod string during the down stroke (Murcinkova and
Krenicky, 2013; Zakharov, 2006).

The calculation of the friction forces (resistance) of sucker-rod downhole pumps with external
weighting agent differs from the calculation for WBPU. This is explained by the downward movement of a
viscous fluid inside the tubing string during the down stroke of the walking beam's horse head. In WBPU with
external weighting agent, this factor is eliminated.

To evaluate the parameters of a sucker rod pump with an external weighting agent, calculations were
fulfilled, allowing us to determine the heavy bottom assembly weight depending on the viscosity of the produced
fluid.

The equation of the distribution of the fluid flow rate in the tubing:

R 1 (R2-R2) .+ "k
v=2g |-+ g Ty T @)
0Z 4u Inm R " Inm

where m=Rs/Ry, Rs — sucker rod radius; Ry — tubing internal radius; Vs — rod speed at the middle of the
stroke, r — current radius of the pipe cross-section, u — kinematic viscosity, OR/0Z — pressure gradient along the
pipe axis.

An analysis of equation (2) shows that in case of an increase in sucker rod string overcomes forces of
hydrodynamic friction with fluid during the down stroke. Pressure drawdown created in tubing increases fluid
pressure since the value of hydrostatic pressure is taken into account.

A smaller value of m helps the string of pump rods to overcome the forces of hydrodynamic friction when
the fluid flows down due to gravity. As a result, the force of hydrodynamic pressure changes its sign. An
increase in viscosity reduces the hydrostatic pressure almost to zero. This leads to a lack of feed, as a rupture of
the flow occurs above the upper plunger of the downhole pump. Therefore, in the case of low viscous fluid flow
rates in wells equipped with WBPU with an external weighting agent, the next condition must be met:

. o RIS
T>F.f_ R~ R, p+Ph_Ppp &)
where Fy— the force of hydrodynamic friction of rods; P, — rod weight above the pump; P,, — the weigh to
the external agent; b - coefficient of rod weight loss in fluid; P, — hydrostatic pressure; P, - hydrodynamic
pressure above the upper plunger; P,, —pump suction pressure.
In case of higher values of viscous fluid flow rate in the tubing, the following must be ensured:

P, >-P
h P (4)
The force of hydrodynamic friction of a string of sucker rods against a viscous liquid:
P, Ry (m* - 2L v
Ff = p r|m 1+A21—2m2 _—ul
L 2lnm Inm
®)
where L — pump setting depth.
The value of hydrodynamic pressure in the lower part of tubing:
R m -1
m* -
SuLVp|| =2 | -
R, 2lnm
P P (m2 _ 1)2
R 1-mt+ VT
Inm
(6)

410



Tanyana [IVANOVA et al. / Acta Montanistica Slovaca, Volume 25 (2020), Number 3, 406-416

Taking into account the value of the hydrodynamic pressure, the force of hydrodynamic friction during the
downward movement of the rod string will be:

(RZJZ

LV - R -mV

Ff=’u 2 m l_m2 " - 1 +(1 m) e
' (l—m) 2lnm 1-m 2lnm 6lnm

When the sucker rod string moves upward, the fluid flow rate of the upper plunger of the pump will be
added to the flow rate of fluid from the area between the lower plunger and the pump cylinder (“dead” area).

The equation for determining the value of the hydrodynamic friction of a liquid against a string of rods
during an upward stroke:

& 2
_SAW [(mi -1 )R ) L 05 J=m)
P (1-m) [ 2Inm 1-m*> Inm | 6lnm

(®)

The growth of hydrodynamic friction during the downstroke of the string of sucker rods is equal to the force
of hydrodynamic friction during the downward movement. This occurs if we take into account the flow rate from
the "dead" area of the pump. Then, on the base of diameters of the sucker rods and tubing, the speed of the rod
string the value of the weight of the external weighting agent of the sucker rod pump will be determined

b=l R, -5,

w

as: b

We fulfilled the calculation of the hydrodynamic friction force, according to dependences (1 - 8). To carry
out the calculation depending on the radius of the upper plunger of a sucker rod pump with a remote weighting
agent we set the following parameters: a single-stage rod string d; = 19 mm, tubing diameter Ry = 0.031 m, rod
string speed in the middle of the stroke V = 1 m/s, oil viscosity g = 60 mPa-s, and pump setting depth L = 1100
m. The results of the calculation are demonstrated as graphical dependences on Fig. 1- 3.

70
P F
A//L/ M— ‘./_,/Pp
0 =
- — (\
/EW
-0
0 75 20 R, mm

Fig. 1 — Dependence of hydrodynamic friction forces (Fy) during down stroke and hydrodynamic pressure (P,) on the radius of the upper
plunger R,

The dependence of the rod string's hydrodynamic friction force during the downward stroke according to
the radius of the upper plunger is shown on the graph. The dependence has a curvilinear character and crosses
the line of zero value at R; =~ 21.5 mm. The force's negative values on the left side of the graph indicate that the
rod string has to overcome friction forces during the downward movement.

For the hydrodynamic pressure force, the picture is a little different: the dependence crosses the zero value
axis under a significantly smaller radius of the upper plunger of the pump. The negative value of the pressure
difference completely compensates for the hydrostatic pressure. This will lead to zero pressure above the pump,
making the pumping of highly viscous liquid impossible.
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Discussion

The results of calculating of the minimum load Pmin at rod string depending on the radius of the upper
plunger R; in the studied pump type (Fig. 2) show that if the pressure at the pump intake is not taken into
account, the minimum load exceeds the weight of the rod string (P,). This shows that there is no need to install a
weighting agent for rod string, as it overcomes the frictional forces. However, taking into account the force of
hydrodynamic pressure reduces the value of P,;,.

pF
77 S — o P - ;
20
//

n —
g il F,
) b
Vi 7 20 R omm

Fig. 2 — Dependence of weight of heavy bottom assembly on oil viscosity

The ratio of the diameters of the tubing and plungers will also affect the value of the minimum load on the
rod. The graph shows that the value of P,,;, is located below the weight of the rod string, which confirms the
need to install a heavier bottom assembly.

The dependences of the rod string bottom's weight on the viscosity of the oil for the plunger radii of 10 and
30 mm are shown in Figure 3.

£
kH i
75 R, = 10 mm ,/
S B
5 /‘ //<
,//’ R, :Ijﬂm/\n

0 2 75 25 u mPes

Fig. 3 — The dependence of the weight of the rod string bottom on the viscosity of the oil

This graphical dependence shows that in the interval with increasing radius R;, the weight of the rod
weighting agent decreases.

To determine the technological efficiency of the introduction of these pumps, 6 wells of the Vyatka area of
the Arlanskoye field were equipped with new assembly (Tables 2, 3). Figures 4 and 5 demonstrate dynamograms
of the wells with WBPU before and after the introduction of external weighting agent.

Table 2 — Technological efficiency

OVERHAUL AMOUNT OF
NUMBER OF | NUMBER OF PERIOD ill\j/llg)IL”IFII\I(;rN ALL(;F ADDITIONALLY
WELL NUMBER OVERHAULS OVERHAULS PRODUCED OIL PRODUCED
BEFORE AFTER before after > | FLUID, THND
THND TON
TON
2%k 3 1 119 362 3.70 7.15
oo 6 3 58 119 0.55 0.87
6*** 4 2 88 180 0.76 1.44
§Hwk 4 1 88 362 2.29 4.34
6 *** 3 1 119 362 1.40 2.31
Sk 3 1 119 362 1.99 3.60
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Table 3 — Characteristics of analyzed wells

z : > 5o 5
= = ) IS -
& e = 0 N ® A A %)
= 0 8 < > E S g EE E
°=za Efz = 3 o 22 | 825 &
WELL £ 9 2E% 0% o & 2z SESh- =
& o8 = o =] m 2T 2523 =
NUMBER EOF £ = == 2 E < e~ )
T = o < a5 < oM Sy @)
Z = [ 3 Z = > n -0
5@ = & 2 | 220
o Ay a 5 E
A O &
=]
=
H44./ 1160 m 25x4.5 115 780 93 Flow
absence
2 ssksk
B32+H44/ 1160 2.5x4.5 9.2-10 Flow Valve
695 93
m Ixd 74.0 absence leakage
B32 /1300 m 2x6 45 550 60 Flow 32
absence
Tear and
B32+ H44 /1300 2%6 52 562 60 Flow 23 wear of
e m absence suction valve
seat
B32+ H44 / 2%6 52 Flow 23 Valve
1300m 640 60 absence leakage
B32+H4:1/1300 246 6.8 Works
Valves plugging
with APRD. I
was noted tha
B32+ H44 /1160 167%6 6.5 747 89 Flow 18 viscous
m absence emulsion
releases during
lifting of sucke
rods and pipes
The well was
launched with q
violation of the
[k technological
mode: during
pressure testing
B44 + H57 Flow after well
/1160 m 1.67x6 7.2 885 89 absence 1.05 servicing the
pressure
increased to 25
atm. In4
minutes the
pressure
dropped to 3
atm.
B-32/1250m 2.1x45 6 584 89 Flow 22
gk absence
B32 + H44 /
1250 m 2.1x4.5 7.8 525 89 Works 14
H-44/ 1260 m 1.6x6 47 565 gr |Flow
S absence
B3z + i/ 1.6x6 6.8 81 Works

1260 m
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Conclusions

A decrease in the minimum load and an increase in the maximum load in the sucker rod during the lifting of
high-viscous oils HVO result in growing of stress amplitudes in the metal of the rods under an asymmetric
loading cycle.

The pumps of a special design with an external weighting agent reduce the hydrodynamic resistance during
the movement of the rod string and increase the minimum load. These pumps help reduce the amplitude of the
loads and avoid the danger of "hovering" of the rod string during the down stroke. When the sucker rod string
moves upward, the fluid flow rate of the upper plunger of the pump will be added to the flow rate of fluid from
the area between the lower plunger and the pump cylinder ("dead" area). For the hydrodynamic pressure force,
the picture is a little different: the dependence crosses the axis of the zero value under a significantly smaller
radius of the upper plunger of the pump. The negative value of the pressure difference completely compensates
for the hydrostatic pressure. This will lead to zero pressure above the pump, making the pumping of highly
viscous liquid impossible. The ratio of the diameters of the tubing and plungers will also affect the value of the
minimum load on the rod. The graph shows that the value of P,,, is located below the weight of the rod string,
which confirms the need to install a heavier bottom assembly. On the base of diameters of the sucker rods and
tubing, the rod string's speed the value of the weight of the external weighting agent of the sucker rod pump will
be determined.

Calculations made allow us to determine the necessary weight of heavy bottom according to the produced
fluid's viscosity.

According to the analyzed well stock, from 04/01/2014 to 05/01/2017 overhaul period MTBO increased by
34%, well productivity increased by 7% due to a growth of the coefficient of asymmetry of rod loading cycle.
Minimum loads for the cycle of oil pumping have grown for al wells, equipped with WBPU with external
weighting agent. At the same time, maximum loads increased by the additional weight of the bottom assembly.
Such a change in loads favourably affects the well's overhaul.
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