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Abstract. Accumulation of associated petroleum gas in the annulus is one of the negative factors that impede the inten-
sification of mechanized oil production. An increase in annular gas pressure causes growth of bottomhole pressure, a
decrease in back pressure to the formation and the inflow of formation fluid. In addition, accumulation of gas in the
annulus leads to displacement and a decrease in the liquid level above the submersible pump. Insufficient level of the
pump submersion (rod or electric submersible) causes a number of complications in the operation of mechanized pro-
duction units associated with overheating of the elements in pumping units. Therefore, the development of technologies
for optimizing the gas pressure in the annulus is relevant. Method for calculating the intensity of gas pressure increase
in the annulus of production wells operated by submersible pumps has been developed. Analytical dependence for
calculating the time interval of gas accumulation in the annulus, during which the dynamic level decreases to the pump
intake, is obtained. This value can be used to estimate the frequency of gas withdrawal from the annulus using com-
pressors. It has been found that the rate of increase in annular gas pressure in time increases non-linearly with a rise in
the gas-oil ratio and a decrease in water cut, and also linearly increases with a rise in liquid flow rate. Influence of the
operating (gas-oil ratio) and technological (value of the gas pressure maintained in the annulus) factors on the flow rate
of the suspended reciprocating compressor driven by the beam engine, designed for forced withdrawal and redirection
of the annular gas into the flow line of the well is analyzed.

Key words: associated petroleum gas; annulus; dynamic level; gas-oil ratio; water cut; gas pressure; reciprocating
compressor

Introduction. Decrease in flow rates of production wells and an increase in the share of complicated
wells are the defining trends in the modern oil and gas industry. Influence of associated petroleum gas is
one of the factors hindering the achievement of the maximum flow rate potential of the wells. The gas
separated at the intake of the submersible pump accumulates in the annulus, causing a gradual pressure
increase in it [6]. An increase in annular gas pressure leads to a corresponding increase in bottomhole
pressure and a decrease in back pressure on the reservoir. Negative effect of gas accumulation in the
annulus is also associated with the displacement and reduction of the dynamic liquid level to the pump
suspension depth. Insufficient liquid level above the pump causes complications in the operation of
pumping units: an increase of the friction force in the plunger pair, jamming and thermal locking of the
plunger in rod units; overheating and melting of the power cable of electric submersible pumps|[1, 9, 24].
Furthermore, an insufficient liquid level above the pump can lead to a decrease in the efficiency of
pumping units [5]. High values of the annular gas pressure as a component of the bottomhole pressure
requires more accurate methods for recalculating the wellhead parameters when measuring the level
recovery curve [6]. In general, problem of pressure growth at the intake of pumping units is relevant both
for the fields of the Volga-Ural region [3] and Western Siberia [ 11]. Therefore, a number of investigations
are aimed at studying the properties of gas and gas-liquid mixture in the annulus [10]. Field measure-
ments of associated gas consumption for fields in Western Siberia were carried out, as well as chroma-
tographic, physical and chemical analyzes for the properties of associated gas [16]. The work [11] ana-
lyzed the change in the gas factor in time.

Thus, the study of gas accumulation dynamics and the development of technologies for optimizing
gas pressure in the annulus of wells is one of the relevant and key tasks of cost-effective development.
To solve it, various technologies are used, including: redirecting the gas from the annulus to the flow
line (pumping pipes) using a check valve [14], an ejector [4] and a jet pump [13]; forced withdrawal
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of annular gas by a pumping unit or compressor with subsequent collection into storage tanks or
directing into a collector [12]. It is necessary to develop substantiated methods for predicting the
dynamics of gas accumulation in the annulus, taking into account the individual operating conditions
of the well and the rheological parameters of the pumped product, in order to ensure the effectiveness
of various compression technologies and to calculate the optimal parameters for pumping the annular
gas. An important task is to assess the frequency of gas sampling. Solution for the set tasks is based
on mathematical modeling of the gas accumulation process in the annulus. Many works are devoted
to these questions. Moreover, various models are used to describe wells without any complicating
factors and wells with complex geological conditions, such as large well depth and high formation
temperature. Calculations of the supercompressibility coefficient for the main components of natural
gas by the method of molecular dynamics are shown in work [7]. Article [18] analyzes the annular
pressure at an early stage of production in wells with high formation temperature and pressure. Work
[34] analyzes the APB (Annular Pressure Build Up — increase of pressure in the annular space) —
a model for the annular pressure increase in the well. Transient processes in the annulus of deep
offshore wells are described in [22]. In addition to physical models, machine-learning models [26],
modeling in software products, for example, in HYSYS [8] and experimental investigations [2] are
used to solve the problems of describing the processes of annular pressure increase. Works [8]
and [2] show the relationship between the gas content in water and the growth of the actual gas-oil
ratio. Work [21] proposes a thermodynamic model based on Mathias's modification of the Soave —
Redlich — Kwong equation of state, which was used to describe the dissolution of two-component
systems of hydrocarbons in water. Article [33] shows the effect of wellbore heating on the increase
of annular pressure. Influence of various factors on the process of gas release in the annulus led to
the need to develop methods for predicting the values of annular gas pressure [17].

Many works are devoted to technical devices that allow increasing the operating efficiency of
pumping units at high gas content. Results of studying the efficiency of jet devices for pumping gas
from the annulus of a well are presented in [9]. Analysis [28] showed the effect of using devices for
pumping gas from the annulus. Investigations of gas separators for rod pumping units have presented
the area of their efficient application [20]. Work [25] highlights the effect of gas on the operation of
electric submersible pumps. Review [15] shows tools for reducing the effect of gas on the operation
of rod pumps and their efficiency in various operating conditions. Work [32] presents the results for
the development of the technology for optimizing the operating mode of rod pumps when producing
oil with a high gas content. Results for the development of the design for a multiphase rod pump are
presented in [24]. Study [23] presents the results for testing a rod pump with electromagnetic valves
for operation in wells with a high gas-oil ratio. It is noted [35] that the presence of gas significantly
affects the operation of volume pumps, therefore, it is necessary to use various tools to improve their
efficiency. Work [19] shows a significant effect from the introduction of technical and technological
solutions to reduce the gas pressure in the annulus. Overview of methods for reducing pressure in the
annulus is presented in [27]. One of the promising trends for reducing annular gas is the use of com-
pressors for pumping gas driven by a beam engine [29-31].

Investigations. Mathematical model has been developed to assess the dynamics of annular gas
pressure increase and decrease of the liquid level in the well over time and to assess the period of gas
accumulation. Model takes into account the operating conditions: gas-oil ratio, water cut of the pro-
duced product, well flow rate for liquid and other parameters.

Mathematical model. Gas in the annulus is described by the equation of state for a real gas.
At the time ¢, the next equality is true [13]

PV.=z""RT,
n
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where P, V. — pressure (Pa) and volume (m?) of the gas in the annulus, respectively; m — gas mass,
kg; 1 —molar gas mass, kg/mol; R — universal gas constant, J-K'-mol™!; z — supercompressibility coef-
ficient of gas; T — gas temperature, K.

Then at the moment ¢ + df it can be written as follows:

m+dm
n
Expanding this expression, the equation for the differentials P., V-, m is obtained:

Pav. +v.dp, = 2™ T, (1)

u

Let us assume that when the annular pressure and the dynamic level change, the intake pres-
sure, which ensures the maximum volumetric gas content (equal to 25 %), remains constant [8]

(P.+dP.\V.+dV.)=z RT.

F,=P +p,g(H,-H,)=const, (2)

where p, — density of liquid in the annulus, kg/m*; g — acceleration of gravity, m/s*; H,, Hs— pump
descent depth and dynamic liquid level, respectively, m.
Maximum volumetric gas content can be calculated by solving the non-linear equation,

Ql (1 - B)(GF - RSin )Bg.in (1 - G)
Qi = >
Ql (1 - B)(GF - RSin )Bg.in (1 - G) + Ql

where Q; — flow rate of liquid, m*/day; B — water cut of the product, units; GF — gas-oil ratio of
formation oil, m*/m®; Rs — gas solubility in oil, m’’m’; B, — gas volumetric ratio;
o — annulus gas separation coefficient; in index corresponds to the pressure and temperature condi-
tions at the pump intake.

Differentiating the expression (2), change in the gas volume in the annulus as a function of the
pressure change is expressed as

av. == ap, 3)

P&

where S. — square of annulus area, m?.
Amount of gas per unit of time entering the annulus is determined by the formula [8]:

dm = Ql (1 - B)(GF_ RSin )Bg.incpin > (4)

where pi, — gas density, kg/m?.
Substituting formulas (3) and (4) into expression (1), we obtain:
P.S 1
i B v, | 0,1 G =5, 5)
Po8
Equation (5) yields an equation for calculating the derivative of the gas pressure in the annulus
with respect to time:
dP_(1) _ ZRTH_]QI (1 - B)(GF —Rs;, )Bg.in OPipn
dt P (S, '
Po8

Expressing from equation (2) the volume of annular gas

+V(0)

v.0)-1,5.-s. =2l
P8
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and substituting it into formula (5), we obtain:

[2_1»252 CH, —B'”—SZJde RO, (1~ BYGF - Rs, )b
P8 Po&

inOPindL. (6)

Accumulation period of annular gas is estimated, assuming that the lower boundary of the dy-
namic level corresponds to the pump intake with a certain minimum margin AHmin. Then the limit
annular gas pressure P- max, corresponding to a given position of the dynamic level, is

szax =Bn _pogAHmin' (7)

By integrating the left and right sides of equation (6) from the initial pressure P to the final
limit annular gas pressure P: max, an analytical expression for estimating the accumulation period of

annular gas is obtained
P> -P :
“"“ZO+£H,, B, j(szax _p,)ls.
P8 Po&

t= . 8
ZRT“_]Ql(l_B)(GF_RSin)Bg.inGpin ( )

Separation coefficient in formula (8) is calculated according to the known dependence [5]:

(D;-D})/D;

14365 2
0.785 D

9

where D, D; — casing inner diameter and tubing outer diameter, respectively, mm.
Known empirical correlations are used to calculate the physical properties of oil and gas [28]. In
particular, solubility of gas in oil is calculated according to the formula:

1.2048
_ p ~1.1997-0.0016387+1768.75/p 0 .
Rs=0.145p | [—Z—+1.4]10 . p<p,,

g°{(1.254-105 j J b

where poo, peo — density of oil and gas in normal conditions, respectively, kg/m’.

Results. Let us construct the dependencies for the dynamics of the gas pressure in the annulus
and the gas accumulation period T on the gas-oil ratio, water cut, liquid flow rate for typical operating
conditions (using the example of a model well). Well parameters and produced products: tubing outer
diameter 62 mm; casing inner diameter 130 mm; oil density under normal conditions 800 kg/m’; gas
density under normal conditions 1.3 kg/m*; molar mass of gas 0.029 kg/mol; pump descent depth
1000 m; intake pressure 2.5 MPa; liquid flow rate 5, 10, 20 m*/day; the minimum margin of the liquid
level above the pump is 20 m; gas-oil ratio of formation oil 20-200 m*/m*; water cut 0-90 %.

Rate of increase in the annular gas pressure over time has a significant dependence on the water
cut C and the gas-oil ratio G (Fig.1-3). Graphs are constructed taking into account the achievement
of the maximum annular gas pressure equal to 2.4 MPa, at which the submersion of the pump under
the dynamic level does not exceed 20 m, i.e. the dynamic level is approaching the pump intake. It can
be seen (Fig.1) that the rate of increase for gas pressure rises non-linearly with an increase in the gas-
oil ratio. Thus, with a gas-oil ratio of 75 m*/m’, the period for reaching the maximum annular gas
pressure (equivalent to the period of decrease in the dynamic level to pump intake) is about 11 h, with
an increase in the gas factor twice, up to 150 m*/m?, the period for reaching the maximum annular
gas pressure decreases by more than 2.5 times, up to 4 h.

Rate of increase for the annular gas pressure decreases as the water cut rises (Fig.2, 3). With an
increase in water cut from 10 to 80 %, annular gas accumulation period increases from 5 to 24 h,
1.e. more than four times. It can also be seen at the graphs in figures 1, 2 that the gas pressure increases
non-linearly with time — the intensity of increase in gas pressure decreases with time. Analysis of
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Fig.3. Dependence of the annular gas accumulation Fig.4. Dependence of the accumulation period
period on water cut for various gas-oil ratio on the gas-oil ratio, at liquid flow rate
(flow rate for liquid 20 m3/day) (water cut 30 %)
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formula (7) shows that the dependence of the gas pressure in the annulus is a power function of the
form on time, proportional to vz .

Graph (Fig.3) shows the results of calculating the accumulation period of annular gas at different
values of water cut and gas-oil ratio. It can be seen that with an equal water cut, the duration of the
annular gas accumulation period significantly decreases with an increase in the gas-oil ratio. With a
gas-oil ratio of 50 m*/m’, the value of T increases by 12-150 h with an increase in water cut to 90 %,
which is due to the low solubility of the gas in the aqueous phase (Fig.3). With an increase in the gas-
oil ratio to 200 m*/m?, period T decreases significantly and in the water cut range of 0-90 % varies in
the range of 1-36 h.

Rate of increase for annular gas pressure rises with an increase in the flow rate of the produced
product with a dependence close to linear (Fig.4).

With a fourfold increase in flow rate from 5 to 20 m*/day and a gas-oil ratio of 50 m*/m?, period
of pressure increase in the annular space decreases from 100 to 25 h. Similarly, for a gas-oil ratio of
100 m*/m?, the period of the annular pressure increase decreases from 28 to 7 h.

Thus, period of gas pressure increase in the annulus decreases non-linearly with an increase in
the gas-oil ratio and a decrease in water cut, in particular. It can be seen in the Fig.3 that with a gas-
oil ratio of more than 100 m*/m® and a water cut of up to 80 %, duration of annular gas accumulation
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is less than a day and can reach several hours. In this case, when
using compressors, it is feasible to implement the mode of
continuous withdrawal of annular gas. When operating wells
with rod pumping units, one of the promising options is the use
of suspended reciprocating compressor built into the kinematics
of the beam engine (Fig.5). Suspended compressor is used
to withdraw and redirect gas from the annulus to the flow line of
the well, and the number of double strokes per minute of the com-
pressor piston coincides with the number of strokes in
the beam engine. Withdrawal parameters of the annular gas by a
reciprocating compressor are calculated from the condition
of'the balance for the volume of gas. This condition considers the
gas separated at the pump intake, which then enters the ol

annulus, and the compressor flow rate (taking into account W } L 0
/J——\_L/

the gas volumetric ratio):
O, =1440F ,SnK,, = O,(1- B)(GF —Rs,, )B,.c

Fig.5. Rod unit with a reciprocating sus-

3/ day- B
where Ok — compressor flow rate, m’/day; F,, — compressor plunger pended compressor (arrows schematically

cross-sectional area, m?; S — stroke length of the compressor pis- show the direction of flow movement)

ton, m; n — number of double strokes, min~'; K, — flow rate co- 1 flow line; 2 — beam engine; 3 — piston
. . . . . of suspended compressor; 4 — rod pump;

efficient; B, — volumetric gas expansion coefficient in S _ near-bottomhole zone

annular conditions.

Calculated graphs (Fig.6) show the effect of the gas-oil ratio on the compressor piston diameter
required to maintain a given annular pressure. In the calculations, it is assumed that the stroke length
of the compressor piston S = 1 m, number of double strokes per minute » = 6, compressor flow rate
coefficient K, = 0.5.

As the gas-oil ratio increases, the required compressor flow rate increases, and the piston
diameter required to maintain the required flow rate also increases. For example, for an annular gas
pressure of 1 MPa, with an increase in the gas-oil ratio from 50 to 200 m*/m?, the piston diameter
increases from 47 to 144 mm (required compressor flow rate increases from 7 to 70 m’/day). With
a decrease in the value of the maintained annular gas pressure from 1 to 0.2 MPa, the piston diameter
increases from 90 to 205 mm, required compressor flow rate increases, respectively, from 30 to
142 m*/day (with a gas-oil ratio of 100 m*/m?®), since as the pressure decreases, the gas expands and
its density decreases, as a result of which the mass flow rate of the gas through the compressor
decreases. In this regard, in order to increase the

efficiency of gas pumping by the compressor, it 300 1
1s rational to maintain the maximum permissible annu- g 250
lar gas pressure, at which the necessary submersion of b
the pump under the dynamic level is ensured: g 200
P-opt = Pin — po@AHops, P-opr — optimum annular gas g 150 3
pressure, MPa; AH,,, — optimal submersion of 7
. & 100
the pump under the dynamic level, m (taken equal
to 200 m). In the calculation example, at a gas pressure 50
in the annulus Of0.2, 0.5and 1 MPa, the dynamic level 60 80 100 120 140 160 180 200
was 700, 740 and 800 m, respectively, the submersion Oil-gas ratio, m3/m?

of'the pump under the level is 300, 260 and 200 m, thus
the annular gas pressure of 1 MPa is optimal, pI‘OVid- Fig.6. Influence of the gas-oil ratio on the piston diameter

in g the minimum flow rate of the ¢ ompressor and the of the compressor at different annular gas pressures
(water cut 70 %)

diameter of its piston. 1-0.2;2-0.5;3—1MPa
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450 Analysis of application boundaries for sus-
400 | pended compressors driven by a beam engine.
Analysis of the technological regime for the
well number equipped with rod pumps at the
fields of the Ural-Volga region showed that
more than 15 % of wells have an annular pres-
sure of more than 1 MPa and about 2-3 % of
wells more than 2 MPa. In this case, the gas-oil
ratio can reach 400 m’/ton. Under such condi-
tions, efficiency of the rod pump operation is
significantly reduced, and in some cases, there

0\ is a cease of the flow rate.

1.0 1.2 1.4 1.6 1.8 2.0

Linear pressure (pumping pressure), MPa

350
300
250
200
150
100

Compressor flow rate under normal
conditions, m*/day

It is necessary to reduce the annular

pressure to a level 0f 0.4-0.6 MPa to reduce the

Fig.7. Estimated performance of various compressor diameters gas influence. This is due'to intensivp foaming

at maximum and minimum piston stroke lengths at lower pressures, which complicates the

Diameter of the maximum piston stroke length: 1 —125;3 —95; 5 — 144 mm. pOSSlblllty of determining the dynamic level of

Diameter of the minimum stroke length of the piston: 2 — 125; 4 — 95; 6 — 144 mm the hquld in the well and establishing the
optimal operating regime.

According to the calculations, for more than 95 % of all wells complicated by high gas-oil
ratio, the maximum gas flow into the annulus is 1400 m?/day (initial data for the calculation:
pressure in the annulus 0.5 MPa, gas-oil ratio 200 m?/ton, oil flow rate 8 ton/day, gas separation
coefficient at the rod pump 0.5). Moreover, for more than 95 % of cases, the maximum line
pressure is 3 MPa. Thus, when forming the nomenclature range, the compressor with the max-
imum flow rate should provide a flow rate of 1400 m*/day (under normal conditions) and an
operating pressure of up to 3 MPa.

To find the minimum required compressor flow rate, a similar series of calculations was carried
out, which showed that the compressor of the minimum flow rate should provide 20 m*/day.

Design features of the compressor considered allow changing the flow rate only by piston
diameter, number of cylinders (main parameter), or by changing the stroke length (auxiliary
parameter). In this case, size of the piston diameter is limited by the possibilities of providing
the axial load. Therefore, at a linear pressure (pumping pressure of the compressor into the flow
line) equal to 2 MPa, with a piston diameter of 100 mm, the axial load should be more than 1.5 ton
(15 700 N).

To determine the control ranges for compressors of various diameters, a limitation on
the load of 500 kg, relative to the suspension point of the rods, is set. Calculations have
established that when using a rod pump cylinder with a diameter of 95 mm as a compressor
cylinder, the maximum regulation area is covered, highlighted in green in Fig.7. At pumping
pressures up to 2 MPa, it is possible to establish minimum compressor flow rate values. Increas-
ing the piston diameter to 125 mm (blue area in Fig.7) increases the load required to operate
the compressor at a given pressure. Therefore, the maximum pressure provided by the compressor
is limited to 1.8 MPa. At the same time, the minimum compressor flow rate is more than
100 m*/day at almost all pressures. A further increase in the diameter of the compressor piston
does not significantly increase its flow rate (due to the indicated limitations).

Recommended cylinder diameter is 95 mm. This allows ensuring its manufacture from
blanks of rod pump cylinders. If it is necessary to install a compressor with a higher flow rate, it
is recommended to install multistage compressors, for example, the structures presented in [3].
In general, the application field of the considered compressor design for pumping gas under
various operating conditions should be determined by calculations.
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Conclusion

1. High annular gas pressure has a negative effect on the efficiency of artificial lift of oil due to
the increased risk of lowering the dynamic level up to pump intake, which reduces the performance
of well pumps and flow rate.

2. A method and an algorithm for calculating the rate of increase in gas pressure in the annulus,
depending on the operating parameters and rheological properties of the pumped fluid, have been
developed. An analytical dependence is obtained for calculating the gas accumulation period in the
annulus, during which the dynamic level decreases down to the pump intake. Model calculations have
been performed showing the relationship between the gas-oil ratio, well flow rate, water cut and the
duration of the pressure increase period.

3. It was found that the intensity of the annular gas pressure increase in time rises non-linearly
with an increase in the gas-oil ratio and a decrease in water cut, and also rises linearly with an increase
in the liquid flow rate. Duration of the gas accumulation period varies from several hours to several
hundred hours, depending on the values of the gas-oil ratio, water cut and liquid flow rate.

4. Influence of the operating (gas-oil ratio) and technological (value of the gas pressure main-
tained in the annulus) parameters on the flow rate of a suspended reciprocating compressor driven
by a pumping unit, designed for forced withdrawal and redirection of annular gas into the flow
line of he well, is analyzed. It was established that with an increase in the gas-oil ratio, required
compressor flow rate increases, and the piston diameter required to maintain a given flow rate is
also increased.

5. It was found that with a decrease in the value of the annular gas pressure maintained, required
compressor flow rate increases. Mass flow rate of the gas pumped out by the compressor decreases
due to the expansion of the gas.
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