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Abstract. One of the most promising ways to improve the efficiency of mechanized oil production is a plunger pump 
with a submersible drive, which allows obtaining harmonic reciprocating movement of the plunger. In the pumping 
process of well products by plunger pumps, oscillations in the velocity and pressure of the liquid in the lifting pipes 
occur, which lead to an increase in cyclic variable loads on the plunger, a decrease in the drive life period and the ef-
ficiency of the pumping unit.  
To eliminate the pulsation characteristics of the plunger pump and increase the reliability indicators of the pumping 
unit (in particular, the overhaul period), pneumatic compensators can be used. A method for calculating the optimal 
technological parameters of a system of deep pneumatic compensators for plunger pumping units with a submersible 
drive, based on mathematical modeling of hydrodynamic processes in pipes, has been developed. 
Calculations of the forming flow velocity and pressure in the lifting pipes of submersible plunger units equipped with 
pneumatic compensators (PC) have been carried out. Influence of the PC technological parameters on the efficiency 
of smoothing the oscillations of velocity and pressure in the pipes has been analyzed. Non-linear influence of the 
charging pressure and PC total volume on the efficiency of their work has been established. Optimal pressure of PC 
charging, corresponding to the minimum pressure in the tubing during the pumping cycle for the considered section 
of the tubing, is substantiated.  
Two ultimate options of PC system placement along the lifting pipes are considered. In the first option, PC are placed 
sequentially directly at the outlet of the plunger pump, in the second - evenly along the lift. It is shown that the first 
option provides the minimum amplitude of pressure oscillations at the lower end of the tubing and, accordingly, vari-
able loads on the pump plunger. Nature of the pressure and flow velocity oscillations in the tubing at the wellhead for 
both options of PC placement has similar values. 
 
Key words: pumping unit with a submersible drive; pressure oscillations; smoothing of flow velocity; pneumatic 
compensator; viscous liquid; technological parameters; working pressure; gas chamber volume; interval of placement 

 
 
Introduction. Significant number of oil fields in Russia have entered a late stage of develop-

ment, characterized by an increase in the share of high-viscosity oil reserves involved in develop-
ment. Widespread use of waterflooding methods in formation pressure maintenance systems leads 
to an increase in water cut. Operation of wells in the water cut range of 45-70 % is accompanied by 
a number of complications associated with the creation of high-viscosity water-oil emulsions [6, 7]. 
Increase in product viscosity has a negative impact on the efficiency of mechanized operation of 
wells. In these conditions, an important task of the cost-effective development of oil fields operated 
by a mechanized method is the improvement of the used technical means that contribute to an in-
crease in the efficiency of pumping equipment and an increase in the overhaul period (OP) [10, 11]. 
When operating wells with low and marginal flow rates, the most widespread are rod pumping 
units with plunger pumps (RPU), which are used on about 60% of the total number of oil wells in 
Russia [8, 13]. 

One of the most promising trends of increasing the efficiency of oil production by plunger 
pumps is the unit of a plunger pump, for which a linear (submersible) electric motor (LSEM) is 
used as a drive. Submersible drive allows obtaining direct harmonic reciprocating movement of the 
pump plunger, which helps to reduce the limitations in production associated with the presence of a 
pumping unit and a rod string, which is especially important when extracting high-viscosity prod-
ucts. In particular, the presence of a rod string leads to a decrease in the flow area of the tubing and 
an increase in hydraulic resistance, an increase in loads on the drive due to the viscous friction of 
the rods against the liquid [7, 15]. 
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Statement of the problem. In the process of extracting well products by plunger pumps 
(RPU, LSEM), oscillations (pulsations) of the velocity and pressure of the fluid in the tubing and 
the flow line of the well occur. Main reasons for the occurrence of oscillations are: uneven nature 
of the flow rate of the plunger pump, influence of the viscous friction forces, compressibility and 
momentum of the extracted liquid. Excessive increase in pressure at a liquid shearing (especially 
a highly viscous one) during initial upward movement of the plunger, transmitted to the plunger 
in the form of a load pulse, leads to an increase in tension and a decrease in the service life of the 
drive and the efficiency of the pumping unit. In addition, pulsating nature of the pressure causes 
the appearance of cyclic alternating loads on the plunger, the amplitude of which reaches several 
MPa and naturally increases with increasing product viscosity. This contributes to increased fa-
tigue wear of pumping equipment and has a negative effect on the reliability of the drive, causing 
a decrease in the OP.  

To eliminate the pulsation characteristic of the plunger pump and increase the OP of the pump-
ing unit, pneumatic compensators (PC) can be used for both drilling pumps and rod units [1, 2, 5, 
11]. They are designed to reduce the amplitude of pressure oscillations by equalizing the fluid flow 
rate in the tubing. In general, the pneumatic compensator includes a gas and a working chamber, 
separated by an impenetrable movable wall (for example, an elastic partition - a diaphragm can be 
used as a wall). Gas chamber of the pneumatic compensator is filled with gas at a certain pressure, 
the working chamber is connected with the tubing cavity (deep pneumatic compensator). With an 
increase in the flow rate and pressure in the pipes, the gas chamber of the pneumatic compensator is 
compressed, and part of the liquid flows into the vacated volume of the PC working chamber. With 
a decrease in the flow rate and pressure in the pipes, the pneumatic compensator gives off a portion 
of the liquid into the pipes, thus equalizing the flow rate in the tubing above the place where the 
pneumatic compensator is installed. Efficiency of pneumatic compensators in the general case is 
determined by a number of parameters: pressure, gas volume in the PC gas chamber, temperature 
conditions in the range of the pneumatic compensator location, composition and characteristics of 
the injected gas, rheological properties of the extracted product, etc. In this work, when calculating 
pneumatic compensators, following assumptions are 
made: compression and expansion of gas in the gas 
chamber occurs according to the isothermal law; the 
hydraulic resistances arising from the overflow of the 
extracted liquid between the working chamber of the 
PC and the tubing cavity, as well as cavitation effects 
resulting from the influence of the variable local pres-
sure of the liquid are neglected; volumetric compres-
sion ratio of the extracted fluid is taken constant 
along the entire length of the tubing; it is assumed 
that the temperature of the fluid in the tubing in-
creases in depth linearly with a constant geothermal 
gradient. As a standard PC sample, a cylindrical co-
axial diaphragm pneumatic compensator is consid-
ered, the movable element of which (elastic dia-
phragm) moves in the space between the tubing and 
the outer pipe (Fig.1). 

The paper proposes a computational method for 
determining the optimal technological parameters of 
deep PC, based on mathematical modeling of hydro-
dynamic processes in lifting pipes. 

 

1 

2 3 

Fig.1. Pneumatic compensator scheme 
1 – gas chamber; 2 – working chamber; 3 – tubing cavity 

(arrows show possible directions of flows) 
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Modeling the dynamics of the flow velocity and pressure in the lifting pipes of LSEM 
units. To solve the problem of a justified calculation for the optimal technological parameters of 
pneumatic compensators, a two-stage method is proposed. At the first stage, mathematical modeling 
of the fluid movement in the lifting pipes during fluid extraction by the LSEM is carried out; based on 
the simulation results, the curves of the dynamics of the fluid velocity and pressure in various sections 
of the lifting pipes corresponding to the location of the pneumatic compensator are constructed. At the 
second stage, based on the obtained curves, the technological parameters of pneumatic compensators 
are calculated. 

Modeling of unsteady hydrodynamic processes in the gas-liquid flows in pipes, as a rule, is based 
on the numerical solution of the Navier – Stokes equations. Many investigations of Russian and for-
eign authors are devoted to the theoretical foundations of multiphase flows in a well [3, 4, 14-17]. To 
calculate the distribution of the flow velocity and pressure in the lifting pipes during the LSEM opera-
tion, a mathematical model for the unsteady flow of the mixture in the lifting pipes was developed, 
based on the laws of conservation of mass and pulse for a gas-liquid flow [9]:    
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where ρ, v – density, volume fraction and velocity of the pumped mixture, respectively; l – length of 
pneumatic compensator; S – internal cross-sectional area of pipes; p – pressure; τ – shear stresses on 
the pipe wall; П – perimeter of liquid-to-wall contact; gz – projection of the gravity constant along 
the coordinate z; velocity of mass flow between the lifting pipes and the working cavity of the 
pneumatic compensator, determined on the assumption that the compression and expansion proc-
esses of the PC gas chamber are isothermal according to the Boyle – Mariotte law  
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2
00 ,                                                              (2) 

p0,V0 – initial pressure and volume of the PC gas chamber, respectively. The value numerically 
equal to the product p0V0 is called PC energy intensity.  

It follows from formula (2) that with an increase in energy intensity, the mass and volume of 
fluid that can be received and given off by the pneumatic compensator increases per unit time. 
Model of a weakly compressible fluid is used to describe the liquid phase [17]. Boundary conditions 
are set as follows: at the inlet – the fluid velocity at the pump outlet, determined by the velocity of 
the pump plunger, and at the outlet – the specified pressure at the end of the oilfield pipeline. Result 
of the numerical solution for the system is the change in time of the flow velocity and pressure in an 
arbitrary section of the lifting pipes [9, 17]. 

Features of the proposed model are: detailed consideration of the nature of the distribution for 
the flow rate of plunger pump for the LSEM – in the half-cycle of suction, the fluid velocity at the 
pump outlet changes according to a harmonic law, in the pumping phase is zero; presence of 
source terms associated with mass flow between the cavities of the lifting pipes and pneumatic 
compensators. 

Figure 2 shows the results of calculating the dynamics of the fluid velocity and hydrodynamic 
pressure (static pressure at a given depth is taken as zero line) in the tubing of the model well. Geo-
logical, technical and technological parameters of its work: tubing diameter is 62 mm; plunger di-
ameter is 57 mm; tubing length is 1000 m; fluid viscosity is 0.1 mPa∙s; fluid density is 900 kg/m3; 
fluid compressibility is 1500 MPa–1; temperature at the wellhead is 20 С; geothermal gradient is 
0.01 С/m; stroke length is 2.2 m; stroke number is 10 min–1; flow line length is 1000 m. 
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Section ac (Fig.2, a) corresponds to the 
suction phase and the forward movement of 
the liquid and the pump plunger upward, and 
section cd characterizes the pumping phase, in 
which the fluid velocity at the lower end of the 
tubing, except for the interval of plunger rod 
movement, is zero. 

Curves for the dynamics of flow velocity 
and pressure at different depths are phase 
shifted relative to each other (in particular, 
points b and bʹ), which is due to the influence 
of the fluid compressibility and the forces of 
hydrodynamic friction. With decreasing depth, 
the fluid velocity and pressure are equalized in 
half-cycles of pumping. Curves for changes in 
the hydrodynamic pressure (Fig.2, b) show 
that the mean value of the integral pressure for 
the pumping phase exceeds the value of the 
static one, and the hydrodynamic pressure in-
creases with increasing depth along the axis of 
the well. Taking into account these features 
for the formation of the velocity and pressure 
fields allows for a justified calculation of 
pneumatic compensators as part of the LSEM.   

Methodology for calculating the geo-
metric and technological parameters of the 
pneumatic compensator system. Technological parameters of the deep PC system include: charg-
ing pressure of pneumatic compensators (pressure of the gas previously injected at the surface into 
the PC), number of pneumatic compensators of a standard sample (see Fig.1), which determines the 
total volume of gas chambers, and the interval of their installation along the tubing string. Known 
methods for calculating pneumatic compensators [1, 2, 5, 12] are more approximate, since they do 
not take into account the physical principles for the forming of pressure and fluid velocity oscilla-
tions in pipes, as well as the design features of the considered type of deep pneumatic compensators 
representing cylindrical chambers. 

It is assumed that the operation of pneumatic compensators in the well occurs under isothermal 
conditions, i.e. an increase in pressure in the PC working chamber leads to a decrease in the volume 
in the gas chamber. Equation for isothermal compression of gas in the i chamber  
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ture during charging and in well conditions, respectively; Pi0, Vi0 – charging pressure (pressure of 
the gas previously injected at the surface into the PC) and the total volume of pneumatic compensa-
tors located at the i depth along the tubing, respectively; ΔPi, ΔVi – change in pressure and volume 
of gas chambers, respectively. Given the value of the desired amplitude of pressure oscillations after 
smoothing ΔPi, one can determine the total volume of pneumatic compensators for the i interval 
from formula (3)  
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Velocity of fluid movement at the lower end of the tubing in the suction phase is determined by 
the velocity of the pump plunger, and in the pumping phase is zero:  
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Fig.2. Fluid velocity (а)  
and hydrodynamic pressure (b) in the tubing  

1 – depth is 1000 m; 2 – 750 m; 3 – 500 m 
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where t – time; S, n, 1 nT  – stroke length, frequency and period of the plunger stroke, respec-
tively; dp, dt – plunger diameter and tubing inner diameter, respectively.  

To equalize the flow rate of the plunger pump, it is necessary that during the period of increas-
ing velocity and pressure, a certain volume of liquid flows into the chamber, and during the period 
of decreasing the equivalent volume is given off by the chamber back into the lifting pipes. Men-
tioned above allows for a constant average integral flow velocity above the chamber  
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Time interval t1-t2, in which the instantaneous velocity of the fluid exceeds the mean integral, 
is determined from the expressions: 
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Volume of liquid ΔVpc, which must be accumulated in the working chamber of pneumatic 
compensators during the period of increasing flow velocity and pressure, is determined by the dif-
ference between the instantaneous and average integral pump flow rate during the period t1-t2  
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When using a deep PC system, volume of liquid is the algebraic sum of the volumes accumu-
lated in the gas chambers of each pneumatic compensator. Total number of PC in the system and 
the interval of their placement along the tubing string is generally determined by solving the 
equation 
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where N – total number of PC placement intervals along the tubing string.  
When determining the interval of the placement for the PC system, two ultimate options can be 

considered.  
Option 1. Pneumatic compensators are installed in series at the outlet of the plunger pump. 

This makes it possible to increase the total volume of the “pneumatic gas buffer” of the PC system 
and thereby ensure the uniform nature of fluid movement in the lifting pipes in each of the pumping 
half-cycles. Since pneumatic compensators are installed close to each other, their technological pa-
rameters coincide; in this case, from formula (9), the following expression can be obtained for cal-
culating the number of standard PC at the pump outlet:  
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where Vpc – standard PC volume. 
Option 2. Pneumatic compensators are installed evenly along the lift. It is assumed that in this 

case, the PC system makes it possible to facilitate the shearing conditions for the liquid in the tub-
ing: at the beginning of the upward plunger stroke, the liquid column enclosed between the pump 
and the first chamber is initially set in motion. Liquid partially fills the volume of the first chamber 
and compresses the gas located there. After reaching the ultimate value of the pressure in the first 
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chamber, the second section is set in motion, located between the first and second chambers, etc. 
Interval movement of the liquid column in the tubing allows reducing extreme loads on the pump-
ing equipment at the beginning of the upward plunger stroke [5]. With a known value of the interval 
for PC placement, ΔLpc (taking into account that each of the pneumatic compensators of the system 
receives an equal amount of liquid), the number of PC located in the i interval is calculated accord-
ing to the formula: 
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where L – length of the tubing string, m. 
Influence of technological parameters of pneumatic compensators on the efficiency of 

smoothing oscillations in flow velocity and pressure. Effectiveness of reducing oscillations in 
flow velocity and pressure is determined by two key parameters: pressure and volume of gas in the 
PC gas chamber (and, accordingly, PC energy intensity). As analyzed technological parameters that 
affect the amplitude of oscillations in the flow velocity and pressure, the following are considered: 
charging pressure and the total volume of pneumatic compensators (the volume of one PC means 
the maximum possible volume of the PC gas chamber, determined by its geometric characteristics). 
Resulting volume of the PC system is regulated by changing the number of standard pneumatic 
compensators installed in the well. Cylindrical coaxial diaphragm pneumatic compensator is con-
sidered as a standard PC unit, the movable element of which (elastic diaphragm) moves in the space 
between the tubing (outer diameter 73 mm) and the outer pipe (diameter 100 mm), the length of one 
chamber is 1 m. Operation of the LSEM is simulated with deep PC system located at the outlet of 
the plunger pump. 

With an increase in the PC total volume, the energy intensity of the pneumatic compensator 
system increases, the amplitude of oscillations in the flow velocity and pressure naturally de-
creases (Fig.3), and as the number of PC in-
creases, the smoothing rate of pressure pulsa-
tions decreases. To assess the degree of pres-
sure equalization in the pipes, the concept of 
pressure pulsation coefficient is used [1, 2, 5] 
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where pmax, pmin, pmid – maximum, minimum 
and average integral pressure per pumping cy-
cle, respectively.  

In the considered example, the initial pul-
sation coefficient is 0.67 (67 %), the oscillation 
range (difference between the maximum and 
minimum value) is 1.31 MPa. With an increase 
in the resulting volume of the gas chambers in 
the PC system from 50 to 200 m3, the pulsation 
coefficient decreases from 44 to 19 %, the range 
of pressure oscillations – from 0.87 to 0.37 MPa. 
Since with an increase in the PC total volume, 
the amplitude of pressure oscillations gradually 
decreases, the working stroke of the diaphragm 
and the effective volume of liquid taken by the 
PC decrease, therefore, the relationship between 
two values (the pulsation coefficient and the to-
tal volume of pneumatic compensators) is close 
to hyperbolic. 
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Fig.3. Dynamics of the flow velocity (a) and hydrodynamic  
pressure (b) at the lower end of the tubing with different total  

volume of the PC system 
 

1 – 50 l (14 PC); 2 – 100 l (28 PC); 3 – 200 l (55 PC); 4 – without PC) 
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Fig.4 shows the effect of the charging 
pressure of pneumatic compensators on the 
configuration of barograms. Initially, an in-
crease in the charging pressure from 5.3 to 
7 MPa (from 8 to 10.5 MPa under well condi-
tions, curves 1 and 2 in Fig.4, b) leads to a de-
crease in the amplitude of pressure oscillations 
(pulsation coefficient decreases from 0.33 to 
0.27, oscillation range – from 0.65 to 
0.54 MPa): at a lower charging pressure, the 
fluid pressure in the tubing, during the pump-
ing cycle exceeding the charging pressure, 
causes a constant compression of the gas 
chamber, and, consequently, a decrease in the 
working stroke of the PC diaphragm and the 
effective volume of fluid taken by the PC. 

With an increase in the charging pressure 
from 10.5 to 11.5 MPa (converted to well con-
ditions, curves 2 and 3 in Fig.4, b), the ampli-
tude of pressure oscillations increases, and the 
shape of the barogram changes. If the pressure 
in the tubing decreases to a value lower than 
the pressure of the PC charging (converted to 
well conditions, taking into account the tem-
perature change in the interval of the PC loca-
tion), during the expansion of the gas chamber 

the diaphragm completely adjoins the inner wall of the pneumatic compensator, which is due to its 
design features (see Fig.1), and the flow rate of the pneumatic compensator stops. Normal operation 
of the pneumatic compensator is achieved only under the condition that the pressure in the tubing cav-
ity exceeds the PC charging pressure.  

Thus, an excessively high charging pressure as well as an excessively low one has a negative 
impact on the PC performance. Based on this, it is rational to set the optimal charging pressure 
equal to the minimum pressure in the tubing during the pumping cycle, i.e. the sum of the static 
pressure and the minimum hydrodynamic pressure in the tubing during the PC operation (i.e., ap-
proximately 10.9 MPa, as follows from Fig.4, b). 

It should be noted that the existing methods for calculating the technological parameters of 
pneumatic compensators do not take into account the physical principles of the oscillations forma-
tion in the flow velocity and pressure in pipes during PC operation. In particular, in works [1, 12], 
the initial pressure in the pneumatic compensator (pressure of the PC charging in well conditions) is 
recommended to be selected in the range of 25-80 % of the maximum pressure during the pumping 
cycle, which in the considered case corresponds to the pressure range of 3-9.5 MPa and less than 
the optimal value (10.9 MPa) obtained according to the developed method. 

Analysis of calculation results. Proposed method was used to calculate the technological pa-
rameters of the deep PC system for a model well (Table).  

 
Geometric and technological parameters of the pneumatic compensator system 

 

PC parameter Option 1 Option 2 (wellhead-pump outlet) 

Charging pressure, MPa 7.3 1.3-7.3 
Total volume, m3 0.095 0.003-0.019 (∑ = 0.065) 
Energy intensity, MJ 1.04 0.005-0.020 (∑ = 0.56) 
Number in the system 26 1-5 (∑ = 20) 
Placement interval, m – 200 
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Fig.4. Dynamics of flow velocity (a) and pressure (b) at the lower 
end of the tubing at different charging pressures 

1 – 5.3 MPa (8 MPa in well conditions);  
2 – 7 MPa (10.5 MPa in well conditions);  

3 – 7.6 MPa (11.5 MPa in well conditions); 4 – without PC 
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Figure 5 shows the curves of changes in 
time of the flow velocity and hydrodynamic 
pressure for two sections of the tubing – at the 
surface near the wellhead and at the lower end 
of the tubing. 

As the fluid rises in the tubing, the fluid 
pressure and, accordingly, the required pressure 
for PC charging, as well as the number of PC 
in a given interval, decreases, which is due to a 
decrease in both the hydrostatic component and 
pressure losses due to hydrodynamic friction. 
As a result, in option 2 (even placement), the 
total number (by 36), the total volume (by 23) 
and the energy intensity of the PC system (by 
46 %) are less than in option 1 (PC placement 
at the lower end of the tubing at the outlet of 
the plunger pump). Considering reduction of 
oscillations in the flow velocity and pressure at 
the outlet of the pump, and, accordingly, vari-
able loads on the plunger, option 1 is preferable 
(pressure pulsation coefficient in option 1 is 
0.28, in option 2 – 0.54, oscillation range 
reaches 0.54 and 0.91 MPa, respectively). Na-
ture of pressure and velocity oscillations in the 
tubing at the wellhead for both options of PC 
placement has similar values. This is due to the 
fact that, in option 2, the formation of the flow 
velocity and pressure in the tubing at the well-
head is due to the operation of the entire system of deep PC, and in the lower part of the tubing, first 
of all, by the operation of the corresponding PC located below the investigated pipe section. In op-
tion 1, the entire PC system is located at the pump outlet and allows more effective smoothing out 
pressure and flow velocity oscillations in the entire tubing interval. 

 
 

Conclusion 
 

1. Method has been developed for calculating the optimal geometric dimensions, placement in-
terval and technological parameters of a system of deep pneumatic compensators for plunger units 
with a submersible drive, based on mathematical modeling of hydrodynamic processes in lifting 
pipes with detailed consideration of the mechanisms for the formation of unsteady flow velocity 
and pressure fields during product pumping. 

2. On the basis of theoretical calculations for the formation of the flow velocity and pressure in 
the lifting pipes of submersible plunger units equipped with pneumatic compensators (PC), influ-
ence of PC technological parameters on the efficiency of smoothing the velocity and pressure oscil-
lations was analyzed. It is shown that the degree of pressure pulsations smoothing increases with an 
increase in the volume of the gas chambers in the pneumatic compensators, and the relationship be-
tween the two values (pulsation coefficient and total volume of the pneumatic compensators) is 
close to hyperbolic. 

3. Non-linear influence for charging pressure of the pneumatic compensators on their operat-
ing efficiency is shown. An excessively high charging pressure, as well as an excessively low 
one, has a negative effect on the PC performance. It is recommended to set the optimal charging 
pressure equal to the minimum pressure in the tubing during the pumping cycle, i.e. the sum of 
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the static and minimum hydrodynamic pressure in the tubing during the operation of pneumatic 
compensators.  

4. Two ultimate cases for the placement of the pneumatic compensator system along the lifting 
pipes are considered. In option 1, pneumatic compensators are placed in series directly at the outlet 
of the plunger pump, in option 2 – evenly along the lift. It is shown that if considering reduction of 
the oscillations in the flow velocity and pressure at the pump outlet and, accordingly, variable loads 
on the plunger, option 1 is more optimal. This is because the formation of the flow velocity and 
pressure in the tubing in option 1 is due to the operation of the entire system of deep PC, and in op-
tion 2 – to the operation of certain number of the PC located below the investigated pipe section. 
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