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Abstract. Methods for increasing the operation stability of the electrical submersible pump
(ESP) are listed. Examples of computational fluid dynamics (CFD) applications for designing
and studying the flow part of the pump are given. The results of mesh convergence study,
Pump performance curve, and dependences of head and hydraulic efficiency on gas content at
the inlet, obtained by CFD methods, are presented. The results of CFD modeling are compared
with experimental curves.

Introduction

According to statistics, in the present time, the percent of oil wells in Russia still equipped with sucker
rod pumps is 34%. Installations of submersible centrifugal pumps (ESPs) account for 63% of oil wells,
while 82% of oil in Russia is produced using ESPs, which indicates the effectiveness of this extraction
technique [1,2]. At the same time, a significant percent of the ESP works in conditions where the
petroleum contains associated gas. With high associated gas contents, reliable operation of the pumps
becomes problematic, pressure and energy characteristics deteriorate, and the service life of a pump is
significantly reduced. Similar results are observed during the operation of more than half of the oil
wells equipped with ESP, therefore, it is necessary to learn as accurately as possible to simulate the
pump operation process on a gas-liquid mixture, as well as to competently analyze the results and
predict the behavior of the pump in an oil well to make further changes to the geometry of the pump
flow part and for its optimization.

The problem of ESP operation on a mixture of oil an dassociated gas has existed for a long time,
but in recent times, due to the oil wells depletion, the problem of the operation of ESPs on oil-
associated gas mixture is especially topical. When gas enters the pump’s flow part, gas pockets are
formed, the size of which can be compared with the dimensions of the impeller channels and the pump
diffuser. In this case, the energy exchange process between impeller and the liquid is frustrated, the
bubbles condense, and the pressure inside the bubbles remains constant and equal to the saturated
vapor pressure. The pressure of the liquid increases as the bubbles move along the channel; therefore,
the pressure differential between the liquid and the pressure inside the bubble increases. With
complete condensation of the bubble, a collision of fluid particles occurs, accompanied by a
simultaneous local increase in pressure, reaching hundreds of MPa. This leads to the destruction of the
pump working surface, the stability of its operation is frustrated, pump performance curve degradation
and, as a result, a significant reduction of service life of ESP installation. To increase the stability,
service life and efficiency of the ESP, the following methods are used:

1. Application of a gas disperser

It is installed at the inlet to the pump and is designed to disperse gas bubbles.
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2. Application of a gas separator

It is installed at the inlet to the pump and is designed to separate the gas-liquid mixture into liquid
and gas and to remove the separated gas into the annular space of the oil well.

3. Application of a gas separator-disperser (compression-dispersing modules)

It is installed instead of a gas separator or disperser in oil wells with a particularly high content of
gas, where neither a gas separator nor a disperser ensures stable operation of the ESP installation.

4. The use of multiphase pumps stably working in gas-saturated environments.

Multiphase pumps are capable to pump multiphase liquids without separating and / or dispersing
modules at the inlet, which allow them to adapt to changing oil extraction conditions.

To increase the stability of the ESP installation operation, other methods describing in detail in [3—5]
are also used.

However, it is not always necessary to use one of the above methods to maintain or increase the
stability of the pump - with a certain permissible gas content, the pump continues to operate stably and
there is no need to use additional modules at the pump inlet, which significantly saves the financial
costs of purchasing the ESP installation and reduces its dimensions. Thus, it is very important to know
critical or “permissible” gas content for the designing a flow part of the pump, its optimization, the
arrangement of the ESP installation and the calculation of production economic performances. It is
also necessary to know the operating conditions, operation modes of pump and permissible percentage
of gas as accurately as possible in order to improve the design of the flow part, the pump performance
curve and increase the service life of installation.

Obtaining gas content at which the pump starvation occurs on a test bench is not a trivial task and
causes a number of problems: the need to develop a test bench, and, as a result, the financial costs of
its design and manufacture. In addition, significant amount of time is spent on the design and
manufacture of the test bench and the manufacture of the flow part of the pump stage under test.
Therefore, for obtaining per missibleg as content the computational fluid dynamics method was
chosen.

Method

Today the computational fluid dynamics method for modeling flows in CFD software packages is
widely used for designing the flow part, calculation the required parameters, for optimization and
conducting various researches. CFD methods allow the engineer to significantly save time on
calculation, optimization the parameters of the pump flow part, helping to improve the pressure and
energy characteristics in the shortest possible time, as well as significantly save financial costs. There
are a significant number of software packages for CFD modeling: ANSYS, STAR CCM +,
FlowVision, and others. Examples of using the CFD packages for optimization the flow part of pumps
and conducting a research are given in [6—11].

For computational fluid dynamics modeling, the STAR CCM + software package was chosen. The
flow part of explored submersible pump for obtaining “permissible” gas content was designed in the
CF Turbo software package. The flow part contains impeller and diffuser. The designed flow part and
the 3-D stage model are shown in Fig. 1, 2, respectively.

Calculation parameters:

* The pumping fluid is water, the recalculation of the flow part parameters and the characteristics of
the pump for oil will be carried out according to fundamental work of D.Ya. Sukhanovor other
existing methods [12].

* H (Head) = 4.9 m;

* Q (Flow) =400 m3 / day = 16, 67 m3 / h;

* n (rotationalspeed) = 2900 rpm.

Using the STAR CCM + software package, the performance curve of the explored pump stage at
0% gas content was obtained, shown in Fig. 3.
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Fig. 1. Explored flow part designed in CF Turbo software package
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Fig.3. Performance curve, obtained using STAR CCM+ software package
To select the optimal base mesh size, a mesh convergence study was conducted: the head value was
determined at 3 values of the base mesh size: 2 mm, 5 mm and 7 mm. The time step was chosen equal

to 5-10° s; accordingly, = 2000 iterations per 1 impeller rotation. The modeling was conducted at 0%
gas, = 6000 iterations were performed for each calculation - 3 full rotations of the impeller.The most
accurate result (the one closest to the previously calculated one for performance curve) and the best
convergence were expectedly achieved with a mesh base size of 2 mm — the error of calculated value
was less than 0.5%, however, the calculation time increases by more than 2 times in comparison with
the calculation for mesh with a base size of 5 mm. The calculation of the head on a mesh with a base
size of 7 mm the error is about 4%. The error in calculation the head with a base mesh size of 5 mm is
about 1%; the time of one calculation is acceptable for further obtaining of dependences of head and
hydraulic efficiency on gas content at the inlet. Moreover, to accelerate the calculation, only the H
values were compared, assuming that hydraulic efficiency would have approximately the same error.
The results of mesh convergence study are shown in Table 1:

Table 1.The results of mesh convergence study

Base size, mm Number of cells Time of calculation, min H,m H error, %
2 ~ 765 000 ~ 310 4,92 ~0,4
5 ~ 330 000 ~ 140 4,95 ~1
7 ~ 105 000 ~ 50 4,78 ~4

After analyzing the results, a base size of 5 mm was chosen, which is optimal for this flow part in
time and accuracy of calculation. For generating the mesh, the following mesh models were selected:

- Polyhedral mesher;

- Surface remesher;

- Prizm layer mesher.

Parameters of generated mesh are presented are shown in Table 2:

Table 2.Parameters of generated mesh

Parameter Value
Base size 5 mm
Prismatic Streching 1,5
Prismatic layer thickness, relative to the base size 25%
Number of prismatic layers 5

In the impeller and the pump diffuser, the mesh was reduced in 2 times to minimize the calculation
error. An outlet pipe was also completed to stabilize the flow at the outlet of the pump diffuser and an
inlet pipe to set the initial conditions. The resulting mesh in the cross section of the flow part is shown
in Fig. 4.

To calculate the pressure and hydraulic efficiency at different values of gas content were selected
physical models and were created 2 phases: gas (air) and liquid (water). Next, the “water-air” phase
interaction was created and interaction models were selected.

As the boundary conditions at the inlet boundary, a constant mass flow rate was set corresponding
to the flow at the optimal operation mode of the pump, at the outlet boundary constant pressure = 0 Pa
was set.

In the initial conditions, only the gas content at the pump inlet was set and changed. The first 2
calculations were carried out at 0%, 1% gas, then the gas content at the inlet increased with step of 2%
at first, then as the pressure and efficiency decreased with step of 1% to a permissible gas content.
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With permissible gas contentthe head or hydraulic efficiency decreased in 2 times on a test bench or
during the exploitation. To compare the obtained dependence of head on gas content the values of
head were also obtained at a gas content of 9, 10, and 11%.

Fig.4. Resulting mesh in the cross section of the flow part

Results

The modeling included =20 000 iterations for each gas content for which stabilization of the flow
occurred, which made it possible to obtain the correct values of head and hydraulic efficiency.
Examples of multiphase flows modeling are given in articles [13-14].The results of computational
fluid dynamics modeling are presented in the form of Table 3:

Table 3. The results of computational fluid dynamics modeling

Gas content, % H, m My %0
0 4,95 76,9
1 4,88 76,6
3 4,76 75,6
5 4,48 71,5
6 3,86 61,7
7 2,45 32,5
8 1,65 5,6

Also, basing on the obtained result, dependences of head and hydraulic efficiency on gas content at
the inlet were plotted — Fig. 5, 6, respectively.

To verify the obtained modeling results, the dependence of head on gas content at the inlet was
dimensionless and superimposed on the graph of head on gas content obtained experimentally by
American scientists from Tulsa University, Oklahoma, USA [15-16]. Superimposed experimental and
obtained dependences of head on gas content are presented in Fig. 7.



Hydraulics IOP Publishing
IOP Conf. Series: Materials Science and Engineering 779 (2020) 012006 doi:10.1088/1757-899X/779/1/012006

100
90
80

60
50

40 \
30 X\

20 \
0 A\

0 1 2 3 4 5 6 7 8
Gas content, %

rlh,%

Fig.5. Dependence of hydraulic efficiency on gas content at the inlet

0 1 2 3 4 5 6 7 8
Gas content, %
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Fig.7.Superimposed experimental and obtained dependences of head on gas content are presented
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The obtained results can be superimposed on the experimental graphs obtained in the laboratory of
the Gubkin Russian State University of Oil and Gas. The characteristic of the pump on the water-gas
mixture was recalculated to the optimal operation mode of the pump under test; the head was
dimensionless. To verify the results obtained by computational fluid dynamics modeling, Fig. 8 shows
superimposed recalculated experimental dependence and dependence obtained by CFD methods.

H
KHl =

ﬁ-lo_6 — dimensionless pressure coefficient, D, — is the outlet diameter of the
2
impeller of the pump under test (m), n — is the set pump shaft rotational speed(rpm).

It should be noted that the calculation was carried out at the designed pump stage, which was not
optimized according to the criterion of increasing the permissible gas content. Therefore, this pump
has a significantly smaller permissible present of gas for stable operation, what can be noticedon the
graphs of comparison with existing pump stages. In the future, it is supposed to carry out such
optimization by computational fluid dynamics modeling.

Discussion

From Figures 7 and 8 show that the obtained dependence of head on gas content at the inlet is in good
agreement with the graphs obtained experimentally, which confirms the adequacy of the mathematical
model in the CFD software packages STAR CCM +.

Apparently, for designed pump stage, we can assume that the critical gas content at which the
pressure and hydraulic efficiency are reduced by more than 2 times in comparison with the optimal
operating mode is 7%. Good convergence of the computational fluid dynamics modeling results with
experiment graphs means that to obtain a critical gas content it is not necessary to manufacture a pump
or even pump stage, but rather to design a 3-D model of the flow part of one stage and to carry out a
virtual experiment using computational fluid dynamics methods, which can significantly save the time
on designing, optimization and manufacturing of the pump flow part.

Evaluation of the ability of a pump to operate on a multiphase flowusing computational fluid
dynamics method scan be carried out from any sufficiently powerful computer with installed CFD
software package (for example, ANSYS or STAR CCM +) in a matter of days. Besides, the
hydrodynamic modeling does not require the manufacture of a test bench, which significantly saves
time and money on its design and manufacture.

When doing geological and geophysical explorationon a well, the percentage of associated gas in
oil is pretty important indicator, which depends on depth of oil occurrence, the configuration and
location of the oil formation, and other factors. In wells with associated gas content less than critical, it
is possible to install a pump for pumping the oil-associated gas mixture, and then there is no need to
install additional modules at the pump inlet, which significantly saves financial costs for the purchase
of pump equipment and reduces its dimensions.

Thus, the value of the critical or permissible gas content is a very important indicator during the
designing of the flow part of the pump, in calculating the cost of ESP installation for oil production
and in calculating the economic indicators of production.
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