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Abstract

Frequent shifts of electrical submersible pump (ESP) often lead to system vibration and noise, thereby
reducing its operational stability. Three different speed change schemes were investigated to improve
the stability of its variable speed process. The operational stability of ESP under different variable speed
schemes was analysed. The transient numerical calculations of different variable speed schemes were
conducted on ANSYS CFX to obtain the head fluctuation law. The stability of ESP with different head
fluctuation laws was analysed, and the accuracy of numerical calculation was verified through tests.
Result show that a high similarity is found between the head change curves and speed change curves
with all methods. The head stability in uniform acceleration variable speed process and quadratic
acceleration process with negative quadratic coefficient is high. The extreme value of head variation
rate with the two variable speed processes is small, which is convenient for the stability of the variable
speed operation of ESP. The research results serve as guide for improving the stability of the variable
speed process of ESP.
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1. INTRODUCTION

As key equipment to provide high head liquids, electrical submersible pumps (ESPs) can meet
the requirements of different flow conditions. Therefore, they have been widely used in offshore
oil exploitation [1, 2]. Taking China as an example, the oil extraction of ESPs accounts for 90 %
of oil production in offshore oil fields [3, 4]. An ESP needs to be placed deep into the bottom
of the oilfield when in use [5, 6]. The geology of an oilfield reservoir has strong uncertainty.
This condition requires the speed adjustment of ESP based on the oilfield’s real-time oil output
to make the ESP’s operating conditions match the oilfield conditions [7, 8]. In actual production,
the rotational speed of energy supply motor of the ESP is adjusted with a frequency converter
[9, 10]. Few studies have been conducted on the rotational speed adjustment methods of the
inverter within the ESP system. However, the instantaneous characteristics of internal flow field
of the ESP are gradually superimposed because its installation structure is multistage series
arrangement [11, 12]. This condition indicates that the effect of different speed adjustment
methods on the transient characteristics of the flow field within the ESP cannot be ignored. The
transient characteristics of the flow field inside the ESP caused by variable speed adjustment
process may greatly threaten the operational stability and safety of the ESP [13, 14]. Therefore,
investigating the transient changes in flow field within the ESP based on different speed
regulation schemes and selecting the optimal speed regulation scheme to improve the
operational stability of the ESP have become important topics in the research of ESP.

In the available literature, researchers have summarized the performance conversion and
internal flow field difference patterns of pumps at different rotational speeds [15, 16]. However,
studies on the effect of ESP’s speed variation mode on its performance and internal flow field
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have not been reported. This study explores the changes in external characteristics and internal
flow field of ESP when the rotational speed changes. The head changes in ESP with different
rotational speed changes are investigated through unsteady numerical calculation to provide a
certain theoretical basis for the variable speed operation of ESP.

2. STATE OF THE ART

Rotational speed is an important parameter of pumps. Many experts and scholars have studied
speed adjustment method to improve the performance and operational stability of pumps. In
medical heart pumps, conventional continuous-flow left ventricular assist devices (LVADS)
reduce the pulsatility of pericardial vessels, thereby leading to side effects, such as bleeding and
thrombotic events. Hydren et al. [17] found that real-time adjustment of pump speed in the
LVAD system through sophisticated testing of a patient’s cardiac parameters can greatly
improve the performance of the LVAD system and suppress its side effects on a patient’s
vascular system. Schmidt et al. [18] observed that the speed of a conventional heart pump is
unregulated during a patient’s physical exercise. Thus, the cardiac output and exercise capacity
of a patient remain significantly limited. Therefore, the team developed an automated pump
speed control method based on fill pressure values that matches the pump speed to increase
venous return for improving patients’ exercise capacity and quality of life. Liao et al. [19]
investigated the effect of blood pump speed changes on the risk of intravenous thrombosis. The
real-time regulation of rotational speed improves the pulsation rate of intravenous blood,
thereby minimizing blood stasis.

In industrial applications, Ge et al. [20] achieved efficiency improvement of hydraulic
excavators on the basis of the speed regulation of hydraulic transfer pumps, thereby reducing
noise during excavator use to a certain extent and reducing pollutant emissions. Page et al. [21]
managed the fluid pressure in the entire water supply line on the basis of the regulation of pump
speed. This method reduces the number of management controllers in the water supply system
and optimizes the control system on the basis of hydraulic theory based on pump speed
adjustment. Nag and Lee [22] maximized the efficiency of the system by using a real-time
variable speed approach as much as the maximum power allowed. The doubly-fed induction
machine (DFIM) method used in this work is effective in increasing the system performance at
some speeds and in improving the stability of the system during fixed-speed operation.
Morabito et al. [23] designed a hydraulic turbine for the variable speed regulation of pump.
This variable speed system can avoid the instability of full load operation, greatly improve the
operating life of the pump when it is used as a hydraulic turbine, and enhance the overall
efficiency and operating stability of the system. The method based on variable speed regulation
to achieve pump and pump system performance improvement is highly feasible.

To improve the reliability of variable speed regulation, Bai et al. [24] conducted numerical
calculations and experimental validation of a high flow rate and high power rescue pump at
different speeds. The results show the inlet and outlet angles of the impeller vanes match well
with the flow angle of the liquid. The pressure pulsation in the pump at different rotational
speeds is analysed. The pressure pulsation coefficient in the pump increases obviously with the
increase in rotational speed and is mostly a low frequency signal. The pressure pulsation is the
cause of the instability of pump operation. Al-Obaidi [25] studied the effect of centrifugal pump
speed on its performance and cavitation characteristics through vibration analysis. He found
that as the pump speed increases, the cavitation performance of the pump itself decreases, the
vibration intensity of its pump body increases, and the frequency of vibration changes
significantly. Li et al. [26] conducted numerical calculations and experimental analysis on the
performance of an automotive water pump at different rotational speeds. Its head and maximum
efficiency point increase with the increase in rotational speed. However, its impeller is a semi-
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open structure, and the intensity of leakage flow at the top of the impeller increases with the
increase in rotational speed. The vortex structure causes large hydraulic losses in the pump
impeller and leads to a significant decrease in the anticavitation performance of the automotive
water pump. Wang et al. [27] conducted experimental measurements on the performance and
pressure pulsation characteristics of double suction pumps at different speeds. They confirmed
the correspondence between the main frequency and speed in pressure pulsation, which is
beneficial to the hydraulic design of double suction pumps and to obtain a stable hydraulic
model. Yang et al. [28] conducted a steady-state analysis on the performance of ESP at different
speeds. The head of ESP at different speeds basically satisfies the similar law without
considering the volume loss. However, its shaft power deviates from the prediction of the
similar law to some extent. This condition is because the disk friction loss at different speeds
does not satisfy the similar law. This finding serves as reference for the subsequent prediction
of ESP performance correction at different speeds. Han and Tan [29] found that for high specific
speed centrifugal pumps, the pump head conforms to a similar law with the increase in speed.
The pump efficiency shifts toward large flow rates. However, the intensity of leakage flow at
the top of the lobe and the oscillation frequency of the leakage vortex increase with the increase
in speed. The percentage of space in the flow path increases. This work provides a concrete
work on the effect of speed increase on pump leakage flow, but does not quantify the extent to
which the increase in leakage vortex intensity affects the pump stability.

The above studies all focus on the performance differences and operational stability of the
pump at different speeds. The numerical calculations are steady calculations at different speeds.
However, the performance changes and stability of the pump during the variable speed process
are not mentioned. The pump speed variation process has extremely strong transient
characteristics and is closely related to the pump operating stability. This study explores the
effect of different speed variation schemes on pump performance and stability by establishing
a numerical model of ESP. The performance and stability changes are investigated during the
speed variation of ESP to find the most favourable speed variation scheme for the stable
operation of ESP.

The remainder of this paper is arranged as follows: Section 3 discusses the modelling for
pump parameter optimization and mesh generation and the experimental validation of
numerical simulation. Section 4 obtains the performance of ESP with different speed variation
schemes and analyses the advantages and disadvantages between the different results. Section
5 summarizes the study and provides the conclusions.

3. METHODOLOGY

3.1 Geometric model

Although hundreds or thousands of stages may be found in the actual application of an ESP
unit, the geometric structure between the stages is exactly the same. Three-stage modelling of
a KF480 type ESP was conducted on the professional 3D modelling software NX UG in this
study. The impeller, diffuser, and chamber subdomains were included in each stage of the
computational domain. The import and export sections were arranged before the first stage and
after the last stage. The model of the inlet and outlet sections was simplified as circular straight
pipes where their diameter is equal to the pipeline diameter within the ESP system. The lengths
of inlet and outlet sections are greater than five times of the impeller inlet diameter to ensure
that the liquid medium has sufficient space for flow evolution that can distinctly enhance the
accuracy of numerical simulations.
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3.2 Numerical simulation

Ansys TurboGrid was used for the structural meshing of the impeller and diffuser to obtain a
high-quality hexahedral mesh. The structural meshing of the pump chamber, inlet, and outlet
sections was conducted on Ansys ICEM. High-quality boundary layer meshes were generated
at all wall locations to ensure the accuracy of numerical calculations. Fig. 1 shows the mesh
details of the impeller and diffuser. The quantity and quality of the mesh directly affect the
accuracy and time duration of numerical calculations. The method of controlling the mesh
global maximum size was adopted to verify the grid number independence in this article. The
mesh quality of each group used for independence verification is greater than 0.4. The
verification results of different mesh size schemes are shown in Table I. When the maximum
control size of the mesh is less than or equal to 1.1 mm, the fluctuation of ESP’s performance
prediction result is than 0.3 %. Thus, 1.1 mm was chosen as the global maximum control size
of the mesh.

a) Impeller b) Diffuser

Figure 1: Mesh details of impeller and diffuser.

Table I: Mesh independence analysis.

Maximum Number of meshes Predicted results
size (mm) Impeller Diffuser Head (m) Efficiency (%)
15 50,030 86,428 44,04 76.21
1.3 190,546 294,568 44.09 76.35
1.1 318,645 504,960 44,12 76.48
0.9 730,895 1,297,380 44,11 76.53

The numerical calculations in this article were all conducted on Ansys-CFX 17.0. Constant
numerical calculations were performed. Their results were compared with the experimental
performance of ESP to verify the accuracy of numerical simulation. The convergence accuracy
of constant calculations was set to 107*. This condition can provide stable initial flow field
conditions for subsequent nonconstant numerical calculations and shorten the time of
nonconstant numerical calculations. The no-slip boundary was adopted. Different subdomains
were connected by interface, where “general connection: no frame change” was chosen when
no relative motion was found between adjacent subdomains, and “general connection: pitch
change” was chosen when relative motion was found between adjacent subdomains. The mass
flow rate outlet with a total pressure inlet was used for easy convergence. The initial pressure
within domains was set to standard atmospheric pressure. The location and type of the
computational domain model and boundary conditions are shown in Fig. 2.
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The subsequent variable speed transient numerical calculations were set on the basis of the
constant numerical calculation settings. The calculation property was changed to transient, and
the total time and timestep of the calculation were defined. The capturing of transient flow
characteristics and the computer configuration need to be considered when we set the timestep.
Capturing the transient characteristics of the flow field with extremely large timestep is
unconducive, whereas it requires high computer performance with extremely small timestep.
In the constant numerical calculations, the rotation of the impeller domain is the rotation of the
coordinate system. The intersection between the impeller domain and other stationary domains
is set as “frozen rotor”. However, in the transient numerical calculations, the phase angle
between the impeller and the stationary domain is changing all the time. Thus, the intersection
between them needs to be set as “transient rotor stator”.

Impeller Chamber Diffuser Interface No-slip wall

Total pressure ! Mass Flow Rate
inlet: First stage Second stage outlet
P.~=0 [Pa]

Figure 2: Calculation domain and boundary conditions.

The standard k—e model is the widely used turbulence model in engineering applications
[30, 31] because it is stable and relatively accurate. However, the ¢ equations in the standard
k- model include a term that cannot be calculated on the wall [32]. Thus, the standard k—
model with standard wall function is used to complete the numerical calculation. The equations
can be expressed as follows:

e For turbulent kinetic energy k:
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3.3 Experimental validation of numerical simulation

The performance test of KF480 type ESP was conducted to verify the accuracy of numerical
calculations. The rated speed of ESP during the test is 6000 r/min. Fig. 3 shows the test system
installation. The pipeline turbine flowmeter in the test system can perform instantaneous
measurement of flow with an accuracy of 0.5 grade and a nominal pressure of 1.6 MPa. The
three-phase power meter can complete the power measurement with an electric dynamometer.
Its effective power measurement ranges from 1 kW to 24 kW with 1.5 grade measurement
accuracy. A precision pressure sensor with an accuracy class of 0.4 is arranged at the outlet to
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ensure the accuracy of pressure measurement. Fig. 4 shows the solid model of the impeller and
diffuser used in the test. The impeller and diffuser are made of high-strength plastic by rapid
moulding technology. This condition can meet the strength requirements of the test parts and
shorten the preparation time of the test.
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Figure 3: Schematic of test rig.

a) Impeller b) Diffuser

Figure 4: Solid model of impeller and diffuser.

Fig. 5 shows the comparison between the experimental and numerical results. The numerical
predicted head of the ESP is greater than the test head under full flow conditions. The numerical
predicted shaft power is slightly greater than the test power. However, the numerical predicted
efficiency is extremely close to the test results. The variation trend of numerical predicted
performance under full flow conditions is highly consistent with the variation trend of
experimental results. Therefore, the numerical calculation results in this article have certain
accuracy.
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Figure 5: Comparisons between test and numerical results.

4. RESULTS ANALYSIS AND DISCUSSION

Fig. 6 shows the three methods of speed variation set in the transient numerical calculations.
The speed change of scheme 1 is in linear uniform acceleration. The speed change of scheme 2
is in quadratic curve change with a positive quadratic coefficient. The speed change of scheme
3 is in quadratic curve change with a negative quadratic coefficient. In the three variation
methods, the time of speed variation process is 1 s. After the end of speed variation process, the
ESP models in all three schemes keep running with 7000 r/min until the end of the numerical
calculation. The setting of speed variation in all three schemes is realized on CEL language in
CFX as follows:

During the speed variation of ESP, the flow rate varies with the speed. Thus, the variation
of flow rate needs to be controlled by the CEL expression when setting the boundary conditions.
In this article, the variation law of flow rate is obtained in accordance with the relationship
between flow rate and rotational speed by the similar law.
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Figure 6: Variation rule of rotational speed. Figure 7: Head change curve.

The transient predicted values of ESP’s head with the three rotational speed variations are
shown in Fig. 7. A strong similarity is found between the curve variation pattern of the ESP’s
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head with the three schemes and the variation pattern of rotational speed curve in Fig. 6. During
the speed variation process, the speed of scheme 3 is the highest, the speed of scheme 1 is ranks
second, and the speed of scheme 2 is the lowest at the same moment. This finding is the same
as the head variation pattern of each option during the speed variation process. The head
prediction curve of scheme 1 is similar to its corresponding speed variation curve, with a small
fluctuation only in the second half of the speed variation process. The head prediction curve of
scheme 2 and its corresponding speed change curve have the same change law in the first third
section of the variable speed process. In the middle and second half of the speed change process,
the head prediction value has a large fluctuation, and the fluctuation of head is irregular,
indicating that the speed change process of the ESP is a nonconstant process with strong
transient characteristics. The head prediction curve in scheme 3 and its corresponding speed
variation curve have the same variation pattern throughout the speed variation process.
However, it shows head fluctuation in the middle of the speed variation process. Comparing the
predicted heads under three different schemes, the head in scheme 3 is the first to reach the
head of the constant numerical predicted head at 7000 r/min, followed by scheme 1 and scheme
2. The maximum head that can be achieved during the speed variation of the three schemes
exceeds the head of the model during the stable operation at 7000 r/min. This condition is
because during the variable speed operation of the ESP, the pump head consists of the basic
head (the head of the pump stable operation at that speed) and the inertia head (generated by
the inertia force during the acceleration of the pump). The maximum head values of the three
schemes are the same. However, scheme 3 takes the shortest time to reach the maximum head,
and scheme 2 takes the longest time to reach the maximum head.

The head change rate reflects the intensive change degree of head at different moments and
is defined as:

Head change rate Hc = %(At -0 (3)

After obtaining the variation of the pump head at different rotational speeds, the change rate
of the head at different moments can be calculated and plotted as a curve by using the
differentiate function in the Mathematics module of Origin 9.0 software. The variation of the
head change rate for the three schemes is shown in Fig. 8.

Comparing the change rate of head with three different schemes, the fluctuation of the
change rate of head with time is most obvious for scheme 2. The positive and negative peaks
of the change rate of the head appear at points 2+ and 2— in Fig. 8, corresponding to the sudden
rise and fall of the head in Fig. 7, respectively. Within the ESP, the sudden drop and rise of the
head may lead to rapid pressure changes in the pump system pipeline, thereby resulting in
system vibration and inducing noise. Compared with scheme 2, the maximum and minimum
values of the head variation rate curves of schemes 1 and 3 are distributed between +0.2, and
their head variation is more stable. The sudden rise and fall of the head in scheme 3 correspond
to points 3+ and 3— in Fig. 8, which occur in the middle and end of the acceleration process,
respectively. The sudden rise and fall of the head in scheme 1 occur at the end of the acceleration
process.

Considering the time that the ESP’s head reaches the required value and the change rate of
head in the process of speed variation, schemes 1 and 3 can be adopted for the variable speed
process of ESP. The advantage of scheme 1 is that the head change is smooth during the speed
change. However, it has a slightly larger head fluctuation in the late period, and its time to reach
the required head is longer than that of scheme 3. The advantage of scheme 3 is that in the early
period of the speed change process, the head is raised fast and can meet the head requirement
fast. However, its head fluctuates in the middle part of the change process.
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Figure 8: Change rate of head curve.

5. CONCLUSION

The influence mechanism of different variable speed modes on the performance of ESP was
investigated to improve the variable speed stability of ESP. Three different schemes of speed
variation were designed to analyse the change in head fluctuation of ESP under three different
speed variation schemes. The performance verification test of ESP was conducted. The main
conclusions obtained are as follows.

1) The speed change mode of ESP plays a key role in the head fluctuation of ESP within
variable speed process. Therefore, the head lift speed and the head fluctuation rate within the
variable speed process must be considered.

2) In the variable speed process, the head variation curves obtained from different speed
variation schemes have great similarity with the corresponding speed variation curves, and the
overall variation pattern between the two is the same.

3) The head stability is high in the uniform acceleration process and the quadratic
acceleration process with negative quadratic coefficients. The head volatility is high in the
quadratic acceleration process with positive quadratic coefficients. Among the three processes,
the quadratic acceleration process with negative quadratic coefficient has the shortest time to
reach the required head.

Numerical calculations were combined with experimental verification in this study. The
numerical model for the performance analysis of ESP was presented. The speed variation
process, which is an important factor affecting the operational stability of ESP, was investigated.
The results serve as guide for the improvement of ESPs’ variable speed stability. Only three
different variable speed schemes were designed to analyse the influence of variable speed mode
on the ESP’s operating stability. Thus, many other variable speed modes can be adopted in the
follow-up studies.
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