IOP Conference Series: 55‘::; PURPOSE-LED
Earth and PUBLISHING

Environmental Science

PAPER « OPEN ACCESS You may also like

Solution of unstable problem for hydraulic

Im proved methOd On hyd rau I |C pOWGI’ CaICU |atI0nS - turbine in order to promote usage of

hydraulic energy

for conventional sucker rod pumping system Katsutoshi Kobiayashi and Yuta Tamura

- Energy-water nexus of formal and

e . . . informal water systems in Beirut, Leb
To cite this article: O E Mwangupili et al 2020 /OP Conf. Ser.: Earth Environ. Sci. 431 012026 '\r('amﬁawcahi[,zii 32; LGdélfllgna&ainon

London et al.

- Research on Acoustic Characteristics of

Low-noise Modular Hydraulic Power Unit

) ) . Nei Wang, Y ian, Chao Xi tal.
View the article online for updates and enhancements. el Wang, Yuan Qian, Chao Xiang et

) The Electrochemical Society

i =
Advancing solid state & electrochemical science & technology SC’en ce +

= Technology +

ECS Meeting

Chicago, IL

October 12-16, 2025 .~ |
’ — SUBMIT
Hilton Chicago .‘( ABSTRACTS by
March 28, 2025
SUBMIT NOW

LOCCOCCOCOCCCCCKT

This content was downloaded from IP address 41.59.86.254 on 25/02/2025 at 11:15



https://doi.org/10.1088/1755-1315/431/1/012026
/article/10.1088/1755-1315/240/2/022048
/article/10.1088/1755-1315/240/2/022048
/article/10.1088/1755-1315/240/2/022048
/article/10.1088/2634-4505/ac7252
/article/10.1088/2634-4505/ac7252
/article/10.1088/1742-6596/2296/1/012031
/article/10.1088/1742-6596/2296/1/012031
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvk3fclxagUZyGrDeow4oIpBWvJCDIH7j6DiqIgL_1FCvJRKDTKBMQql5YheE3bnX_m21DKxvbVratPO0SnNhdOsieR7sP04v1uBl0njbiD8H9nta0kh_4N5aPlt3ksI8X4_BnIPQb_c9JgCuNXGbcAl_VWukRNlaZNfFoy2PFjXgyOl3-8OYn2ij2fiCatLG07_QYmk7uscRtS1k1_drVVnnMIFooCS-BFWMcrWXhj6XKtyyV3hqsV74_s16r7FBBBwVIzmiowX6GAbA7KUjC08aqaBbCxmElGGiDbEK_4BEOyQn-BPdAXESr6wL-wt8q5x0DzMcFItsLjTRJOvODZpMuYPh6haKrMkXuSOO4i_JGv&sig=Cg0ArKJSzO0-PPAWPqWd&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://ecs.confex.com/ecs/248/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3DIOP_248_abstract_submission%26utm_id%3DIOP%2B248%2BAbstract%2BSubmission

2019 3rd International Conference on Power and Energy Engineering IOP Publishing
IOP Conf. Series: Earth and Environmental Science 431 (2020) 012026  doi:10.1088/1755-1315/431/1/012026

Improved method on hydraulic power calculations for
conventional sucker rod pumping system

O E Mwangupili®2, P Chunsheng®, C Bululu*, S L Nyanswi' and S M Muya®

1 China University of Petroleum (Huadong), Qingdao, China
2 Mbeya University of Science and Technology, Tanzania
E-mail: Osmund94@gmail.com

Abstract. The annual energy consumption of suck rod pumping units in China is more than 10
billion kWh, but the average efficiency is only about 25-31%. Limited information is known,
about the efficiency of various components of the pumping unit. The current methods for
calculating the hydraulic power neglect the effect of friction and free gas. This research
introduces an improved method for calculating hydraulic power which takes into account the
effect of friction and free gas. The model was obtained from the product of two parameters
which were, predicted pressure increased by the downhole pump and predicted flow rate. The
pressure increased by the pump was obtained by the nodal analysis approach in which the
concepts of multiphase flow were included. The Computer program was developed and all
calculations in this paper were computed by this program developed from python programming
language version 3.5. This model was compared with the previous models and showed that, the
previous models underestimated the hydraulic power since the influence of gas and friction
were not included.

1. Introduction

When there is inadequate pressure in the reservoir to lift the produced fluid to the surface, artificial lift
is inevitable to maintain its production life [1], [2]. Sucker rod pumping system is the oldest of all
artificial lift systems, covers approximately 71% of all. It is powered by the electric motor which
supplies mechanical energy to the motor shaft then utilizes a subsurface pump to lift reservoir fluid
from the bottom of the well to the surface [3], [4].

Beam pumping units have been leading the mechanical oil-production equipment regardless its
disadvantages including low efficiency and high energy consumption, but there is a certain degree of
difference according to various well conditions. The sucker rod pumping system is limited to severe
friction in deviated wells, solids, sensitive problems in gassy wells, deep wells due to rod capacity and
offshore operations due to its huge size [5], [6].

According to the related statistics, power consumption makes up about one-third of the total costs in
oilfield production. Power consumed by beam pumping unit accounts for nearly 80% of the total. At
present, there are more than 100,000 beam pumping units in China, and the total installed capacity is
more than 3500 MW, consuming more than 10 billion kWh each year. Therefore, there is a huge
potential for energy savings of the beam pumping units [5].

1.1. System efficiency

The ratio of the hydraulic power to the net motor input power is defined as the total system efficiency.
This value accounts for the losses in the motor, belts, pumping unit gearbox, pumping unit bearings,
rod string, liquid, viscous losses, tubing back pressure, stuffing box friction, and other losses.
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Efficiency measurements are useful in identifying high operating cost components of a beam pumping
system. For example, a well may have a relatively high lifting cost due to low average motor
efficiency, high mechanical losses in the pumping unit, significant rod/tubing friction, high tubing
pressure or many other problems that can be identified by analyzing efficiencies.

System efficiency of the sucker rod pumping systems is contributed by surface and subsurface
efficiencies. This research focused on the hydraulic power which is essential for calculating a
subsurface efficiency.

As for a conventional sucker-rod pump, the main factors that affect its pumping performance in wells
are volumetric efficiency, stroke loss, leakage, and high oil formation volume factor [7].

1.2. Subsurface system efficiency

Subsurface system efficiency of the beam pumping unit is the ratio of the hydraulic power to the
polished rod power. Hydraulic Power is the power required to lift the fluid from downhole to the
surface, usually regarded as a net lift. Net lift is the height to which the work provided by the pump
alone lifts the produced fluid, similarly the depth at which the pump is set is referred to as a net lift.
The following are the components of the subsurface system efficiency; sucker rods, tubing, downhole
pump, pump dynamometer card, polished rod and gas separator. Subsurface losses can be grouped into
the following categories; frictional losses in the stuffing box, frictional losses between the rods and
tubing, hydraulic losses which include fluid friction and pump leakage. The mechanical energy
required to operate the polished rod at the surface is defined as the sum of the useful work performed
by the pump and all the downhole energy losses detailed previously, i.e., those occurring in the sucker-
rod pump, the rod string, and the fluid column.

Energy efficiency of the downhole components of the pumping system is characterized by the relative
amount of energy losses in the well.

P
= £100% (1)
PRP

sub

where: 77, ~Subsurface efficiency, %; B, ,—hydraulic power, kWh; PRP-Polished Rod Power, kWh.

The characteristics of the reservoir used in this research were, the reservoir is old, which means, it is
the mature reservoir with the high permeability, high water cut and excellent reservoir deliverability.
For cost reduction and performance improvement, the integrated analysis and management of the
pumping wells are inevitable [8].

Currently, there is no precisely method of studying an oil well system and estimating the hydraulic
power of sucker rod pumping system. The current methods of calculating the hydraulic power neglect
the effect of friction and the effect of free gas. Therefore this research introduced the improved method
for calculating the useful power developed by the subsurface pump.

2. The improved calculation method for predicting hydraulic power

This model was obtained from the product of two parameters which were; the predicted pressure
increase by the downhole pump and the predicted flow rate. Basically this model encompassed the
effect of friction and the presence of free gas which were not incorporated in the previous models for
calculating hydraulic power. The frictional energy losses comprised of hydraulic frictional losses of
the fluid as it flows between rods and tubing.

2.1. Predicted pump discharge pressure and pump intake pressure

Pressure gradient prediction requires determination of individual phase velocities, densities, viscosities,
and, surface tension at different pressures and temperatures. In dynamic conditions of multiphase flow
in pipes, the pressure and temperature of the fluids change continuously, and mass transfer occurs
between the liquid and the gas phases.

As pressure decreases below bubble point in the direction of flow, gas evolves from solution in the oil
increasing the gas velocity, the oil density and viscosity. Such flow and fluid properties changes are
predicted with either compositional or black-oil models.
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In this research black oil model was used to determine fluid physical properties. The assumption made
in the black oil model was that, at any fixed temperature, pressure, API gravity of the liquid phase and
specific gravity of gas, the liquid phase had a fixed gas solubility and formation volume factor.

Most black oil models that relate fluid physical properties can be determined by using Pressure-
Volume-Temperature (PVT) cells. McCain Jr presented the fluid physical properties used in this paper.
The calculated fluid physical properties were used to predict the pump discharge pressure and the
pump intake pressure [9].

Beggs and Brill correlation was used to predict the flow patterns, pressures drops and finally pump
intake pressure and discharge pressure. Beggs and Brill model was chosen for this research because,
the model considered the inclination angles, the influence of free gas and the friction of the fluid being
pumped when predicting pressure.

The total depth of the oil well was divided into segments, each segment being 100m long. The
pressure gradient was determined in each of the segment starting from the top (well head) and then
added to each successive segment; hence the pump discharge pressure was determined. On the other
hand, the pump intake pressure was obtained starting from the fluid level to the pump intake in the
annulus between tubing and casing.

The pressure increased by the pump was determined from the difference between the pump discharge
pressure and pump intake pressure as shown in the equation (2).

P, =P, —PIP )

2.2. Predicted flow rate

Due to effects of stroke loss, pump fillage, leakage and formation oil volume factor, the actual
displacement of pump is generally less than the theoretical displacement. Hence pump efficiency was
introduced to obtain the actual pump displacement.

Predicted flow rate was determined from the parameters designed by Dong and the pump efficiency
[10]. Pump efficiency was found from the pump discharge coefficient simulation model given by Yao
[11].

Q:1440x%xdpzsn7y (3)

where: Q —Production rate, m’/d; d b —Plunger diameter, m; S —Stroke length, m; N —Pumping speed,
min™'; 7 —Pump efficiency

The volumetric efficiency of the downhole pump depends principally upon the fillage of the barrel.
This in turn is related to the presence of gas, the viscosity of the fluid being pumped and the pumping

speed. The pump efficiency was calculated by using equation (4). This parameter was introduced in
this research to account for the inefficiencies (losses) of the downhole pump.
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where: n,—The effective stroke coefficient of pump, plunger; 7. —The coefficient of fullness; 77, —
Pump coefficient of leaking; 7, —The volume ratio of gas dissolution crude oil under bottom pressure;
s ,—Pump plunger stroke length, m; R —Pump intake gas fluid ratio, m*m? ; K —Clearance coefficient;
S, —The clearance length, m ; B,  —The crude oil volume ratio in the pump intake; B,,—The water

volume ratio in the pump intake; AQ —The fluid leakage between pump plunger and pump barrel in
one stroke.

K=o 6)
S
PTZ
R=(-f,)R, —aP, )t—P 7
st s
S, =S—6€ —¢e +¢e (8)

where: R, —Producing gas-oil ratio, m*/m® & —Dissolving coefficient, (m*m*/MPa); P, — Standard
pressure, MPa; T, — Standard temperature, K; T, —Standard temperature, K; Z,—Gas deviation factor
in the pump intake; P,—Pump intake bottom pressure (absolute), MPa; s ,—Plunger stroke length, m;

e, —rod stretch, m; e, —tubing stretch, m; e  -Plunger over travel, m . Predicted hydraulic power was
found from equation (2) and (3).

p _QR- PIP)x10°°
fyd 86400

The Subsurface pump of the conventional sucker rod pumping system is powered by the reciprocating
rod string, which increases the potential energy of the liquid being pumped. The logic of the model is
that, the effective power of the sucker rod pumping system is the power produced by the subsurface
pump. When the pressure increased by the downhole pump and the amount of the liquid pumped are
given, the hydraulic (effective) power can be determined from the product of these two parameters. In
this model the pressure increased by the downhole pump involved the effect of free gas in which the
multiphase flow concepts were taken into consideration. The two phases were liquid phase (water and
oil) and gas phase. This means the concept of liquid hold up was introduced when the mixture density
was calculated. In addition to that, the effect of friction was also included.

)

3. Computer program

All the calculations used in this research were computed by the computer programming codes. The
computer programming language used was python version 3.5. Python is a high-level programming
language which was designed for code readability; it uses whitespace indentation to set the limits of
code blocks rather than curly brackets. It can express the concept in few lines of codes than C++ or
Java.

Figure 1 demonstrates the procedure for computing hydraulic power by the developed program. The
calculations began with the inputting data, and then from the data, the average pressure and
temperature at the well surface were obtained. The average pressure was obtained by first estimating
pressure drop and the estimated pressure drop was divided by two and added to the surface pressure
(downhill). The next step involved making PVT calculations to determine the fluid physical properties,
from the relevant correlations at the calculated average pressure and temperature. The fluids were oil,
gas and water. The calculated physical properties were; specific gravity, gas compressibility, density,
viscosity, gas solubility, solution gas, formation volume factor and surface tension. As soon as fluid
physical properties were calculated, the slip density of the pumped fluid (multiphase) was determined.



2019 3rd International Conference on Power and Energy Engineering IOP Publishing
IOP Conf. Series: Earth and Environmental Science 431 (2020) 012026  doi:10.1088/1755-1315/431/1/012026

The slip density was found from the superficial velocities, liquid hold up, Froude number, velocity
number and flow patterns.

Reynolds number was then calculated to determine type of the flow (laminar or turbulent), followed
by determination of the frictional pressure drop. The correlations used for calculating frictional
pressured drop were; Drew, Koo and McAdams and Zigrang and Sylvester. The pressure drop in the
segment due to elevation was calculated where the depth was equal to the length of the node, 100m.
The pressure drop due to acceleration was set equal to zero. The total pressure drop was obtained by
summation of the three pressure drops as shown in equation (10).

@@ -

Beggs and Brill correlation was an iterative process. When the calculated pressure drop was not equal
to the estimated pressure drop, the computed pressure became the new estimated pressure drop. The
procedures were repeated to achieve the condition where the estimated pressure drop equalled to the
calculated pressure drop. The condition was met and the procedures were repeated to calculate the
pressure drop of the next segment. When the pressure drops in each node was calculated, the pump
intake pressure and pump discharge pressure were calculated. The pump discharge pressure was
calculated by summing the surface pressure and all segments (nodes) pressure drops from the well
head to the pump depth. On the other hand, the pump intake pressure was obtained starting from the
fluid level to the pump intake in the annulus between tubing and casing. Finally, the hydraulic power

was obtained by using equation (9).

Input Data

!

Temperature Profile

Pump Intake R — PVT Calculations —> Pump Discharge
Pressure Calculations Pressure Calculations
N Hydraulic Power Calculation e |

Figure 1. Computer program algorithms for the hydraulic power calculations.

4. Discussion

In this research the improved model considered all concepts that were discussed in the previous
models for calculating the subsurface hydraulic power. In addition to that, the improved model
included the effect of friction and the free gas. The frictional energy losses were the hydraulic
frictional losses of the fluid as it flows between rods and tubing.

The previous hydraulic power models used were; Lea and Minissale, PRC Trade Standard and Takacs
model. These models, neglected the effect of friction and the free gas when calculating the useful
power developed by the subsurface pump [12], [13], [14]. These models are not suitable for gassy and
high friction oil wells. The method for calculating the pressure increased by the pump involved the
nodal pressure approach; this means that, the pressures such as pump discharge pressure was
calculated starting from the well head to the pump location. Frictions energy losses in all segments
were added together, this impacted into higher values of predicted hydraulic power as shown in table 1.
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On the other hand, the presence of gas lowers liquid density, which reduces the hydraulic power. In
this study the impact of gas was not higher since the data used was from the mature reservoir which
had high water cut, less free and dissolved gases.

Table 1 shows the comparisons between the improved model and the previous models. It can be
perceived that; the developed model is the advanced model. The model takes into consideration, the
factors that were left in the previous models. The model incorporated the actual displacement of the
pump instead of using theoretical displacement; in addition to that it also included effect of friction
and the effect of gases.

It can be observed that, from figure 2, the Lea and Minassale model predicted values which were
almost equal to those of the PRC Trade model. The values were less than those in this proposed model
because the latter included the effects of friction and gas. However, they were greater than values in
Takacs model, because in Takacs model the well head pressure was excluded in the calculations for
the pressure increased by the pump.

Table 1. Hydraulic power (kW) comparison for different models.

Well Name Hydraulic power calculations model
New Predicted Tak&s Lea and Minissale PRC Trade Standard
A 2.13 1.83 2.02 2.01
B 1.08 0.86 1.03 1.03
C 1.99 1.45 1.72 1.71
D 6.19 5.23 5.99 5.97
E 0.92 0.70 0.83 0.82
7 -
® This Model

B Takacs Model

Lea and Minissale Model

B PRC Trade Standard

Figure 2. Hydraulic power comparisons between proposed model and previous models.

5. Conclusion

Volumetric efficiency of the pump depends primarily upon the fillage of the barrel. This in turn is
related to number of factors such as the presence of gas, the viscosity of the fluid being pumped and
the pumping mode. In this model, the effects of stroke loss, pump fillage, leakage and formation oil
volume factor, were included for an accurate prediction of the actual pump displacement since, it is
generally less than its theoretical displacement.

In this research, the impact of free gas in reducing downhole hydraulic power was considered.
However, the presence of gas can contribute to an input energy into the system. Energy is released
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during lifting process; the gas expansion power released is the sum of dissolve-gas expansion power
and free-gas expansion power. The gas expansion power is the energy that should not be overlooked.
The energy plays an important role in the process of lifting, reduces the input power and enhances the
system efficiency. In this study the gas expansion power was not considered, nevertheless this
parameter is very important, and should not be ignored in the calculation of the total system efficiency.
The pump’s useful power was obtained as a result of the product of the pressure increase by the
downhole pump and production rate. The model used to calculate the pressure increase by the
subsurface pump, involved the multiphase flow concepts. This means the concept of liquid hold up
was introduced when the mixture density was calculated. In addition to that, the effect of friction was
also included in the same model.

Lastly the previous models proved to be less suitable for gassy and high frictions wells since the effect
of gas and friction were not included in the models. When this model was compared to the previous
models, the proposed model predicted higher values of hydraulic power. Higher values of hydraulic
power were because of the effect of frictions.
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