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Abstract. In the oil industry, it is often necessary to use artificial lift methods to increase the 

energy of fluids to bring them to the surface. One of the most common types of artificial lift system 

is the Electric Submersible Pump (ESP), which is a reliable and efficient method for lifting fluids 

from deep wells or wells with low reservoir pressure. This paper presents a detailed analysis of 

an ESP pilot plant using a phenomenological modeling approach. The goal of the study is to 

develop a comprehensive understanding of the performance of the ESP system and to identify 

key factors that affect its efficiency and reliability. The study involves the collection of data on 

various parameters, such as flow rate, pressure, and power consumption, and the development 

of a phenomenological model to describe the behavior of the ESP system. The results of the 

analysis show that the phenomenological model accurately predicts the behavior of the ESP 

system and provides insights into the factors that affect its efficiency and reliability. The study 

contributes to the development of more efficient and effective methods for designing and 

operating ESP systems in the oil industry. 
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1. Introduction 

The history of oil in Brazil begins in 1858 with José 
Barros Pimentel being authorized, through decree 
n°2.266, to extract bituminous mineral on the banks 
of the Marau River. Although oil seepage was 
observed in Lobato, located in the suburbs of 
Salvador-BA, in 1959, the well with the initials of the 
National Department of Mineral Production, DNPM-
163, was only drilled in 1938. The results of the 
drilling were more accepted from a research 
standpoint than an economic one. In 1941, the first 
commercial field was discovered in Candeias-Ba 
(Thomas, 2001). 

Through the state monopoly established during the 
government of Getúlio Vargas, Petrobras was 
founded on October 3, 1953, as a result of a seven-
year campaign. In 1968, the first offshore platform 
was launched, and in 1974 and 2007, the discovery 
of the Campos Basin and the pre-salt formations 
were considered giant production fields 
(PETROBRAS). From discovery to refining, 
technological challenges both at sea and on land are 
constantly taken into account economically. 

The oil industry has played a significant role in the 
economic development of Brazil, with the discovery 

of large production fields such as the Campos Basin 
and the pre-salt formations in recent decades. One of 
the most common methods for lifting fluids from oil 
wells is the electric submersible pump (ESP), which 
is a reliable and efficient method for lifting fluids 
from deep wells or wells with low reservoir pressure. 

1.1 Electric Submersible Pump 
This method is characterized by the use of 
submersible centrifugal pumps, and the components 
used in this lifting method can be divided into 
subsurface and surface equipment. The main 
subsurface components are: pump, electric motor, 
protector, electric cable, gas separator, and pump 
intake. The main surface components are: control 
panel, transformer, production head, check valve, 
drain or relief valve, and bottom pressure and 
temperature sensors. With emphasis on centrifugal 
pumps, the principle of their operation according to 
Brasil (2010) is: “It deals with the creation of two 
differentiated pressure zones, one of low pressure 
(suction) and another of high pressure (discharge). 
For the formation of these two distinct pressure 
zones to occur, it is necessary to have the 
transformation of mechanical energy (power), which 
is provided by the driving machine (motor or 
turbine), inside the pump”.  
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Fig. 1 - ESP system representation. (Nguyen, 2020). 

 

2. Methodology 

One way to simulate the behavior of a system, so that 
its outputs can be appreciated and analyzed based on 
predefined inputs, is by using mathematical 
modeling. The modeling of an artificial lift system 
using the submersible centrifugal pumping method 
results in a system of ordinary differential equations 
(ODEs), which provide information about the 
dynamics of the system. 

This work is related to the modeling of an artificial 
lift system using an electric submersible pump (ESP), 
based on the experimental plant present at the 
School of Engineering of the Federal University of 
Bahia (UFBA), specifically in the Artificial Lift 
Laboratory (LEA) of the Industrial Automation 
Technical Center (CTAI). 

2.1 Phenomenological Modeling 

The system was divided into 3 control volumes, and 
mass and momentum balances were used to obtain 
the ODEs that represent the system. 

• Control Volume 1: Comprises the region between 
the bottom of the well and the pump intake. 

• Control Volume 2: Comprises the region between 
the pump discharge and the shock valve outlet. 

• Control Volume 3: Comprises the entire well 
region, from the bottom to the manifold outlet. 

 

Fig. 2 – ESP - LEA/UFBA representation. (Costa et al., 
2019). 

 

Where: 

ℎ𝑐ℎ𝑜𝑘𝑒 = 0𝑚 (1) 
 

ℎ𝑝𝑢𝑚𝑝 = 22,7𝑚 (2) 
 

ℎ𝑟 = 32𝑚 (3) 
 

ℎ1 = ℎ𝑟 − ℎ𝑝𝑢𝑚𝑝 = 9,3𝑚 (4) 
 

ℎ𝑐ℎ𝑜𝑘𝑒 stands for “choke height”, ℎ𝑝𝑢𝑚𝑝 stands for 

“pump height”, ℎ𝑟  stands for “reservoir height” and 
ℎ1 is the difference between the reservoir and pump 
heights. 

The obtaining of the system of ODEs that represents 
the dynamics of this system is given by the mass 
balance of control volumes 1 and 2, and the 
momentum balance of control volume 3. Some 
assumptions need to be made in order to simplify the 
system and make the model represent the physical 
system with the highest fidelity possible. The 
assumptions are as follows: Isothermal system. 
Monophasic system. There is no accumulation of 
mass in the production tubing. There is accumulation 
of mass in the annular region. 

Therefore, gas production and temperature variation 
during production are disregarded, and we can write 
the following mathematical relationships. 

2.1.1 Control Volume 1 Mass Balance 
When considering the assumption that there is an 
accumulation of mass in the annular region, for 
control volume 1 we performed the mass balance of 
the variation of the annular level over time: 



 

𝜌𝐴𝑎𝑛𝑛𝑢

𝑑(𝐿𝑎𝑛𝑛𝑢)

𝑑𝑡
= 𝜌(𝑞𝑟 − 𝑞𝑚) (5) 

 
𝑑(𝐿𝑎𝑛𝑛𝑢)

𝑑𝑡
=

1

𝐴𝑎𝑛𝑛𝑢

(𝑞𝑟 − 𝑞𝑚) (6) 

 

Where 𝐿𝑎𝑛𝑛𝑢 stands for annular level, 𝐴𝑎𝑛𝑛𝑢 stamd 
for annular area, 𝑞𝑟 reservoir flow rate and 𝑞𝑚 
average flow rate. 

2.1.2 Control Volume 2 Mass Balance 

For this control volume, we will perform the mass 
balance of the variation of pressure in the shock 
valve over time. Thus, we have the following 
relationship: 

𝑑𝑃𝑐
𝑖𝑛

𝑑𝑡
=

𝛽2

𝑉2

(𝑞𝑚 − 𝑞𝑐) (7) 

Where 𝑃𝑐
𝑖𝑛 stands for inlet pressure at the choke 

valve, 𝛽2 stands for fluid compressibility modulus, 𝑉2 
stands for volume 2 and 𝑞𝑐 stands for choke valve 
flow rate. 

2.1.3 Volume 3 Momentum Balance 
The result of the momentum balance performed 
considering control volume 3 returns an ODE that 
relates the variation of the average flow rate over 
time: 

𝑑𝑞𝑚

𝑑𝑡
=

𝐴̅

𝜌̅𝑙 ̅ (𝑃𝑓 − 𝑃𝑐
𝑖𝑛 + Δ𝑃𝑝𝑢𝑚𝑝(𝑓) − 𝐹1 − 𝐹2 −

𝜌1𝑔(ℎ𝑟 − ℎ𝑝𝑢𝑚𝑝) − 𝜌2𝑔(ℎ𝑝𝑢𝑚𝑝 − ℎ𝑐ℎ𝑜𝑘𝑒))  

(8) 

 

Where, since it is an average flow rate along the 
production column, we have variation of area, 
specific mass, and length, so we use average values. 
We have 𝑃𝑓 equal to the pressure at the bottom of the 

well, Δ𝑃𝑝𝑢𝑚𝑝(𝑓) increment of pressure by the pump 
at a frequency 𝑓. 𝐹1 and 𝐹2 are friction losses in 
control volumes 1 and 2, respectively, 𝜌1𝑔(ℎ𝑟 −

ℎ𝑝𝑢𝑚𝑝) and 𝜌1𝑔(ℎ𝑝𝑢𝑚𝑝 − ℎ𝑐ℎ𝑜𝑘𝑒) are the hydrostatic 

pressures of control volumes 1 and 2 

2.2 Equations System 

As previously defined, we have a system of ordinary 
differential equations that represents the dynamics 
of the system. However, to approximate the model of 
the physical system present in LEA, we need to make 
some considerations and definitions. The flow of oil 
to the bottom of the well, which represents the 
reservoir flow rate, is not free. There is a valve for 
testing purposes. Therefore, we need to consider the 
flow through an orifice, in this case, a valve. The same 
applies to the flow rate at the choke valve. Thus, we 
have the following definitions for the reservoir flow 
rate 𝑞𝑟 and the flow rate at the choke valve 𝑞𝑐: 

𝑞𝑟 = 𝑘𝑟𝑍𝑟√𝑃𝑟 − 𝑃𝑓 (9) 

 

𝑞𝑐 = 𝑘𝑐𝑍𝑐√𝑃𝑐
𝑖𝑛 − 𝑃𝑚𝑎𝑛 (10) 

 

Where 𝑘𝑟  and 𝑘𝑐 are, respectively, the flow constant 
of the reservoir and production choke valves, and 
similarly 𝑍𝑟 and 𝑍𝑐 are the percentage opening of the 
aforementioned valves, in the same order. Thus, the 
system of differential equations can be written as 
follows: 

d(Lannu)

dt
=

1

Aannu

(q𝑟 − qm) =  
1

Aannu

(𝑘𝑟𝑍𝑟√𝑃𝑟 − 𝑃𝑓 − qm) (11) 

𝑑𝑃𝑐
𝑖𝑛

𝑑𝑡
=

𝛽2

𝑉2

(𝑞𝑚 − 𝑞𝑐) =
𝛽2

𝑉2

(𝑞𝑚 − 𝑘𝑐𝑍𝑐√𝑃𝑐
𝑖𝑛 − 𝑃𝑚𝑎𝑛) (12) 

𝑑𝑞𝑚

𝑑𝑡
=

𝐴̅

𝜌̅𝑙 ̅
(𝑃𝑓 − 𝑃𝑐

𝑖𝑛 + Δ𝑃𝑝𝑢𝑚𝑝(𝑓) − 𝐹1 − 𝐹2 −  (13) 

𝜌1𝑔(ℎ𝑟 − ℎ𝑝𝑢𝑚𝑝) − 𝜌2𝑔(ℎ𝑝𝑢𝑚𝑝 − ℎ𝑐ℎ𝑜𝑘𝑒) ) 

 

In addition to the system of differential equations, 
there are important relationships for the system that 
must also be observed. These are: 

𝑃𝑓 = 𝜌𝑔(𝐿𝐴𝑛𝑛𝑢 + ℎ𝑟 − ℎ𝑝𝑢𝑚𝑝) (14) 

 

This is the relationship between the Bottom Hole 
Pressure and the fluid column that includes the 
Annulus Level and the fluid column between the 
bottom of the well and the pump intake. Thus, we can 
write the reservoir flow rate as follows: 

𝑞𝑟 = 𝑘𝑟𝑍𝑟√𝑃𝑟 − 𝜌𝑔(𝑁 + ℎ𝑟 − ℎ𝑝𝑢𝑚𝑝) (15) 

 
𝐻𝑜 = 𝑎𝑞𝑜

2 + 𝑏𝑞𝑜 + 𝑐 (16) 

 

𝐻 = 𝐻𝑜. (
𝑓

𝑓𝑜

)
2

(17) 

 

Δ𝑃 = 𝜌𝑔𝐻 = 𝜌𝑔 (
𝑓

𝑓𝑜

)
2

[𝑎𝑞𝑜
2 + 𝑏𝑞𝑜 + 𝑐] (18) 

 

The pump polynomial, provided by the 
manufacturer, gives us information on the pump's 
performance. 

𝑞𝑜 = 𝑞𝑚. (
𝑓

𝑓𝑜

) (19) 

Influence of frequency variation on flow rate, it is 
possible to perceive a direct proportionality 
relationship, as increasing the motor frequency of 
the pump leads to an increase in flow rate. 

It is worth remembering that the system mentioned 
above is a nonlinear system, and the variables that 
compose it have values with varied orders of 
magnitude, which can be a problem for the solution 
algorithm of this system. One solution for this 
possible problem is unit transformation and 
dimensionalization. For this, we will use the total 
length of the well 𝐿𝑝 for the annular level, the 

maximum pressure variation around the pump 
Δ𝑃𝑚𝑎𝑥  for the choke pressure, and the flow rate 
differential within the operating region given by the 



 

manufacturer Δ𝑞 for the average flow rate. Thus, we 
will have the following dimensionless system: 

d(Lannu
∗ )

dt
=  

1

103Aannu𝐿𝑝

(𝑘𝑟𝑍𝑟√𝑃𝑟 − 𝑃𝑓 − qm) (20) 

𝑑𝑃𝑐
∗

𝑑𝑡
=

𝛽2

103𝑉2Δ𝑃𝑚𝑎𝑥

(𝑞𝑚 − 𝑘𝑐𝑍𝑐√𝑃𝑐
𝑖𝑛 − 𝑃𝑚𝑎𝑛) (21) 

𝑑𝑞𝑚
∗

𝑑𝑡
=

10³𝐴̅

Δ𝑞𝜌̅𝑙 ̅
(𝑃𝑓 − 𝑃𝑐

𝑖𝑛 + Δ𝑃𝑝𝑢𝑚𝑝(𝑓) − 𝐹1 − 𝐹2  (22) 

−𝜌1𝑔(ℎ𝑟 − ℎ𝑐ℎ𝑜𝑘𝑒) − 𝜌2𝑔(ℎ𝑝𝑢𝑚𝑝 − ℎ𝑐ℎ𝑜𝑘𝑒) ) 

 

2.1 Variables of Interest 

In control systems, there are variables of interest for 
manipulation, called manipulated variables (MV), 
and the variables that we want to control, called 
process variables (PV) or controlled variables. In the 
BCS system present in LEA, two manipulated 
variables and two controlled variables were defined, 
being the manipulated variables: pump motor 
frequency and choke valve opening, and the 
controlled variables: oil level in the annular region 
and flow rate at the choke valve. 

3. Results 

We can see the results with the figures bellow, for the 
inputs: 

 

Fig. 3 – Frequency input. 

 

Fig. 4 – Valve opening input. 

The outputs were the following: 

 

Fig. 5 – Choke Flow Rate output. 

 

Fig. 6 – Choke Flow Rate output. 

 

4. Conclusion 

We conclude that the modeling was done 
successfully, since it represents the real system very 
well. Looking at the graphs we could notice that 
when the frequency goes down so does the choke  
valve flow rate, because they are proportionals, b ut 
the annular level has a less steep descent, as the flow 
rate decreases, there is not the same volume of fluid 
leaving the well, so the level decreases at a slower 
pace.  

However, when the frequency increases, the flow 
rate also increases, so there is more fluid being lifted 
to the surface, and thus the annular level reduces at 
a faster pace. 

On the other hand, when the valve is partially closed, 
the flow rate decreases and the level increases, as the 
choke valve closure is directly proportional to the 
flow rate at the choke, but inversely proportional to 
the annular level.  

Therefore, when there is an opening in the choke 
valve, the flow rate increases and the level decreases. 
This makes sense if we look at the relationships 
between the variables in the ODEs. 
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