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Abstract 

 

The Electrical Submersible Pump (ESP) is a multistage centrifugal pump used in the petroleum industry 

as an artificial lift method. The ESP usually works with the presence of two-phase liquid-liquid flows 

that constitute dispersions and emulsions, causing performance losses and operational problems. This 

research aims to investigate the behavior and evaluate the dynamics of individual oil drops in an oil-in-

water dispersion within an ESP impeller. The study adopts experimental and numerical approaches. 

Initially, experiments were performed using an experimental facility with a high-speed camera and an 

ESP prototype working at 600 rpm and 900 rpm, for water flows around the Best Efficiency Point (BEP) 

and with the injection of oil drops at a low flow rate. The acquired images were processed, and a drop 

sample was tracked, enabling the analysis of the size, shape, path, velocity, and acceleration of the oil 

drops. Numerical simulations were executed in ANSYS® software to define relevant parameters related 

to water and oil drops, such as velocities, accelerations, forces, turbulent dissipation, and residence time. 

The images reveal a unique flow pattern of dispersed drops in a continuous water phase. The oil drops’ 

diameters vary from tenths of a millimeter to around 3 mm. The drops’ trajectories can be classified 

into three different regions within the impeller channels. The drops’ velocities stay in the order of 1 m/s, 

while accelerations can reach hundreds of m/s². The velocity profiles show that the oil drops tend to 

decelerate during their trajectory, while the acceleration profiles suggest peaks at the channel inlet and 

outlet. High intense turbulence is present in the impeller entrance zone. The evaluation of the residence 

time and the particle Reynolds number suggest that smaller oil drops follow the water streamlines, while 

larger oil drops tend to be affected by external forces. The main forces that govern the oil drop motion 

are the drag, the pressure gradient, and the virtual mass forces. The force from the pressure gradient is 

tenfold greater than the force from the drag. The virtual mass effect is significant only in the impeller 

inlet. In general, in this research, numerical results show a satisfactory agreement with the experimental 

data. 
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Nomenclature 

 

ESP  Electrical Submersible Pump 
BEP Best Efficiency Point 

HSC High-Speed Camera 

VSD Variable Speed Driver 

PIV Particle Image Velocimetry 
FBRM Focused Beam Reflectance Measurement 

CFD Computational Fluid Dynamics 

GVF Gas Volume Fraction 
VOF Volume of Fluid 

MRF Moving Reference Frame 

DPM Discrete Phase Model 

SMM Sliding Mesh Model 
BSL  Reynolds Baseline Model 

RANS Reynolds Averaged Navier-Stokes 

SST Menter’s Shear Stress Transport 
FG Full Geometry 

RG Reduced Geometry 

VM Virtual Mass 
 

𝑔 Gravity 

𝑁 Rotational speed of impeller 

𝜔  Angular speed of impeller 

𝐷  Impeller diameter 

𝑁𝑐 Number of impeller channels 

𝑚𝑤 Water mass flow rate 

𝑄 Water volume flow rate 

𝑄𝐵𝐸𝑃  Water flow rate at BEP 

𝑞 Fraction of 𝑄𝐵𝐸𝑃  

𝑇 Temperature of water 

𝑃1 Pressure at the inlet of ESP prototype 

𝑃2 Pressure at the outlet of ESP prototype 

∆𝑃  Difference between pressures 𝑃1 and 𝑃2 

𝜌𝑜 Oil density 

𝜇𝑜 Oil viscosity 

𝜎𝑎/𝑜 Oil-air surface tension 

𝜎𝑤/𝑜 Oil-water interfacial tension 

𝑥, 𝑦 Oil drop position in Cartesian reference 

𝑅, 𝜃 Oil drop position in polar reference 

𝑧  Position perpendicular to 𝑥𝑦 or 𝑅𝜃 planes 

𝑅∗, 𝜃∗ Normalized oil drop position 

𝑅𝑖 , 𝑅𝑜   Impeller radius: from center to inlet and outlet 

𝜃0  Initial angle of an oil drop 

𝜃𝑐  Channel angle 

𝑅̇, 𝜃̇  First derivatives of drop position 

𝑅̈, 𝜃̈  Second derivatives of drop position 

𝑓′(𝑡) First derivative in finite-difference method 

𝑓′′(𝑡) Second derivative in finite-difference method 

∆𝑡  Time between two consecutive images 

ℎ Time step in finite-difference method 

𝑉𝑅  Radial velocity of an oil drop 

𝑉𝜃  Swirl velocity of an oil drop 

𝑉⃗  Velocity of oil drop in non-inertial system 

𝑉𝐼
⃗⃗  ⃗  Velocity of oil drop in inertial system 

𝐴𝑅  Radial acceleration of an oil drop 

𝐴𝜃  Swirl acceleration of an oil drop 

𝐴  Acceleration of drop in non-inertial system 

𝐴𝐼
⃗⃗⃗⃗   Acceleration of drop in inertial system 

𝐹𝑅
⃗⃗⃗⃗   Resultant force 

𝐹𝐷
⃗⃗ ⃗⃗  Drag force 

𝐹𝑃
⃗⃗⃗⃗  Pressure gradient force 

𝐹𝐿
⃗⃗⃗⃗  Lift force 

𝐹𝑉𝑀
⃗⃗ ⃗⃗ ⃗⃗  ⃗ Virtual mass force 

𝑚𝑝 Oil drop mass 

𝑑 Oil drop diameter 

∇𝑠𝑝 Pressure gradient 

𝑑𝑖𝑗 Deformation tensor 

𝐶𝐷 Drag coefficient 

𝐶𝑉𝑀 Virtual mass effect 

𝐾 Constant in Saffman's lift force equation 

𝐴 Constant in normalized oil drop position 

𝑝 Static pressure 

𝑃 Modified pressure 

𝑈⃗⃗  Velocity of water 

𝜌 Water density 

𝜇 Water viscosity 

𝜇𝑡  Turbulent viscosity 

𝜇𝑒𝑓 Effective viscosity 

𝛷 Dimensionless flow rate 

𝛹 Dimensionless pump head 

𝜅 Turbulent kinect energy 

𝜖 Turbulent eddy dissipation 

𝑡𝑟𝑒𝑠  Impeller residence time 

𝑡𝑟𝑒𝑠
∗  Normalized residence time 

Re𝑑 Particle Reynolds number 

𝑈𝑡𝑖𝑝 Blade velocity 

𝑦+ Dimensionless distance from the wall  

𝑓+(𝑅∗) Central path position function 

𝑓−(𝑅∗) Central path position function  
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1. Introduction 

The petroleum industry uses the term lifting to refer to the process of vertically transporting fluids extracted 

from a reservoir, which must flow from the bottom of the well to the production facilities. When the reservoir 

pressure is insufficiently high to overcome the weight of the fluid column as well as the frictional pressure drop, 

producers must rely on external energy provided by artificial lifting methods.  

One of the most consolidated techniques for lifting oil is the electrical submersible pumping, in which the 

fluids are elevated by a multiple-stage centrifugal pump, called Electrical Submersible Pump (ESP). ESPs are 

largely used in onshore and offshore wells, with low and high liquid flow rates (Takacs, 2017). It is estimated 

that around the world more than 100,000 wells operate with ESPs (Flatern, 2015). 

Although ESPs are widely employed, several aspects related to their usage are still problematic. This is 

especially the case when it comes to operating in the presence of gas or viscous fluids, conditions quite common 

in applications associated with the petroleum industry. Examples of operation with high-viscosity fluids include 

heavy oil fields and the formation of liquid-liquid mixtures when water is present. In this last case, the phase 

distribution can be arranged as a dispersion, depending on the flow conditions. 

Indeed, oil production is closely related to the occurrence of dispersions and emulsions (Abivin et al., 2009). 

Their formation depends on mechanical processes that provide the energy necessary to dissipate one liquid into 

the other (Sjoblom, 2005). In this sense, the ESP can promote the creation of dispersions, due to the fluids being 

agitated in the impeller, resulting in the break-up of phases into small droplets. 

The apparent viscosity of a dispersion may be higher than the pure oil viscosity. In the case of ESPs, the 

presence of water can increase the effective petroleum viscosity and consequently impair pump performance, 

leading to a significant rise in operational costs. The behavior of real flows is very different from that observed 

in single-phase flows. Thus, the project of designing an ESP system calls for engineers to possess a detailed 

comprehension of multiphase flow dynamics within centrifugal pumps. 

Considerable efforts have been made to investigate two-phase flows inside pumps. Computational Fluid 

Dynamics (CFD) methods are commonly adopted to simulate flow in a computational environment and may 

provide detailed insight into flow fields and dynamics. Flow-visualization techniques are used to experimentally 

identify flow patterns and analyze the interaction between the phases present in a mixture. A powerful method 

for flow visualization is the high-speed imaging, as it helps researchers to observe transient phenomena with a 

satisfactory spatial and temporal resolution (Mohammadi and Sharp, 2013). 

Regarding two-phase gas-liquid flows, initial studies were focused on the nuclear industry, where centrifugal 

pumps were employed in reactor cooling systems and there was a concern about radioactive fluids leaking. The 

pioneer in the petroleum industry was Estevam (2002), who developed the first ESP prototype for experimental 

visualization of air-water flows. 

Two-phase gas-liquid flows within pumps were also examined by such authors as Barrios and Prado (2011), 

Trevisan and Prado (2011), Zhang et al. (2016), Monte Verde et al. (2017), and Cubas Cubas (2017). These 

authors, who used high-speed cameras to visualize flow in impellers, aimed to identify flow patterns; observe 

the phenomena as accumulation, agglomeration, and coalescence; and investigate how the behavior of bubbles 

was influenced by rotation speed, liquid flow rate, intake pressure, viscosity, and surface tension. 

Caridad and Kenyery (2004), Caridad et al. (2008), Barrios et al. (2009) and Pineda et al. (2016) studied 

gas-liquid flows inside ESPs using CFD simulations. Caridad and Kenyery (2004) adopted a two-fluid model 

to predict pressure, velocity fields, and Gas Volume Fraction (GVF). To model turbulence, the authors used the 

κ-ϵ model. They successfully predicted the presence of gas pockets for different GVFs inside the pump. Later, 

Caridad et al. (2008) investigated the ESP head, bubble diameter, flow angle at the impeller outlet and phase 

distribution within the channels. The results presented excellent agreement with experimental data. The authors 

predicted that, due to the low velocity of the liquid, the gas would agglomerate on the high-pressure side of the 
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impeller blade. The κ-ϵ turbulence model was also used by Barrios et al. (2009) to perform one-fluid and two-

fluid simulations. They observed some vortices at the trailing edge on the suction side and also noticed a 

recirculation zone inside the channels. Using a correlation for the drag coefficient, the authors verified an 

accumulation of gas at the intake. Finally, Pineda et al. (2016) used the Volume of Fluid (VOF) model to obtain 

the void fraction and the pump head. In a comparison with experimental measurements, the CFD was capable, 

under certain conditions, of determining the flow behavior. Fluctuations occurred only at high rotation speeds. 

Minemura and Murakami (1980), Sabino (2015) and Ofuchi et al. (2017) explored the air bubble dynamics 

inside impeller channels. According to them, the movement of the bubbles in the pump is controlled by five 

forces: a drag force due to the movement of the bubble relative to the water, a pressure force related to the 

pressure gradient in the channel, a buoyancy force due to the difference of densities between the fluids, an 

inertial force as a consequence of the water acceleration and a force that considers the historical effect of the 

flow around the bubble. However, the authors agree that, in the cases investigated, the most important forces 

acting on air bubbles were the drag force and the pressure gradient force.  

Concerning two-phase liquid-liquid flows, pipelines are dealt with in the vast majority of works, such as 

those by Brauner and Maron (1992), Alkaya et al. (2000), Angeli and Hewitt (2000), Lum et al. (2006), 

Rodriguez and Oliemans (2006), Vielma et al. (2007), Grassi et al. (2008), Wang et al. (2011), Castro et al. 

(2012), Rodriguez and Baldani (2012), Hanafizadeh et al. (2015), Loh and Premanadhan (2016) and Cavicchio 

et al. (2018). In the scope of centrifugal pumps, experimental studies on dispersions and emulsions are few, 

such as Khalil et al. (2008), Morales et al. (2013) and Bulgarelli et al. (2017a, 2017b). There are also some 

numerical works related to ESPs, including those by Mundo (2014), Stel et al. (2015) and Zhu et al. (2016), the 

last ones concerning multistage pumps. However, no studies are available that focus on dynamics of individual 

liquid droplets. 

Khalil et al. (2008) experimentally investigated the performance of centrifugal pumps working with oil-in-

water emulsions. The authors concluded that the presence of emulsions degrades the pump head and efficiency. 

The performance also suffers a reduction when the holdup and temperature decrease. 

Morales et al. (2013) studied the dispersion formation in a pump working with a dispersion of water and oil. 

The authors used a particle-size analyzer to measure the drop-size distribution and concluded that the drop size 

mostly depends on the pump rotation. The drops become smaller as the rotation increases. 

Mundo (2014) conducted experimental and numerical evaluations for water-in-oil emulsions within an ESP. 

The author studied the effect of water fraction and drop size on performance curves, using a BSL turbulence 

model (Reynolds Baseline Model). For both oils tested, the author verified that there was a reduction in the head 

and flow rate capacity and an increase of the emulsion effective viscosity with higher concentration. 

Stel et al. (2015) performed CFD simulations in order to investigate the single-phase flow in a multistage 

ESP. They evaluated the influence of the turbulence model and the number of stages on the pump performance 

and compared some numerical and experimental results. The authors verified that the SST turbulence model 

(Menter’s Shear Stress Transport) was more suitable for their system. 

Zhu et al. (2016) were interested in the oil-viscosity effect on multistage ESPs. They conducted experimental 

analysis and numerical simulations, varying oil viscosity, flow rate and rotation speed. Steady-state simulations 

with SST turbulence model indicated that the pump efficiency starts to decrease when the oil viscosity is higher 

than 200 cP. 

Bulgarelli et al. (2017a, 2017b) used an 8-stage ESP operating with emulsions to study the phase inversion 

phenomena and the chord-length distribution. Tests were carried out at various viscosities and rotation speeds. 

The phase inversion occurs at water fractions ranging between 10% and 30%. For low water fractions, oil is the 

continuous phase, with a higher effective viscosity that degrades the pump performance. For high water 

fractions, water is the continuous phase, with a lower effective viscosity that increases the pump performance. 
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Using a Focused Beam Reflectance Measurement (FBRM) technique, the authors observed that the chord length 

increased up to the phase inversion point and dropped after it. 

In short, as the literature review exposes, the two-phase liquid-liquid flows with dispersions in ESPs are still 

insufficiently understood, despite their relevant application in the petroleum industry. Unlike their study of gas 

bubbles, researchers have not thoroughly investigated liquid droplets. Most studies in the literature examine the 

overall pump performance, but there is a lack of studies exploring the dynamics of liquid phases. 

The objective of this research is to study, through a joint study of experiments and numerical simulations, 

the motion and the dynamics of individual liquid drops subject to a rotating field. First, oil drops are visualized 

in a turbulent water flow inside the impeller of an ESP prototype. Images are captured and processed to obtain 

size, shape, position, trajectory, velocity and acceleration of oil drops. The flow is then simulated using a CFD 

method, permitting the evaluation of turbulent dissipation, residence time, velocities, accelerations and forces. 

Finally, numerical results are compared with the experimental ones. 

The results can provide a better understanding of the motion of dispersed droplets in pumps. This paper 

contributes to a better understanding of dispersions in two-phase flows within ESPs. In the future, the results 

can be expanded to other cases and associated with the efficiency and performance of different pumps. In 

addition, the slip between the phases can be calculated when water and oil velocities are evaluated. The long-

term industrial application is the proposition of one-dimensional models in order to predict the best type of ESP 

for each application, but also to find optimum operational parameters for a given system. 

 

2. Experimental Methodology 

An experimental facility with an ESP prototype was used to perform experiments at different operational 

conditions. Water and a mineral oil were selected to compose the two-phase liquid-liquid flow. A High-Speed 

Camera (HSC) was employed to capture images of the flow within the prototype impeller. 

2.1 Experimental Facility 

The tests were performed using an experimental setup that consists of a water circuit, an oil injection system, 

and a visualization prototype based on the Baker-Hughes ESP P23. The ESP prototype was designed and built 

by Monte Verde et al. (2017), who minutely present the pump characteristics and the impeller geometry. The 

test bench is shown in Fig. 1. 

 

Fig. 1. Photograph of the experimental facility with the visualization prototype. 
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The ESP prototype has an impeller with a transparent top shroud made of an acrylic material, which enables 

the visual access to the flow in all the channels. Monte Verde et al. (2017) used the prototype to study gas-liquid 

two-phase flows. In this current work, the test bench was updated to enable the visualization of liquid-liquid 

two-phase flows as well. 

A high-speed camera model VEO 640, manufactured by Phantom®, is responsible for the flow visualization. 

The equipment acquires images with a maximum resolution of 2560 x 1600 pixel at a rate of 1400 frames per 

second. Three LED reflectors are used as light sources, each with 84 Watts and 7700 lumens. 

A schematic illustration of the experimental facility is presented in Fig. 2. In the water line, a booster pump 

draws the liquid from a 0.5 m3 separation tank. The water flows through a Coriolis meter and a shell-and-tube 

heat exchanger, before finally reaching the prototype suction. At the same time, in the oil line, a peristaltic pump 

drags the liquid out of a 10-liters reservoir. The oil is injected into the prototype near the impeller inlet through 

a capillary tube with 1/16-inch inner diameter. The oil becomes dispersed in the water flow. Both liquids enter, 

traverse and exit the impeller channels, while the high-speed camera captures images of the flow. The dispersion 

then goes to the separation tank where, by differences in density, the water is gravitationally separated from the 

oil. The water flows back to its line, while the separated oil is dewatered and returns to the oil tank. 

The Coriolis flowmeter model RHM12, fabricated by Metroval, measures the water mass flow rate (𝑚𝑤). It 

has a limit range of 6000 kg/h and an accuracy of 0.2%. A resistance temperature detector type PT100, 

manufactured by ECIL, with 1/10 DIN accuracy, quantifies the dispersion temperature (𝑇) in the prototype inlet. 

Two capacitive pressure transducers series 2088, manufactured by Emerson Rosemount™, measure the intake 

(𝑃1) and discharge (𝑃2) pressures with an accuracy of 0.05%. The analog output signals are acquired by a 

National Instruments system. The data is monitored, processed and stored in a computer by a LabVIEW® code. 

In addition, the prototype rotation speed (𝑁) is checked manually with a digital tachometer model MDT-2238A, 

fabricated by Minipa, with an accuracy of 0.05%. 

 

 

Fig. 2. Schematic diagram of the experimental facility. 
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As the fluids are flowing in a closed loop, they tend to heat up during the experiments. The temperature-

control system, composed of the heat exchanger and a thermo-chiller, is able to maintain the fluids at a constant 

temperature. The system can also heat or cool the liquids; it is thus possible to modify their properties during 

the tests, especially the viscosity. 

Control valves regulate pressure levels and flow rates in the lines. Moreover, each pump is controlled by a 

Variable Speed Driver (VSD) that sets the rotational speed and thus changes the flow rate. The rotational speed 

of the peristaltic pump is used to quantify the oil flow rate, which has very low values when compared to the 

water flow rate. 

2.2 Test Matrix 

Performance curves were determined for the ESP prototype operating with a water single-phase flow and an 

oil-water two-phase flow. The results were used as a reference for the visualization experiments. 

The visualization tests for oil-in-water dispersions were carried out at two rotation speeds (𝑁) and three 

water volume flow rates (𝑄) around the best efficiency points (BEP), as presented in Table 1. In all the tested 

conditions, the oil was injected at a constant flow rate of 2 ml/s, i.e., 0.007 m³/h. 

 

Table 1. Test matrix with six flow conditions. 

𝑵 

[rpm] 

0.8 𝑸𝑩𝑬𝑷 

[m³/h] 

1.0 𝑸𝑩𝑬𝑷 

[m³/h] 

1.2 𝑸𝑩𝑬𝑷 

[m³/h] 

600 1.70 2.13 2.56 

900 2.56 3.20 3.84 

 

The water flow rates corresponding to the best efficiency points (𝑄𝐵𝐸𝑃) were determined by the analysis of 

the single-phase performance curves. 

As already mentioned, the two-phase liquid-liquid flow is a mixture of tap water and a mineral oil. Chemical 

tests were executed to characterize the oil properties at 25 ºC; the tests yielded a density (𝜌𝑜) of 880 kg/m³, a 

dynamic viscosity (𝜇𝑜) of 220 cP, a surface tension (𝜎𝑎/𝑜) of 32 mN/m, and an interfacial tension (𝜎𝑤/𝑜) of 

34 mN/m. All performance and visualization experiments were carried out at the temperature of 25 ºC. 

The originally transparent oil was darkened with a black dye to enhance the contrast between the liquid and 

the white impeller. A higher contrast improves the quality of the flow images. The dye does not affect the oil 

chemical properties nor the water color. 

Even though the rotation speeds employed in real ESPs in the petroleum industry can reach 3500 rpm, some 

restrictions in the experiments limited the chosen test conditions to 600 rpm and 900 rpm. At high rotational 

speeds and flow rates, the oil drops become so small that the high-speed camera resolution is not sufficient to 

capture adequate images. Moreover, the ESP acrylic shroud may suffer severe damages and may even break 

when subjected to high pressures. 

2.3 Experimental Procedure 

In the performance tests for a single-phase flow, the prototype rotation remains constant throughout the test. 

The water flow rate is first adjusted to a maximum value that coincides with a zero-pressure generated by the 

ESP prototype. This condition is called open-flow. Afterward, data is acquired at 1 kHz frequency during 30 

seconds and the average quantity is storage. Next, the discharge control valve is slightly closed to reduce the 

water flow rate and data is acquired again. In this condition, the flow rate is below the maximum and the pump 

head is above zero. The procedure is repeated until the water flow rate reaches a minimum value that correlates 

with the ESP highest-pressure, a condition called shut-off. Then, the prototype rotation is updated and the test 

is carried out from the beginning. 
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The procedure adopted for the two-phase flow performance tests is similar to the previous one. The only 

difference is the injection of oil at a constant flow rate. As the water flow decreases, the oil fraction increases.  

However, the visualization experiments for two-phase oil-in-water flow have a quite different procedure. 

Before the test, the position of the LED reflectors is carefully adjusted to avoid forming shadows, the camera is 

placed on a tripod and the lens is focused on the impeller. The desired ESP rotation is set and remains constant 

throughout the test. Initially, the water pump and the discharge control valve are operated to obtain the desired 

water flow rate. In the oil injection system, the control valves are opened and the peristaltic pump is turned on. 

Next, the high-speed camera captures flow images for 10 seconds. While the images are saved in the computer 

hard disk, the peristaltic pump is turned off and the oil control valves are closed. After a few minutes, when the 

storage is complete, a new condition is established in the water loop. Then, the oil injection and the image 

acquisition restart. The procedure is repeated for all water flow rates. Finally, the test is performed again, at a 

different prototype rotation speed. 

 

3. Image Analysis 

The visualization tests for liquid-liquid two-phase flow resulted in thousands of images. An observation of 

them indicates the occurrence of a flow pattern characterized by dispersed oil drops in a water flow. The image 

processing reveals the characteristics of the oil drops, as well as allows the analysis of their dynamics, with an 

evaluation of velocities, accelerations, and forces. 

3.1 Image Observation 

The flow images confirm the presence of dispersions within the impeller. The dispersed oil drops in water 

occur at all operational points considered in the test matrix, constituting a unique flow pattern. In addition, most 

drops have a spherical geometric shape, with only a few presenting irregular formats. The oil drops have 

equivalent diameters of tenths of a millimeter to about 3 mm. Furthermore, the drop size directly depends on 

the ESP rotation and the water flow, as shown in Fig. 3, Fig. 4, and Fig. 5, which compare the impeller under 

different tested conditions. 

 

 

(a) 
 

(b) 

Fig. 3. Oil drops in the impeller at 𝑄𝐵𝐸𝑃: (a) 600 rpm and (b) 900 rpm. 
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 (a) 
 

(b) 

Fig. 4. Oil drops in the impeller at 600 rpm: (a) 0.8 𝑄𝐵𝐸𝑃  and (b) 1.2 𝑄𝐵𝐸𝑃 . 

 

 (a) 
 

(b) 

Fig. 5. Oil drops in the impeller at 900 rpm: (a) 0.8 𝑄𝐵𝐸𝑃  and (b) 1.2 𝑄𝐵𝐸𝑃 . 

Clearly, the oil drop size varies as a function of the flow characteristics. The drops become smaller as pump 

rotation and water flow rate increase. The phenomenon is a consequence of higher local stresses, turbulence, 

and centrifugal field acting on the oil drops. Breakage and coalescence are virtually not observed in the image 

analysis. In fact, the oil drops tend to break before the impeller inlet, on the way from the injection point to the 

channel inlet where flow restrictions cause a high localized shear and the dispersion suffers a sudden change of 

direction. 
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3.2 Image Processing 

The images were processed in a computational environment in order to enable the analysis of the oil drop 

trajectory and the evaluation of its dynamics. A MATLAB® routine rotated each image counterclockwise. As a 

result, the channels became static, as if the high-speed camera rotated integrally with the impeller during the 

experiments. The reverse rotation technique facilitates the analysis of the oil drops inside each channel without 

the impeller angular motion. 

Then, using the software IDT Motion Studio, samples of oil drops were tracked from the images of the ESP 

prototype operating at the test matrix conditions, described in Table 1. The selected oil drops have diameters 

approximately from 1.0 mm to 2.5 mm. They execute well-behaved trajectories within the channels. 

The tracking process creates a table with the oil drop position as a function of time, in a Cartesian coordinate 

system. The position, 𝑥 and 𝑦, is converted to a new position, 𝑅 and 𝜃, in the directions î𝑅 and î𝜃, in polar 

coordinates with origin in the center of the impeller, as Fig. 6 illustrates. The frame of reference is non-inertial 

since it rotates along with the impeller, due to the reverse rotation technique. 

 

 

Fig. 6. Position of oil drop in a polar coordinate system. 

The 𝑅 and 𝜃 values are used to calculate the radial and swirl velocities, 𝑉𝑅 and 𝑉𝜃, and the radial and swirl 

accelerations, 𝐴𝑅 and 𝐴𝜃. In a Lagrangian approach, they are obtained through the derivatives and the chain 

rule. As Hibbeler (2010) explained, considering the oil drops as rigid particles of negligible size, the velocity 

and acceleration are determined as: 

 

𝑉⃗ = 𝑉𝑅  îR + 𝑉𝜃  îθ = 𝑅̇ îR + 𝑅𝜃̇ îθ  [3.1] 

𝐴 = 𝐴𝑅  îR + 𝐴𝜃  îθ = (𝑅̈ − 𝑅𝜃̇2) îR + (𝑅𝜃̈ + 2𝑅̇𝜃̇) îθ  [3.2] 

 

The particle velocity, 𝑉, and acceleration, 𝐴, are then converted from the rotating non-inertial frame of 

reference to a new fixed inertial one, with origin still in the impeller center. According to White (2011), the 

procedure consists of including effects such as the tangential velocity due to the rotation, 𝜔 × 𝑅, and the 

centrifugal and Coriolis pseudo-accelerations, 𝜔 × (𝜔 × 𝑅) and 2𝜔 × 𝑉. Thus, the inertial velocity and 

acceleration, 𝑉𝐼 and 𝐴𝐼, are evaluated as: 

 

𝑉𝐼
⃗⃗  ⃗ = 𝑅̇ îR + (𝑅𝜃̇ − 𝜔𝑅) îθ  [3.3] 

𝐴𝐼
⃗⃗⃗⃗ = [𝑅̈ − (𝜔 + 𝜃̇)

2
𝑅] îR + [𝑅𝜃̈ + 2(𝜔 + 𝜃̇)𝑅̇] îθ  [3.4] 
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The number of dots on 𝑅 and 𝜃 represent their first and second derivatives in time, i.e., 𝑑𝑅/𝑑𝑡, 𝑑𝜃/𝑑𝑡, 

𝑑²𝑅/𝑑𝑡² and 𝑑²𝜃/𝑑𝑡². Since the oil drop position is given in the form of a matrix, the derivatives should be 

calculated via numerical derivation. Hence, the derivatives are obtained by the central finite-difference method, 

with a step ℎ =  𝛥𝑡, the time interval between two consecutive images captured by the camera during the 

experiments. The finite-difference method is described by the equations below, where 𝑓’(𝑡) and 𝑓’’(𝑡) are the 

derivatives of a generic function 𝑓(𝑡). In this paper, the function 𝑓(𝑡) represents 𝑅 and 𝜃: 

 

𝑓′(𝑡) ≈
𝑓(𝑡 + ℎ) − 𝑓(𝑡 − ℎ)

2ℎ
 [3.5] 

𝑓′′(𝑡) ≈
𝑓(𝑡 + ℎ) − 2𝑓(𝑡) + 𝑓(𝑡 − ℎ)

ℎ2
 [3.6] 

 

With the velocities and accelerations, a resultant force can be calculated. The next section describes the 

mathematical modeling of the main forces acting on oil drops in the oil-in-water dispersions. 

 

4. Drop Motion 

The oil drop dynamics is investigated using a force balance on the drop. The resultant force 𝐹𝑅
⃗⃗⃗⃗   governs the 

motion of an oil drop with a mass 𝑚𝑝 and is considered here as a sum of drag force (𝐹𝐷
⃗⃗ ⃗⃗ ), pressure force (𝐹𝑃

⃗⃗⃗⃗ ), 

lift force (𝐹𝐿
⃗⃗⃗⃗ ), and virtual mass force (𝐹𝑉𝑀

⃗⃗ ⃗⃗ ⃗⃗  ⃗). From Newton's second law: 

 

𝐹𝑅
⃗⃗⃗⃗ =  𝑚𝑝

𝑑𝑉⃗ 

𝑑𝑡
= 𝐹𝐷

⃗⃗ ⃗⃗ + 𝐹𝑃
⃗⃗⃗⃗ + 𝐹𝐿

⃗⃗⃗⃗ + 𝐹𝑉𝑀
⃗⃗ ⃗⃗ ⃗⃗  ⃗ [4.1] 

 

Considering an oil drop with a spherical shape, the mass is estimated as a function of the oil density, 𝜌𝑜, and 

the drop diameter, 𝑑. Hence, the resultant force is obtained by: 

 

𝐹𝑅
⃗⃗⃗⃗ = 𝜌𝑜 (

𝜋𝑑3

6
)𝐴  [4.2] 

 

Regarding a spherical oil drop, the drag force is described as follows: 

 

𝐹𝐷
⃗⃗ ⃗⃗ =

1

2
 𝜌 𝐶𝐷 (

𝜋𝑑2

4
) (𝑈⃗⃗ − 𝑉⃗ )|𝑈⃗⃗ − 𝑉⃗ | [4.3] 

 

where 𝜌 is the water density, 𝐶𝐷 is the drag coefficient, 𝑑 is the oil drop diameter, 𝑈⃗⃗  and 𝑉⃗  are respectively the 

water and oil drop velocities that determine the relative speed between continuous and dispersed phases. There 

are many correlations to calculate the drag coefficient in the literature. The drag coefficient model applied in 

this work is the Spherical Drag Law (Morsi and Alexander, 1972). 

For a spherical oil drop, the force due to the pressure gradient is defined as follows: 

 

𝐹𝑃
⃗⃗⃗⃗ =

𝜋𝑑3

6
∇𝑠𝑝 [4.4] 

 

where ∇𝑠𝑝 is the pressure gradient along the oil drop path. 
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The Saffman's lift force is calculated as follows: 

 

𝐹𝐿
⃗⃗⃗⃗ =

𝜋𝑑2

6

2𝐾𝜈0,5𝜌𝑑𝑖𝑗

(𝑑𝑙𝑘𝑑𝑘𝑙)0.25
(𝑈⃗⃗ − 𝑉⃗ ) [4.5] 

 

where 𝐾 = 2.594 and 𝑑𝑖𝑗 is the deformation tensor. 

This expression for the lift force is valid for small particle sizes, normally smaller than one µm, with the 

particle Reynolds number much lower than the unit. In the present work, the lift force is disregarded, since the 

oil drop diameters are in the range from 0.01 mm to 10 mm. 

Finally, the virtual mass force, generated by the acceleration of the fluid near the oil drop, is: 

 

𝐹𝑉𝑀
⃗⃗ ⃗⃗ ⃗⃗  ⃗ =

𝜋𝑑3

6
 𝐶𝑉𝑀 𝜌 (𝑉⃗ ∙ ∇𝑈⃗⃗ −

𝑑𝑉⃗ 

𝑑𝑡
) [4.6] 

 

where 𝐶𝑉𝑀 = 0.5 is the virtual mass coefficient for spherical drops. 

In the case of gas-liquid systems, Minemura and Murakami (1980) and Crowe et al. (1998) state that drag 

and pressure forces are the most relevant to the dispersed phase motion. This may be attributed to the low-

density ratio between dispersed and continuous fluids. However, the same is not necessarily true for liquid-

liquid systems, and the other forces may not be neglected at first. 

Unfortunately, it is not possible to calculate the values of 𝐹𝐷
⃗⃗ ⃗⃗ , 𝐹𝑃

⃗⃗⃗⃗ , 𝐹𝐿
⃗⃗⃗⃗  and 𝐹𝑉𝑀

⃗⃗ ⃗⃗ ⃗⃗  ⃗ directly from the experiments, 

because of the water velocity, 𝑈⃗⃗ , and the pressure gradient, ∇𝑠𝑝, are both unknown. Thus, a CFD numerical 

simulation is an interesting tool to further investigate the oil dynamics. In a future experimental approach, it 

would be a good choice to use Particle Image Velocimetry (PIV), with the purpose of studying the water flow. 

CFD simulations can assess the velocities, accelerations, and forces involved in the movement of oil drops. 

Mass and momentum equations are solved for single-phase flow and a Discrete Phase Model (DPM) is 

responsible for reproducing the dispersed phase behavior. 

Assuming steady-state, incompressible, and turbulent flow, with an eddy viscosity-based model, the RANS 

(Reynolds-Averaged Navier-Stokes) continuity and momentum equations take the following form in the 

stationary reference frame, using the Einstein notation: 

 

𝜕𝑈𝑖

𝜕𝑥𝑖
= 0 [4.7] 

𝜌 (𝑈𝑗

𝜕𝑈𝑖

𝜕𝑥𝑗
) = −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇𝑒𝑓 [

𝜕𝑈𝑖

𝜕𝑥𝑗
+

𝜕𝑈𝑗

𝜕𝑥𝑖
]) [4.8] 

 

The water velocity, 𝑈, is evaluated at an inertial frame. The variable 𝑡 indicates the time and 𝑥 represents 

the position. Water density, 𝜌, and effective viscosity, 𝜇𝑒𝑓, characterize the continuous phase. The modified 

pressure, 𝑃, is defined as 𝑃 = 𝑝 +
2

3
𝜌𝜅 𝛿𝑖𝑗 , where 𝑝 symbolizes the static pressure and 𝜅 the turbulent kinetic 

energy. 

 

5. Numerical Methodology 

Based on the original Baker-Hughes P23 ESP, two computational models were designed for the visualization 

prototype: the Full Geometry (FG), which reproduces with fidelity the real pump-based prototype, and the 

Reduced Geometry (RG), which is used for the mesh sensitivity analysis with much lower computational costs. 
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Both geometries, shown in Fig. 7, are composed of two main parts: the impeller zone, which has a rotational 

movement, reproduced by a Moving Reference Frame (MRF), and a stationary zone, corresponding to the 

diffuser. Although a Sliding Mesh Model (SMM) could provide higher fidelity results by taking into account 

the transient effects, the Moving Reference Frame (MRF) approach was found to provide acceptable results for 

the present purposes at a much lower computational cost. The realizable κ-ϵ turbulence model was chosen with 

a scalable wall function, which assured that results were consistent even in the case of a dimensionless distance 

from the wall of 𝑦+ < 11. The model solves for two additional transport equations to determine the turbulent 

kinetic energy (𝜅) and its dissipation (𝜖), which are needed for calculating the effective viscosity, 𝜇𝑒𝑓. Further 

details about the model formulation may be taken from ANSYS Inc (2015). 

 

  

(a) (b) 

Fig. 7. Computational models for the ESP: (a) Reduced Geometry (RG) and (b) Full Geometry (FG). 

Six simulations were prepared and performed, in accordance with the test matrix presented in Table 1. All 

cases were simulated in ANSYS® Fluent v16 software. The inlet condition was set as Mass Flow Average and 

adjusted according to each case. The outlet was set to Pressure-Outlet with gauge pressure 0 Pa. The SIMPLE 

scheme was used for pressure-velocity coupling and a second-order upwind scheme was chosen for spatial 

discretization. Convergence was attained when all residuals were below 10-4. 

Once the flow solution had been obtained, a Lagrangian particle tracking was performed in the fixed velocity 

field; the one-way coupling is justifiable on the basis of the very low volume fraction of the disperse phase. A 

mono-dispersed distribution of oil drops was injected at the inlet surface with the same velocity magnitude as 

that of water; Equation [4.1] was integrated numerically to obtain the position as a function of time of tracking. 

The particles were tracked at a maximum of 5000 steps, sufficient for at least 90% of oil drops to leave the 

system. The drops are assumed to maintain a constant diameter (10 mm, 1 mm, 0.1 mm or 0.01 mm) in the 

complete duration of the simulation, without breaking up, which is consistent with experimental observations. 

An automated routine was implemented to acquire and process data relative to the particle ID, position, 

velocity, turbulent eddy dissipation and drag and pressure forces. 

 

6. Results 

The experimental procedure provided quantitative results with respect to the pump performance and the oil 

drop dynamics. Similarly, the numerical approach also produced results concerning the prototype performance 

and the oil drop motion. Position, trajectory, turbulent dissipation, residence time, velocities, accelerations and 

forces are presented and compared in the next sections. 

6.1 Mesh Sensitivity 

The prototype geometry is originally not axisymmetric, due to differences between the number of impeller 

and diffuser blades. In the RG model, the diffuser regions were modified to present the same number of blades 

as the impeller, i.e., 7 instead of 8 blades, rendering the ESP an axisymmetric geometry. This was carried out 
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to ensure an efficient mesh-sensitivity analysis, in terms of computational costs, which is important for verifying 

the mesh independence of results. Four meshes were generated, following the characteristics displayed in Fig. 

8. The mesh sensitivity analysis was performed for a rotation 𝑁 = 3500 𝑟𝑝𝑚 at a flow rate 𝑄 = 15.0 𝑚3/ℎ, a 

BEP condition. 

 

  

(a) (b) 

Fig. 8. Mesh grid of (a) impeller zone and (b) details of prisms layers near the blades. 

The result is presented in Fig. 9, which shows the pump head convergence plotted as a function of the number 

of cells. The solution becomes independent when the number of cells is approximately 530k and the pump head 

relative error is less than 3%, using as reference the solution obtained for a mesh with 890k cells. Compared 

with experimental data (Biazussi, 2014), the pump head variation is ~12%. This mesh presents an average 

dimensionless distance from the wall of 𝑦+~ 10; as mentioned in section 5, this is acceptable for the chosen 

wall function formulation. 

 

 

Fig. 9. Influence of grid size on simulated ESP head. 

6.2 Pump Performance 

Numerical and experimental results for single-phase pump performance curves were obtained using the 

dimensionless flow rate (𝛷) and head (𝛹) coefficient definitions: 

 

𝛷 =
𝑄

𝜔𝐷3
   [6.1] 

𝛹 =
∆𝑃 

𝜌𝜔2𝐷2
   [6.2] 
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where 𝑄 represents the water flow rate, ∆𝑃 symbolizes the difference between the outlet and inlet pressures, 𝜔 

designates the impeller angular speed and 𝐷 corresponds to the impeller diameter. 

Curves for the dimensionless head (𝛹), as a function of the dimensionless flow rate (𝛷), are exposed in Fig. 

10. The results were obtained from experimental measurements and calculations via numerical simulations. As 

can be observed, CFD points and experimental curves present a satisfactory agreement, which indicates that the 

methodology adopted to carry out the simulations can predict very well the real flow inside the prototype pump. 

 

 

Fig. 10. Experimental and numerical performance of the ESP prototype operating with a single-phase flow. 

The experimental head curves of the prototype operating with the oil-in-water dispersion suggest that the oil 

injection does not significantly modify the ESP performance. For the operational conditions investigated in this 

study, the curves of two-phase oil-water flow showed excellent agreement with the curves of single-phase water 

flow, with deviations less than 2% in the pressure increment. This difference is smaller than the experimental 

uncertainties. For larger oil fractions, evidently, instabilities, phase inversion, and performance degradation are 

expected. However, in this research, the results indicate that the addition of 2 ml/s of oil does not cause 

performance losses to the prototype. Indeed, the oil flow rate is less than 1% when compared to the water flow 

rates at the best efficiency points. 

Monte Verde et al. (2017) also executed single-phase flow experiments and concluded that the performance 

curves for the visualization prototype are quite similar to the curves for the original Baker-Hughes P23 ESP. 

Hence, the modifications applied to the ESP to obtain the prototype for flow visualization did not significantly 

influence the pump characteristics, so the dynamic similarity was maintained and the flow fields in the impeller 

are fully representative. 

6.3 Flow Field 

Detailed insight into the flow field within the pump may be obtained through CFD simulations. Velocity 

contour was plotted in a plane parallel to the visualization area, 𝑧 = −3 mm, i.e., situated three millimeters 

below the top window. This plane contains the impeller zone and the diffuser zone. Results are presented in Fig. 

11 for the rotation speed 𝑁 = 600 𝑟𝑝𝑚. According to Monte Verde et al. (2017), the blade height, which 

corresponds to the distance between the transparent top window and the white impeller bottom, is 6 mm. 

As can be seen, Fig. 11 presents the velocity contours in an inertial frame, for 600 rpm, at the BEP. For this 

condition, the jets formed at the diffuser region are slightly asymmetric and are located mostly under the diffuser 

blade. High-speed areas are seen at the impeller tips. The result suggests that the impeller-discharged oil drops 

that follow through the suction diffuser region could experience greater acceleration than other oil drops.  
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Fig. 11. Velocity contour curves at a 𝑥𝑦 plane (𝑧 = −3 𝑚𝑚) for 600 rpm simulation at 1.0 𝑄𝐵𝐸𝑃. 

Motivated by the importance of models that describe the drop breakage events, a second analysis was 

conducted: the evaluation of the flow rate effect on the turbulent energy dissipation rate (𝜖), normalized by 

𝑁3𝐷2, for both rotational speeds of 600 rpm and 900 rpm. Results can be found in Fig. 12, which introduces 

the volumetric average of the dimensionless turbulent energy dissipation rate for the impeller and diffuser 

regions, as a function of the flow rate. It can be observed that the 600 rpm and 900 rpm curves for each region 

collapse, a fact that suggests the normalization is appropriate and 𝜖 ~ 𝑁3𝐷2 indeed. 

 

 

Fig. 12. Dimensionless turbulent energy dissipation rate calculated as a function of the flow rate. 

The regions clearly present distinct behavior. The energy dissipated in the impeller region is influenced by 

the flow rate. A good fit for the dependence is described below, where 𝑞 is the fraction of 𝑄𝐵𝐸𝑃: 

 
𝜖

𝑁3𝐷2
= 0.3567 𝑒1.6822 𝑞 [6.3] 

 

On the other hand, the energy dissipation in the diffuser region is nearly constant, independent of the flow 

rate. The results can be explained by observing the contours of the normalized turbulent eddy dissipation. 
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Qualitative comparisons of this field are exposed in Fig. 13: (a-b) for different rotation speeds, at a constant 

1.0 𝑄𝐵𝐸𝑃  condition, and (c-d) for various flow rates, at a constant impeller rotational speed 𝑁 = 600 𝑟𝑝𝑚. 

In Fig. 13(a-b), flows are similar for both rotational speeds analyzed, which means not only the average of 

energy dissipation but also the field itself scales as 𝜖 ~ 𝑁3𝐷2. However, in Fig. 13(c-d), the high dissipation 

zone, located near the impeller blades, tends to expand with the flow rate rise, especially close to the leading 

edge. It explains the exponential increase in the curve presented in Fig. 12. 

 

 

Fig. 13. Contour of normalized turbulent dissipation: at 1.0 𝑄𝐵𝐸𝑃  condition (a) for 600 rpm and (b) 900 rpm; 

fixing the impeller rotational speed at 600 rpm (c) for 0.8 𝑄𝐵𝐸𝑃  and (d) 1.2 𝑄𝐵𝐸𝑃 . 

It is expected that the oil drops crossing zones of high dissipation, indicated in Fig. 13, are exposed to intense 

turbulence, which may result in a higher probability of breakage events and consequently smaller drop sizes. 

Notwithstanding, experimental observations (section 3.1) suggest the occurrence of breakage events mostly 

before the impeller zone. This is better illustrated in Fig. 14, which presents the contour of normalized turbulent 

energy dissipation rates plotted on an axial plane, 𝑦 = 0. 

As Fig. 14 reveals, the prototype geometry has a contraction followed by a flow direction change of 90° at 

the impeller zone entrance. In this region, high turbulent energy dissipation rates are observed. Therefore, there 

are two main zones of high-intensity turbulence: in the impeller zone entrance (the most significant) and inside 

the impeller channels. The result corroborates with the experimental observations and implies that, in the present 

cases, the oil drop breaks up before entering the impeller channel. 

 

 

Fig. 14. Contour of normalized turbulent dissipation at an axial plane (𝑦 = 0)  

and turbulent eddy dissipation 𝜖 calculated from oil drop trajectories. 
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6.4 Drop Trajectory 

An analysis of the processed images revealed that, in general, most oil drops followed random trajectories 

in the channels. Many drops underwent lateral deviations in their paths, while others moved in a parallel fashion 

to the blades. Some drops remained close to a blade, while others moved away from it. 

Despite the randomness, three trajectory patterns were easily identified. And an oil drop can be classified 

into three categories, according to its trajectory: (a) oil drop with a central path, (b) oil drop near a suction blade, 

and (c) oil drop near a pressure blade. 

Only a few drops follow the suction or pressure paths. Usually, these patterns occur when an oil drop is very 

close to the blade, almost sliding over it. In this situation, the particle-wall interaction is stronger than the 

particle-fluid interaction. As a result, the turbulent flow, full of vortices, jets and recirculation, cannot influence 

the oil drop trajectory. 

On the other hand, many drops present the central path pattern. They enter the impeller next to the suction 

blade but gradually deviate towards the pressure blade, where they finish the trajectory and exit the impeller. 

The result is an approximately curved diagonal track. The central-path drops perform a quite long trajectory, 

since they cross the channel with the largest radial and transverse displacements. 

The oil drop trajectories are illustrated in Fig. 15: (a-c) with the experimental paths observed in the processed 

flow images, and (d-f) showing the numerical reproduction of an oil-tracking experiment. The results embrace 

simulations at 𝑁 = 600 𝑟𝑝𝑚 and 1.0 𝑄𝐵𝐸𝑃  condition for oil drops with a diameter 𝑑 = 1 𝑚𝑚. 

 

 

(a) 

 

(b) 

 

(c) 

 

 (d) 

 

(e) 

 

(f) 

Fig. 15. Experimental observation of three patterns for an oil drop path: (a) central, (b) on suction blade, (c) 

on pressure blade; and numerical reproduction of paths: (d) central, (e) on suction blade, (f) on pressure blade. 

In order to allow a systematic comparison between experimental and numerical results, the characteristic 

paths were translated to a set of empirical mathematical criteria. First, the oil drops’ polar position inside the 

impeller, 𝑅 and 𝜃, was normalized according to new radial and transverse terms, 𝑅∗ and 𝜃∗, by the following 

definitions: 
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𝑅∗ =
𝑅 − 𝑅𝑖

𝑅𝑜 − 𝑅𝑖
   [6.4] 

𝜃∗ =
𝜃 + 𝐴 ln (

𝑅
𝑅𝑜

) + 𝜃0

𝜃𝑐
  [6.5] 

 

where 𝑅𝑖 and 𝑅𝑜  are the impeller radius from the origin to the inlet and to the outlet respectively, that is 𝑅𝑖 =

0.027 𝑚 and 𝑅𝑜 = 0.056 𝑚, according to Monte Verde et al. (2017); 𝐴 = −1.35 is a constant that depends on 

the blade geometry; 𝜃0 is the drop’s initial angle in relation to the 𝑥 axis, a parameter dependent on the impeller 

position; 𝜃𝑐 is the channel angle, given by: 

 

𝜃𝑐 =
2𝜋

𝑁𝑐
  [6.6] 

 

where 𝑁𝑐 = 7 represents the number of channels. 

Then, with 𝑅∗ and 𝜃∗ values, three regions can be defined as described in Table 2, formulated to encompass 

the experimental classification itself. 𝜃∗ < 0.4 characterizes the suction zone. In case of 𝜃∗ > 0.6, the zone is 

classified as pressure. Finally, the central path is described from two position functions, 𝑓+(𝑅∗) and 𝑓−(𝑅∗). 

 

Table 2. Oil drop paths: description of criteria and regions. 

Criteria Regions 

Suction blade region 
 

 
 

𝜃∗ < 0.4 

Pressure blade region 
 

 
 

𝜃∗ > 0.6 

Central path 
 

 
 

(𝜃∗ < 𝑓+(𝑅∗)) ∧ (𝜃∗ > (𝑓−(𝑅∗)) 

 
 

𝑓−(𝑅∗) = 0.5𝑅∗ 

𝑓+(𝑅∗) = 0.5𝑅∗ + 0.5 
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A trajectory is classified as belonging to a determined path if the oil drop crosses the entire impeller zone 

without leaving its defined region. As already explained, the image observation from the experiments revealed 

that most oil drops presented random trajectories, preventing them from being classified into any of the regions. 

From 103 particles injected in the numerical simulations, at least 30% passed through the classified regions 

and could be accounted for. Therefore, the numerical procedures resulted in a satisfactory qualitative agreement 

with the experimental visualizations. 

6.5 Drop Dynamics 

This section discusses the experimental and numerical results concerning velocities, accelerations, and forces 

related to the oil drop motion. 

A numerical analysis of velocity profiles along the oil drop trajectories at the central region was conducted 

and compared to the experimental calculations. The average of radial and swirl velocities for 44 oil drops were 

calculated at 600 rpm and 1.0 𝑄𝐵𝐸𝑃  condition. Results are presented in Fig. 16. The average values are plotted 

along with bands representing a 95% confidence interval.  

Radial and swirl accelerations were also calculated at 600 rpm and 1.0 𝑄𝐵𝐸𝑃 condition and the results are 

shown in Fig. 17. 31 oil drops with a constant diameter 𝑑 = 1 𝑚𝑚 were analyzed. The acceleration plots also 

present the profiles obtained through a simulation that neglects the virtual mass term (VM). For the sake of 

clarity, dispersion bands were not drawn in the figures. Both analyses were performed using the non-inertial 

reference frame. 

 

 

(a) 

 

(b) 

Fig. 16. Average velocity components at 600 rpm and 1.0 𝑄𝐵𝐸𝑃  condition for 44 drops with 𝑑 = 1 𝑚𝑚:         

(a) radial velocity and (b) swirl velocity. 

 

(a) 

 

(b) 

Fig. 17. Average acceleration components at 600 rpm and 1.0 𝑄𝐵𝐸𝑃 condition for 31 drops with 𝑑 = 1 𝑚𝑚:   

(a) radial acceleration and (b) swirl acceleration. 
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The oil drops’ velocity components have magnitudes of up to 2.0 m/s, while the acceleration components 

take very high values, on the order of hundreds of m/s², from -150 to 200 m/s². Both experimental and numerical 

results are directly dependent on the flow conditions. Moreover, both velocity and acceleration magnitudes 

present their peak values around the inner radius. The effect of virtual mass is small and most relevant in the 

entry region for the radial component of acceleration. 

In general, the numerical and experimental results present satisfactory agreement for all cases. Deviations 

are expected due to the use of the MRF approach, which is not capable of capturing inherent unsteadiness. As 

a frozen-impeller approach, the MRF may give acceptable approximations when the interaction between moving 

and stationary parts is not strong and the flow at the interface between rotating and fixed regions does not present 

complicated features. Furthermore, it may be an interesting tool with which to evaluate the influence of different 

parameters on the overall flow behavior, as performed here (e.g., effect of flow rate and rotational speed on 

different variables). Differences between the experimental and numerical results may also be attributed to the 

assumption of a mono-dispersed distribution. In reality, there is a poly-dispersed distribution of drops and the 

interaction forces depend on the drop size, which in turn affect the trajectories. These effects can be especially 

important when strong accelerations are present, such as in the impeller inlet region, where larger deviations are 

seen in Fig. 16. 

As noted in the section 4, the forces acting on the oil drops are due to drag, pressure gradient, and virtual 

mass. Vectors of pressure gradient were plotted in a plane parallel to the visualization area, 𝑧 = −3 mm, three 

millimeters below the top window. The results are presented in Fig. 18. Also mentioned before is the fact that 

the pressure force acting on the drop is proportional to the pressure gradient, in the opposite direction.  

 

 

Fig. 18. Vectors of pressure gradient plotted on 𝑥𝑦 plane (𝑧 = −3 𝑚𝑚) for 600 rpm at 1.0 𝑄𝐵𝐸𝑃  condition. 

The vectors in Fig. 18 allow an assessment of the effect of the pressure gradient force on the drop trajectories 

in the impeller channel. When an oil drop moves near the suction region, it comes across a high adverse pressure 

gradient that causes it to divert its trajectory toward the central region. On the other hand, when an oil drop 

moves near the pressure blade, it also suffers influence from an adverse pressure gradient and tends to deviate 

in the direction of the pressure blade wall. The results explain why the oil drops preferably perform trajectories 

in the central region rather than close to the blades. 

Shown in Fig. 19 is a comparison between the magnitudes of drag and pressure forces, along with the 

resulting acceleration in the inertial frame. The analysis is restricted to the central region of the impeller, with 

the normalized radius, 𝑅∗, ranging from 0.3 to 0.7. In the present case, the pressure force is the most important 

force acting on the oil drop, being about 10 times larger than the drag effects. Yet, in the impeller entry region, 

other forces, such as drag and virtual mass, may contribute towards decelerating the oil drop. It is important to 

note, however, that these effects scale differently with drop size, such that this trend may be reversed in the case 

of fine dispersions. 
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(a) (b) 

Fig. 19. Average drag force, pressure force, and acceleration in inertial frame for oil drop with 𝑑 = 1 𝑚𝑚:        

(a) central region at 600 rpm and (b) central region at 900 rpm. 

Results for the oil drop tracking at 600 rpm and 900 rpm for 1.0 𝑄𝐵𝐸𝑃  conditions were compared using two 

global parameters: the normalized impeller residence time, 𝑡𝑟𝑒𝑠
∗ , and the particle Reynolds number, Re𝑑, both 

defined as follows: 

 

𝑡𝑟𝑒𝑠
∗ = 𝑡𝑟𝑒𝑠

𝑄

𝐷3
   [6.7] 

Re𝑑 =
𝜌𝑜 𝑑 𝑈𝑡𝑖𝑝

𝜇
  [6.8] 

 

where 𝑡𝑟𝑒𝑠 is the impeller residence time, defined as the time spent by an oil drop moving from the inlet to the 

outlet of the impeller zone; Re𝑑 is based on the blade velocity, 𝑈𝑡𝑖𝑝, and also depends on the water viscosity, 𝜇; 

As mentioned before, 𝑄 represents the water flow rate, 𝐷 describes the impeller diameter, 𝜌𝑜 corresponds to the 

oil density, and 𝑑 symbolizes the drop diameter. 

Results for 𝑡𝑟𝑒𝑠
∗  as a function of Re𝑑 are shown in Fig. 20 for all the conditions displayed in Table 1. Oil 

drops with 𝑑 = 0.01 𝑚𝑚 and 𝑑 = 0.1 𝑚𝑚, corresponding to Re𝑑 = 29.768 and Re𝑑 = 297.68, have similar 

normalized residence time for all cases. This observation may be expected since small oil drops tend to follow 

the water streamlines. As the oil drop sizes increase, the residence time at the impeller zone also increases. 

 

 

Fig. 20. Normalized impeller residence time 𝑡𝑟𝑒𝑠
∗  as function of 𝑅𝑒𝑑 for 600 rpm and 900 rpm. 
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Surprisingly, oil drops with 𝑑 = 1 mm (Re𝑑 = 2976.8) demonstrated higher residence times than oil drops 

with 𝑑 = 10 𝑚𝑚 (Re𝑑 = 29768), except for in the 0.8 𝑄𝐵𝐸𝑃 condition. This can be explained by the 

observation that there is a significant decrease in the number of drops with 𝑑 = 10 𝑚𝑚 captured at the central 

region, as Table 3 shows. As this is the longest path out of the three categories, a lower number of drops leads 

to a reduced residence time. For the 0.8 𝑄𝐵𝐸𝑃  case, however, at both impeller rotation speeds, this effect seems 

to be balanced out by the presence of recirculation zones, which cause some oil drops to deviate and their 

residence time to be increased. 

 

Table 3. Number of oil drops with different diameters captured in the central region. 

  Number of drops 

𝑵  

[rpm] 

𝒅 

[mm] 
0.8 𝑸𝑩𝑬𝑷 1.0 𝑸𝑩𝑬𝑷 1.2 𝑸𝑩𝑬𝑷 

600 

0.01 27 33 35 

0.1 32 27 36 

1 34 36 34 

10 15 20 22 

900 

0.01 23 32 37 

0.1 28 27 37 

1 21 31 22 

10 15 19 20 

 

The residence time reflects the time that the oil drops are exposed to breakage and coalescence events, so it 

is relevant to understand the dynamics of the oil motion. In addition, this knowledge can be important for scaling 

up pump operations. 

To help illustrate how the different forces may impact the oil drop motion, Fig. 21 presents a water streamline 

and trajectories of oil drops of various sizes. The injection was performed through a single point. Confirming 

previous results, small oil drops tend to follow the streamline. On the other hand, oil drops with 𝑑 > 0.1 𝑚𝑚 

show a deviation away from the same streamline. This fact suggests that oil drops with typical sizes as the ones 

measured in the present experiments are significantly influenced by external forces. 

 

 

Fig. 21. Water streamline and single drop trajectories at 600 rpm 
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7. Conclusions 

This work carried out experimental and numerical analyses on the motion of individual oil drops in a water 

flow within an ESP impeller. 

Experimental tests were performed using a facility with an ESP prototype, the transparent top shroud of 

which enabled visualization of the flow in all the channels. The images revealed, in all operational conditions, 

a unique flow pattern within the impeller, a dispersion of oil drops in a continuous water phase. Most oil drops 

presented spherical geometry and only a few had irregular shapes. Almost no breakage and coalescence were 

observed within the channels. The oil drop diameter varied from approximately tenths of a millimeter to 3 mm. 

The images suggested a dependence between the oil drop size and the operational conditions. As the impeller 

rotation speed and the water flow rate increased, the oil drops became smaller. 

Oil drops that follow central trajectories in the channels were investigated with respect to the dynamics of 

their motion. This motion is mainly governed by phenomena classified as particle-fluid interaction, in which 

three forces are in play: drag force, pressure gradient force, and virtual mass force. Flow images were processed 

for velocity, acceleration, and force calculation. The oil drops presented velocities with a magnitude of units of 

m/s, while accelerations reached hundreds of m/s². To verify the methodology, the measured pump performance 

was compared with previous single-phase experiments. The comparison revealed that the oil flow rate had very 

little effect on the pressure gain. 

A numerical procedure was also adopted to determine the drop dynamics. The drop trajectory classes were 

defined in terms of normalized coordinates inside the impeller, which allowed for a systematic comparison 

between the results. The qualitative behavior of the paths was shown to be well reproduced by the adopted 

methodology. Comparisons of predicted and measured velocity and acceleration components along the radial 

position were made, deeming the agreement acceptable, given the limitations in the modeling. 

An evaluation of the main forces involved in the oil drop motion indicated that the dominant force was that 

of pressure gradient, and its numerical values were about one order of magnitude larger than those of drag force. 

Virtual mass forces were observed to have some influence only at the impeller entrance. Finally, the evaluation 

of global parameters, such as impeller residence time, single oil drop trajectories, and static pressure provided 

an overview of how external forces act on oil drops. Small drops follow the water streamlines while oil drops 

with large diameters are affected by external forces in different ways and deviate from the continuous phase 

motion. In general, the oil drops suffer the influence of an adverse pressure gradient and tend to deviate from 

the suction blade to the pressure blade, a situation that facilitates the occurrence of central trajectories. 

This study aims to open the way for greater phenomenological understanding and should be able to facilitate 

the creation of simplified models that may help the design and operation of ESP devices in challenging 

conditions. Such a framework could enable, for example, a parametric analysis of operating conditions, as well 

as a coupling to one-dimensional multiphase flow models. 
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