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ABSTRACT

Electrical submersible pumps are assembled in oil wells to act as artificial lift methods. When water is present in the reservoir, oil-water
emulsions are formed in the pump. These two-phase mixtures affect the performance and promote instabilities that lead the machine to
operate inefficiently and fail prematurely. Therefore, this paper aims to investigate the formation of emulsions and behavior of mineral
oil drops in a transparent centrifugal pump through a flow visualization approach. Shut-off, best efficiency point, and open-flow condi-
tions are investigated at three impeller rotational speeds with high-speed imaging and particle image velocimetry. As the oil fraction
increases, large drops accumulate in the impeller channels, while some escape to the volute and circulate until the water flow carries
them out of the pump stage. Regions with vortices and water recirculation explain the accumulation of oil drops in the impeller and
reduced pump performance at low water flow rates. Intense velocity fluctuations at the impeller and impeller-volute boundary indicate
the main causes for oil drop rotation, deformation, and fragmentation at high water flow rates. The new findings can be used to improve
models and numerical simulations for pumps operating with multiphase flows and help the creation of new pump designs.

1. INTRODUCTION

In the oil production chain, the use of artificial lift methods is important to ensure acceptable flow rates and reasonable costs. This fact
is mainly valid for mature fields where the reservoir usually has insufficient energy to expel the fluids naturally and for heavy oil fields
where the fluids often have high viscosities which impair the recovery rate. In both cases, artificial lift techniques vertically transport
the fluids stored in the reservoir, through the well to the surface facilities, compensating for pressure loss caused by friction and gravity.

In this context, the electrical submersible pump (ESP) stands out as one of the most relevant equipment used for artificial lifting. The
ESP is responsible for 10% of the oil supply (Takacs, 2017) as it has been installed in more than 150,000 oil wells in the world (Flatern,
2015). The ESP is indeed a robust and flexible device, capable of working in hostile environments, in onshore or offshore wells world-
wide (Bremner ef al., 2006). Nevertheless, the operation of an ESP sometimes involves some problems which are still a challenge for
engineers and technicians.

Most of these malfunctions are related to the characteristics of the fluid being pumped. As an ESP essentially consists of a multistage
centrifugal pump, the device is very effective in pumping incompressible and low-viscous fluids, such as single-phase water. However,
the ESP often faces operational issues when it works with complex multiphase flows typically found in oil production. The presence of
a compressible gaseous phase containing the lightest oil fractions, or even a viscous liquid-liquid emulsion containing connate or injected
water, leads the pump to experience efficiency losses in addition to operational instabilities with the potential of reducing the production
rates and the system lifetime.

In practical terms, as the global economic activities demand 100 million barrels of oil a day (U.S. Energy Information Administration,
2021), any inefficiencies in the operation of pumps have the effect of incurring financial losses to companies from the oil and gas sector.
In view of this scenario, the scientific community has been using flow visualization methods to improve the understanding on physical
phenomena that occur in single-phase and two-phase flows in pump impellers and diffusers (Perissinotto ef al., 2021) to investigate their
relationship with the pump behavior and performance.

The literature on single-phase flows is very extensive. Some authors have been using particle image velocimetry (PIV) techniques
(Raffel et al., 2007) to characterize the flow in components of pumps operating with water (e.g. Pedersen et al., 2003; Krause et al.,
20006; Keller et al., 2014; Li et al., 2020; Shi et al., 2021). With regard to gas-liquid flows, many authors have used high-speed imaging
(HSI) to identify flow patterns, evaluate the dependence of pump performance on gas volume fraction, and determine when the surging
and gas locking events normally occur (e.g. Monte Verde ef al., 2017; Morrison et al., 2017; Shao et al., 2018; Stel et al., 2019; Mansour
et al.,2019; Cubas et al., 2020; Zhao et al., 2021), for example.

However, within the scope of liquid-liquid flows, there is an evident lack of published research on flow visualization. A few authors
have used microscopes (e.g. Bulgarelli et al., 2020a, 2020b) or endoscopes (e.g. Valdés et al., 2020; Schmitt et al., 2021) to characterize
emulsions and complement studies on effective viscosity and phase inversion, while other authors adopted techniques based on laser
diffraction and ultrasound (e.g. Ibrahim and Maloka, 2006; Morales et al., 2012) to obtain drop diameter distributions. However, these
measurements are usually conducted outside the impeller, from fluid samples extracted from the pump, or in regions such as the pump
inlet and outlet. As a consequence, these studies are not able to investigate the formation of emulsions or the behavior of dispersed drops
within the pump stage. The visualization of individual drops moving inside an ESP stage is incipient and it has been achieved only by
Perissinotto et al. (2019, 2020) for oil-water (o/w) and water-oil (w/o0) dispersions.

Therefore, this paper aims to expand the visualization of dispersions in centrifugal pumps. The objective is to characterize the transient
process of an o/w emulsion formation, in order to investigate drop breaking mechanisms and to identify possible flow patterns in moving
and stationary pump parts. To achieve this task, single- and two-phase flow tests were carried out with a transparent pump prototype, a
HSI equipment, and a PIV system. A technique based on particle tracking velocimetry (PTV) was also adopted to track individual drops
and manually calculate their velocities.

The present study contributes to the literature by generating a knowledge basis on the behavior and dynamics of two-phase mixtures
in ESP impellers. These advancements are very important for the validation of numerical simulations focused on complex flows. Such
simulations nowadays use turbulence flow models that cannot fully reproduce the real phenomena that take place in turbomachines. In
addition, the observations performed with flow visualization methods are essential for the proposition or improvement of mathematical
models that predict the pressure increment or represent the dynamics of dispersed drops in pumps.
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In fact, the results achieved in this study have recently been used in the development of an effective viscosity model (Bulgarelli ef al.,
2021). Other practical applications are expected in the near future. In a long-term horizon, understanding the motion of single- and two-
phase flows in impellers may be useful for designing more efficient pumps capable of preventing or delaying the formation of undesir-
able o/w and w/o emulsions.

2. METHODS AND PROCEDURES

The experimental program adopted in this paper can be divided into: 1) Developing a new pump prototype and assembling a new test
facility (section 2.1); 2) Performing experiments (section 2.2); 3) Processing data and images (section 2.3) to obtain results.

2.1 Experimental Facility

A transparent centrifugal pump prototype was manufactured with the objective of allowing flow visualization in its impeller, whose
design is based on a real ESP model. The radial impeller has seven channels, a constant height of 6 mm, an eye diameter of 44 mm and
an outer diameter of 110 mm. The top cover (shroud) and the blades are made of polished acrylic, while the bottom cover (hub) is made
of anodized aluminum. Besides, the impeller is assembled in the space between two flat plates joined by screws and nuts, where a spiral
volute was machined. Thus, the prototype has a vaneless volute instead of a multi-vaned diffuser. The decision to use the volute in the
pump design aimed to facilitate the entry of light into the pump stage during the visualization experiments.

As depicted in Fig. 1, the prototype is installed in a test bench with tanks, pumps, valves, and a visualization system with camera and
laser, which are the main components of HSI and PIV methods. This apparatus was assembled to enable the injection of continuous and
dispersed phases into the transparent pump. According to information available in Perissinotto et al. (2022), the first liquid (continuous
phase) enters the impeller through four inlet ports assembled on the side of the pump body. The second liquid (dispersed phase), in turn,
is introduced through a hollow central shaft. When this second liquid reaches the shaft extremity, it passes through a radial component
that has seven symmetrically spaced holes. As highlighted in Fig. 1, these holes uniformly divide the flow and inject the second liquid
into the entrance of each impeller channel, promoting the formation of a two-phase mixture.
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Fig. 1 - Illustrative drawing of the test facility (left) and photograph of the pump stage with transparent parts (right).
The highlighted component injects and distributes the dispersed phase into the entrance of the impeller channels.

Only the water circuit (blue) is operated in the single-phase flow tests. In this case, the booster pump circulates tap water, which passes
through the flowmeter and heat exchanger, reaches the pump prototype, and finally returns to the main tank. However, during two-phase
flow tests, the oil injection system (yellow) is used together with the water circuit. The pressure regulator injects air into the oil tank,
which forces the mineral oil to move at a desired flow rate measured by the other flowmeter. Then, an oil-water mixture is formed inside
the pump, and flow visualization is performed. When this mixture (red) leaves the pump, it flows to the main tank, where both fluids
are naturally separated by density differences.

Five instruments measure the impeller rotational speed (&), water flow rate (Ow), oil flow rate (Qo), absolute pressure at pump inlet
(P), differential pressure generated by the pump (DP), as well as the flow temperature in the pump outlet (7). The temperature of both
fluids is approximately equal to the ambient temperature, i.e., around 20°C. Uncertainties are lower than 0.5% of the measured values.
The experimental setup followed the Hydraulic Institute Standards for configuration and instrumentation. However, additional instru-
ments were included in the facility to measure DP in different positions of the transparent pump, as this type of data is important to the
development of models and pump designs. These positions are presented in section 3.1 together with performance curves.

These performance curves were obtained for single-phase water flow. In the tests, the rotational speed is set by a variable speed driver
(VSD) installed at the pump motor, while the water flow rate is controlled by a valve installed at the pump outlet. By manipulating the
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driver, a different N is obtained, and the pump head curve changes. By opening or closing the valve, the system curve or total dynamic
head (TDH) is modified, so a different OQw is obtained. This procedure allows the analysis of different operating points.

Furthermore, by controlling the booster pump, the pressure at the transparent pump inlet is kept at a constant value P = 0.5 bar during
the experiments. This value ensures that the net positive suction head (NPSH) is sufficiently high to prevent cavitation. In other words,
the NPSHA is higher than the NPSH3. As the pump operates without the presence of gases, this inlet pressure does not affect the density
of the mixture, which is composed of two incompressible liquids.

2.2 Experimental Program

The experiments executed in this research included two-phase oil-water flow tests with the HSI method at different pump operating
conditions (Part I). Then, some of these tests were repeated with a single-phase water flow and the PIV technique to further characterize
the continuous phase (Part II).

Part I - Two-Phase Oil-Water Flow

A high-speed camera was used as flow visualization method in the two-phase flow tests. The images acquired with this device have a
dimension of 2560 x 1600 pixels at the maximum acquisition rate of 1400 fps. In this case, two different mineral oils were used as
dispersed phase: Oil I has a density p,, = 880 kg/m* and viscosity u,, =220 cP, while Oil Il has p,, = 860 kg/m’ and u,, = 20 cP at the
ambient temperature in the laboratory. For a comparison, water has p,, = 999 kg/m?® and p,, = 1 cP at the same temperature. These oils
have also been lightened with a white dye, in a 0.5% mass concentration, to enhance contrast with the dark background on the images.
The dye did not influence p and u. Four types of analyses were performed:

1-0il I, N=300 rpm, Ow = 0 kg/h (shut-off), Qo; = 0.5 g/s, until the camera memory was full of images;

2 - Oil II, N =300 rpm, Ow = 0 kg/h (shut-off), Qo, = 2.5 g/s, until the emulsion impaired the visualization;

3 - 0il I, N=300 rpm, Ow = 750 kg/h = 200 g/s (best efficiency point) and Ow = 1100 kg/h = 300 g/s (open-flow), Qo> = 2.5 g/s;

4 - Oil II, N= 600 rpm and N =900 rpm, Ow = 150 kg/h = 40 g/s (close to shut-off), Qo> = 5.0 g/s, until the camera memory was full.

According to the information above, the experiments were performed at the BEP, but also at shut-off and open-flow. Although these
two last conditions are extreme and unlikely for a real ESP in the field, it may be interesting to investigate them, as they are associated
with a flow behavior that would present the most significant differences in relation to the design point.

Another important observation is related to the liquid-liquid dispersion analyzed in this paper, which is oil-water type. Although the
w/o emulsion (water dispersed in oil) is the most usual emulsion pumped by an ESP, the o/w emulsion (oil dispersed in water) sometimes
occurs in real cases, especially in situations in which the inversion point is low.

Part II - Single-Phase Water Flow

A time-resolved PIV system was adopted to visualize single-phase flows. The equipment has a laser generator that provides an energy
of 30 mJ per pulse when operating at 1 kHz repetition rate. Mirrors and lenses were adjusted so the laser plane illuminated the center of
the impeller with a thickness of 2 mm. Microspheres of acrylic doped with rhodamine were added to the water to act as tracers. Each
experiment consists of acquiring 500 pairs of flow images with the impeller at a fixed position. This procedure ensures that the channels
and blades are always at a constant angular position, defined by an angular encoder, thus the average velocity fields and derived quan-
tities can be properly computed. Two analyses were carried out:

5 - N=300 rpm, Ow = 0 kg/h, Ow = 750 kg/h and Ow = 1100 kg/h, for a comparison with items 1, 2, 3.
6 — N =600 rpm and N =900 rpm, Ow = 150 kg/h, for a comparison with item 4.

2.3 Image and Data Processing
A few HSI images of the two-phase flow were processed using a PTV method. A sample of individual oil drops were tracked through

a manual approach in the camera control software, which determined the position (R, 6) and velocity (I7) of these drops as a function of
time (). The procedure is similar to the one adopted by Perissinotto et al. (2019, 2020). The drop velocity has radial (V) and circum-
ferential (Vy) components in a fixed polar coordinate system with its origin at the center of the impeller:

V)=VRTR+V91\9=R’I\R+R8.,I\G (])

A new PTV approach based on convolutional neural networks was also developed by Cerqueira et al. (2022). This image processing
technique is currently being used by them to track oil drops on the HSI images acquired in the present paper. The main objective is to
automatize the tracking procedure in the near future, in order to study a large population of oil drops, without manual efforts.

In regard to the single-phase water flow, in turn, the PIV images were processed in a commercial software. Algorithms were developed
and used to: 1) Remove the impeller motion from the images; 2) Apply masks to define the region of interest; 3) Apply filters to improve
quality and reduce noise; 4) Compute the instantaneous velocity fields through a cross-correlation method; 5) Calculate the ensemble-
averaged velocities and derived quantities; and 6) Interpolate the results to obtain smooth graphical representations. Such procedure was
inspired in the recent studies by Tielicke and Sonntag (2021) and Liu et al. (2021).
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The procedure is able to provide the instantaneous and also the average relative velocity (i) without considering the angular component
due to the impeller rotation. The result is similar to tracking the tracer particles in a non-inertial coordinate system that moves jointly
with the impeller. When necessary, the angular term proportional to the impeller angular speed and radial position (wR) can be added

back to % for an estimation of the average absolute velocity (I—f ) as well. This last velocity is related to an inertial fixed frame of reference:
U=tu+@xR 2

Velocity fluctuations (u') are also extracted from the PIV images. The fluctuations represent the difference between the instantaneous
and average velocities of the water flow. These quantities are essential for the evaluation of the turbulence levels in the pump.

3. RESULTS AND DISCUSSIONS

The following paragraphs describe and discuss the pump performance (section 3.1) and the main observations and results obtained from
the visualization of two-phase o/w dispersions (section 3.2) and single-phase water flow (section 3.3) in the transparent pump stage.

3.1 Pressure Increment as a function of Flow Rate

As mentioned in section 2.1, the transparent pump has different static pressure measurement points, which allow an analysis of the
static pressure gain in various positions. Examples of DP x Ow curves for single-phase water flow at N =300 rpm are available below
in Fig. 2. As observed, DP21 represents the pressure between the volute exit (discharge) and the pump body near the water entrance
(suction); DP22 symbolizes the pressure between the volute exit and the impeller inlet (pump stage); DP12 then indicates the pressure
between the impeller outlet and inlet (impeller channel).

As can be noticed, the point Pi is connected to the mechanism that was originally designed to inject and distribute the dispersed phase
into the impeller channels. This injection system was exceptionally used to measure the pressure Pi, because the experiments conducted
in the current section are single-phase flow, i.e., it was not necessary to inject a second liquid into the system during the tests.
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Fig. 2 - Illustrative drawing of the static pressure measurement positions (left) and graph with static
pressure increment curves (right) for single-phase water flow. The impeller rotates at 300 rpm.

The pressure increment DP21 is frequently used in the pump head calculation. Hence, the shut-off (S-O), best efficiency point (BEP)
and open-flow (O-F) were highlighted in the DP21 curve. These three conditions are further investigated in the next sections with a flow
visualization approach. The BEP was previously defined, in commissioning tests, from measurements conducted with a torquemeter.

Similar curves were obtained for N = 600 rpm and N = 900 rpm. Parameters such as dimensionless head and flow rate were calculated
and compared. The dynamic similarity was assured at the three rotational speeds investigated in this manuscript. At N = 600 rpm, the
BEP occurs at Ow = 1500 kg/h and DP21 = 4.2 kPa. At N =900 rpm, it corresponds to Ow = 2200 kg/h and DP21 = 9.8 kPa.

3.2 Visualization of Two-phase Oil-water Mixtures

The first condition simulated is the shut-off, in which the water flow is Ow = 0, but the mineral oil continues to be injected. Examples
of images captured at this condition are available in Fig. 3 as a function of the instant of time () after the start of oil injection. In Fig.
3a, Oil I (more viscous) was added to water at a Qo; = 0.5 g/s = 1.8 kg/h flow rate. Then, in Fig. 3b, Oil II (less viscous) was added at
Qo>=2.5 g/s =9.0 kg/h to compose the o/w dispersion. In both cases, the mass of water in the pump stage is constant and approximately
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Mw = 0.2 kg, since the internal volume of the pump stage (impeller + volute) is about 0.2 liter. At the same time, the total mass of oil
injected in the pump, Mo, increases with ¢, so the mass fraction 1 = Mo / Mw gradually increases too. The impeller rotates clockwise at
N =300 rpm and, as explained above, the oil drops appear white in the images because they have been dyed to enhance contrast with
the dark background.

An evident accumulation of large drops can be identified inside the impeller channels. These drops are practically stationary, as if they
were stuck in the impeller. Thus, it is understood that drag and other forces are insufficient to carry these drops out of the impeller. The
effect is intensified by the difference in densities between the continuous (water, p,, = 1000 kg/m?) and dispersed (860 < p, < 880 kg/m?)
phases. In other words, the centrifugal acceleration tends to act more intensely on water than on oil, a fact that would favor the accumu-
lation of oil drops. A slip between both phases is expected as well.

The drops that remain in the impeller rarely deform or break up. The drops which manage to escape the impeller finish fragmenting at
the impeller-volute boundary, characterized by substantial velocity differences between the rotating impeller and stationary volute. In
addition, as the water flow rate is zero, these oil drops remain inside the pump stage, where they keep circulating and breaking up in the
volute spiral. Near the exit region of the pump stage, it is observed that the volute tongue “pulls” the drops back to the beginning of the
volute, probably as an effect of velocity gradients (Keller et al., 2014). This behavior favors the formation of emulsions as time passes.

" "

Line a)
"~
Ny

Lineb) Oilll,7=3.0s,A=3.8% Oilll,=5.0s,1=62% Oilll, =7.0s,1=28.8%
Fig. 3 - Flow images acquired at N = 300 rpm and Qw = 0 kg/h (0.0 Qgep) with injection of two different mineral oils.

The next analyses are focused on Oil II. Still at N = 300 rpm, the second and third flow rates investigated are Qw = 750 kg/h and Ow
= 1100 kg/h, equivalent to the BEP and open-flow, respectively. Examples of flow images are available in Fig. 4. In these cases, there
is no accumulation of drops in the impeller because the water flow rate is sufficiently large to drag them out of the pump stage. The flow
rate ratio = Qo / Ow ranges between 0.8% and 1.2%.

At the BEP, the drops enter the impeller in the form of jets due to the oil injector mechanism, and soon they assume a spherical or
elliptical shape. As can be noticed, the dispersed drops are evenly distributed, indicating that the continuous phase is well-behaved, as
expected for a centrifugal pump working at the BEP (Li et al., 2020). The breakage events are less frequent now, but they still occur,
mainly at the impeller outlet and the volute tongue. Besides, some drops still circulate in the volute before leaving the stage, but this fact
is probably not observed in a real ESP as it usually has vaned diffusers instead of vaneless volutes.
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There are no visual differences between the BEP and open-flow conditions regarding the size of the oil drops. However, at the open-
flow, the oil drops move closer to the pressure blades, suggesting that the water velocity profile is more irregular when compared with
the BEP. In this configuration in which the continuous phase has a higher flow rate, a few drops enter and stay at the gap between the
impeller shroud and the front visualization window. This fact confirms that there is probably some water flowing in this region as well.

Ow =750 kg/h (1.0 Oszp), f=1.2% Ow = 1100 kg/h (1.5 Oszp), f=0.8%
Fig. 4 - Flow images acquired with water and Oil II at N = 300 rpm and Qo =2.5 g/s.

For N =300 rpm, Ow = 750 kg/h (1.0 Ogzp) and Qo, = 2.5 g/s (Oil II), three drops were manually tracked so that their motion in the
pump stage could be investigated. Figure 5 shows the image obtained in the camera control software after the end of the tracking process,
which lasted for almost 900 frames, or 0.90 seconds. As can be observed, the three oil drops consist of one mother-drop that breaks up
into two daughter-drops during its trajectory. Figure 5 also shows the velocities as a function of time, where the blue, green, and yellow
curves refer respectively to the drops described above. The radial velocity magnitude (Vy, solid lines) is lower than the circumferential
velocity magnitude (Vg, dashed lines). The polar frame of reference indicates that R increases radially outward while 6 increases in the
counterclockwise direction, therefore Vy tends to be positive and Vy tends to be negative. The impeller moves clockwise.
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Fig. 5 - Kinematics of three oil drops tracked in the pump: trajectory (left) and velocity curves (right).
The mother-drop (blue path), which practically remains only in the impeller, receives an angular velocity proportional to the impeller

rotational speed and radius. The first daughter-drop (green path) goes directly to the pump exit, while the second daughter-drop (yellow
path), in turn, circulates the volute more than 450° (1 % rotation) with minimum displacements in the radial direction.
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The mother-drop takes 0.17 seconds to traverse the channel. When leaving the impeller and entering the volute, this drop undergoes a
deformation due to shear stresses related to intense velocity differences in the region. Then, the drop breaks up into two daughter-drops,
in a process that requires 0.02 seconds, illustrated in Fig. 6. After the fragmentation, as stated above, one of the new drops goes directly
to the pump exit, in a displacement that lasts 0.20 seconds. The other daughter-drop remains in the impeller-volute boundary region for
0.05 seconds, as shown in Fig. 7. This daughter-drop is dragged back to the beginning of the spiral and then it performs a circular motion
throughout the volute. The displacement lasts 0.52 seconds, until the drop exits the pump stage.

Fig. 7 - Daughter-drop moving next to the impeller-volute boundary region.

At N= 600 rpm and N = 900 rpm, with flow rates Ow = 150 kg/h and Qo = 5.0 g/s = 18.0 kg/h, the accumulation of oil drops in the
impeller is observed again. The phenomenon is similar to that identified at 300 rpm. However, as the rotational speeds are higher, the
oil drops now appear smaller in the images, due to more frequent fragmentation events as a consequence of more intense forces in the
pump stage. Examples of images at various instants of time (¢) are shown in Fig. 8 and Fig. 9. The flow rate ratio f = Qo / Ow is 12.0%.

. ¥

t=10s ) | (=505
Fig. 8 - Flow images acquired with Oil I, at N = 600 rpm, Ow = 150 kg/h (0.10 Osep), Qo2=5.0 g/s, f = 12.0%.

Although the water flow rate (Ow) is 8 times greater than the oil injection rate (Qo), many drops keep circulating in the volute before
leaving the pump stage. In this situation, these drops enter and leave the impeller several times, in an intermittent movement, which
intensifies the breakage of the dispersed phase at the boundary region between impeller and volute. Hence, in both rotations, the complete
formation of an o/w emulsion occurs after about 10 seconds. At that moment, the transient tests must be finished, because it becomes
impossible to distinguish the tiny drops in the images. The flow becomes turbid to the point where it is no longer possible to visualize
the background of the pump stage.
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t=05s t=25s
Fig. 9 - Flow images acquired with Oil II, at N =900 rpm, Ow = 150 kg/h (0.08 Qzrr), Qo> = 5.0 g/s, f=12.0%.

As a supplementary material, videos that complement the analysis are available at a YouTube channel. They can be accessed via this
link: www.youtube.com/playlist?list=PLOONr4bWIQyQ6FuzX3f0Le8SE4lyZnLSy. A QR Code was also added to Fig. 9 for the reader’s
convenience.

3.3 Influence of Continuous Phase on Dispersed Phase

The experiments executed with the PIV method resulted in the velocity fields depicted in Fig. 10 for N = 600 rpm and Qw = 150 kg/h.
In Fig. 10a, the average velocity i was calculated in a rotative frame of reference, as if the observer rotates together with the impeller,
while, in Fig. 10b, the velocity U was computed in a fixed coordinate system, including the volute as well. Thus, the difference between
both velocity fields is essentially the presence or absence of the term proportional to the impeller angular speed and radius (wR). As can
be noted, the PIV vectors were plotted overlaid on HSI images captured after £ = 0.5 s from the start of Oil II injection at Qo> = 5.0 g/s
in the pump stage.

0.15

: ?.?o
— m/s
[

(a) Relative water velocity in the impeller. (b) Absolute water velocity in the entire stage.

Fig. 10 - Average water velocity fields at N =600 rpm and Ow = 150 kg/h (0.10 Qzrp) plotted
over two-phase flow images captured with presence of Oil IT at Qo> = 5.0 g/s, i.e., = 12.0%.
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As seen in Fig. 10a, the water velocity field (single-phase) is congruent with the movement of dispersed oil drops (two-phase flow).
Inside the channels, the drops tend to move in regions where the water velocity is higher. In places with lower water velocities, in turn,
the presence of drops is unusual. The same observation is valid for recirculation zones, with occurrence of vortices that rotate clockwise
and counterclockwise (Krause et al., 2006), for example. The images thus indicate that the characteristics of the water flow would affect
the behavior and motion of the oil drops in the pump impeller.

Then, in Fig. 10b, water velocity has the highest magnitude at the impeller outlet, as an effect of the rotational speed at the outer radius.
However, the velocity becomes lower when the water enters the volute spiral. This intense velocity difference at the impeller-volute
boundary possibly affects the oil drops as well, forcing them to deform and break up, as explained in section 3.2. In addition, Fig. 10b
confirms that the water — and, consequently, the oil drops — tend to circulate throughout the volute rather than exiting the pump stage.
Once again, the PIV results are consistent with the observations from the HSI images.

Similar velocity fields were obtained for N =900 rpm and Qw = 150 kg/h. Thus, the analysis made for N = 600 rpm in Fig. 10 is also
valid for other operating conditions. For low flow rates close to shut-off, the water flow field is characterized by the presence of distorted
velocity profiles, in addition to vortices and zones with reverse flow formed on the left side of the impeller, where the channels are next
to the solid walls that compose the beginning of the volute, with the smallest spiral radii. Such a complex water flow probably explains
the accumulation of oil drops observed in Figs. 8 and 9. The continuous phase tends to become “blocked” as the impeller channels rotate
near the left side of the pump stage. Therefore, the dispersed phase would experience the same condition too.

The investigation was finally extended to N = 300 rpm. The spatial distribution of the average velocity, i, and velocity fluctuations in
the horizontal direction, uy, in the transparent pump stage are presented in Fig. 11 and Fig. 12, respectively. As explained in section 2.2,

these PIV measurements were conducted for a single-phase water flow.
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Fig. 11 - Average water velocity fields, at N =300 rpm and Ow = [0, 750, 1100] kg/h or Ow =[0.0, 1.0, 1.5] Osep.
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Fig. 12 - Water velocity fluctuations in horizontal direction, at N =300 rpm and Qw = [0, 750, 1100] kg/h or
Ow =10.0, 1.0, 1.5] Oger. The measurements were performed for a single-phase water flow without oil injection.

The flow field is complex when the pump operates at the shut-off point, with large velocity fluctuations in the impeller-volute region,
where turbulence is thus expected to be very intense. This is exactly the region where the dispersed drops usually deform and break-up.
Therefore, these results corroborate the observations made in section 3.2, especially in Fig. 3. The characteristics of the continuous phase
are favorable to the fragmentation of the dispersed phase, which leads to the formation of emulsions in the pump stage.

The water flow becomes homogeneous and well-behaved at the BEP. Hence, the motion of the dispersed oil drops is expected to be
more uniform, in agreement with the flow image of Fig. 4-left. In addition, regions with significant velocity fluctuations are identified
at the tips of the impeller blades, where turbulence in the water phase possibly causes the oil drops to deform and break-up. The findings
are congruent with the observations of Figs. 5 and 6 as well, in the scope of two-phase o/w dispersions.

At the open-flow condition, the magnitudes of the average velocity vectors become higher on the suction side of the blades. Inversely,
the velocity fluctuations are more intense on the pressure surface of the blades. The irregular water velocity profile probably leads the
dispersed oil drops to move from the suction to the pressure blade inside each channel. This fact would explain the agglomeration of oil
drops in the vicinity of the pressure blades, as shown in Fig. 4-right, for example.
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4. CONCLUSIONS

The present manuscript reports a set of results on the experimental investigation of two-phase oil-water dispersions in the impeller and
volute of a transparent electrical submersible pump prototype. The tests were performed at UNICAMP, in Brazil, where HSI and PIV
were used as flow visualization techniques. Flow patterns were qualitatively analyzed from the observation of the flow images. Oil drop
fragmentation events were detected and associated with the formation of emulsions. The accumulation of oil drops within the impeller
channels at low water flow rates was another phenomenon investigated. The most relevant observations include the following:

- When the water flow rate is low, Ow < 0.1 Opgp, or the flow rate ratio is high, > 10.0%, the oil drops begin to accumulate in the
impeller, which promotes the formation of a “concentrated drops” flow pattern. The forces acting on the drops are insufficient to guide
them to the impeller outlet. Besides, the accumulation is a consequence of the water flow morphology, which is characterized by the
presence of vortices and other structures in partially blocked channels. Breakage events occur predominantly on the boundary between
impeller (moving part) and volute (stationary part), where the water velocity undergoes a significant discontinuity. This region is also
associated with intense turbulence caused by velocity fluctuations in the continuous phase flow. From successive breakage events, there
is the generation of an emulsion, which acquires a turbid and whitish appearance after a few seconds of oil injection in the pump stage.

- At the flow rate corresponding to BEP, Ow = Qgep, the water velocity field is well organized, thus the oil drops are evenly distributed
in the entire pump stage. Thus, when the flow rate ratio is low, # = 1.0%, the oil drops acquire an elliptical shape and become arranged
in a “dispersed drops” flow pattern. Breakage events are detected at the tips of the blades on the impeller-volute boundary. Furthermore,
many drops experience fragmentation when passing through the volute tongue region, where shear stress is expected to be high.

- The water phase continues influencing the oil phase even when the water flow rate is higher. At the open-flow, Ow = 1.5 Osep, the
velocity profiles become irregular as the water flow undergoes a deviation in the channels. For § = 1.0%, this fact causes the oil drops
to migrate from the suction to the pressure surface of the blades. This situation tends to change the spatial distribution of the dispersed
drops in the pump stage. Once again, the measurements performed with PIV corroborate the observations made with HSI.

This study based of flow visualization expands the literature on the behavior of two-phase liquid-liquid mixtures in pump impellers
and diffusers. The main motivation for this research is the problems faced by the petroleum industry when using centrifugal pumps such
as the ESP. The observations made with HSI and PIV in this manuscript are currently being used by other researchers at the same
research group to the proposition and improvement of phenomenological models related to pump performance and effective viscosity.
The findings are also important for the validation of numerical simulations, which often rely on turbulence models that cannot fully
reproduce the real complex flows that take place in turbomachines.

As a continuity of this study, the comparison between water and oil is now being further explored. The PIV method is being adopted
to visualize two-phase flows as well, for a complete analysis of how the presence of oil drops influence the water flow and vice-versa.
Besides, in the near future, the experiments will be repeated with the inverted emulsion, i.e., water-in-oil (w/0) type, which is more
representative of the emulsions pumped with real ESP in actual oil fields.

NOMENCLATURE

N = Impeller rotational speed (rpm) Vr = Oil drop radial velocity (m/s)
10) = Impeller angular speed (rad/s) 7 = Oil drop circumferential velocity (m/s)
Qo = Oil flow rate (g/s) V = Oil drop velocity vector (m/s)
Ow = Water flow rate (kg/h) u = Water relative velocity vector  (m/s)
Oper = Water flow rate at the BEP (kg/h) 7} = Water absolute velocity vector  (m/s)
P = Absolute static pressure (Pa) u = Water velocity fluctuations (m/s)
bp = Differential static pressure (Ea) U =’ in the horizontal (x) direction (m/s)
T = Flu}d temperature (°0) , Mo = Mass of oil injected in the pump (kg)
p - Flu%d d?nsﬂff (kg/m?) Mw = Mass of water in the pump stage (kg)
u = Fluid viscosity (Pa.s) Ji — Mass fraction (-)
R = Radial position (m) B = Flow rate ratio (-)
0 = Circumferential position (rad) ¢ — Time or instant of time (s)
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