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Abstract

This paper presents an experimental study on the flow dynamics within an Electrical Submersible Pump (ESP) stage. An
ESP prototype with transparent impeller and diffuser was designed and manufactured to allow flow visualization, which
was achieved by using a Time-Resolved Particle Image Velocimetry (TR-PIV) system. Single-phase water flow tests
were conducted in various flow rates corresponding to percentages of the Best Efficiency Point (BEP). The average ve-
locity fields, vorticity contours, and turbulent kinetic energy values obtained in the whole impeller reveal that the flow
behaviour is very dependent on the ESP operational condition. Energy losses due to turbulence are lower when the pump
works at the BEP. But when the device operates at off-design conditions, the flow becomes complex, with high vorticity
and turbulence which cause a reduction in the performance. This type of investigation may be useful to validate numerical

simulations, support the proposition of mathematical models, or help create improved impeller designs.
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Introduction

The Electrical Submersible Pump (ESP) is a device
used as a relevant artificial lift method in the petro-
leum industry. However, when the ESP operates at
conditions different from the Best Efficiency Point
(BEP), it often experiences a decrease in its perfor-
mance. In presence of viscous fluids or multiphase
flows, there is frequently the occurrence of opera-
tional instabilities that may result in financial losses
to the oil producers as well.

There is a clear dependence between the ESP be-
havior and the flow pattern in its stages. Therefore,
researchers worldwide have been using flow visu-
alization methods to improve the understanding on
how the characteristics of the flow affect the func-
tioning of the pump.

Examples of works focusing on single-phase flows
in pumps include Pedersen et al. [1], Krause et al.
[2], Keller et al. [3], Li et al. [4], Liu et al. [5]. The
authors used the Particle Image Velocimetry (PIV)
method in their investigations. In addition, other au-
thors visualized two-phase flows within pumps with
High-Speed Imaging (HSI) methods. We can cite
Monte Verde et al. [6] and Perissinotto et al. [7] as
examples, as they studied air-water and oil-water
mixtures.

Flow visualization techniques have actually proven
to be a powerful way to investigate these flows [8].
However, the use of visualization practices in ESPs
is still a developing topic. In this context, this paper
presents an experimental study on the flow inside
the stage of a transparent pump, by using a Time-
Resolved PIV (TR-PIV) technique.

Methodology

A new apparatus was designed and assembled to
enable the visualization tests. It is composed of a
water flow line with a tank, a booster pump, and
instruments to measure the flow rate, pressure and
temperature. In addition, the new test facility has a
transparent ESP prototype which was especially
developed for flow visualization purposes.

The prototype has an impeller whose geometry is
based on a real ESP model P23, series 538, from
Baker Hughes. A photo of the prototype stage, with
the impeller and volute diffuser, is shown in Fig.1.

Figure 1. S'prototype with transparent parts.




A TR-PIV system, DualPower 30-1000 model, from
Dantec Dynamics, was adopted here as the flow
visualization method. This system provides up to a
30 mJ energy per pulse when operating at 1000 Hz
repetition rate. Fluorescent PMMA particles doped
with rhodamine were added to the water to work as
tracers.

Experiments

The experiments were performed at five conditions
by varying the water flow rates (Q) at fractions or
multiples of the flow rate corresponding to the BEP
(Qsep). The impeller rotational speed was kept at a
constant value of N = 900 rpm. Table 1 lists all the
operational points analysed in the present paper.

Table 1. Test matrix with five conditions.

Experimental condition Water flow rate

at N =900 rpm relative to the BEP
1) Q=0.2m3*/h Q= 0.1 Qser
2) Q=18m?*/h Q = 0.8 Qser
3) Q=2.2m?*/h Q = 1.0 Qsep
4) Q=2.6m3/h Q=1.2 Qsep
5) Q=3.6m?*/h Q = 1.6 Qsep

Each experiment consists of capturing 500 pairs of
images using the Dynamic Studio software with the
impeller at a fixed angular position measured by a
rotational encoder. Such procedure ensures that all
the channels and blades are always at the same
position on the set of images, independently of the
number of revolutions completed by the impeller.

Calculations

The images are then processed using algorithms in
MatLab® and Python™ languages. A mask is firstly
applied on the images in order to define the region
of interest. When the impeller is analysed, the an-
gular displacement between each pair of frames
must be removed, so the relative velocity (u) can
be obtained without considering the angular term.
However, when the interest is directed to the entire
stage, the angular term, proportional to the angular
velocity (w) and the radius (r), must be added to u.
An absolute velocity (U) is thus found, as follows:

U=u+owr @)

The velocities U and u displayed in Eq. (1) provide
the average velocity fields within the ESP stage. By
calculating the derivatives of these velocities, we
can also estimate the vorticity intensity (w:):

w, = duy/ 0x - duy/ dy 2)
Furthermore, the variances of temporal fluctuations
of the velocities (') obtained from the PIV tests can

help evaluate the Turbulent Kinetic Energy (k), or
TKE, in the ESP stage:

k=[@)H* + @"H%/2 3)

Results and Discussion

The vectors displayed in Figs. 2 to 4 represent the
average relative velocity field at three different con-
ditions. The impeller rotates clockwise.
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Figure 2. Velocity field at Q = 0.1 Qgep.
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Figure 3. Velocity field at Q = 1.0 Qgep.
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Figure 4. Velocity field at Q = 1.6 Qgee.

As can be observed, the magnitudes of the velocity
vectors are proportional to the water flow rate.
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At the lowest flow rate, next to the shut-off condition
(Fig. 2), the flow is very complex, full of vortices and
regions of intense recirculation. These vortices are
an effect of the adverse pressure gradient and flow
separation caused by the blade tip [3]. The results
agree with the observations made by other authors
[1, 2, 4] in single-phase flows.

At the BEP (Fig. 3), the flow is more uniform. The
vectors and streamlines are aligned with the blade
curvature. In this condition, the energy losses in the
pump are expected to be lower, so the efficiency is
higher [1, 3].
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At the highest water flow rate, next to the open-flow
condition (Fig. 4), velocity vectors and streamlines
undergo a deviation to the suction blades. The fluid
path gets longer and the boundary layer detaches
from the pressure blades [3]. The general structure
of the flow is comparable to half a large vortex that
rotates counterclockwise.

The contour plots of Fig. 5 show the vorticity in the
impeller calculated from relative velocities. As can
be noted, the regions with higher vorticity coincide
with the position of the vortices at the shut-off, and
the pressure blades at the open-flow.
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Figure 5. Contour plots of the vorticity in the impeller at (a) Q = 0.1 Qser, (b) Q = 1.0 Qzep, (c) Q = 1.6 Qsee.
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Figure 6. Contour plots of the turbulent kinetic energy at (a) Q = 0.1 Qser, (b) Q = 1.0 Qsep, (c) Q = 1.6 Qser.

The contour plots of Fig. 6 contain the turbulent ki-
netic energy at the same three flow conditions. The
highest TKE values are detected at the shut-off and
open-flow points, where the energy losses are ex-
pected to be the highest. On the other hand, the
Qsep has the lowest TKE and lowest energy losses,
which are associated with a more efficient opera-
tion of the centrifugal pump.

To assess the total energy losses due to turbulence
in the impeller as a whole, the TKE values at each
impeller position were summed through numerical
integration. Therefore, the total TKE (ksum) was ob-
tained and results are available in Fig. 7 for the five
conditions listed in Table 1.

As can be observed, the value of ksum is three times
greater at the shut-off and open-flow points than at
the conditions close to the BEP. Besides, the be-
havior of turbulence as a function of flow rate is
represented by a second-degree polynomial fit,
which has a coefficient of determination R? = 0.98.

The minimum value of the parabola occurs around
Q = 2.0 m®/h, which corresponds to 90% of Qgep.
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Figure 7. Total turbulent kinetic energy in the
impeller at different flow rates (points) and a
second-degree polynomial fit (curve).
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Conclusions

In this work, the flow inside the single stage of a
transparent pump was studied by using the TR-PIV
approach. An experimental facility was designed
and assembled for this analysis. This test section
consists of transparent parts that provide a visual
access to the flow inside the impeller and volute, in
the entire stage, simultaneously. A set of five tests
were executed by varying the water flow rates (i.e.,
0.1 Qser < Q < 1.6 Qgep), While maintaining the im-
peller rotational speed (N = 900rpm).

The acquisitions were performed at a fixed angular
position defined by an encoder. The instantaneous
PIV results were averaged for each experimental
condition, resulting in the ensemble-averaged and
turbulence statistics fields of the water flow in the
ESP impeller. The average results reveal that the
flow pattern changes as the flow rate deviates from
the BEP condition.

For low Q values, the ensemble-averaged velocity
fields indicate that the flow is full of vortices and
regions of intense recirculation. As the flow rate
increases, the flow gradually changes its pattern,
becoming more uniform near the BEP, with velocity
vectors aligned with the curvature of the blades.
Then, from the BEP onwards, at high Q values, the
velocity vectors undergo a deviation toward the
suction blade direction.

In addition to the average velocity fields, the TKE
contours in the different experimental conditions
were also analyzed. As the operational point gets
further from the BEP, the higher is the magnitude
of the values. The TKE can be understood as the
representation of the turbulence intensity in the im-
peller channels. Hence, the analysis of such fields,
together with the time-resolved velocity data from
the TR-PIV, may drive towards a more satisfactory
understanding and math modeling of energy losses
within the ESP.

The next steps of this study include, for example,
extending the test matrix to assess other rotational
speeds. In the near future, the turbulent dissipation
rates will be estimated from another experimental
program, together with other interesting quantities
which depend on the instantaneous velocities.
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