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Abstract. This work aims to present an investigation of the flow field in a centrifugal rotor employing two-dimensional
Particle Image Velocimetry (PIV) at different planes for different rotating speeds and flow rate operations. The rotor
prototype has equal inlet and outlet blade angles and is constructed to have a quasi-2D geometry. The PIV measurements
were performed using the phase-locking technique, in which 500 samples were acquired in each experiment. The result
for the head coefficient as a function of the flow coefficient shows that the centrifugal rotor prototype behaves according
to pump laws. From the analysis conducted at different planes, it could be observed that for the best efficiency point flow
rate and above, the velocity field is blade aligned, while for part-load operation, a strong separation is observed.
Moreover, velocity is higher near the hub, while turbulence intensities are higher near the shroud for Qpep and above.
This difference can be attributed to the change in the flow direction from the development pipe to the rotor channels.

Keywords: centrifugal pump, PIV, turbulence intensity.
1. INTRODUCTION

Centrifugal pumps are widely used to transport fluid in different areas such as the oil and gas sector, medical industry,
and chemical plants. The flow inside a centrifugal pump is generally turbulent, complex, and unstable under certain
operating conditions. Understanding the complex flow pattern inside a centrifugal pump can contribute to a better design,
for instance, to reduce vibration and hydraulic losses (Si et al., 2019; Tong et al., 2020). Moreover, understanding the
flow behavior can provide valuable information on the pump performance, such as how the different hydraulic losses
contribute to the overall performance (Vieira et al., 2015).

In this sense, different techniques have been employed to obtain information on the flow in a centrifugal pump, e.g.,
Computational Fluid Dynamics (CFD), Particle Image Velocimetry (PIV), and Laser Doppler Velocimetry (LDV), among
others (Feng et al., 2009; Li et al., 2020; Ofuchi et al., 2017; Pedersen et al., 2003; Posa and Lippolis, 2019). Generally,
the authors are interested in analyzing the flow pattern inside the rotor channels at different operating conditions and how
it affects the flow field, turbulence, Reynolds shear stress, and overall performance. For instance, Stel et al. (2015)
performed U-RANS (Unsteady Reynolds Averaged Navier-Stokes) simulations in a multistage centrifugal pump. They
observed that the flow field in the first stage is different from the following stages, which could be due to better inlet flow
orientation. The authors also observed recirculation in the diffuser at part-load operation.

Experimental measurements of the flow field are possible with velocity probes such as hot-wire or LDV. However, it
has the disadvantage of measuring only a single point. On the other hand, the PIV technique allows for measuring a
significant area of the flow field and has been used over the past decades showing to be a reliable technique. For example,
Feng et al. (2010), Li et al. (2017), and Sinha et al. (2000) studied the interaction between impeller and diffuser, where
the authors could observe wake interactions in both impeller and diffuser channels. Flow interaction between impeller
and volute was also investigated by Keller et al. (2014) and Zhang et al. (2018), in which the authors could observe that
the blade—tongue interactions are dominated by high vortex shedding from the impeller blades. They also noted that vortex
impingement and on the tongue tip induce distortion and fragmentation of the vortex structures. In part-load operations,
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diverse flow interactions occur, such as flow separation and recirculation. These interactions lead to a stall cell formation
showing a blockage effect on the rotor leading to an increase in pressure and velocity fluctuations (Pedersen et al., 2003;
Sinha et al., 2001). Moreover, the so-called two-channel flow pattern is formed, which implies different flow behaviors
in the rotor channels (Feng et al., 2010b; Pedersen et al., 2003).

Flow visualization inside a centrifugal pump has many challenges to overcome. The commercial pumps have thick
metallic casings, curved channels, and generally restricted visual access. These factors make it challenging to perform
PIV measurements, especially in different rotor axial planes. Most studies only measure the flow field at a midspan
location, which could lack information about the flow pattern in the rotor channels. Furthermore, the large number of
degrees of freedom for constructing a centrifugal pump, such as leading angle and blade height, makes existing studies
almost unique.

In this sense, this study presents a PIV investigation of the flow field in a prototype centrifugal rotor to characterize
the flow field at different rotating speeds and flow rates for various measurement planes. The rotor model is fully
transparent, providing good visualization of the flow field, and the cylindrical blade geometry allows reliable
measurement of the flow field through planar PIV. First, it is presented the head curve for different rotating speeds. Then,
it is shown that kinetic similarity holds for different variables (velocity, turbulence intensity, and Reynolds shear stress).
Next, an analysis of the flow field in different channels is presented. Finally, the flow field is evaluated at different planes
for different flow rates. We expect that the outcomes from this work can be helpful for a better understanding of the flow
in a centrifugal rotor with a vaneless diffuser.

2. EXPERIMENTAL SETUP

An experimental loop was designed to perform the visualization inside a transparent rotor prototype. Figure 1 presents
a schematic of this experimental setup, which is based on the one employed by Stel et al. (2020) with some adjustments
to perform PIV experiments. The working fluid was tap water at ambient temperature (25°C).

A booster pump provides water through the loop, while a Coriolis flowmeter measures the flow rate before entering
the development pipe, which has a 17-Din length (Din = 70mm), where Din is the pipe's inner diameter. Then, the flow
enters the test rotor, where PIV measurements were performed. An unvaned discharge chamber collects the flow before
it returns to the water tank through the return lines. It is composed of two PMMA parts with an outer radius of 330 mm,
and a height of 105mm.

The booster pump and two valves in the primary and secondary return lines control the flow rate and the impeller inlet
pressure. Two differential pressure sensors and a Coriolis flow meter are used to measure the intake pressure, the pressure
gain of the rotor, and the liquid mass flow rate with uncertainties of +15.7 Pa and + 0.0016 m*h, as described Stel et al.
(2020). A dynamic sealing composed of two metal rings and two lip seals fixed around the rotor periphery is used to avoid
fluid loss at the rotor/discharge chamber interface, eliminating the need to enclose the rotor with a carcass. Details of the
loop system can be found in Stel et al. (2020).
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The closed rotor prototype constructed to perform the experiments is made out of polymethyl methacrylate (PMMA).
This rotor is equivalent to the one used by Stel et al. (2020). The difference is the PMMA material used, allowing the
laser sheet from the PIV system to pass through. In addition, the channel height has increased to 10.8mm, as well as the
hub and shroud thickness to 20mm for including metal rings that slide against the lip seals. Figure 2 shows a picture of
the rotor prototype and a scheme with its main dimensions. This quasi-2D geometry was constructed to reduce the
influence of 3D flow and provide better flow visualization.

The rotor design flow rate (Opes) is the condition where the liquid flows perfectly aligned with the rotor's blade. It is
used as a reference in the following sections to calculate the flow rate at the best efficiency point (BEP) for different
rotating speeds. An algebraic expression for Qpe.s based on a perfect approach flow alignment (CFD calculations
confirmed this in a quasi-2D simulation, Stel et al. (2020b) is given by the following equation:

QDeS :(ﬂ.RIyls'b.nDex 'tan(ﬁl) (1)

in which, np, is the design rotating speed in rpm, b is the blade height, R1 is the blade leading edge radius, and £ is
the blade leading edge angle. Assuming a design rotating speed of 1000 rpm, the design flow rate and head are Qpes =
0.003411 m*/s (12.267 m*/h or 54.01 US gpm) and Hp.s = 2.85 m. This yields to a specific speed of nq = 26.62, using the
rotating speed in rpm, the flow rate in m3/s, and the head in m (or 1374.40 using rotating speed in rpm, the flow rate in
US gpm, and head in feet).

B,=B,=21,5° Ry, = 34 mm
. : e,=4mm R, = 35,05 mm
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Section A-A
Figure 2 — Geometry of the rotor test with its main dimensions.
2.1 PIV system and acquisition procedure

Figure 3 shows details of the experimental circuit, where (a) presents a scheme of the test section and (b) a picture of
the setup. The position of the PIV setup is also shown, mainly consisting of a laser, a camera, and an acquisition/processing
system. An Nd: Yag double pulsed laser (532nm and 1060nm wavelength) with a maximum output power of 145 mJ was
employed. An optical arrangement generates a laser sheet with approximately 1.2 mm in thickness. Neutrally buoyant
hollow glass spheres varying from 9 to 13 xm are used as particle tracers. The camera used for image acquisition has a
resolution of 2448x2050 pixels and is positioned 90 degrees above the rotor, 475 mm far from the hub, and 500.4 mm
from the midplane between hub and shroud. A Nikkon® 50 mm lens equipped with a polarizing filter is used to reduce
light scattering from the blades and reflecting surfaces.

The velocity fields were obtained by employing the phase-locking technique, and 500 pairs of images were acquired
to ensure a robust data set and guarantee convergence in vector calculation. For this purpose, an electronic trigger device
was located in the rotating shaft, as shown in Fig. 3, where the image is acquired in each impeller rotation. In this way,
the camera and laser operation were synchronized, allowing to obtain images in a fixed position of the rotor channels.
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Figure 3 — Details of the experimental circuit: (a) schematic of the test section. (b) picture of the setup.
2.2 PIV processing
The images acquired by the PIV system were calibrated using a grid plate with dots of 1 mm in diameter and 8 mm in

space between each point. The calibration target was placed at the shroud shown in Fig. 4. The calibration plate can
correct distortions of the image, mainly near the border where the distortions are higher than the center.

Figure 4 — Calibration image using a calibration plate with 1 mm diameter points and 8 mm space between each point.

Figure 5 illustrates the image processing procedure. Firstly, raw images were acquired (Fig. 5-(a)). Then, a masking
procedure is applied to limit the flow region and remove out-of-interest sections of the images (Fig. 5-(b)). Next, a sliding
average filter based on a Gaussian profile (Lukin, 2007) is applied (Fig. 5-(c)), improving the particles detection and then
cross-correlation computations. Calculation of the velocity vectors was performed by applying a multi-pass approach.
Initially, windows of 64x64 pixel* with 50% overlap were employed, then two additional calculations with window sizes
of 16x16 pixel? without overlap were used. A median filter was applied twice after each pass and at the end of the last
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step of processing. Interrogation windows that resulted in spurious and no vector regions were filled and/or substituted
with vectors calculated by averaging the values of neighbor windows. An example of the instantaneous velocity
calculation is shown in Fig. 5-(d).

Figure 5 — PIV processing schematics. (a) raw image, (b) geometric mask, (c) sliding average filter, and (d)
instantaneous velocity field.

After processing the images and obtaining the instantaneous velocity components (u;(x,y); v;(x,y)), represented by
Eq. (2), the mean velocity is calculated (%(x,y); v(x,y) by Eq. (3). The resulting absolute mean velocity is expressed by
Eq. (4). The absolute velocity is not suitable for analyzing the flow in a rotating frame of reference because it also
considers the system's rotating velocity. Therefore, the relative velocity is used instead, given by Eq. (5), where tangential
velocity (Q x » , which Q is the angular velocity) at a given radius r was subtracted from the absolute velocity through a
vector operation. The calculated relative velocity will be used in the following analysis and will be referred to as velocity
for convenience.

u, (x,y,t) = ;(x,y)+u; (x,y,t), 2 (x,y,t) = \_/(x,y)+v; (x,y,t) 2)

_ 1 N _ 1 N

u(x,y):NZui (x,y,t), v(x,y)zNZvi(x,y,t) (3)
i=1 i=1

Ezt_t(x,y);+;(x,y)j' 4)

W=C-Qxr (5)

The turbulence kinetic energy is calculated assuming turbulence isotropy in the z-direction, which is calculated as the
mean of the other two components (Sinha and Katz, 2000). Then, the turbulence kinetic energy is obtained by:

kzgiﬁ:[luiz (xy t)+lvt2 (xy t)} 6)
ANGl2 VT 2

i=l
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The DaVis® software calculates the uncertainty based on the works of Wieneke (2015) and Sciacchitano and Wieneke
(2016). The uncertainty for velocity, turbulence kinetic energy, and Reynolds shear stress were about 1%, 6%, and 8%,
respectively.

2.3  Experimental test conditions

The present investigation was conducted in the following way. First, the head curve for different rotating speeds is
presented to show that the head behaves according to similarity laws. Then, measurements at the midspan (z/b = 0.5) were
conducted for different flow rates and rotating speeds. The goal was to evaluate the kinetic similarity expected in a
centrifugal rotor. Finally, the focus of the work is shifted to evaluating the flow fields in different planes for 300 rpm
rotating speed. As previously mentioned, four planes were chosen to perform this study, z/b =0.2, 0.4, 0.6, and 0.8, where
z/b = 0 corresponds to the hub wall and z/b = 1 is the shroud wall.

Table 1 presents the experimental conditions used in this work. The QOgep (flow rate at the Best Efficiency Point operation)
was calculated using the similarity law based on the Opes. The BEP flow rate for 200, 300, 400, and 500 are respectively
2.45,3.68,4.91, and 6.14 m*/h.

z/b=0.5

Rotating speed [rpm] Flow rate [Q/QOsgep]
200 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
300 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
400 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
500 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

z/b=0.2,0.4,0.6,0.8

Rotating speed [rpm] Flow rate [Q/QOsgep]

300 025 [os0 Jo7s Jroo [125 [150 [175 |2.00

3. RESULTS
This section presents the results obtained in this work. The velocity flow fields were made dimensionless by the
tangential velocity at Do (2:Rou), While the turbulence kinetic energy is made dimensionless by taking the square root

and dividing it by the tangential velocity. It is usually called turbulence intensity (Stel et al., 2013).

3.1 Head coefficient curves
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Figure 6 — Head coefficient as a function of flow coefficient for different rotating speeds.

Figure 6 presents the head coefficient (a// =gH/Q? Djm) as a function of the flow coefﬁcient(¢ =0/QD], ),

measured for different rotating speeds. The curves reveal the usual pump head behavior, where the head coefficient
decreases with an increasing flow coefficient. In addition, it can be observed that different rotating speeds produce similar
curves, showing that the rotor prototype respects the pump's similarity laws.
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3.2 Flow pattern in different planes

In this section, results for three flow rates varying from 0.25-Oggp to 1.75-Qpep are presented in different planes for
300 rpm rotating speed. Four planes between hub (z/b = 0) and shroud (z/b = 1) at distances z/b = 0.2, 0.4, 0.6, and 0.8

are considered. The investigation starts with the QOggp case being the standard for comparison. Then, one over-load and
one part-load condition are analyzed.
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Figure 7 — Dimensionless velocity flow fields with streamlines for 1.00-Qggp at different planes, (a) z/b =0.2, (b) z/b =
0.4, (¢) z/b=10.6, and (d) z/b=0.8.

Figure 7 presents the dimensionless velocity flow fields with streamlines for 1.00- Ogzp at four different planes. It
can be noticed that the flow is oriented with the blade geometry in all four planes. Moreover, a jet-wake structure is
observed near the blade tip, where a high velocity from the blade pressure side and a low velocity from the blade suction
side interact downstream. In addition, it is observed that this structure increases from shroud to hub, which could indicate
a higher slip near the hub than the shroud. Furthermore, velocity increases from shroud to hub near the inlet due to a

change of flow direction from axial to radial that pushes the liquid towards the outer side (hub) because of centrifugal
force.
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Figure 8 — Turbulence intensity fields for 1.00- Ozep at different planes, (a) z/b = 0.2, (b) z/b = 0.4, (c) z/b = 0.6, and (d)
z/b=10.8.

Figure 8 shows the turbulence intensity fields for 1.00-QOgzgp for four different planes. It can be observed that in the
middle of the impeller channel, the turbulence is lower at plane (a) in comparison to the other planes. On the other hand,
the turbulence near the rotor inlet is higher in planes (c) and (d) owing to a change in the flow direction. Moreover, near
the blade tip, there is an increase in turbulence caused by the jet-wake structure, which is a bit longer in planes (a) and

(b).
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Figure 9 — Dimensionless velocity flow fields with streamlines for 1.75-Qgep at different planes, (a) z/b = 0.2, (b) z/b =
0.4, (c) z/b=0.6, and (d) z/b = 0.8.

Figure 22 presents the dimensionless velocity flow fields with streamlines for 1.75- Opgp at four different planes. It
can be observed that the streamlines are blade oriented, but their angle near the rotor exit has increased compared to Figs.
14 and 18. Near the inlet, the velocity increases from shroud to hub, while near the blade trailing edge tip and rotor exit,
the velocity flow field is similar for all planes, including the jet-wake structure. Differently from what was observed in
previous flow rates, a boundary layer separation seems to occur in the blade leading edge tip that is more pronounced in
planes (a) and (b), which could be related to an increase in the flow angle at the leading edge tip.
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Figure 10 — Turbulence intensity fields for 1.75- Ozep at different planes, (a) z/b = 0.2, (b) z/b = 0.4, (c) z/b = 0.6, and
(d) zb=0.8.

Figure 10 shows turbulence intensity fields for 1.75- QOgep at different planes. It can be noticed that the turbulence
intensity diminishes from the hub to the shroud. Moreover, the turbulence in planes (a) and (b) has increased relative to
1.00-Ogep, suggesting that this increase is a consequence of flow rate increase. However, in planes (c) and (d), the
turbulence has surprisingly decreased from 1.00- Qpgp in the middle of the channel, although it is higher near the rotor
inlet owing to a change of flow direction.
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Figure 11 — Dimensionless velocity flow fields with streamlines for 0.25-Ogep at different planes, (a) z/b = 0.2, (b) z/b =
0.4, (c) z/b=0.6, and (d) z/b = 0.8.

Figure 11 shows the dimensionless velocity flow field for 0.25- Ogep at different planes, (a) z/b = 0.2, (b) z/b = 0.4,
(c) z/b=0.6, and (d) z/b=0.8. It can be observed that the flow pattern has completely changed. The stall cell has increased
owing to an increase in incidence angle that starts flow separation near the rotor inlet. The velocity near the inlet is similar
in all planes showing that the change of flow direction does not influence the intake velocity as previously observed.
Moreover, the decrease of flow angle near the rotor exit has caused the formation of a secondary flow observed near the
rotor outlet and the blade pressure side that counteracts the impeller rotation. This secondary flow has been observed in
other works (Feng et al., 2009; Li et al., 2020) but in a midspan plane.
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Figure 12 — Turbulence intensity fields for 0.25- Ozep at different planes, (a) z/b = 0.2, (b) z/b = 0.4, (c) z/b = 0.6, and
(d) zb=0.8.

Figure 12 presents turbulence intensity fields for 0.25- Ogzp at different planes. High turbulence kinetic energy regions
are observed in all planes. Note that there is high turbulence intensity in the region of the small stall cell. Moreover, there
is high turbulence in the pressure side between the two stall cells, which could indicate that the turbulence is due to an
interaction between the two stall cells. Lower turbulence is found near the blade suction side that roughly corresponds to
the stall cell region, indicating that the bigger stall cell is relatively more stable than the secondary stall cell. Again,
differences between planes are also not clearly apparent.

In general, the flow field investigation in different planes has shown that the flow near the hub differs from the flow
near the shroud. For flow rates higher than 1.00- Qzep the velocity near the hub is higher than near the shroud due to a
change of flow direction (axial to radial). Moreover, turbulence is higher near the inlet for planes (c) and (d) owing to a
change of flow direction. Turbulence is carried throughout the impeller channels up to the middle of the channel, where
it is damped. For part-load operation, stall cell formation was observed due to flow separation near the leading edge tip,
and a secondary flow occurred near the blade pressure side and rotor exit. Furthermore, no significant changes were
observed between planes for the variables analyzed at this flow rate operation.

4. CONCLUSION

This work has presented an analysis of the flow field in a centrifugal rotor for different flow rates and rotating speeds.
PIV measurements were performed at different planes (z/b = 0.2, 0.4, 0.5, 0.6, and 0.8). The main conclusions are as
follows:

i.  The pressure rise curves have shown to follow the similarity expected for centrifugal pumps.

ii.  From the analysis of the flow in different planes, it could be observed that only for 0.25- QOgep the flow field in
all planes were similar. For flow rates higher than 0.25- Ozzp the velocity magnitudes and turbulence intensities were
distinct in different planes. The difference in the flow fields in different planes is mainly caused by the change in the flow
direction from the development pipe to the rotor channels.
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iii. At part-load operations, the rotational effect on the flow field is dominant. Stall cells were found in the impeller
channels for 0.25-Qgrp. Moreover, turbulence intensities is higher than in BEP or over-load conditions due to flow pattern
change.
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