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Abstract

The flow field within the channels of a centrifugal pump impeller is usually complex, containing
turbulent structures in a wide range of time and length scales. Identifying the different struc-
tures and their dynamics in this rotating frame is, therefore, a difficult task. However, modal
decomposition can be a useful tool for detecting coherent structures. In this paper, we make use
of proper orthogonal decomposition (POD) of time-resolved flow fields in order to investigate the
flow in a centrifugal pump. For that, we carried out experiments using time-resolved particle
image velocimetry (TR-PIV) in a pump of transparent material operating at different conditions
and obtained the statistical characteristics of the turbulent flow from phase-ensemble averages of
velocities and turbulent kinetic energy. The results reveal that at the pump’s best efficiency point
(BEP) the flow is well-organized, with no significant flow separation. For flow rates below the BEP,
flow separation and vortex structures appear in the impeller channels, making the flow unstable.
At flow rates above the BEP, intense jets appear close to the suction blades, while small instabilities
occur on the pressure side. The POD analysis shows that at low flow rates, the flow is dominated
by large-scale structures with intense energy levels, while at the BEP and higher flow rates, the
flow is dominated by small-scale structures. Our results shed light on the turbulence characteristics
inside the impeller, providing relevant information for reduced-order models capable of computing
the flow in turbomachinery at much lower costs when compared to traditional methods.
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1. Introduction

Centrifugal pumps are widely used in different industrial processes, including agricultural irriga-
tion, water supply, oil facilities, thermal power plants, chemical, nuclear, among other applications.
Although ubiquitous in industry, the flow structure in the impeller, which is the core component
of the centrifugal pump, is not fully understood, being highly complex at off-design conditions. At
these conditions, the flow usually contains high temporal and spatial velocity gradients, regions
with strong vorticity, flow separation zones, and intense turbulence levels [I]. Therefore, a better
understanding of the flow structures occurring at different operating conditions is important for
designing, assembling and operating centrifugal pumps.

One way to have access to details of the flow fields in pumps is through optical techniques.
Flow visualization investigations, mainly using particle image velocimetry (PIV), were carried
out over the last years, and they focused generally on the main flow. Paone et al. [2] were the
pioneers in the use of PIV for investigating the flow in a centrifugal pump, and they determined
the fields of relative velocity and vorticity in a pump diffuser. Their work was expanded by Dong
et al. [3, 4], who estimated momentum and energy fluxes, turbulent stresses, and turbulence
production in a pump volute. Later, Sinha and Katz [5] conducted experiments to investigate the
flow in the gap between the pump impeller and diffuser. The authors identified the formation
of turbulent structures, such as jets and wakes related to velocity fluctuations. Furthermore, the
authors concluded that the rotating impeller of a centrifugal pump may promote the occurrence
of hydrodynamic instabilities which affect the structure of the boundary layers in the blade walls,
occasionally causing the separation of the flow.

The visualization of single-phase flows in rotating impellers was also explored by Pedersen et al.
[6], who carried out experiments using laser doppler velocimetry (LDV) and PIV in a transparent
centrifugal pump to investigate the unsteady flow structures and turbulence characteristics. In
general, the results from LDV and PIV were similar between them, but the PIV presented two
advantages over the LDV: a considerably lower run time and an the ability to identify instantaneous
spatial flow structures. The authors concluded that the PIV is efficient in acquiring reliable and
detailed data of velocity fields inside impeller channels, especially when fluorescent particles are
used as tracers. In addition, they identified that at the lowest flow rates, intense instabilities arise

in the diffuser and then spread to the impeller, leading to the prevalence of unsteady flow patterns.
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Krause et al. [7] and Zhang et al. [8] characterized the evolution of fields of time-dependent
water flows by using a time-resolved PIV system (TR-PIV). Basically, the authors obtained veloc-
ities and streamlines that revealed the formation and propagation of vortices in a radial impeller
[7] and around the volute tongue region [8]. A time-resolved approach was also adopted by Mittag
and Gabi [9] for studying the flow of a mineral oil in the intake and impeller of a transparent
centrifugal pump. The main advantage of using mineral oils in transparent pumps is basically the
refractive index, which present close values for the fluid and the acrylic material used in the pump
structure.

More recently, Keller et al. [10] executed one of the most extensive investigations on single-
phase flows in pumps. For the flow rate corresponding to the best efficiency point (BEP), the
authors noticed that a vorticity sheet of high intensity occurs in the suction blade of the impeller
as a consequence of velocity gradients. Besides, a negative (or inverted sign) vorticity sheet and
an intense turbulent kinetic energy production zone were detected in the blade trailing edge. In
addition to the studies reported above, it is important to mention that significant attention has
been devoted to visualize the internal flow in centrifugal pumps with either vaned [I1] 12}, [13] or
vaneless diffusers [14, 15} [16], as well as to study other phenomena such as the influence of flow
patterns on the hydraulic performance [17, [I8| 19, 20, 21].

As the flow field in the impeller of a centrifugal pump is highly complex, traditional analysis
based on the raw data are unable to reveal the dominant unsteady flow structure efficiently [22]. In
this context, the proper orthogonal decomposition (POD) method has received increasing attention
for analyzing complex fields. After Lumley [23] successfully applied the POD method on the study
of turbulence, it remained one of the most widely used techniques and evolved in multiple forms
[24, 25| 26| 27, 28]. For example, Ma and Karniadakis [29], Liberge and Hamdouni [30] and El-
Adawy et al. [31] investigated flow in cylinders, a classic fluid mechanics problem, demonstrating
that the POD technique could precisely describe its characteristics. POD was also applied in the
analyses of engines [32] [33], compressors [34], centrifugal fans [35] and jets [36] 37, B8] B39].

Nevertheless, few studies regarding the use of the POD in centrifugal pumps have been carried
out so far, and all of them numerically. Zhang et al. [40] used POD to improve the accuracy and
reduce the calculation costs for the inverse problem of the flow in the impeller of a centrifugal pump.
Guo et al. [41] analyzed the interrelations among impeller blade geometry, flow field fluctuation
intensity, and impeller-induced hydrodynamic noise of centrifugal pump based on results from

computational fluid dynamcs (CFD). Finally, making use of detached eddy simulation, Zhang et
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al. [42] investigated the flow characteristics and the relationship between the hydraulic performance
and energy distribution of internal flow structures in single-stage centrifugal pumps.

In this paper, we investigate the flow in a centrifugal pump by making use of proper orthogonal
decomposition of time-resolved flow fields. For that, we carried out experiments using time-resolved
particle image velocimetry (TR-PIV) in a pump of transparent material operating at different
conditions, and obtained the statistical characteristics of the turbulent flow from phase-ensemble
averages of velocities and turbulent kinetic energy. The results reveal that at the pump’s best
efficiency point (BEP) the flow is well-organized, with no significant flow separation. For flow
rates below the BEP, flow separation and vortex structures appear in the impeller channels, making
the flow unstable. At flow rates above the BEP, intense jets appear close to the suction blades,
while small instabilities occur on the pressure side. The POD analysis shows that at low flow
rates the flow is dominated by large-scale structures with intense energy levels, while at the BEP
and higher flow rates the flow is dominated by small-scale structures. Our results shed light on
the turbulence characteristics inside the impeller, providing relevant information for reduced-order
models capable of computing the flow in turbomachinery at much lower costs when compared to
traditional methods.

In the following, Secs. [2] and [3] present, respectively, the experimental setup and procedure and
the equations governing the POD technique. Section [4] presents the results for the phase-ensemble
averaged velocity fields, phase-ensemble averaged turbulent kinetic energy fields, and POD analysis

of flow field. Section [Bl discusses the conclusions.

2. Experiments

2.1. Transparent pump and test bench

To enable PIV measurements in the whole impeller, a prototype of a centrifugal pump with
spiral volute was designed and manufactured out of a transparent material for flow visualization
purposes. Further details on the prototype are available in Perissinotto et al. [43] [44].

The impeller has a radial geometry with seven channels of constant height and low aspect ratio
(about h/dy =~ 5%). The outer radius is 55 mm and the inner radius 22 mm to reduce the three-
dimensional flow effects. Thus, the impeller has a geometry similar to that used by Monte Verde
et al. [45] and Perissinotto et al. [46, [47] in their experiments. The main impeller parameters are

shown in Tab. [
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The working fluid enters the pump stage through four intake ports placed on the side of the
pump body. The liquid then flows to the impeller inlet, traverses the channels, and finally goes
to the volute before leaving the pump. The outflow direction is perpendicular to the axis of the
pump shaft. The impeller is connected to the central shaft through screws and threads. In order
to reduce the diffuse reflection during the experiments, the impeller hub and volute background
are both made of matte black anodized aluminum. A layout and photographs of the pump stage
are presented in Fig. [I}

The layout of the experimental test rig is depicted in Fig. [2] As can be observed, the setup is
essentially composed of a water flow line with a tank, a booster pump, some valves and instruments
to measure the impeller rotation speed (), water temperature ('), pressure in the prototype inlet
(P), pressure increment generated by the prototype (DP), and water flow rate (Qw ). The analog
output signals from these instruments are acquired through a National Instruments system and
the measured data is monitored and stored by a LabVIEW supervisory control program. The
pressure transducers are mounted at the pump inlet and outlet, and the impeller rotation speed
is controlled by a variable frequency drive system. The flow rate through the impeller is adjusted
by setting the rotational speed of the booster pump and the opening or closing of the discharge
valve assembled at the pump outlet. All instruments present uncertainties lower than 0.5% of the

measured values.

Table 1: Impeller geometry

Parameter Symbol  Value
Inlet diameter [mm] dy 44
Outlet diameter [mm] da 110

Outlet angle of blade [o] B2 46.8
Blade thickness [mm)] e 5.5
Blade height [mm)] h 6.0




v shroud
blade

*

l
o]
N
d

(b) Photographs of the pump stage, highlighting the impeller

Figure 1: Test pump design.
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Figure 2: Layout of the experimental test rig.

2.2. PIV setup

A DualPower 30-1000 time-resolved PIV (TR-PIV) system from Dantec Dynamics Inc. was
used as the flow visualization method in the determination of velocity fields in the centrifugal
pump impeller. The main components of the system are a power supply, a pulsed laser generator,
a synchronizer, a high-speed camera (Phantom VEQOG40) and the DynamicStudio software which
controls the PIV measurements. The system is capable of working at pulse frequencies up to
1000 Hz to provide instantaneous velocity vectors with two components in two-dimensional planes
(2D2C-PIV).

The pump prototype is illuminated from both sides laterally by a dual light guide system
composed of lenses and mirrors that adjust the position and thickness of the laser sheets. The
mid-plane of the impeller, perpendicular to the pump shaft, was selected for the measurements.
In the tests, the field-of-view covered the entire transparent stage to reveal the overview of flow
structures. Fluorescent particles of PMMA doped with rhodamine-B dye were added to the water to
serve as fluorescent tracers in the laser induced fluorescence (LIF-PIV) technique. These particles

have an average diameter in the range from 20 pum to 50 um.
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The flow is illuminated by a double-pulsed laser (Nd:YAG type) with a wavelength of 532 nm
and the flow images are captured by a high-speed camera (CMOS sensor) with a spatial resolution
of 2560 px x 1600 px, the acquired images presenting a 0.1 mm/px relation. To assemble the
2D2C-PIV setup, the camera was installed perpendicular to the light sheets. A high band-pass
filter for wavelengths above 545 nm was mounted on the camera lens to filter all the light scattered
by the interfaces, capturing only the light fluoresced by the seeding particles. The configuration
of the illumination is available in Fig. [3]

Examples of images captured during the PIV tests are shown in Fig.[4l It is evident that there is
no significant image distortion, reflection or noise in the raw image (Fig. . Once the experiments
are completed, a pre-processing procedure is performed in the DynamicStudio software and an
image processing algorithm, developed in MatLab®, is applied to mask out the impeller blades
and volute regions in the raw images (Fig. before sending them to the PIV cross-correlation
software. The Adaptive PIV method [48] with initial and final interrogation regions of 32 and 16
px, respectively, was chosen in the present study. A Gaussian fitting was used in the correlation
peak to obtain accurate sub-pixel displacements. In addition, a procedure to remove the angular
displacement of the impeller (in order to define a non-inertial rotating frame of reference) was
implemented based on the work of Liu et al. [49]. By employing these above-mentioned processes,
consistent PIV measurements have been obtained. More information on the PIV setting and image

processing are available in Perissinotto et al. [43].
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(a) Scheme of the dual light guide system (b) Photograph of the dual light guide system

Figure 3: Experimental facility highlighting PIV system and transparent pump.



(a) PIV image before pre-processing (b) PIV image after pre-processing

Figure 4: Typical PIV images acquired during the tests.

ws  2.8. Test matriz

In the present work, PIV acquisitions were performed at three fixed rotational speeds (£2) and
three water flow rates (Qw ) for each Q. The water flow rate is given in terms of the pump’s best

efficiency point (Qpgp), represented by the variable @*. The experimental matrix is shown in

Tab. 21

Table 2: Test matrix of the experiments

Q rpm]  Qw [m?/h]  Q* = Qw/QsEp

300 0.225 0.3
0.75 1.0

1.125 1.5

600 0.45 0.3
1.5 1.0

2.25 1.5

900 0.66 0.3
2.2 1.0

3.33 1.5
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The experimental conditions encompassed a range of 2 set at 300, 600, and 900 rpm along with
nine distinct flow rates. Flow rates were quantified using a Coriolis flow meter, primarily capturing
mass flow rates (), which were subsequently converted into volumetric flow rates (Qw = m/p). It
is worth noting that throughout the experiments, the water remained at a constant temperature of
T = 25°C, with corresponding fluid density of p = 997 kg/m?3. Additionally, the dynamic viscosity
of the fluid at this temperature was approximated as u = 0.0009 Pa-s.

The specified flow rates adopted in the experimental matrix (Tab. [2)) were determined via pre-
liminary assessments designed to characterize the pump’s operational performance. The initial
computation of pump head (Hpymp) and efficiency (e I f,pump) was derived from instrument mea-
surements. Subsequently, the flow rate corresponding to BEP was determined for all rotational
speeds. Figure [5|illustrates the range of flow rates examined in this research, spanning from a con-
dition near pump shut-off (with higher pump head and lower flow rate) to a condition resembling

open flow (with lower pump head and higher flow rate).
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Figure 5: Performance curves of the pump prototype.

As depicted in Fig. [5| the pump exhibits an efficiency range of approximately 1% to 8% across
the investigated rotational speeds, which are notably lower in comparison to typical commercial

pumps. The diminished efficiency, denoted as eff pump, can be attributed to frictional losses

10
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occurring within the mechanical components situated in the transmission system of the motor-
pump assembly, as detailed in Perissinotto et al. [43]. The pump assembly incorporates five
bearings and three mechanical seals, each contributing to energy dissipation through friction. The
total torque required to mobilize all these elements is quantified using a torque meter. Notably,
the central shaft’s length (approximately 80 cm) is nearly eight times greater than the diameter of
the impeller (approximately 10 cm).

However, it is essential to emphasize that the relatively low efficiency of the prototype does
not hinder the objectives of this study. The pump was originally designed for flow visualization
purposes, and the incorporation of bearings and seals on the shaft, while diminishing efficiency,
does not compromise the functionality of the apparatus. As a result, the machine continues to
yield manometric curves consistent with those of a genuine centrifugal pump.

A total of 2000 pairs of pump flow images were captured in each experimental condition.
The double frame TR-PIV acquisitions were conducted with a frequency of 700 Hz, while the
time difference between the two consecutive frames for velocity measurement ATpry followed the

guidelines discussed in Raffel et al. [50].

3. Proper orthogonal decomposition

Turbulent flows are composed of a wide range of temporal and spatial scales and identifying
the existence of coherent structures may be a complex task. The proper orthogonal decomposition
(POD) offers a way of carrying out the spatio-temporal analysis of turbulent flows, where the
turbulent structures are ranked according to their energy levels. The basic idea is that structures
with higher energy (usually large-scale structures) contain the main characteristics of the turbulent
flow. In this section, a brief discussion on the main features of POD will be provided. Further
details and mathematical formulation can be found in [51] [52].

In a turbulence analysis, the velocity vector U(x,t) is usually a function of space and time, and
can be decomposed in a sum of the time averaged flow, (U(x,¢)), and the fluctuation field u(x,t),

so that we can write:

U(x,t) = (U(x,t)) + u(x,1t) (1)

The idea behind the POD method is to decompose the fluctuation vector field u(x,t) into a set

of deterministic spatial functions ¢;(x) modulated by time coefficients a;(t) so that,

11
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u(x,t) =y di(x)ai(t) (2)
=1

where ¢;(x) are the POD (spatial) modes, a;(t) are their time coefficients and N is the number of
snapshots. The snapshots of u are computed at time ¢ and the covariance matrix Cj; is defined as

the product of a given number N of snapshots,
Cij = uTll (3)

Cij Ay = MA, (4)

where eigenvalues and eigenvectors of covariant matrix C;; are A\; (A1 > A2 > ... A, > 0) and A;
[(A1,As,...,A,)]. Based on this, the eigenvector of covariant matrix is used for projection to get

POD modes under the corresponding eigenvalues of flow field as follows:

5 - DA 6
i = N

12021 A
The transient flow field is projected onto the POD mode, and the time coefficients a;, (Eq. @,

of each mode are obtained to characterize the spatial-temporal evolution characteristics:

a; = ¢;ru (6)

In this work, the spatial modes as well as the temporal coefficient are numerically obtained
through Egs. and @ An in-house code was developed in Python™ based on Weiss [53]. The
code reads the PIV instantaneous velocity fields and performs the modal decomposition of the flow
using the POD snapshot technique [24]. The code is based on the numerical packages scipy [54]
and numpy [55], and is available for download at http://gitlab.com/rafacerq/snapshot-P0OD,

together with post-processing scripts and experimental data from this work.

4. Results and discussion

4.1. Fields of phase-ensemble averaged velocity

To investigate flow patterns within the centrifugal pump impeller, the instantaneous fields of
absolute velocity were averaged through a phase-ensemble procedure. In this procedure, acqui-

sitions are only performed when the impeller reaches a certain angular position (#) during its
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rotational motion. Therefore, when observing the images, the observer notices that the channels
and blades are always in the same position. In this work, the results presented for average flow
fields are positioned at § = 10°, with the reference position § = 0° corresponding to the angle at
which the tip of one of the lowest blades is vertically aligned with the tip of the volute tongue.
This position was calculated using a rotary encoder (see Fig. . The phase-ensemble averaged

absolute velocity was determined using Eq. :

LN
(U) = N Z(Uz') (7)

The relative velocity was obtained by subtracting the absolute velocity from the tangential

term due to the impeller motion in the velocity triangle [56]:

(W) = (U) — wr (8)

where w represents the angular speed, proportional to the rotational speed €2, and r is the radial
position of the velocity vector in relation to the impeller center.

The results of the fields of phase-ensemble averages of the relative velocity and streamline plots
are shown in Fig. |§| for fixed pump impeller rotational speeds (£2) of 300, 600 and 900 rpm under
the different flow rates (Q*) of 0.3, 1.0 and 1.5. The impeller rotation direction is clockwise, and
the relative velocities presented have been normalized by the blade tip speed (W*) = (W) /Uy,
[10].

As can be seen from Figs. and at the BEP (Q* = 1.0) the streamlines follow the
curvature of the blades without significant flow separation for the three investigated rotational
speeds. Low velocity zones develop on the pressure sides of the blades, generating an pressure
gradient, which suggests that the fluid is displaced towards the suction sides. As a consequence,
we observe the “jet-wake” phenomenon in the suction blades of all impeller channels. Furthermore,
due to the blade curvature, the flow near the impeller center is dominated by rotational effects.
As the fluid moves towards larger radii, the Coriolis force increases and the fluid is pushed in the
opposite direction, towards the pressure side. As a result of this phenomenon, we can identify very
uniform velocity fields in the impeller exit region.

As the flow rate decreases to Q* = 0.3 (Figs. @ and , the fluid near the suction blade
is diverted to the pressure blade causing a change in the stagnation point, as a consequence of the

unbalance of apparent forces. Then, a significant reduction in the velocity is detected, resulting in
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recirculation zones next to the suction blades. We observe that this vortex generation mechanism
is closely linked to regions where the fluid outlet area is reduced by the solid walls in the volute
spiral, especially on the left side of the pump stage, in the channels 1, 6 and 7, as indicated in
Fig. [6al

As the flow rate increases to Q* = 1.5 (Figs. @ and , the formation of small flow
instabilities is detected on the pressure side of the blades in different radial positions of the impeller,
which is probably due to the detachment of the boundary layer caused by an adverse pressure
gradient. In addition, the presence of intense jets on the suction blades is also observed, as the
streamlines are distorted and acquire a shape comparable to half a counter-clockwise vortex.

Another important information from the fields presented in Fig. [6]is that for two identical flow
rates (normalized by the BEP @Q*), the morphology of the flow field in the impeller tends to be
similar, independently of the rotational speed (2) and absolute flow rate (Qw ). In other words,
the average flow field follows the affinity laws of centrifugal pumps. This result agrees with the

observations made by Perissinotto et al. [43].

4.2. Phase-ensemble averaged turbulent kinetic energy fields

The turbulent kinetic energy is of particular interest for analyses of the total energy distribution
of the flow field. Since only two components of the velocity fluctuations are available in our 2D2C-
PIV measurements, an isotropic assumption is applied when calculating the turbulent kinetic

energy, Kop,

KQD:%<U'U> (9)

The results for the phase-ensemble averaged turbulent kinetic energy are presented in Fig. [6]
normalized by the blade tip velocity K5 = Kop/ Ufip. Figure m reveals that the highest turbulence
values are detected at the lowest flow rate condition, @* = 0.3 (Fig. and , especially
near the impeller exit. This fact occurs because when the fluid flows through the impeller, not
only rotational energy is provided to it, but also the volute itself imposes a geometric restriction.
Thus, the highest values of K, are located at the leftmost impeller, in channels 1, 6 and 7, which
are close to regions where the volute radius is small. Exiting the impeller, the fluid impinges the
volute wall and suddenly changes its direction, this fact resulting in the formation of recirculation
zones in the impeller channels. In addition, the flow exiting the impeller in channels 1 and 2 is

affected by the presence of the volute tongue. In this region, as the fluid exits the impeller, it

14
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Figure 6: Streamlines from ensemble-average velocity field in the centrifugal pump impeller.

faces a sudden change of direction due to the sharp surface of the tongue tip, which promotes
a0 recirculation. Those two effects combined result locally in regions with intense turbulent kinetic

energy.
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Figure 7: Streamlines from the fields of ensemble-average turbulent kinetic energy in the centrifugal pump impeller.

In opposition, for the design condition (Q* = 1.0 Figs. and the turbulence production
has much lower values. The limited K, values are associated with the uniformity of the flow field,

since centrifugal pumps working at the BEP tend to have well-organized velocity fields without
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flow detachment zones. This is a consequence of well-balanced forces governing the fluid behavior
in the impeller at the design point.

For higher flow conditions (such as Q* = 1.5, Figs. and [71) we observe that regions with
high values of turbulent kinetic energy are found near the pressure surfaces of the blades. As
discussed in section these regions are characterized by low average velocities, which suggests
the occurrence of flow detachment events. Therefore, the turbulence production in the centrifugal
pump impeller is attributed to the geometric restrictions imposed by the volute walls, as well as
the unbalance of apparent forces, which would be responsible for the formation of vortices and for

the instabilities in the regions next to the boundary layer of the blades.

4.8. POD analysis

Physical quantities of turbulent flows can be divided into time-averaged and fluctuation quan-
tities, the latter consisting of periodic random parts. The periodic part represents the large-scale
coherent structures, while the random part represents the small-scale turbulence [57]. The POD
method is as an effective tool to identify the fluctuation part, in which two key quantities are
obtained: the eigenvalues (\;) and the modes (¢;). The modes represent different structures of the

flow field, and the eigenvalues are related to the flow field energy.

4.8.1. Distribution of flow energy

Figureshows the distribution of the turbulent kinetic energy (A, / Zf\il ;) associated with in-
dividual modes of the eigenvalues spectrum (LHS), and the cumulative energy (3 i, An/ vazl i
on the RHS) for the various rotational speeds and flow rates in the pump impeller. For the lowest
flow rate (Q* = 0.3), 40 to 50% of the turbulent energy of the flow is concentrated in the first and
second POD modes for the three  investigated here. For the design condition (Q* = 1.0), the first
two modes are responsible for 10% of the turbulent energy, with 60 modes being necessary to reach
50% of the total energy. Finally, for the highest flow rate (Q* = 1.5), 20%, 9% and 12% of the
cumulative energy are contained in the first two modes at rotation speeds of 300, 600 and 900 rpm,
respectively. These distributions of energy level indicate that there is a significant redistribution
to POD modes for different flow rates. However, the distribution of turbulent kinetic energy for a
same flow rate in relation to the BEP is approximately the same for the different rotational speeds
imposed on the impeller.

The rapid decrease in the energy levels for Q* = 0.3 indicates that the first two modes may

contain large-scale coherent structures of turbulent fields. Looking at the first few modes for this
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condition would be sufficient to identify dominant coherent motions. Furthermore, the third and
fourth modes, which contain less energy, would represent the small-scale flow structure. As the
modes continue to increase, the energy level changes little, so that it can be understood that the
higher-order modes represent random fluctuations and noise in the turbulent field.

For the design (Q* = 1.0) and higher (Q* = 1.5) flow rates, the large-scale and coherent flow
structures become more incoherent and smaller. This suggests that the large-scale structures (with
higher energy) are broken into small-scale structures (with lower energy), in a process known in
turbulence theory as cascade effect [58].

As mentioned above, the distribution of turbulent energy is approximately independent of the
pump rotation speed, being a function only of the flow rate. This observation is confirmed in Figs. [f]
and [7] where we can see that the flow topology is very similar for 300, 600 and 900 rpm. Hence,
the next sections will focus only on the intermediate rotational speed 2 = 600 rpm, while other
rotations will be suppressed since they do not add new information to the discussions. Nevertheless,
the analysis was performed for 300 rpm and 900 rpm as well, and we noticed that the results are

roughly the same.
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Figure 8: Energy distribution in the centrifugal pump impeller.
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4.8.2. Spatial characteristics

The spatial distribution of the first two POD modes is shown in Fig. [0} for the three studied
flow rates, at the rotation speed of 600 rpm. It can be observed that there is a coupling between
the first two modes, their spatial distribution revealing that these modes occur in pairs. Indeed,
when comparing Fig. 0a] with Fig. [0b] Fig. [0d with Fig.[0d] and Fig. [0 with Fig. [0, we notice that
the structure of both modes is the same, except for a shift in the phase, as if mode 2 was rotated
a certain angle relative to mode 1. This fact will be discussed in section [£.3.3]

At the lowest flow rate (Q* = 0.3), we observe regions with more intense reddish tones, where
vortices or flow separation are found (Fig. @ and . This means that the velocity fluctuations in
these regions tend to be correlated. From Fig.[6] we can see that the streamlines for this condition
are completely misaligned in relation to the blades curvature, and, when analyzing regions far
from the volute tongue, we notice that the flow that tends to separate. In the region near the
volute tongue, large-scale vortices develop and rotate in the opposite direction with respect to the
impeller motion, which is a effect resulting from the direct flow (related to the flow rate) and the
counter-rotating flow (resulting from the fluid tending to keep its angular momentum, as discussed
in Zhang et al. [§]). These unsteady flow structures are detected by the POD method as coherent
structures with a high energy level.

For the design condition (Q* = 1.0), Fig. [6] revealed smooth streamlines and “jet-wake” zones.
When analyzing the POD modes (Figs. [9¢| and , we can observe that the velocity fluctuations
for such a condition tend to be more correlated in regions where “jet-wakes” are present. However,
these fluctuations are less correlated in comparison with those found at the lowest flow rate. As
already discussed in section this is an indication that a large-scale flow with high energy is
breaking into small-scale flow structures.

As the flow rate increases to @Q* = 1.5, we can see in Fig. [§] that the average values of the
first two POD modes are approximately equal to those presented for @* = 1.0. These results are
associated with the flow structures shown in Figs. [6] and [7] At the BEP condition, the streamlines
are smooth and aligned with the curvature of the blades, so that the velocity fluctuations are
very low. For @Q* = 1.5, however, the streamlines become inclined in the vicinity of the pressure
blades, which generates velocity fluctuations interpreted here as a detachment of the boundary
layer. These detaching streamlines are a consequence of small instabilities, which are characterized
by structures of lower energy, represented in Figs. and [0f as yellow and orange colors. The

analysis is repeated for modes 3 and 4 in Fig. for the same pump operating conditions.
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(a) Mode 1 - Q* = 0.3

(¢) Mode 1 - Q" = 1.0 (d) Mode 2 - Q* = 1.0

(e) Mode 1 - Q" =1.5 (f) Mode 2- Q* = 1.5

Figure 9: Spatial distribution of the first and second modes at 600 rpm for different flow rates.
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(c) Mode 3 - Q" = 1.0

(e) Mode 3- Q" = 1.5 (f) Mode 4 - Q* = 1.5

Figure 10: Spatial distribution of the third and fourth modes at 600 rpm for different flow rates.
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The contours for @* = 0.3 in Fig. show correlated zones of velocity fluctuation in the
fluid leaving the impeller to the volute. In addition, we can also observe that modes 3 and 4
present characteristics of a vortex shedding flow pattern, process responsible for the unstable flow
separation. Thus, these results indicate that modes 3 and 4, at this low flow rate, are associated
with flow structures exiting the impeller as well as large-scale structures breaking into small-scale
structures. Such observations are best visualized in Video 1 of the Supplementary Material, which
shows an animation of how the addition of POD modes contributes to the flow reconstruction.

For the design condition, it is more difficult to associate the higher-order modes with a physical
mechanism, since all the impeller channels of the centrifugal pump have zones with a low level of
correlation between velocity fluctuations. Differently, for @* = 1.5, it is possible to identify flow
structures similar to those found for the lowest flow rate, but with smaller scales. From mode 4
(Fig. , regions of correlated velocity fluctuations in the vicinity of the impeller eye are also
detected, indicating that the instabilities responsible for the boundary layer detachment are being
captured by this POD mode.

In summary, as the rank of POD modes increases, the energy of velocity fluctuations decreases
for all flow conditions studied in this paper. Modes 1 and 2 are responsible for larger-scale unstable
flow structures, i.e., large vortices and “jet-wakes”, whereas modes 3 and 4 are associated with
smaller-scale unstable structures. Above that, the addition of more POD modes does not contribute
significantly to the physics of the flow, as these higher modes are related to the noise, inherent in

the PIV technique (see Video 1 of the Supplementary Material).

4.3.8. Temporal characteristics

According to the previous section, there is a coupling between the pairs of POD modes. To
further investigate this observation, the temporal characteristics of modes 1-2 and 3-4 for 2 = 600
rpm are determined in the present section. The temporal coefficients, frequency spectra, as well
as phase diagrams between the pairs of modes are presented in Figs. and The analysis
of the temporal coeflicients of the first two POD modes for the three flow conditions confirms the
similarities between the structures (Fig. and : both show periodicity with similar
amplitudes of the peaks. This is an evidence that the modes represent a periodic structure of the
water flow.

At Q* = 0.3, the temporal coefficients for the first two modes have the same characteristics,

except for a phase shift (Fig. [l1a]). In addition, a well-defined peak frequency corresponding to 10
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Hz is identified for both modes (Fig. , this being consistent with the rotation frequency of the
pump impeller (600 rpm = 10 Hz). The distinct single peak indicates that there is a single flow
phenomenon described by the first two modes at this flow rate. For the design (@* = 1.0) and
highest flow rate conditions (Q* = 1.5), we observe the same properties as those presented for Q*
= 0.3, but with a lower matching level. This is a consequence of the energy present in the first
two modes of each case analyzed. From Figs. and it is clear that the dominant frequency
of modes 1 and 2 is still the pump rotation speed.

For modes 3 and 4, the distributions of temporal coefficients indicate that there is no correlation
at the flow rates analyzed in this paper (Fig. . However, we note that for Q* = 0.3 modes 3
and 4 are the harmonics of modes 1 and 2, characterized by smaller energy spectra. These results
suggest that large flow structures form at a frequency similar to the rotation speed of the pump
impeller and then break up into smaller structures at a rate that corresponds to two impeller
revolutions. Furthermore, for the design condition (@Q* = 1.0), the frequency spectra are noisy,
and several peaks at relatively low amplitudes can be observed. For @Q* = 1.5, one peak can be
seen at 20 Hz, which is also a harmonic of the first two modes. Such results again suggest that
higher-order POD modes represent small-scale unstable flow structures in the centrifugal pump
impeller, which are deriving from the cascade effect.

The different POD modes can also be analyzed through phase diagrams of temporal coefficients,
as shown in Fig. According to Semeraro et al. [39], pairs of POD modes characterized by
quasi-circular phase diagrams are comparable to Fourier modes, where the phase diagrams plots
are perfect circles. Thus, POD pairing can be considered a criterion to assess the similarity between
POD modes.

The phase diagrams of the first two modes for @* = 0.3, Q* = 1.0 and Q* = 1.5 are depicted,
respectively, in Figs. We observe that for such flow conditions, the trajectory
exhibits an circular behavior, similar to the one observed for vortex shedding behind a cylinder
[29]. Thus, it is believed that the POD modes 1 and 2 represent vortical structures in the impeller,
for which large-scale structures at low flow rates break up into small-scale structures when the flow
rate increases and reaches the design point. This trend is shown in Fig. [§land also by the scale of

the axes that compose the phase diagrams in Fig.
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Figure 11: Time coefficients and FFT distribution of the first two modes at 600 rpm for different flow rates.
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5. Conclusions

In this paper, we made use of POD of time-resolved flow fields to investigate the flow in the
impeller of a centrifugal pump. For that, we carried out experiments using TR-PIV in a pump of
transparent material operating at different conditions: rotational speeds of 300, 600 and 900 rpm,
with water flow rates (normalized by the best efficiency point) of @* = 0.3, 1.0 and 1.5. From a

detailed analysis of the flow structure, we can draw the following conclusions:

1. From the averages of relative velocities, we show that several recirculation regions develop
in the impeller for a flow rate of @* = 0.3. This occurs due to a change in the stagnation
point, which is a consequence of the unbalance of apparent forces at this flow condition. This
flow pattern is observed for all rotation speeds investigated. At the flow corresponding to
the BEP (Q* = 1.0), the streamlines follow the curvature of the blades without significant
flow separation for the three rotational speeds. As the flow rate increases to Q* = 1.5, the
formation of small instabilities is detected on the pressure side of the blades in different radial
positions of the impeller, which may be associated with the detachment of the boundary layer.

2. From the turbulent kinetic energy, we show that the highest turbulence values are detected
at the lowest flow rate (Q* = 0.3), especially next to the impeller exit. In opposition, for the
design (Q* = 1.0) and highest flow rates (Q* = 1.5), the turbulent kinetic energy presents
lower values. This fact is a consequence of the flow uniformity, as the apparent forces are
balanced for these two last conditions.

3. From the POD analyses for the low flow rate condition (Q* = 0.3), the first pair of modes are
correlated, and 50% of the total turbulent energy is contained in these modes. Such results
suggest the occurrence of possible coherent structures for this pump operating condition, for
the three rotational speeds studied in this paper. As the flow rate increases to the design
point (Q* = 1.0), the flow tends to be well-behaved, so that more POD modes are needed
for the reconstruction of the flow. This is an indication that this condition is dominated by
turbulent structures of smaller scales. The same is observed for the higher flow rate (Q* =
1.5).

4. From the temporal characteristics of the flow, we conclude that the unstable flow structures
with higher energy levels are formed at a frequency comparable to the pump rotation speed.
Then, these structures break up at harmonic frequencies. In other words, these structures

are initially coherent, but then they break up into smaller vortices through the cascade effect.
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