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Abstract. The dissipation rate of the turbulent kinetic energy is a key parameter in centrifugal pumps and its local values
may have a strong influence on the performance of these devices. Recent technology advancements in particle image
velocimetry (PIV) technique have made it possible to study complex turbulent flows at a wide range of scales. In this
work, experiments using a time-resolved PIV system were carried out to evaluate characteristics of a turbulent flow,
mainly the turbulence dissipation rate, for different operating conditions of a centrifugal pump impeller. In order to
overcome the limited spatial resolution constraint, the large-eddy PIV method is used to obtain the dissipation rate. In the
large-eddy PIV method, it is assumed that the motion of larger scales is measured by the PIV technique, while the smallest
scales (unresolved scales) are modeled by a sub-grid scale model, computed from the strain-rate tensors obtained from
the measured fields.
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1. INTRODUCTION

Flow in centrifugal pumps is a constant research topic in fluid dynamics, as these pumps are a widely used in different
industrial processes, including agricultural irrigation, water supply, oil facilities, thermal power plants, chemical, nuclear,
among others. The internal flow structure in the pump impeller contains high temporal and spatial velocity gradients,
vorticity regions, flow separation zones, and intense turbulence levels. Thus, it is important to understand the physics of
turbulent flows in these devices, particularly energy transfer from large-scale mean flow to small-scale turbulence and the
viscous energy dissipation (Xu and Chen, 2013; Zhang et al., 2018).

In recent studies, experimental techniques with high temporal resolution (e.g. hot-wire anemometry and laser doppler
velocimetry) have been used to calculate turbulent characteristics, including turbulent dissipation rate. Following Taylor’s
frozen flow hypothesis (Hinze, 1975), velocities of temporal fluctuations can be transformed into spatial fluctuations, and
the turbulent dissipation rate can be easily calculated, since the spatial velocity gradients are readily available. Neverthe-
less, these methods cannot provide the global distribution of the dissipation rate over a large flow region.

Contrary to single-point experimental techniques, the particle image velocimetry (PIV) technique can provide instan-
taneous multi-dimensional (2D or 3D) flow fields. At first glance, the PIV technique seems more suitable for examining
the dissipation rate distribution. However, the PIV measured velocity fields have limited spatial resolution, constrained
by a combined effect of the tracer particles and the camera sensor size. Therefore, the PIV interrogation windows often
exceed the smallest eddy sizes that dominate the turbulence dissipation rate.

In order to obtain dissipation rate with PIV technique, relationships based on isotropy assumptions are proposed in
the literature. Sheng et al. (2000) employed a large-eddy PIV method to approximate the dissipation of energy at scales
below the resolution of the measurements in a stirred tank. The turbulent dissipation rate was estimated from energy flux
between the resolved and the sub-grid scales under dynamic equilibrium assumption. The Smagorinsky SGS (sub-grid
scale) model (Versteeg and Malalasekera, 2007) was used to estimate the amount of dissipation rate contained in the
unresolved scales and at least 70% of the true dissipation was captured. Gabriele et al. (2011) used large-eddy PIV to
study the effect of particle loading on the modulation of turbulent dissipation rate in a stirred tank. The authors came to
the conclusion that large Stokes number particles can suppress turbulence.

Delafosse et al. (2011) carried out a study on the influence of the spatial resolution of PIV measurements on the
estimated values of the rate of turbulent kinetic energy dissipation. In this study, a total of 12 spatial resolutions were
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tested. The authors verified that if the spatial resolution is divided by a factor 2, the dissipation rate increases by 220%.
For the smallest spatial resolution value used by the authors, the maximum dissipation rate estimated is 50 times higher
than the mean overall rate. Ertiirk ef al. (2013) performed PIV measurements on an external gear pump to also assess
the influence of spatial resolution on dissipation rate. Results showed that the spatial resolution is a critical factor in the
accuracy of the measurements in the dissipation rate estimations. The optimal results were achieved when the spatial
resolution is neither too large (by the sampling phenomenon) nor too small (noise in the measurement data).

Comparisons using different methods to estimate the viscous dissipation rate in turbulent flows were also performed
over the years. Gabriele et al. (2009) studied the local specific energy dissipation rates in a stirred tank with up- or down-
pumping pitched blade turbine with PIV. Three methodologies, direct calculation from fluctuating velocity gradients,
dimensional analysis and Smagorinsky closure method to model unresolved length scales, were compared to estimate
the local dissipation rate of specific energy. It was found that values from direct calculation method gave 20% of the
total value whilst the dimensional analysis and Smagorinsky model methods overestimated it respectively by a factor of
5 and 2. Hoque et al. (2015) also compared different methods of estimating energy dissipation rate. The method of direct
computation from fluctuating velocity gradients was found to under predict dissipation significantly due to the absence of
spatial resolution of velocity gradient. To conclude, according to Hoque et al. (2015) spatial resolution is a critical factor
in the accuracy of the direct calculation of dissipation rate.

The present work aims the analysis of the turbulent flow in a centrifugal pump impeller, focusing on the measurement
of the dissipation of turbulent kinetic energy. For this, experiments using real-time PIV for different pump operating
conditions were carried out. It should be noted that the dissipation rate of turbulent kinetic energy is directly related to the
performance of the pump, making such analyzes extremely important.

2. EXPERIMENTAL FACILITY

To obtain the velocity data, a centrifugal pump was designed and built out of a transparent material for flow visual-
ization purposes (Fig. 1a and 1b). The impeller has a radial geometry with seven channels of constant height and a small
aspect ratio (about h/D = 5%) to reduce the three-dimensional flow effects. The impeller outer radius is 55 mm and the
inner radius is 22 mm. The volute spiral has a maximum radius of 32 mm. The pump was installed in a hydraulic circuit
with instruments to measure pressure, temperature and flow rate.
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(a) Ilustrative scheme of experimental facility (b) Photograph of the experimental facility
Figure 1: Experimental facility with focus on the PIV system and centrifugal pump prototype.

A 2D2C-PIV DualPower 30-1000 time-resolved system from Dantec Dynamics Inc. obtained the velocity fields
within the centrifugal pump. The main components of the system are a laser, a high-speed camera (Phantom VEO640)
and the DynamicStudio® software, used to control PIV measurements and obtain instantaneous velocity fields. Water
was used as the working fluid. Fluorescent particles of PMMA doped with rhodamine B and average diameter of 50 um
were added to the water to serve as tracers. The pump prototype is illuminated from both sides by a dual light guide
system composed of beam splitters, mirrors, and light-sheet optics. A high band-pass filter for the wave lengths above
545 nm is mounted on the camera lens, filtering all the light scattered by the interfaces and capturing the light fluoresced
by the seeding particles.

The PIV data were acquired during TR-PIV experiments with an acquisition frequency (temporal resolution) of
frr—prv =700 Hz. In these experiments, a total of 6,000 PIV frames were recorded. The velocity vectors were es-
timated using the PIV adaptive method (Scarano and Riethmuller, 1999) with initial and final interrogation regions of
64 and 32 px, respectively. The images were acquired in a double-frame configuration, with a temporal spacing of
AT=600us between each frame. This value limited the maximum displacement of the tracer particles to 8 pixels between
two consecutive frames, following the guidelines discussed in Raffel et al. (2007). In addition, a procedure to remove the
angular displacement of the impeller (in order to define a rotating frame of reference) was implemented based on the work
of Liu ef al. (2021). In the present work, the PIV acquisitions were performed at a fixed pump rotational speed of 600
rpm, while the water flow rate was varied at 0.5Qpgp, 1.0Qpgp and 1.5QzEp, where Qprp = 1.5 m3/h is the pump’s
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Best Efficiency Point (BEP). The rotational Reynolds number Re = (wD)/v was of the order of 6.9 x 106.

From the pre-defined temporal resolution, the impeller could complete a full revolution after 49 frames. However,
since the impeller has an angular symmetry of 51 degrees (i.e., 360° divided by 7 blades), it was considered that the flow
in the pump impeller channels completed a full cycle after 7 frames. Since a rotary encoder is mounted on the pump shaft
and synchronized with the PIV system, it was possible to average the flow field at a pre-defined rotational angle.

3. ESTIMATION OF TURBULENT DISSIPATION RATE

The turbulent kinetic energy equation for constant viscosity and density can be written as:
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where the term on the left is the substantial mean derivative of the turbulent kinetic energy k£ (Eq. 2). The first term
in the right-hand side is the transport of turbulence kinetic energy by pressure, viscous stresses and Reynolds stresses,
respectively. The second term is the rate of dissipation of turbulence kinetic energy and the last term is turbulence
production.

The dissipation rate of turbulent kinetic energy can be defined from the Reynolds-averaged turbulent kinetic energy
equation. Following Wang et al. (2021), the turbulent dissipation rate is derived from the velocity fluctuations gradients
as:

e —2 <Tij‘§ij> (3)
where S;; is the strain rate tensor defined by:
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In the equations above, (U) represents the mean-flow velocity, u and p’ are respectively the velocity and pressure
fluctuations, v the kinetic viscosity and T;; the stress tensor.

The calculation of turbulent dissipation rate from PIV measurements is limited by the interrogation window sizes,
which generally exceed the smallest scales of turbulence. In order to overcome these limitation, Sheng et al. (2000)
suggests using “large-eddy” ideas from the large eddies simulation (LES). For high Reynolds number flows, the turbulent
kinetic energy is generated at large scales and the small-scales structures dissipate the energy provided by larger eddies
(Pope, 2000). When a dynamic equilibrium between the energy transferred from largest scales to smallest scales is
achieved, the turbulent dissipation rate can be estimated from the flux of turbulent kinetic energy through the inertial sub-
range (Ducci and Yianneskis, 2005). Based on this physical model, only the length scales within the inertial sub-range are
needed to estimate the flux of turbulent kinetic energy. Thus, the large-eddy PIV method proposed by Sheng et al. (2000)
does not require the velocity field to be resolved down to the Kolmogorov scale.

Using the Smagorinsky sub-grid model (Smagorinsky, 1963) we can model the stress tensor shown in Eq. (3) as:

Ty = 7C§A2|S|SU (5)
where C's = 0.17 is the Smagorinsky constant. A =3 mm is the average filter width (equal to the interrogation window
size), and (C%A?|S]) is the eddy viscosity, where |S| is the filtered rate of strain |S| = (25'”-5'1-]-)1/2. To estimate
the dissipation rate from PIV measurements using the large-eddy PIV method, it was evaluated whether the dynamic
equilibrium premise is valid. The Kolmogorov length scale (1), estimated from the Reynolds number n = D/ Re3/4, is
0.8 um. Hence the resolved scale (A) is much larger than the Kolmogorov length scale. This clearly calls for the large
eddy PIV approach.

In Cartesian co-ordinates € can be calculated from filtered gradients obtained from 2D-PIV. By assuming isotropic
flow to compensate for the unknown z component,

—carfal () (5)) (2 ) = ()G () o

4. RESULTS

The results shown in this section were acquired with the phase-ensemble averaged fields in the pump impeller, where
the impeller is at a rotational angle for 8y;,4.s = 0.0 degrees, defined as the angular position where the blade tip is aligned
with the volute tongue.
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4.1 Phase-ensemble averaged velocity

The phase-ensemble averaged velocity fields under the different flow rates (0.5Qggp, 1.0Qpgp and 1.5Q pgpp) are
shown in Fig. 2. As can be seen, in the range of the BEP (1.0Q g p), velocity vectors follow the geometry of the blades
without significant flow separation. As the flow rate decreases to 0.5Q) pgp, the flow tends to have re-circulation zones,
making it unstable. This is associated with the secondary flows of the boundary layer caused by flow transition from
pressure blade to suction blade and apparent forces (our frame of reference is non-inertial). In addition, for the flow rate
higher than the BEP (1.5Q ggp), there are vectors with intense velocities on the pressure blades and the formation of
small flow instabilities on the suction blades, which may be associated with the detachment of the boundary layer caused
by an adverse pressure gradient (in addition to apparent forces).
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Figure 2: Average velocity distribution in the centrifugal pump impeller.

4.2 Turbulent Kinetic energy

The results for the turbulent kinetic energy, defined by Eq. (2), are presented in Fig. 3, and they show that the highest
turbulence values are detected at the low flow rate condition (0.5Q) gz p), especially near the impeller exit. This is 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. As noticed, the highest values of turbulent kinetic energy are located at the leftmost impeller
channels, located close to sections where the volute radius is small, while exiting the impeller, the fluid impinges the
volute wall, suddenly changing its direction, resulting in the formation of re-circulation zones in the impeller channels.
In addition, the flow exiting the impeller in the leftmost bottom channels is affected by the presence of the volute tongue.
In this region, as the fluid exits the impeller, it faces a sudden change of direction due to the volute tongue, generating a
re-circulation motion. Those two effects combined result in regions with intense local turbulent kinetic energy. On the
other hand, for the design (1.0Q pgp) and higher flow rate conditions (1.5Q pgp), the turbulent kinetic energy presents
lower values. This is associated with flow uniformity since the apparent forces present are balanced for such conditions.
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Figure 3: Turbulent kinetic energy distribution in the centrifugal pump impeller.
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4.3 Turbulence energy dissipation rate

The turbulent dissipation rate in the centrifugal pump impeller was obtained as indicated by Eq. (6). The spatial deriva-
tives present in this equation were computed using central finite differences. In addition, the large-eddy PIV approach,
where the SGS stress is obtained from Smagorinsky model, is used.

As indicated in Fig. 4a, regions of high energy dissipation can be observed for the low flow rate condition, 0.3Q pgp.
It is interesting to note that such regions correspond to the location of high vorticity in the impeller (Fig. 2a), which is an
indication that part of the energy generated in this condition is dissipated in this pump component.

For the design and high flow rate conditions, much smaller values of turbulent kinetic energy dissipation are observed.
These results indicate that due to the absence of vortical structures in the flow, there is less turbulence production, and as
a consequence of the dynamic equilibrium consideration, less energy is dissipated under these centrifugal pump operating
conditions.
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Figure 4: Turbulent dissipation rate distribution in the centrifugal pump impeller.

5. CONCLUSIONS

In this study, we employed PIV measurements to extract qualitative insights into energy dissipation within a centrifugal
pump impeller. The large-eddy PIV approach was utilized to calculate the turbulence dissipation. Through a comprehen-
sive analysis of the turbulent flow structure and the distribution of energy dissipation, the following conclusions can be
drawn:

1. At the lowest flow rate (0.3Q pgp), vortices were observed in channels closer to the volute spiral’s tongue, while
those farther from it exhibited a different flow topology without such structures. The BEP condition demonstrated
a highly organized overall flow. However, at a higher flow rate (1.5Q pgp), flow separation occurred at various
locations within the impeller, leading to flow instability.

2. For the design (1.0Q g g p) and higher flow rate conditions (1.5Q z g p), turbulence production exhibited notably low
values throughout most regions, except for areas near the impeller inlet. Under part-load conditions (0.3QzEp),
localized regions of intense turbulence production were observed near the impeller inlet and outlet.

3. For the low flow rate condition, regions of high energy dissipation correspond to locations of high vorticity in the
impeller, suggesting that a portion of the energy generated is dissipated within the pump component. Conversely,
the design condition demonstrates considerably smaller values of turbulent dissipation, implying reduced turbulence
due to the absence or decreased presence of vortical structures. At the higher flow rate condition, the impeller eye
experiences a higher dissipation rate compared to 0.3Q pgp and 1.0Q pgp. Additionally, dissipation is higher on
the pressure side of the blades than the suction side, attributed to flow separation predominantly occurring on the
pressure side.
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