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Abstract. In this research, a methodology based on the development of numerical simulations is
proposed to analyze the physical behavior of centrifugal pumps such as a turbine. Numerical
simulations were carried out using OpenFOAM software. For the validation of the numerical
model, the construction of an experimental test bench was carried out. The analysis carried out
involves the evaluation of performance parameters of the pump as a turbine, such as head, power,
and efficiency. Additionally, the effect of the rotation speed on the previous parameters is
evaluated. From the results obtained, it was shown that the maximum relative error was 4%,
3.4%, and 3.8% for the head, power, and efficiency parameters, respectively. In general, it was
evidenced that the proposed numerical simulation has the ability to describe the real trends of
the pump as a turbine for different flow conditions. In addition, an 11% increase in rotational
speed was shown to cause a 12%, 1.9%, and 3% increase in head, power, and maximum
efficiency. The proposed methodology is considered an adequate tool to analyze performance
and identify the best efficiency point of pump systems such as a turbine. In this way, greater
energy use is guaranteed.

1. Introduction

Centrifugal pumps are among the main equipment used in industrial processes, which are frequently
used to transport different fluids [1-4]. Additionally, centrifugal pumps have the ability to function as a
turbine, which is a viable solution to solve the problem of high economic costs associated with classic
turbines, as is the case of small hydroelectric plants. Another advantage of centrifugal pumps is their
easy construction, availability, low maintenance cost, and ease of operation. Pump as turbine (PAT)
systems can be implemented for irrigation channels, sewage systems, reverse osmosis systems, and
water distribution networks [5]. Despite the advantages, the efficiency of PAT systems tends to be
significantly reduced when an adequate operating condition is not established [6]. In the last decade, a
large number of investigations have been proposed to analyze experimentally, theoretically, and through
numerical models the use of centrifugal pumps as turbines [7]. This particular type of application
requires precise knowledge of the pump performance for the identification of the best efficiency
point (BEP). Because this has a decisive influence on the economic cost and operating time of the
associated energy process. Therefore, it is necessary to have a methodology that allows the prediction
of the performance of the pump as a turbine.

Some of the research available in the literature shows the use of empirical or experimental methods
for the development of formulas that allow identifying the best efficiency point of the pump as a turbine
[8,9]. However, the formulations of these equations are based on geometric designs and specific
operating conditions. Naeimi, et al. [10] showed that the prediction method proposed by Stepanoff was
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able to achieve adequate precision for a one-stage centrifugal pump such as a turbine. Stefanizzi,
et al. [11] and Novara, et al. [12] propose the use of statistical methods for the development of models
that allow predicting the performance of pumps such as turbines. However, these models cannot be used
universally and rely heavily on statistical databases.

In recent years, researchers have focused on the use of theoretical prediction methods to determine
the BEP of pumps such as turbines. Liu, et al. [13] developed a formula for calculating the Euler head
of a turbine and a pump, considering the slip coefficient. The above was used for the prediction of the
BEP. Shi, et al. [14] constructed the Euler equation for the analysis of PAT systems, taking into
consideration amplification factors. Wang, et al. [15] and Carpuso, et al. [16] developed formulations
for the prediction of BEP in PAT systems, which were based on the blade inlet slip factor. Despite the
advantages of theoretical models, the predictability is not high enough to describe the behavior of PAT
systems.

The objective of this research is the development of a methodology for the analysis of the
performance parameters of centrifugal pump systems such as a turbine. The above, by means of
numerical simulations by means of the OpenFOAM software [17]. The analysis carried out involves
performance parameters, such as head, power, and efficiency. In this way, it seeks to contribute to a
better understanding of the physical behavior of pumps as a turbine.

2. Methodology

For the development of the numerical simulations, a 3D model corresponding to the centrifugal pump
was built, which includes the geometry of the volute and the impeller. The geometric models were made
using SolidWorks software, as shown in Figure 1.

(a) (b)
Figure 1. 3D model of the centrifugal pump; (a) casing,
(b) impeller.

For the pump operating fluid, water was selected under a condition of ambient temperature (27 °C).
The behavior of the fluid was defined from the average Reynolds flow equations, which describe the
behavior of incomprehensible three-dimensional fluids as shown in Equation (1) and Equation (2) [18].
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where u; is the mean axial velocity component, u; is the mean radial velocity component, x; is the
axial axis, x; is the radial axis, p is the density, p is the time-averaged pressure, p is the dynamic
viscosity, and 1 is the turbulent viscosity, respectively. To close Equation (1) and Equation (2) the shear
stress transport (SST) k — w model proposed by Menter, et al. [18] because it is widely used for
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problem-solving in rotating machines since it maintains the robustness of the k — € model (where k is
the turbulent kinetic energy and ¢ is the turbulent energy dissipation) and the high prediction capacity
in the regions close to the wall such as the k — w model. The turbulent kinetic energy transport equations
and the specific turbulence dissipation rate (w) of this model are shown in Equation (3) and
Equation (4) [18].
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where k is the turbulent kinetic energy, w is the turbulence frequency, Hegri 1s the effective
diffusivities for the turbulent kinetic energy, Wefr, 1S the effective diffusivities for specific dissipation
rate, a is the correlation constant for the production of the specific dissipation rate, v, is the kinematics
viscosity, Py is a production limiter to prevent turbulence buildup in stagnation regions, § = 0.09,
B = 0.075 and 0,,, = 0.856 are model constants, and F; is a blending function, respectively.

The OpenFOAM software [17] is used to solve the numerical model since it is freely accessible. A
tetrahedral mesh was defined for the entire computational domain. To evaluate the sensitivity of the
meshing, the behavior of the height of the centrifugal pump with meshes of different numbers of nodes
was analyzed; the results obtained are shown in Figure 2.
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Figure 2. Mesh sensitivity analysis.

In Figure 2, it was observed that the height of the pump did not vary considerably for a number of
nodes greater than 6 million. From this number of nodes, it was evidenced that the change in the pump
head was less than 0.4%. Therefore, a number of nodes of 6.5 million were selected since it complies
with the numerical precision and the computational economic cost is not high.

To verify the reliability of the results obtained through the numerical model, it is necessary to carry
out a validation process using experimental data. Due to the above, a test bench was built for the
centrifugal pump operating as a turbine, as shown in Figure 3.
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Figure 3. Test bench diagram of the pump as a turbine.
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The test bench is made up of a centrifugal pump, a variable frequency motor, and a measurement
system. Pressure transmitters recorded the pressure at the inlet and outlet of the pumps. Pump N°1
provides high-pressure flow directed to the PAT system. The energy generated by the PAT system is
consumed by a resistive load bank. The calculation of the parameters of head (H), power (P,), and
efficiency (n) is determined by Equation (5), Equation (6), and Equation (7) [19].
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where Pjjer and Pgyer are the pressure in the inlet and outlet of the pump as turbine, respectively,
pr is the density of the fluid, g is the gravity, Q is the volumetric flow, T is the torque, and w, is the
angular speed of the shaft.

3. Results

To evaluate the predictive capacity of the numerical simulation, a comparison was made between the
head, power, and efficiency parameters of the pump operating as a turbine obtained through simulation
and experimental tests. The analysis was carried out between a flow range of 0.3 m*/s-3 m*/s. The results
obtained are described below.

Figure 4 shows the comparison between the pump head operating as a turbine from the results of the
numerical simulation and the experimental tests. In general, the curve predicted by the numerical
simulation describes the same trend as the experimental results. With the increase in the flow level, an
increase in the head of the pump was observed. The largest deviations between both curves occurred in
high flow conditions, specifically between 1.92 m?/s - 2.46 m’/s. This deviation is attributed to the
volumetric losses and the mechanical losses of the pump, which are not considered in the numerical
simulation. Despite the above, the relative error between both curves was less than 4%, respectively.

Figure 5 shows the power of the pump operating as a turbine for a flow range of 0.3 m*/s - 3 m’/s.
The experimental results obtained show that the pump describes a power between 97 kW - 179 kW. In
the case of the numerical simulation, a power between a range of 100 kW - 180 kW was observed. This
difference is directly associated with the larger pump head reported by the numerical simulation, as
shown in Figure 4. The maximum relative error when comparing both curves was 3.4%, respectively.
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Figure 4. Pump head as turbine. Figure 5. Pump power as turbine.

The analysis of the efficiency of the pump as a turbine is shown in Figure 6. Both the results of the
simulation and the experimental data indicate that the maximum efficiency of the pump is obtained for
a flow of 2.23 m?/s. For this flow, an efficiency of 80.1% and 82.6% is obtained, corresponding to the
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experimental tests and the numerical simulation, respectively. On average, the deviation between the
experimental data and the numerical prediction was 2.85%. Next, the influence of the rotation speed on
the head, power, and efficiency parameters of the pump operating as a turbine is described. The analysis
is performed for three-speed conditions, 2400 rpm, 2700 rpm, and 3000 rpm, respectively.

Figure 7 shows the behavior of the pump head for the different rotation speeds obtained through the
numerical simulation. It was evidenced that the increase in the rotation speed causes an increase in the
pump head. Overall, it was observed that an 11% increase in speed caused a 12% increase in the pump
head. Similarly, it was observed that the increase in speed tends to increase the power of the pump, as
shown in Figure 8. This increase is more evident for high flow conditions. In the particular case of the
present study, a significant increase in pump power was observed for flows greater than 1.83 m?/s.

The analysis of the pump efficiency for the speeds of 2400 rpm, 2700 rpm, and 3000 rpm are shown
in Figure 9. The maximum efficiency for each of the previous speeds was 78.0%, 80.5%, and 82.6%,
respectively. In general, it was observed that the reduction of the rotation speed causes a decrease in the
high efficiency operating zone (1 > 75%) of the pump as a turbine. It was evidenced that the flow range
of the high-efficiency zone was 0.96 m*/s-2.20 m?/s, 1.11 m*/s-2.60 m’/s, and 1.28 m*/s-2.86 m?/s for a
speed of 2400 rpm, 2700 rpm, and 3000 rpm, respectively.
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Figure 6. Pump efficiency as turbine. Figure 7. Pump head for different
rotation speeds.
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4. Conclusions

In the present investigation, a methodology is proposed to analyze the performance of a centrifugal
pump operating as a turbine by means of numerical simulation. To validate the simulation results,
experimental tests were carried out on a test bench. Additionally, the influence of the rotation speed on
the head, power, and efficiency parameters of the pump is evaluated.
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The comparison between the performance parameters of the pump obtained by means of
experimental data and the numerical simulation shows that the latter has the ability to describe the real
trends of the pump as a turbine for the different flow conditions. The analysis of the maximum relative
error was 4%, 3.4%, and 3.8% for the head, power, and efficiency parameters. This deviation is
associated with volumetric losses and mechanical losses not considered in the numerical model. Despite
the above, the error in the prediction of the parameters of the pump as a turbine remained less than 5%.

Additionally, the identification of the maximum efficiency flow condition through the numerical
simulation was in agreement with the experimental results. The development of the numerical simulation
made it possible to evaluate the influence of the rotation speed on the performance parameters of the
pump as a turbine. An 11% increase in rotational speed was shown to cause a 12%, 1.9%, and 3%
increase in the pump head, power, and maximum efficiency, respectively. In general, it was shown that
the methodology proposed in this research has the ability to evaluate the behavior of centrifugal pumps
such as turbines, which allows analyzing the performance of this type of system and identifying the
maximum efficiency condition. In this way, greater energy use in the pump is guaranteed.
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