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Experimental and numerical studies on flow characteristics of centrifugal pump under air-water inflow

Keywords: two phase flow, centrifugal pump, flow characteristic, Euler-Euler inhomogeneous model

A two-phase liquid pumping test ring is built to study the flow induced characteristics of centrifugal pump under the air-water flow working condition. Pump performances are measured under different flow rates and different inlet air void fraction (a). Pressure pulsation signal spectrums and their probability density maps are also recorded. The calculations, using URANS k-epsilon turbulence model combined with the Euler-Euler inhomogeneous two-phase model, are also performed to obtain inner flow structure inside the impeller and volute channels under different air-water conditions in order to understand the pump characteristic evolutions. The results show that the performance of centrifugal pump is more sensitive to air inlet injection at low flow rates. The maximum air void fraction of model pump could reach 10% when the pump operates at the highest efficiency point, and the performance drops sharply when the air void fraction is more than 8%. The dominant frequency of pump outlet pressure pulsation is still at the blade passing frequency even under two-phase condition. Frequency amplitude increases with the increase of a. The greater the a, the more low frequency appears in broadband characteristics. With the increase of a, the probability density amplitude of pressure pulsation decreases gradually, and its span becomes gradually wider as well. Comparisons between numerical local results, experimental unsteady pressure can explain part of the phenomena that are found in the present paper.

Introduction

Pumping and processing fluids with different properties have revealed to be some of the major challenges in the last decades in the energy and process engineering field. In engineering practice, the case of pumping air-water inflow is often encountered. However, gas handling capabilities of radial impellers can be quite limited because the two-phase flows pattern are subject to phase separating effects due to blade to blade pressure gradients as well as Coriolis acceleration with additional strong radial pressure gradients caused by centrifugal forces. It is necessary to understand the pump behaviour under two-phase flow conditions.

Since the 1970s, experimental overall performance tests such as, Murakami and Minemura [START_REF] Murakami | Effects of Entrained Air on the Performance of Centrifugal Pumps: 2nd Report, Effects of Number of Blades[END_REF], Chisely [START_REF] Chisely | Two-phase Flow Centrifugal Pump Performance[END_REF], Sato et al. [START_REF] Sato | Air-water Two-Phase Flow Performance of Centrifugal Pump Impellers with Various Blade Angles[END_REF], including the effect of outlet blade angle and researches perform by Tulsa University team such as Cirillo [START_REF] Pak | Performance and Pressure Distribution Changes in a Centrifugal Pump under Two-phase Flow[END_REF], Romero [START_REF] Romero | An Evaluation of an Electrical Submersible Pumping System for High GOR Wells[END_REF] and Rodrigues [START_REF] Rui | Experimental Investigation of Two-phase Flow Performance of Electrical Submersible Pump Stages[END_REF], allow to get more understanding on global flow features and surging phenomena. More recently, Kosyna et al. [START_REF] Kosyna | Improved Understanding of Two Phase Flow Phenomena Based on Unsteady Blade Pressure Measurements[END_REF] measure impeller blade unsteady static pressure on the rotating impeller blade pressure and suction sides. Local flow visualizations, bubble trajectories and sizes evaluation have been performed, for example by Secoguchiet et al. [START_REF] Sekoguchi | Study of Air-water Two-phase Centrifugal Pump by Means of Electric Resistivity Probe Technique for Void Fraction Measurement[END_REF], Izturiz [START_REF] Izturiz | D_Lopez Effect of Bubble Size on an ESP Performance Handling Two-phase Flow Conditions[END_REF], and Barrios [START_REF] Barrios | Modeling Two Phase Flow Inside an Electrical Submersible Pump Stage[END_REF]. An evaluation of local void fraction in two phase flows recently obtained by Neumann et al. [START_REF] Neumann | An Experimental Study on the Gas Entrainment in Horizontally and Vertically Installed Centrifugal Pumps[END_REF], using X-Ray tomography technique, also detected a thin gas film on the pressure side for the first time. Thanks to the support of experimental studies, rather efficient flow models have been proposed in the open literature. Mijielewicz et al. [START_REF] Mikielewicz | A Method for Correlating the Characteristics of Centrifugal Pumps in Two-phase Flow[END_REF] developing a semi-empirical method to obtain the so called "head loss ratio". Furuya et al. [START_REF] Furuya | An Analytical Model for Prediction of Two-phase (Non-condensable) Flow Pump Performance[END_REF] evaluated 1D loss including bubble drag force. Minemura et al. [START_REF] Minemura | Characteristics of Centrifugal Pumps Handling Air-water Mixtures and Size of Air Bubbles in Pump Impellers[END_REF] introduces the effect of slippage between the two phases and proposes an extended formulation, using a two-fluid model under the assumption of rather homogeneous gas-liquid mixture. Based on the model proposed by Sachdeva et al. [START_REF] Sachdeva | Two-pase Flow through Electrical Submersible Pumps[END_REF], Sun [START_REF] Sun | Modeling Gas-liquid Head Performance of Electrical Submersible Pumps[END_REF] proposed an improved new gas-liquid model using a stratified assumption and new drag correlations. More specific models were also developed and propose prediction methods for pump surge and gas lock such as Estevam et al. [START_REF] Estevam | Mapping the Performance of Centrifugal Pumps under Two-phase Conditions[END_REF] and Barrios [START_REF] Barrios | Experimental Visualization of Two-phase Flow inside an Electrical Submersible Pump Stage[END_REF]. Recently, 3D numerical approaches are known as more useful to understand two-phase flow evolution. Interesting results have been obtained by Minemura and Uchiyama [START_REF] Minemura | Three-dimensional Calculation of Air-water Two-phase Flow in Centrifugal Pump Impeller Based on a Bubbly Flow Model with Fixed Cavity[END_REF], Caridad and Kenyery [START_REF] Caridad | CFD Analysis of Electric Submersible Pumps (ESP) Handling Two-phase Mixtures[END_REF] who undergoes bubble size effects, using a steady flow assumption, Clarke et al. [START_REF] Clarke | Numerical Prediction of Bubble Flow in a Centrifugal Pump[END_REF], Noghrehkar et al. [START_REF] Noghrehkar | Investigation of Centrifugal Pump Performance under Two-phase Flow Conditions[END_REF] and more recently Müller et al. [START_REF] Müller | Numerical 3D RANS Simulation of Gas-liquid Flow in a Centrifugal Pump with an Euler-Euler Two-Phase Model and a Dispersed Phase Distribution[END_REF] obtained local void fraction evaluation using a mono dispersed gas model for single channel steady calculation. As shown in previous published papers from the present research team (Si et al. [START_REF] Si | Investigation on Centrifugal Pump Performance Degradation under Air-Water Inlet Two-Phase Flow Conditions[END_REF][START_REF] Si | Air-water Two-Phase Flow Experimental and Numerical Analysis in a Centrifugal Pump[END_REF]), CFD results show quite good agreement with overall experimental results. These calculations solve Unsteady Reynolds Average Navier-Stokes (URANS) equations using the k-e turbulence model and flow mixture inhomogeneous one (instead of usually homogeneous model). However, few of unsteady results between numerical and experimental ones have been showed for flow characteristic analysis.

In the present paper, flow induced experimental results of centrifugal pump under air-water inflow conditions are presented with a particular focus on unsteady wall pressure measurements that are compared with local numerical results, using URANS k-e turbulence model combined with the Euler-Euler inhomogeneous two-phase model.

Test Rig

The design parameters of the chosen centrifugal pump are as follows: flow Q d =50.6 m 3 /h, head H d =20.2 m, rotational speed n d =2910 m 3 /h.Test rig is shown in Figure 1 More details of the pump parameters and loop operation could be found in Si et al. [START_REF] Si | Investigation on Centrifugal Pump Performance Degradation under Air-Water Inlet Two-Phase Flow Conditions[END_REF][START_REF] Si | Air-water Two-Phase Flow Experimental and Numerical Analysis in a Centrifugal Pump[END_REF]. Figure 2 shows a general view of sensor locations close to the pump environment. Pump head and global efficiency is also obtained following ISO 9906:2012. It has to be noticed that only air volume flow rate is measured at this step, bubble diameter distribution including bubble number per volume at pump inlet is not available. 
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Pump Overall Performance

Figure 3 shows pump performance curves at different given void fraction values. It can be seen, as already pointed out by several previous researchers, that pump performance starts to be significantly lower when void fraction reaches 3% and more.

The value of the head performance degradation also depends on the water flow rate. A decrease of 20% of head compared with single phase shut-off conditions is achieved for all water flow rates below nominal conditions for void fraction going up to 7%. Lowest void fraction up to 10% can be achieved without pump surge for water flow rates around 32~40 m 3 /h. These values correspond to 0.7 up to 0.8Q d when the pump normally operates at the highest efficiency region. Pump performance drops sharply when the air void fraction is more than 8%. (a) Head (b) Efficiency Fig. 3 Pump overall performance curves for different α

Pressure Pulsation

Figure 4 gives the frequency domain characteristics of the outlet pressure pulsation measured at volute outlet section for Q d . It shows the main frequency of pressure pulsation is obviously the blade passing one, whatever the a is. The amplitude of pressure pulsation at blade passing frequency shows a gradual increase trend. The amplitude of pressure pulsation at low frequency region increases when the a is more than 5%. The larger the a, the more the low frequency region is excited. Note that when the flow rate is decreasing (Figure 5), the amplitude of the pressure pulsation is decreasing as well. For a given a value (Figure 6), it is believed that this phenomena is probably related to a damping effect due to the development of high local void fraction inside the impeller and to the related decrease of blade loading because of stronger pressure losses along the blade passage. These frequencies emergence will be analyzed next. With the increase of a, the probability density amplitude of pressure pulsation decreases gradually, and its span becomes wider gradually. Figure 7(c) shows that the pressure pulsation coefficient defined by equation ( 1) and ( 2) increase with the increase of a, especially in 0.6 Q d , the pressure pulsation coefficient increase faster than Q d , indicating that it has a greater influence on pressure pulsation coefficient under small flow condition. Therefore, the pressure pulsation law of these two signals with different a could be used as an important basis for flow monitoring. 

Numerical Simulation Analysis

The Eulerian-Eulerian Inhomogeneous Two-phase model

There are two kinds of Eulerian-Eulerian multiphase flow models: homogeneous and inhomogeneous flow model. In the inhomogeneous model, each phase has its own fluid field and passes through the phase transfer unit. This paper adopts the inhomogeneous model regardless of the temperature field, in which the liquid phase is continuous and gas phase is discrete. Moreover, phase transfer unit utilizes Particle model, which assumes that the gas-liquid two-phase flow pattern as bubbles, meeting the principle of the mass and momentum conservation.

The governing continuity equation and momentum equation is
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The gas and liquid meet the following formula, which are expressed as:
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The action between the two phases only take into account the resistance, which the resistance equation acting on the liquid phase is expressed as: 
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The SST turbulence model is adopted in the liquid phase, taking into account the transport of the turbulent shear stress, which a more accurate prediction of the flow separation under the inverse pressure gradient. Meanwhile, the gas phase is model by zero equation theory.

Pump model, meshes and boundary condition

The calculated pump domain is divided into five parts such as the inlet, ring, impeller, volute and chamber to build a model mesh for a complete pump, as shown in Figure 6. The grids for the computational domains are generated using Ansys ICEM 14.5 with blocking method. The resulting pump model consisted of 2775915 elements is chosen in total after independence analysis. Simulation process by Ansys CFX 14.5 at different a is performed with total pressure at the inlet and mixture mass flow rate at the outlet. Smooth wall condition is used for the near-wall function. Initial inlet bubble diameter is set as 0.2mm. Time step was set as 1.718×10 -4 s,amount to 3° rotation for each step and a total time as 0.206s for the unsteady calculation. As shown in Figure 9, several monitoring points are set for further analysis. Comparison overall performance between experiment and CFD under different a (below 7%) shown in SI et al. [START_REF] Si | Investigation on Centrifugal Pump Performance Degradation under Air-Water Inlet Two-Phase Flow Conditions[END_REF][START_REF] Si | Air-water Two-Phase Flow Experimental and Numerical Analysis in a Centrifugal Pump[END_REF] validated the credibility of the simulation.

Numerical results

Figure 10 is a time domain plot of pressure pulsation at various monitoring points for different a. It looks the pressure pulsation coefficient values at various monitoring point exhibit periodic changes with time at different α conditions. Due to the dynamic and static interference between the impeller and the tongue, the pressure peaks at each monitoring point occur when the impeller moves for one cycle. The number is equivalent to the number of blades. The pressure fluctuations of p1 is the greatest, indicating that the flow instability is very important at this location, close to the tongue. Along the direction of the flow path of the impeller, the pressure fluctuation is smaller and smaller, along monitoring point p2, p3, and p4. The outlet pressure fluctuation of volute p6 is slightly smaller than the fluctuation of the monitoring point near the tongue. When the import a is less than 5%, the periodical regularity of pressure changes at each monitoring point is obvious. Figure 11 is a time domain diagram of pressure pulsation at various monitoring points at different flow rates when the a is 7%. Seen from it, the more deviated from the design flow conditions, the more obvious the periodic damage, and the smaller the flow, the smaller the pressure fluctuation amplitude. Looking at Figure 12, one can see that the turbulent kinetic energy looks quasi periodic at Q d . Then, at 0.8 Q d , two adjacent passages have got strong values, they are rotating at the same speed than the rotor. Time dependent pictures can show this (Figure 13), looking at different time steps from numerical results. These specific results can explain that unsteady pressure at p6 exhibits a strong value for rotor frequency (see Figure 14 

Conclusion

Experimental overall pump performances and pump outlet pressure pulsation characteristics have been performed under airwater two phase conditions for a centrifugal geometry. Corresponding numerical simulation based on the Eulerian-Eulerian inhomogeneous two-phase model also have been processed to calculate the inner flow. Main results are the following:

1. Centrifugal pump performance is more sensitive to air in small flow condition under air water two phase inflow. The maximum air void fraction of model pump could reach 10% when the pump operates at the highest efficiency and the performances drop sharply when the air void fraction is more than 8%.

2. The dominant frequency of pump outlet pressure pulsation corresponds to the blade passing frequency even under twophase condition. Frequency amplitude increases with the increase of inlet air void fraction. The greater of it, the more obvious of low frequency broadband characteristics appears. With the increase of inlet air void fraction, the probability density amplitude of pressure pulsation decreases gradually, and its span becomes wider gradually.

3. All above experimental results are well reproduced and partially explained using flow pattern simulated by the numerical approach. 
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 467 Figure7presents the pressure pulsation characteristics of the pump. It is shown from Figure7(a) and 7(b) that the overall amplitude of the pressure pulsation would significantly decrease in the whole frequency range with the increase of a, especially in small flow condition (0.6 Q d ). With the increase of a, the probability density amplitude of pressure pulsation decreases gradually, and its span becomes wider gradually. Figure7(c) shows that the pressure pulsation coefficient defined by equation (1) and (2) increase with the increase of a, especially in 0.6 Q d , the pressure pulsation coefficient increase faster than Q d , indicating that it has a greater influence on pressure pulsation coefficient under small flow condition. Therefore, the pressure pulsation law of these two signals with different a could be used as an important basis for flow monitoring.

Fig. 7

 7 Fig.7 Flow-induced pressure pulsation characteristics of pumps

  (a)flow domain (b)Grid independence Figure8. 3D model of numerical domain with local meshing

Figure 9 .

 9 Figure 9. Monitoring points

  (a) α=1% at Q d (b) α=7% at Q d Fig.10 Time domain characteristics of the pressure pulsation at different α (a) 0.8Q d (b) 0.6Q d Fig.11 Time domain characteristics of the pressure pulsation at α=7%

  (a)). At Q=0.6 Q d , the distribution is more spread along the different blade passages; this explain why the levels degrease and frequency pics appear for other frequency values below BPF. Both numerical and experimental results show equivalent results both for frequency and C p values (looking respectively at Figures 14(b) and 5(c)).

  (a) 0.6Q d (b) 0.8Q d (c) Q d Figure 12. Turbulent kinetic energy distribution in the impeller passage at α=7% (a) time domain (b) frequency domain Figure 13. Time and frequency domain characteristics of the pressure pulsation of monitor p6 at Q d (a) 0.8Q d (b) 0.6Q d Figure 14. Frequency domain characteristics of the pressure pulsation at α=7% of monitor p6 The combined effects of partial flow conditions and void fraction distribution inside the impeller (and the consequences on turbulent kinetic energy) can modify the unsteady pressure measurements when flow rate reaches 0.8 Q d . Numerical results show exactly the same evolution for 0.8 Q d looking at Figure 10(b). It is so suspected that 0.8 Q d corresponds to the volute adapted flow rate since it corresponds to the measured best efficiency point, whereas the initial design point was initially predicted at Q d .

  Volume flow rate [m 3 /h] Inlet air void fraction [ %] Density of mixed fluid (kg/m 3 ) Rotational speed [r/min] Shaft power Global efficiency of the pump (%), ρgQH/P Result from FFT
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