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Numerical investigations and PIV measurement of the internal cavitation flows inside a centrifugal pump with vaned diffusers

Keywords: 

A transparent acrylic centrifugal pump model with vaned diffusers which is suitable for PIV (Particle Image Velocimetry) measurement has been built. The internal flow field inside the pump under different flow-rate conditions for different NPSH (Net Positive Suction Head) has been measured using the PIV technique with fluorescent particles. The RNG k- turbulence model has been employed to calculate the three-dimensional unsteady turbulent flows in the pump and the predicted results are examined and certified by the PIV measurement data. The predicted results of cavitation performance and internal flow velocity fields agree with the PIV data. It can be concluded that the cavitation greatly affects the flow in the impeller channel and even jammed the impeller passage with successive decrease in cavitation allowance. And simultaneously, reverse flows happen at the outlet of the impeller and inside the diffuse blades, and even the lowvelocity retarding area emerges at the outlet of volute passage near the wall. The results obtained in this paper provide some supports for further investigation of cavitation influence on internal flow in hydraulic machinery.

INTRODUCTION

The cavitation phenomenon often occurs in the operation of pump. When cavitation appears , the internal flow of the hydraulic machinery is subject to interference and destruction, leading to the change of operation characteristics. So the analysis of internal cavitation flow characteristics has become an important research topic in the field of hydraulic machinery [START_REF] Jun | Numerical prediction of the hydrodynamic performance of a centrifugal pump in cavitating flows[END_REF].

With the increasing development of science and technology, the introduction of numerical simulation to traditional pump design method can effectively investigate the properties and rules of cavitation flow, predict cavitation characteristics, optimize the hydraulic machinery using inverse design method and save the test cost. And the introduction of test to traditional pump design method can directly show the actual cavitation characteristics and make up for the ill-considered factors in the numerical simulation such as: the mechanical loss and volumetric loss which cannot be calculated [START_REF] Dupont | Cavitating flow calculations in Industry[END_REF].

PIV test technology is so far the most comprehensive, applicability strongest and have the minimum destroy to the flow field in all test methods. Several PIV studies have been focused on the internal flow in centrifugal pump impellers [START_REF] Yang | Experimental study on the flow field in the blade to blade of a centrifugal pump by PIV[END_REF]. Foeth [START_REF] Foeth | Time resolved PIV and flow visualization of 3D sheet cavitation[END_REF] used the PIV testing technology to test the flow field around 3D hydrofoil and the cavitation occurrence; development and shedding along with the process of velocity distribution were accurately observed. The wake between the model pump impeller and the fixed guide vane was studied by Akin and Rockwell [START_REF] Akin | Flow structure in a radial flow pumping system using high-image-density Particle Image Velocimetry[END_REF] using PIV testing technology and the characteristics of flow separation and flow attached again were verified employing the instantaneous flow and velocity contours. Shao Jie [START_REF] Luo | The effect of impeller inlet geometric parameters on cavitation performance of centrifugal pump[END_REF] applied the PIV testing technology to a small centrifugal pump model to study the internal unsteady flow and the results of velocity and streamline distribution were compared to the results of numerical calculation in order to verify the feasibility of DES model based on SST k -ε model. Some studies were concerned with the numerical simulation in the cavitation flow. Medvitz [START_REF] Medvitz | Performance Analysis of Cavitating Flow in Centrifugal Pumps Using Multiphase CFD[END_REF] adopted multiphase CFD model to simulate the centrifugal pump cavitation flow and the results showed that the head coefficient drops rapidly when the cavitation number is lower than the critical cavitation number. Gan [START_REF] Gan Jiaye | The numerical calculation of cavitation flow in a mixed pump impeller[END_REF] used completely cavitation model to simulate the cavitation flow in a mixed flow impeller and accurately predicted the area where the impeller occurred and the development of cavitation.

In this paper, the RNG k- turbulent model with full cavitation model has been employed to simulate the threedimensional unsteady turbulent cavitation flows in the pump. And the PIV experiment has also been carried out to certify the accuracy of the method. The numerical results were compared with the test results.

EXPERIMETNAL APPARATUS 1.1 Centrifugal Impeller

The centrifugal pump is made by transparent plexiglass and all surfaces inside the flow field of the pump are polished. The physical diagram of the pump under investigation is shown in Figure 1. The design parameters of centrifugal pump are as follows:

3 =14.5 m / h Q , 3 =14.5 m / h Q , =1500 / min nr.
The main dimensions of the test impeller are summarized in Table 1. 

The PIV testing area of the pump

The third velocity component can be thought of as zero in the measuring plane because 2d PIV testing technology is used in this experiment. So the measure plane shown in Figure 2 is selected to make sure the third velocity component in the area is small enough. 

The test loop

The configuration of the whole test loop is shown in Figure 3. The test loop includes a centrifugal pump, a water-sealing gate valve used to adjust the flow at the inlet, a transparent cavitation tank for storing test fluid and controlling cavitation test, a vacuum pump extracting vacuum and pipeline to connect each component. The water flow rate is measured by an electromagnetic flowmeter installed in the outlet pipe and the water head is measured by two pressure transmitters located at the inlet and the outlet line respectively. A torque sensor is installed between the pump and the frequency modulation motor to measure the speed of the impeller and the shaft torque. The angular speed is fixed to 1500 rpm for this study.

The PIV testing system includes the laser (New Wave of Gemini 120) and the CCD camera (PCO Sensicam 1.3K×1K). The operating frequency of the laser is 15Hz and the wavelength of the laser is 532 nm. The pulse energy of a single laser is 120 mJ.

THE EXPERIMETNAL STUDY AND NUMERICAL SIMULATIONS OF THE CAVITATION FLOW 2.1The experimental study of the pump

The cavitation test

The combination of the vacuum pump and the control valve is used to control the inlet pressure of the pump so as to achieve the cavitation condition in this study. The internal flow field is measured when the pump cavitation occurs.

In the process of the test, the inlet pressure gauge of the pump is the vacuum degree, so the calculating formula for effective cavitation allowance is as follows:

2 1 1 2 a v a p v p p NPSH g g g g        (1)
where a p is the barometric pressure, 1 p is the relative pressure of the pump inlet, v p is the vaporization pressure under the test temperature. The cavitation performance curve of three typical flow conditions of the pump in the test is shown in Figure 4.

From Figure 4 as well as the criterion of critical cavitation allowance, we can come to a conclusion: the critical cavitation allowance increases with the increase of flow rate and the critical cavitation allowance of the small flow condition is 2.84 m, 4.09 m of the rated flow condition and 5.08 m of the large flow condition.

The internal flow test results

The internal flows inside the pump are measured under three working conditions: design flow rate ( The test data of three typical flow conditions demonstrate that there exists a low velocity stagnant zone at the outlet of the diffuse blade near the wall and the flow regularity is similar to each other. With the reduction of cavitation allowance, the flow pattern at the diffuse blades changes obviously. The streamline distortion occurs at the outlet of the diffuse blade and even there is a backflow phenomenon when the cavitation allowance is lower than the critical cavitation allowance. Overall, the internal flow condition under the influence of cavitation in the diffuse blade area is smaller than that in the impeller area.

The numerical simulation

In this study, the RNG k- turbulent model is adopted in the calculation of numerical simulation. The second-order central difference scheme is used for the pressure term and the velocity item, the second-order difference scheme is adopted for the turbulent kinetic energy and the turbulent kinetic energy dissipation rate item. The SIMPLEC algorithm is applied to solve the discrete equation.

The inlet of the pump is set as velocity inlet boundary condition, the outlet is set as outflow boundary condition and the wall is considered as no slip wall. After the examination of the grid independence, the total grid number in the study is 1150440 and the number of nodes is 199737. 

The critical cavitation allowance curve

The comparison of the steady and unsteady numerical simulation results under three typical flow conditions with the experimental data are shown in Figure 8.The Figure 9 shows the critical cavitation allowance curve.

From Figures 8, the numerical results of both the steady and unsteady calculation is in consistent with those of the test. The cavitation performance curve has no significantly change with the decrease of the cavitation allowance under the same flow rate at first. But there is a sharp decline of the head when the cavitation allowance is lower than the critical cavitation allowance. The NPSH of 3% head drop is predicted as 4.09 meters which is close with the test result of 3.92 meters under rated flow condition. The overall error of the test data with the unsteady calculation results is within 10% and within 5% for the unsteady calculation results. From Figure 9, it can be seen that the critical cavitation allowance increases with the increase of flow rate. The reason why the calculated critical cavitation allowance is smaller than the testing one under the same flow condition is that the numerical calculation only considers the hydraulic loss while the fluid flow through the channel will be affected by surface roughness and complex boundary surface in the actual testing process.

The internal flow characteristics

To further verify the accuracy and reliability of numerical calculation, the comparison of the predicted internal cavitating flows inside the pump with the PIV test is also needed. In this paper, the unsteady numerical simulations of the internal flows under cavitating conditions are carried out. For the rated flow condition, the cavitating flows are obtained under three different conditions according to the degree of cavitation with no cavitation (NPSH=5. The static pressure distribution in axial cross section for rated flow at completely cavitation condition

Figure13

The volume fraction distribution in axial cross section for rated flow at completely cavitation condition As you can see from the figures above, the flow patterns inside the impeller are consistent with the PIV data. So the unsteady numerical simulation can not only provide predicted results close to testing data of the cavitation performance but also reproduce the internal cavitating flows inside the pump. However, the value of the relative velocity inside the impeller passage or the absolute velocity in diffuse blade region is slightly higher than the experimental results.

The static pressure and gas volume fraction distribution at the cross section of the impeller area are provided by selecting five images at the fixed moments in a period as shown in Figure 12 and Figure 13.

It can be seen from the figures above that the lowest pressure obviously exists the suction side of impeller blade surface near the inlet. The distribution of static pressure in the impeller region decreases at first and then increases and the static pressure at the impeller outlet reaches its maximum. Cavitation bubble come into being when the static pressure of the impeller inlet is lower than the vaporization pressure .And with the reduction of NPSH, the number of cavitation bubbles increases gradually destroying the internal flow and make the distribution of static pressure in the impeller disorder. The cavitation bubble is mainly within the impeller passage, but the diffuser and volute area will also appear a small amount of bubbles under serious cavitation condition. The distribution of the gas volume fraction is corresponding to the distribution of static pressure. Under the rated flow conditions, the suction surface of four impeller blades happen cavitation, but the distribution is not uniform. While the gas volume distribution in each passage is symmetrical under fully cavitation condition, which is conformed to the cavitation flow characteristics. The gas volume fraction distribution of small flow and large flow conditions are the same with that of the rated flow condition.

Conclusions

(1)The external characteristic performance and internal cavitation flow of PIV test under different operating conditions agree well with computational results by RNG k- turbulence model.

(2)The critical cavitation allowance increases with the increase of flow rate. And the calculated critical cavitation allowance is smaller than the testing one under the same flow condition.

(3) When the cavitation allowance is lower than the critical cavitation allowance, vortexes comes first at the back of the blade in the impeller area and the vortex will continue to become bigger and move toward the outlet as the cavitation allowance continues to decrease. For the guide vane area, only the streamline distribution changes as the cavitation allowance changes and no vortex forms. The calculated relative velocity inside the impeller passage or calculated absolute velocity of diffuse blade is higher slightly than the experimental results.

(4) The gas volume fraction distribution of small flow and large flow conditions are the same with that of the rated flow condition. The cavitation bubble is mainly within the impeller passage, but the diffuser and volute area will also appear a small amount of bubbles under serious cavitation condition.
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 3 Figure 3. Physical models of the test circuitsThe water flow rate is measured by an electromagnetic flowmeter installed in the outlet pipe and the water head is measured by two pressure transmitters located at the inlet and the outlet line respectively. A torque sensor is installed between the pump and the frequency modulation motor to measure the speed of the impeller and the shaft torque. The angular speed is fixed to 1500 rpm for this study.The PIV testing system includes the laser (New Wave of Gemini 120) and the CCD camera (PCO Sensicam 1.3K×1K). The operating frequency of the laser is 15Hz and the wavelength of the laser is 532 nm. The pulse energy of a single laser is 120 mJ.2. THE EXPERIMETNAL STUDY AND NUMERICAL SIMULATIONS OF THE CAVITATION FLOW 2.1The experimental study of the pump
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 4 Figure 4. The experimental cavitation performance curve of the pump
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 35 the rated flow condition, the internal flows are obtained for different NPSH according to the degree of cavitation with no cavitation (NPSH=5.35 m), partial cavitation (NPSH=4.09 m), completely cavitation (NPSH= 3.57 m), respectively; similarly, for the small flow (NPSH=4.71m, NPSH=2.84m and NPSH=2.02 m) and for the large flow condition (NPSH=6.10 m, NPSH=5.08 m and NPSH =4.54 m). The relative velocity and streamline distribution in the impeller area are shown in Figure 5 ~ Figure 7. Considering the laser irradiation is covered by the guide vane and the machining accuracy of the guide vane wall is not high, the flow passage between the four guide vanes is selected to analyze the absolute velocity and streamline distribution in the guide vane area. The shaped lines of two guide vanes are eliminated in the INSIGHT -3G software. And the results can be seen in Figure 5 ~ Figure 7. The relative velocity and streamline distribution in impeller and the absolute velocity and streamline distribution in diffuse blade of the small flow conditionIt can be seen from the figures that the relative velocity distribution in impeller becomes relatively disorder with the decrease of cavitation allowance especially under small flow and rated flow conditions. When the cavitation allowance is lower than the critical cavitation allowance, vortexes come to occur at the back of the blade. At this time a large number of cavitation bubbles block the impeller passage and cause serious damage to the internal flow of impeller passage.
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 678 Figure 6. The relative velocity and streamline distribution in impeller and the absolute velocity and streamline distribution in diffuse blade of the rated flow condition
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 9 Figure 9. The comparison of critical cavitation allowance curve

  22 m), partial cavitation (NPSH=3.92 m), completely cavitation (NPSH=1.51 m); similarly, three cases for the small flow condition according to the degree of cavitation with no cavitation (NPSH=4.47 m), partial cavitation (NPSH=2.57 m), completely cavitation (NPSH=1.22 m) and three cases for the large flow condition according to the degree of cavitation with no cavitation (NPSH=5.82 m), partial cavitation (NPSH =4.96 m), completely cavitation (NPSH = 2.94 m). But only the rated flow results under completely cavitation condition are analyzed herein. The calculated relative velocity and streamline distribution in impeller region and absolute velocity and streamline distribution in diffuse blade region are shown in Figure 10 and Figure 11.
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 11 Figure10The calculated relative velocity and streamline distribution in impeller of the rated flow condition Unit(m/s)

Figure12

  Figure12The static pressure distribution in axial cross section for rated flow at completely cavitation condition
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