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Reducing cavitation problem in large hydraulic turbo machineries such as pumps has been a hot topic for many years. This problem is understood to be directly related to the inlet pressure and flow rate and also a parameter known as Net Positive Suction Head (NPSH). Cavitation negatively affects the pump performance and even can damage the impellers and blades. In this paper, the cavitating flow in a centrifugal pump is numerically studied in order to calculate the NPSH value. Because of low NPSH, the fluid on the pressure side of the impeller evaporates. Therefore, cavitation occurs over the pressure side of impeller, starting from leading edge towards the trailing edge. For the CFD simulations, the simplified Rayleigh equation and the VOF (Volume of Fluid) method are adopted to simulate the cavitation phenomenon. The two-phase flow simulations have been carried out under the various operational conditions. The results are presented and compared in terms of the effects of hydraulic head and NPSH on cavitation.

INTRODUCTION

Cavitation is one of the hazardous fluid dynamic phenomenon which is frequently encountered in hydraulic turbo machineries. It is a complex process that is influenced by many factors such as fluid static pressure and saturation temperature, and it may cause serious damage to blades and casing. Hence, many experiments and numerical simulations have been carried out on this problem from various aspects. Among them, computational fluid dynamics (CFD) provides a wide range of possibilities to predict the flow parameters and to observe the phenomena that may occur under different conditions.

Medvitz et al. [START_REF] Medvitz | Performance analysis of cavitating flow in centrifugal pumps using multiphase CFD[END_REF] captured the characteristic performance trends associated with off-design flow as well as the rapid drop in head coefficient at low cavitation numbers. Coutier-Delgosha et al. [START_REF] Coutier-Delgosha | Stoffel Experimental and numerical studies in a centrifugal pump with two dimensional curved blades in cavitating condition[END_REF] investigated two-dimensional curvature blade geometry in cavitating and non cavitating conditions using different experimental techniques. They also simulated a three-dimensional numerical model in order to study cavitating flows. Steinmann et al. [START_REF] Steinmann | Numerical and experimental investigations of the unsteady cavitating flow in a vortex pump[END_REF] investigated the unsteady cavitating flow in a vortex pump. Their CFD results turned out to be appropriate to increase the knowledge about vortex pumps but the calculated values were not accurate. Zhao et al. [START_REF] Zhao | Numerical simulation of cavitation flow under high pressure and temperature[END_REF] simulated a cavitation flow on a 2D NACA0015 hydrofoil under high pressure and temperature. They concluded that the heat absorption in the cavitation area reduces the local temperature and the saturated vapor pressure. Grist [START_REF] Pouffary | Numerical simulation of 3D cavitating flows: analysis of cavitation head drop in turbomachinery[END_REF] proposed a new concept for the Net Positive Suction Head (NPSH) performance indicator. The validity of the new indicator over a wide range of pumps operating conditions has been studied. The numerical analyses were also used to study cavitation flow field in the turbomachinery due to the impact of turbulence models [6~9]. Among various approaches to simulate the cavitating turbulent flows, the Reynolds-Averaged Navier-Stokes (RANS) equations are widely used to deal with the turbulence to obtain suitable computational resources. Lei et al. [START_REF] Lei | Numerical simulation of cavitation in a centrifugal pump at low flow rate[END_REF] predicted the critical point of cavitation in centrifugal pump. For considering the impact of the compressibility of the cavitation flow, a computational model was developed based on the full cavitation model and the RNG k-ε turbulence model. Zang and Chen [START_REF] Zhang | CHEN Numerical analysis of cavitation within slanted axial-flow pump[END_REF] expressed that the pump performance drop is relevant to the instability of cavitating flow on the blade suction surface. Liu et al. [START_REF] Liu | Hui Experimental investigation and numerical analysis of unsteady attached sheet cavitating flows in a centrifugal pump[END_REF] reported that as the cavitation number decreases, the length of the sheet cavities grows substantially. He et al. [START_REF] He | Analysis of cavitation behavior in a centrifugal pump[END_REF] analyzed the cavitating flow field in a centrifugal pump and concluded that two reasons of rapid head drop are the reduction of NPSH and growth of the energy dissipation in the vortices.

Following the above investigations, in the present study numerical investigation of cavitating flow in centrifugal pump is conducted in order to investigate the NPSH values with development of the attached sheet at the entrance of the impeller. The reduction of total dynamic head in low NPSH condition is discussed. The numerical simulations are solved by computer cluster at Multi-phenomena CFD Engineering Research Center at Sogang University. The cluster has AMD Opteron 64 bit processor (2.66 GHz). Typical computational time for each simulation of the cavitation is 10 days using 36 parallel cores.

GOVERNING EQUATIONS

In order to poccisely predict the flow inside the impeller, unsteady turbulent simulations are adopted. The simulations have been conducted using both multiple reference frame (MRF) for the non-cavitating flows, and sliding mesh for the cavitating flows. MRF is a relatively simple, robust, and efficient steady state to simulate rotating machinery. MRF assumes a weak interaction between different domains. However, sliding mesh technique can deal with strong interactions. The sliding mesh model is the most accurate method for simulating flows in multiple moving reference frames. Therefore, it is more desirable for cavitating simulations. The sliding mesh is computationally more expensive than MRF. The governing equations for the mass and momentum conservation become:
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where ρ is the density of the fluid, u represents the velocity vector, τ symbolizes the shear stress tensor, P denotes the pressure, and S is source term.

The non-cavitating cases directly use the above equations for single-phase liquid. However, the VOF method, which is used for cavitating simulations, assumes that all immiscible fluid phases in a control volume share the same velocity, pressure, and temperature fields. The equations are solved for an equivalent fluid. The flow properties inside the domain are linearly dependent upon the volume fraction phases. The equation employed for the VOF can be summarized as:
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where αi, ρi, μi and (cp)i are the volume fraction, density, molecular viscosity and specific heat of the i th phase, respectively. The conservation equation that describes the transport of volume fractions αi is:
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where i S  is the source or sink of the i th phase, v is fluid velocity, and Dρi/Dt is the material or Lagrangian derivative of the phase densities ρi.

The fluid undergoes the cavitation (phase change) when the static pressure at a particular location within the liquid falls below the saturation vapor pressure of the liquid. The cavitation option is available under VOF simulations in STAR-CCM+, and it was the simplified Rayleigh equation as:
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where R is bubble radius, ρl is the liquid density, and Psat simbolizes the saturation pressure corresponding the temperature at the bubble surface, and P∞ is the pressure of the surrounding liquid in domain.

For the cavitating cases, different NPSH values are obtained by vapor pressure Pv involved in the definition of net positive suction head while the upstream pressure is kept constant. The NPSH is defined as:
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where Pin is the total pressure at the pump inlet, Pv is the vapor pressure depends on the liquid temperature (25°C).

CFD SIMULATIONS

Domain sizes and boundary conditions

The schematic views of the centrifugal pump model including a shrouded impeller and a volute are shown in Figure 1. The pump inlet and outlet diameters are 50 mm. The impeller has five single curved blades with inlet and outlet diameters of 65 mm and 138 mm, respectively. A volute is used to adjust pressure conditions around the impeller. Impeller is considered to rotate at a speed of 3550 rpm, and volute and casing are considered as stationary domains.

For the non-cavitating cases, different flow rate values are applied to the outlet while the inlet relative pressure is assumed to be zero. In the cavitation cases, the inlet boundary condition with different pressure values is chosen (Table 1). Prior to the unsteady simulations, the models are solved at the same rpm and flow rate using steady state simulations, and the results are used as the initial values for the unsteady simulations.

Mesh sensitivity analysis

The models are meshed and solved using the commercial CFD package STAR-CCM+ Ver. 906. Polyhedral mesh is used, and five prism layers are used at the vicinity of the walls (Figure 2). A mesh sensitivity analysis based on the pressure head of single-phase is performed prior to the main simulations, in order to validate the mesh resolutions. As it can be seen from Figure 3, when the number of cells is above 2,800,000, the head values stay constant. Hence, in the present simulations, the case with 2,800,000 cells is chosen for all of the non-cavitating and cavitating simulations.

RESULTS AND DISCUSSIONS

Non-cavitating simulation (single-phase)

In order to check the ideal case and also the accuracy of the results, the single-phase steady state simulations have been performed at various flow rates from 5 m 3 /hr to 35 m 3 /hr. The rotational speed differ from 2400 rpm to 3550 rpm. These non-cavitating simulations are done by Standard k-ε turbulence model, and the MRF method is chosen. Figure 4 shows the non-cavitating H-Q curves obtained from experiments and the CFD results. The numerical simulations results show a good agreement with experimental data, especially at low rpm values.

Cavitating simulation (multi-phase)

Having single-phase simulations carried out, cavitating analyses are performed using both Standard k-ε and SST_ k-ω turbulence models. The simulations for cavitating Figure 5 shows the total dynamic head drop curves with different NPSH values obtained from the CFD results. The results are extracted after six revolutions have been passed(average over one revolution). Here, numerical simulation of the cavitation phenomenon are done by changing the inlet pressure at design flow rate (30 m 3 /hr).

When the pump pressure becomes less than a critical value(the stagnation pressure), the liquid in the centrifugal pump will change to vapor. In order to analyze the distribution and shape of the cavitation bubble in crucial conditions, Figure 6 shows the cavity inside impeller channel for different NPSH values. With the decrease in NPSH, a large area of cavity emerges in the impeller channels and expands over the pressure side, towards the blade trailing edge and also the opposite suction side of the channel. Hence, the fluid flow is affected, and the pump head drops. In general, it can be clearly seen that as the cavitation grows, the centrifugal pump performance decreases, which is beacuse of the swelling of the bubble. For NPSH=2.11 m, the impeller channels are seriously blocked by the cavities, which result in an abrupt pump head drop as shown in Figure 5.

In addition, Figure 7 presents the total pressure distributions along the blade near the inlet. With the reduction of NPSH, the pressure at the impeller inlet decreases. Pressure distribution at the impeller demonstrates that the low pressure region indicate the cavitation phenomenon.

Figure 8 shows the variation of volume fraction with different NPSH, inside the impeller at design flow rate (Q=30 m 3 /h). The cavitation first appears on the pressure side near the blade leading edge. Similar to Figure 6, with the decrease in NPSH, the cavity expands inside the impeller channels and occupies a considerable volume. Hence, the pump performance is affected (as shown in Figure 5). At this condition, the centrifugal pump cannot work normally, and the impeller blades may be damaged due to the air bubble collapse.

Finally, Figure 9 shows the velocity vector plot for different NPSH. With the decrease in NPSH, the velocity vectors become very turbulent at the blade pressure side near the leading edge and generate a sever vortex. The low velocity area expends gradually. In case of NPSH=3.77 m, the fluid flow near the pressure side of blades 2 and 3 becomes faster than other regions. This phenomenon could result in slight increase in NPSH curve, as it is reported by some researchers [START_REF] Grist | The NPSH performance indicator, NPSH (π)[END_REF][START_REF] Liu | Hui Experimental investigation and numerical analysis of unsteady attached sheet cavitating flows in a centrifugal pump[END_REF]. However, this effect has not been observed in the present research.

CONCLUDING REMARKS

In this paper, the numerical simulations of the cavitation problem have been carried out for a centrifugal pump. For the validation with experimental data, the single-phase steady state simulations are performed at various flow rates from 5 m 3 /hr to 35 m 3 /hr and rotational speed from 2400 rpm to 3550 rpm. The chacteristic curve shows a good agreement with the experimental data.

After steady state simulation, the cavitating flow are investigated at design flow rate (30 m 3 /hr) with two different turbulence models, Standard k-ε and SST_k-ω. The cavitation models are solved based on the VOF approach and simplified Rayleigh equation. Simulation results are presented and analyzed in various NPSH values. With the decrease of NPSH, the cavitation bubbles are generated starting from near the impeller leading edge. When NPSH=2.11 m, the impeller channels are seriously blocked by the cavities. Therefore, the fluid flow is affected by a large bubble sheet, and the pump head drop. Therefore, in accordance with the cavitation growth, the hydraulic head sharply decrease beacuse of blockage effect. The present paper shows that numerical simulation can provide useful information for the operating condition in centrifugal pumps. Furthermore, this study can also be used as the basis for the further research of attached sheet cavitation in centrifugal pumps 
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 1 Figure 1. The schematic views of the pump models with impeller geometry.
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 2 Figure 2. Computational grid.
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 3 Figure 3. Grid sensitivity analysis.
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 4 Figure 4. Comparison between simulation and experimental results at different rpm.
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 5 Figure 5. The NPSH curve in different turbulence conditions.

Table 1 .

 1 Different boundary condition with NPSH values Inlet (MPa) 0.1 0.2 0.25 0.27 0.29 0.3 0.4 NPSH (m) 19.1 29.4 34.5 36.5 37.4 37.4 37.6 cases have been carried out at design flow rate (30 m 3 /hr) at a fixed rotational speed (3550 rpm). The pump cavitation performance is shown by calculating the NPSH and the total dynamic head at different inlet pressure conditions.
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 6787 Figure 6. The volume fraction contours at different NPSH values. (a: 2.84 m, b: 2.14 m, c: 2.11 m)