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Influence of Geometry Simplifications and Numerical Parameters in 3D URANS Liquid-Gas Flow Simulations of a Radial Pump with an Eulerian Mono-Dispersed Two-Phase Model

3D numerical flow simulations of liquid-gas mixtures in a radial research pump with annulus casing and low rotation speed are performed with ANSYS CFX and a mono-dispersed multi-phase and the SST turbulence model. The drag force is approximated by the Schiller Nauman model while other interfacial forces are neglected. Both, liquid and gaseous phase are treated incompressible. The inlet gas volume fraction (IGVF) is varied between 3 % and 5 % for two flow rates. The reduction of the full impeller geometry to a single channel computational model has a minor effect on the results. The simulations should be performed in the absolute frame of reference since the choice of a relative impeller reference frame yields spurious gas accumulations at the rotor-stator interface. The achievable solver residuum decrease and the simulation results are highly grid sensitive. Although a comparison to measurement data reveals that the gas accumulation is predicted approximately at the expected location within the blade channel, significant deviations to the data remain for the blade pressure distribution. The head drop due to the increase of IGVF can only qualitatively be predicted. It is assumed that a multi-dispersed multiphase model including bubble coalescence must be taken into account to improve the computational prediction of liquid-gas mixture flow in radial pumps.

INTRODUCTION

Usually, radial centrifugal pumps with low specific speed are designed for pure liquids. For the transport of liquid-gas mixtures, even at very low values of the IGVF of 1 or 2 % the head may drop, usually more significantly in part and overload (low and high flow rates) operation conditions than for nominal load. As a source of the head drop, phase separation and large gas accumulations within the blade channel due to the Coriolis force, the slip between bubbles and liquid as well as pressure gradients in cross-flow direction have been identified [START_REF] Sato | Air-water twophase flow performance of centrifugal pump impellers with various blade angles[END_REF]. In axial pumps a secondary flow reduces the tendency of phase separation, so that axial pumps can handle higher gas volume fractions than radial ones [START_REF] Gülich | Centrifugal Pumps[END_REF].

Several experimental studies of the two-phase flow characteristics of radial pumps [START_REF] Cappelino | Design considerations and application guidelines for pumping liquids with entrained gas using open impeller centrifugal pump[END_REF][START_REF] Furukawa | Fundamental studies on a tandem bladed impeller of gas/liquid two-phase flow centrifugal pump[END_REF][START_REF] Murakami | Effects of entrained air on the performance of centrifugal and axial flow pumps[END_REF][START_REF] Tillack | Förderverhalten von Kreiselpumpen bei viskosem, gasbeladenem Fördermedium[END_REF] confirm the significant decrease of head in part and overload operation conditions. In order to reveal the physical mechanisms of gas accumulation in more detail, Minemura and Murakami [START_REF] Minemura | A theoretical study on air bubble motion in a centrifugal pump impeller[END_REF] perform a CFD study of a radial pump impeller and analyze the motion of air bubbles including the effects of the drag and inertia force as well as density differences between both phases. By comparing their results to experimental data, they verify that the motion of bubbles in the impeller is controlled by the corresponding drag force and the pressure gradient around the bubble. The bubble motion deviates increasingly from the liquid streamlines with increasing bubble diameter. 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[END_REF] as well as Pak and Lee [START_REF] Pak | Performance and pressure distribution changes in a centrifugal pump under two-phase flow[END_REF] numerically investigate the region of bubble accumulation in a radial pump. The bubbles move to the shroud of the impeller as well as to the suction surface of the blade. Both, [START_REF] Minemura | Three-dimensional calculation of air-water two-phase flow in centrifugal pump impeller based on a bubbly flow model[END_REF] and [START_REF] Pak | Performance and pressure distribution changes in a centrifugal pump under two-phase flow[END_REF] confirm that the head drop is caused by the phase separation and large gas accumulation within the blade channel.

In 3D simulations of radial pumps [START_REF] Minemura | Prediction of pump performance under air-water two-phase flow based on a bubbly flow model[END_REF][START_REF] Yu | Numerical analysis of gas-liquid mixed transport process in a multiphase rotodynamic pump[END_REF][START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] it is shown that for low IGVF the predicted head is in good agreement with experimental data while with increasing IGVF, the experimentally observed head drop is not captured by the simulation and the head is overestimated for higher gas load. Systematic deviations between predicted and measured head are also found for the numerical simulation of a high specific speed pump [START_REF] Yu | Numerical analysis of gas-liquid mixed transport process in a multiphase rotodynamic pump[END_REF][START_REF] Caridad | Characterization of a centrifugal pump impeller under two-phase flow conditions[END_REF]. Hence, the present investigation will contribute to figure out possible sources of mis-match of the simulation results to the experimental data.

In a previous study of the present authors [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] the head drop vs. IGVF in a single channel model (SCM) of a radial pump has been evaluated using the state of the art CFD solver ANSYS CFX. Up to an IGVF of 3 % the head drop is qualitatively correct predicted, whereas for higher IGVF the deviation between simulation and experiment increases. In figure 1, two-phase flow head vs. flow rate is reprinted from [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF]. Even for low IGVF the gas accumulation is pre-dicted in the centre of the channel and neither at the blade wall nor in the vicinity of the leading edge as expected from the experimental data. As a consequence, the experimentally observed drop of the pressure at the blade pressure side with increasing flow rate due to gas accumulation is not captured and an even qualitatively wrong head drop is obtained for particular operation points: by increasing the flow rate from 360 m 3 /h to 400 m 3 /h, a qualitatively sound drop of the head has been figured out with IGVF of 3 %, whereas a head rise has been predicted due to a shedding of gas clouds from the accumulated gas regions for IGVF of 5 % in contradiction to the measurements, cf. figure 1. In order to firstly exclude numerical reasons for the mismatch, the aim of the present paper is the assessment of the influence of the geometry simplification from a full geometry model to a single channel model, the reference frame and grid impact on the location and intensity of the gas accumulation.

METHODOLOGY

Pump characteristics

The present numerical study is based on experimental investigations by Suryawijaya and Kosyna [START_REF] Suryawijaya | Schaufeldruckmessungen im rotierenden System an einer Radialpumpe bei Gas/Flüssigkeitsgemischförderung[END_REF] and Kosyna and Wulff [15]. Experimental pump performance data as well as blade pressure profiles are available for the validation. The validation data has been obtained with a static inlet pressure of 1.2 bar and an ambient air temperature for all investigated operation conditions.

The closed five blade impeller geometry is optimized for flow visualization within the impeller as well as blade pressure measurements by a simple 2D blade design based on two circular arcs. A rotation-symmetrical annulus chamber Cross section of the centrifugal pump [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF]. instead of a volute yields essentially uniform flow conditions downstream of the impeller, cf. figure 2. The pump performance data is listed in table 1 and the pump geometry data in table 2. A highly unsteady flow field as well as different gas accumulation regions at the blade surface are observed by flow visualizations in a scaled-down (scale 1:0.5) variant of the pump [START_REF] Wunderlich | Experimentelle Untersuchung zum Förderverhalten von Kreiselpumpen bei Flüssigkeits-Gasgemischen[END_REF][START_REF] Wunderlich | Institute of Fluid Dynamics and Thermodynamics[END_REF]. Although the present CFD study only considers the original pump [START_REF] Suryawijaya | Schaufeldruckmessungen im rotierenden System an einer Radialpumpe bei Gas/Flüssigkeitsgemischförderung[END_REF]15], the information about the gas accumulation regions from [START_REF] Wunderlich | Experimentelle Untersuchung zum Förderverhalten von Kreiselpumpen bei Flüssigkeits-Gasgemischen[END_REF][START_REF] Wunderlich | Institute of Fluid Dynamics and Thermodynamics[END_REF] is assumed to be transferable and serves as additional validation data. 

Numerical method and two-phase model

The same approach as in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] is used and summarized here. The commercial 3D CFD solver ANSYS CFX version 15 is used with SST statistical turbulence model [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF], doubleprecision accuracy and second discretization order in space and time. The momentum and continuity equation are solved with a coupled method and the volume fraction equation is solved in a segregated way. A mono-dispersed phase distribution and a constant diameter size of spherical bubbles is Max residuals < 1.e -4 , imbalances < 1 % stability of macro (head, torque) and local (pressure, velocity) parameters < 1 % assumed. The Eulerian approach is chosen for the description of the dispersed phase. The pressure field is modeled in a homogeneous way, thus the phases of water and air share the same pressure field. In order to allow phase separation, two different velocity fields are resolved (non-homogeneous flow), one for each phase. The turbulence fields are treated in a non-homogeneous way, as well. For unsteady turbulent flow of multiple phases k (k = l, g) the conservation equations of mass and momentum can be written as follows:

∂ ∂t (α k ρ k ) + ∇ • (α k ρ k u k ) = 0 (1) 
∂ ∂t (α k ρ k u k ) + ∇ • (α k ρ k u k u k ) = -α k ∇p + ∇ • (α k µ k (∇u k + (∇u k ) T )) + M k (2) 
Since to the knowledge of the authors no validated lift model is available for the specific flow conditions in a radial pump, i.e. separated turbulent flow and strong pressure gradients due to Coriolis and centrifugal forces, the lift forces are neglected. All other interfacial forces except the drag forces are neglected, too. The drag force of the gas phase g acting on the liquid phase l is calculated by equation 3.

M l = -M g = 3 4 c D ρ l d B α g u g -u l (3) 
c D = max( 24 Re P (1 + 0.15Re 0.687 P ), 0.44) ( 4 
)
Re P = ρ l u g -u l d B µ l (5) 
The dimensionless drag coefficient c D in equation 3 is determined by the Schiller Naumann drag law [START_REF] Schiller | Über die grundlegenden Berechnungen bei Schwerkraftaufbereitung[END_REF][START_REF]Ansys CFX-Solver Theory Guide[END_REF], cf. equation 4, and the particle Reynolds number by equation 5. Since preliminary tests have shown that an incompressible treatment of the gas phase enhances the stability of the CFD solver, both phases are treated as incompressible.

Numerical setup

Due to the rotation-symmetrical annulus chamber, essentially the same flow field in each blade channel and the validity of the single channel model has been assumed in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF]. However, it has to be clarified in the present study if unsteady effects may cause flow un-uniformities from one blade channel to the other which can only be captured by a full-impeller simulation. Therefore, in order to verify the validity of the single channel model, three geometry models have been setup, referred to as FPM (full pump model), FIM (full impeller model with simplified annulus chamber and neglected side chambers) and SCM (single channel model of FIM), cf. schematic meridian view of the models in figure 3.

In the FPM model the full 360°impeller with five blades and the real geometry of the annulus chamber corresponding to the experimental setup with twelve mounted pressure pipes, uniformly distributed in circumferential direction, are considered. The length of the pressure as well as suction pipes corresponds to three times the pipe diameter in order to minimize the effect of the boundary conditions, in particular on the suction side where a part load swirl may develop.

For the FIM, the side chambers are neglected and the annulus chamber has been simplified by a radial outflow surface and a circular confusor. The confusor reduces the radial outflow surface to 60 % of impeller outflow surface, avoids flow separation due to the adverse pressure gradient in the annulus and therefore stabilizes the numerical solver. For the SCM periodic boundary conditions in circumferential direction are used. In a previous paper of the present authors [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] it was found that the single-phase results are grid independent even on a relatively coarse grid. In order to verify the grid independence for multi-phase flow, a two-phase flow grid sensitivity analysis of the SCM model is performed. Three grids are generated by the commercial package ICEM CFD. In comparison to [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], the grid topology and resolution is modified. The grid quality parameters [START_REF]Ansys CFX-Solver Theory Guide[END_REF] are optimized and the wall resolution is improved by decreasing the maximum wall y + value, cf. table 4 andtable 5. Note that the y + value is still in the wall function range. The corresponding coarse grid of the FIM contains about 0.47 million nodes and the coarse grid of the FPM contains about 1.1 million nodes.

A rotation speed n = 540 1/min, and for the single-phase flow, three flow rates, i.e. best efficiency point, part-and overload is considered. For two-phase flow, the flow rates of 360 m 3 /h and 400 m 3 /h with IGVF of 3 % and 5 % are of utmost interest as explained in the introduction -in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], a head rise has been predicted by increasing the flow rate with IGVF of 5 % in contradiction to the measurements, cf. reprinted results in figure 1. Therefore, these two-phase cases are taken up in the present study. Since no bubble size spectrum has been measured by [START_REF] Suryawijaya | Schaufeldruckmessungen im rotierenden System an einer Radialpumpe bei Gas/Flüssigkeitsgemischförderung[END_REF], a constant bubble diameter of 0.5 mm is assumed according to the measurements [START_REF] Minemura | Characteristics of centrifugal pump handling air-water mixtures and size of air bubbles in pump impellers[END_REF].

If not otherwise mentioned, all calculations are performed in the absolute frame of reference, i.e. with explicit movement of the impeller grid. For the SCM and FIM, the confusor grid also rotates, employing no-slip, with respect to the absolute frame steady wall boundary conditions. In [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], transient relative frame simulations have been performed that imply simply an addition of Coriolis and centrifugal source terms in the transient momentum equations. Although it is expected that the choice of the absolute or relative frame for SCM has only a minor influence on the results -only numerical accuracy should be influenced by the reference frame, the physical model should be unchanged -comparative transient simulations are performed in the relative frame, essentially in order to assess the implementation of the multi-phase model in the relative frame. Results are discussed in section 2.1. Using a time step size that corresponds to 0.5°(single-phase flow) or 0.25°(two-phase flow) rotation of the impeller, all transient calculations fulfill the convergence criteria which are summarized together with further numerical parameters in table 3. Even for two-phase simulations the maximum residuum of all equations drops by at least four orders of magnitude in contrast to the former study [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] where a residuum drop below three orders of magnitude could not be achieved. This improvement is attributed to the better grid parameters in the present study. 

Evaluation of the integral values

The head as well as the gas volume fraction, pressure and velocity at different monitor points are monitored in the course of time. The results show a periodical oscillation behavior due to a periodic growth and shrinkage of accumulated gas regions with an oscillation period that is decoupled from the impeller speed as discussed in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF]. It will be shown that in the present study in contrast to [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], the gas accumulated regions are attached to the wall and therefore their growth and shrinkage is moderate and the amplitude of the flow variables at the monitor points is low or -depending on the particular operation point and monitor point -the results are even quasisteady. In any way, the flow values at the monitor point are time averaged for a sufficiently long time interval.

The evaluation location of the impeller total outlet pressure and the head for all three models is chosen at the eight circumferentially with equal spacing arranged monitor points at the rear wall indicated as MPPi in figure 3, i = 1 to 8 which are located at a constant radius in the annulus, cf. figure 3. These positions correspond to the locations of the probes in the measurements [START_REF] Suryawijaya | Schaufeldruckmessungen im rotierenden System an einer Radialpumpe bei Gas/Flüssigkeitsgemischförderung[END_REF]15]. The evaluation of the integral values of the simulation results follows the same method as the evaluation of the experimental results. The pump head is determined by the total pressure difference between the arithmetic average of the monitor points p t, M P P i and the total inlet pressure p t, M PS , cf. figure 3. The transient head is evaluated with the instantaneous values of the total pressure at each time step and subsequently time-averaged as described above. It has been verified that a time average of the total pressure at each monitor point and a subsequent head evaluation does practically not change the result.

H = 8 i=1 p t, M P P i 8 -p t, M PS g ρ l (6) 
The single-phase flow pump head is calculated by equation 6. For the evaluation of the two-phase flow pump head, the density of water is replaced by a mixture density at the inlet. Thus the two-phase flow head is determined by equation 7.

H = 8 i=1 p t, M P P i 8 -p t, M PS g( ρ l α l, M PS + ρ g α g, M PS ) (7)
Since the pressure field is shared by all fluids, the blade pressure for the single-phase flow as well as the two-phase flow calculations can be determined by equation 8. In this equation the blade pressure at any radius p Bl, i is calculated from the pressure at radial position i (p s, bl, i ) and the pressure at inlet (p s, M PS ).

p Bl,i = p s,bl, i -p s, M PS (8) 

RESULTS

Influence of the reference frame

For the SCM, simulation results obtained in the absolute and relative (frozen-rotor) frame are compared to each other. In figure 4, the head obtained in both frames is shown together with the measurement data. For single-phase flow, exemplarily shown in (figure 4 a) for one operation point, the head difference between both simulation methods is less than 0.05 m and can be neglected. For two-phase flow, a head difference with a maximum of 0.4 m is observed, cf. figure 4 b. Pressure profiles and contour plots at mid-span at exemplary instants exhibit only minor differences between absolute and relative frame (not shown here), so that the frame influence can be assumed minor. Remaining differences may be attributed to the coarse grid and a different amount of the numerical discretization error in both frames. While the absolute impeller frame simulations with sliding interface yield essentially the same result as the setup with moving confusor, artificial gas accumulation at the frame interface occur for the relative frame case, so that it is concluded that the relative frame two-phase flow simulation in combination with a rotor-stator interface may be unreliable. All results in the subsequent investigations are therefore obtained in the absolute frame.

Influence of model simplification

The subsequent geometry simplifications in models FPM, FIM and SCM are assessed on the coarse grid, at first by evaluating the head (figure 5). For single-phase flow (figure 5 a), the deviation of the head between FIM and SCM is less than 0.1 % and can therefore be neglected. This finding is supported by the fact that the deviation of time-averaged local pressure and velocity between FIM and SCM at any monitor point is less than 0.3 %. It can be concluded that for single-phase flow the SCM is equivalent to the FIM. Due to the neglect of the annulus and the side chambers, the head is overpredicted by the SCM as the comparison of the FPM with SCM as well as measurement data in figure 5 a shows. Since the deviations between FPM and SCM are more distinct towards part load, it is assumed that the neglect of the side chambers has a more distinct influence than the neglect of the annulus chamber. The SCM overpredicts the measured head by an essentially constant amount whereas the FPM fits the data well for nominal and over load. For part load, the FPM underestimates the data significantly, maybe due to the application of a statistical URANS turbulence model. The deviation to the measurement data is in the same order for SCM and FPM in part load, so that it is concluded that the geometry simplifications of the SCM and the reduction of computational resources are justified.

Despite the fact that SCM and FIM are equivalent for single-phase flow, their equivalence has to be verified for twophase flow. From flow visualizations [START_REF] Wunderlich | Experimentelle Untersuchung zum Förderverhalten von Kreiselpumpen bei Flüssigkeits-Gasgemischen[END_REF][START_REF] Wunderlich | Institute of Fluid Dynamics and Thermodynamics[END_REF] it is evident that two-phase flow is highly unsteady so that cyclic fluctuations from one blade channel to the other may occur which cannot be captured by the SCM. Although the resolution of such unsteady effects may of course be grid dependent, the comparison of the SCM and the FIM is done with the coarse grid in order to figure out if there is at least an indication of inter-channel interaction. Corresponding to figure 5 b, the head drop from 3 % to 5 % IGVF as well as with increasing flow rate is qualitatively well captured by the simulation. The SCM head is up to 7 % lower than the FIM head. The pressure profile show only minor differences between SCM and FIM, which are slightly more distinct for the higher flow rate of 400 m 3 /h (not shown here). For this flow rate exemplary contour plots of the GVF for arbitrary but representative time instances at mid-span between hub and shroud are depicted in figure 6.

The differences between SCM (cf. fig. 6 a andb) and FIM (cf. figure 6 c andd) are minor for both IGVF, so there is no indication for inter-channel interactions on the coarse grid. The SCM grid study in section 2.3 will show that generally, the unsteadiness of the flow and in particular of the accumulated gas region at the pressure side close to the leading edge is low even on finer grids. Therefore, it is assumed unlikely that significant unsteady effects and inter-channel interactions are provoked on finer grids so that the comparative SCM -FIM study is not repeated on finer grids. It is concluded that it is sufficient to perform the two-phase flow grid study on the SCM only and that the SCM is a valid approximation for two-phase flow. In particular, the results depicted in figure 5 b and repeated for the SCM in figure 7 show a qualitative correct trend, i.e. a reduction of head for both, IGVF 3 % and 5 % if the flow rate is increased. Therefore, it is now clear that the assumption of equal flow fields in each channel (SCM) is not the origin of an even qualitative head mis-prediction in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], cf. figure 1. Hence, the grid study is performed with the SCM model.

Influence of grid topology and resolution

Topology: In order to assess the influence of the grid quality parameters and the corresponding grid topology improvements, cf. table 5, exemplary contour plots of the GVF for arbitrary time instances in the blade channel at mid-span for the coarse grid (figure 8 c,d) are compared to former results of [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] (figure 8 a,b). The resolution of the coarse grid is slightly higher in the present study than in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], cf. table 4. According to [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], gas accumulates within the channel and rather downstream of the leading edge close to the suction surface and the trailing edge, cf. figure 8 a and b in contradiction to the flow visualizations [START_REF] Wunderlich | Experimentelle Untersuchung zum Förderverhalten von Kreiselpumpen bei Flüssigkeits-Gasgemischen[END_REF][START_REF] Wunderlich | Institute of Fluid Dynamics and Thermodynamics[END_REF]. With the improved grid, a gas accumulation region is discernible at the leading edge vicinity on the pressure side of the blade (figure 8 c andd), as expected [START_REF] Wunderlich | Experimentelle Untersuchung zum Förderverhalten von Kreiselpumpen bei Flüssigkeits-Gasgemischen[END_REF][START_REF] Wunderlich | Institute of Fluid Dynamics and Thermodynamics[END_REF]. Note that the simulations in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] have been performed in the relative frame of reference and in the present study in the absolute frame. However, there is no hint that the location of gas accumulation is significantly influenced by the choice of the reference frame, cf. section 2.1. Therefore, it can be assumed that in fact the grid modifications done in the present study are the origin of the fundamental improvement of the simulation results that are summarized in figure 7 -figure 7 shows the recent results with a correct qualitative trend of the head vs flow rate while the results of [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], show an opposite trend than in the measurement for IGVF 5 %. [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] and the coarse grid of the SCM (c,d). Since images a) and b) are adopted from [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], the original black and white illustration is maintained. SCM results are copied to a neighbor channel for illustration purposes.

It is noteworthy that a relaxation of the convergence criterion from maximum norm < 1.e -4 to < 1.e -3 does virtually not change the integral values nor the location of gas accumulation, so that the improvement can directly be attributed to the grid topology rather than to a better residuum drop.

Resolution: For an assessment of the spatial resolution the head predicted on each grid is depicted in figure 9. As already found in [START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], the single-phase results, cf. figure 9 a, are hardly grid dependent -the maximum deviation of head between the coarse and medium or the medium and fine grid is 1.2 % and 0.3 %, respectively. Since the results seem to converge towards finer grids, it can be concluded that the medium grid is sufficiently accurate for single-phase flow. This conclusion is supported by the fact that the maximum deviation of local parameters (pressure, velocity) at different monitor points between the medium and the fine grid is less than 1 %.

Regarding two-phase flow, cf. figure 9 b, no convergence of the predicted head with grid refinement is discernible. The deviation between the coarse and the medium as well as medium and fine grid is greater than 2 %. Therefore, the solution cannot be considered grid independent. While for IGVF 3 % the predicted head approaches the measurement data when the grid is refined, such an approach is not present for IGVF 5 %. However, the measured qualitative trend -a decrease of head when increasing the flow rate from 360 m 3 /h 400 m 3 /h -captured on any grid. For a deeper analysis of the grid dependence of the simulation results, the predicted blade pressure profiles at for all three (cf. 10 b and d) are compared to the experimental data [START_REF] Suryawijaya | Schaufeldruckmessungen im rotierenden System an einer Radialpumpe bei Gas/Flüssigkeitsgemischförderung[END_REF] (cf. figure 10 a andc), exemplary for the operation point of 400 m 3 /h and 3 % and 5 % IGVF. For both IGVFs, the grid dependence is more distinctive on the pressure side. On the suction side, a distinctive grid dependence is only discernible close to the trailing edge. It is assumed that the grid dependence is significant in local two-phase flow regions, i.e. on the pressure side and on the downstream part of the suction side where the gas wake from the pressure side may slightly influence the suction side flow. It is noticeable that particularly for the suction side pressure distribution, the coarse and medium grid pressure solutions hardly deviate from each other while the fine grid solution shows a distinctly higher pressure level. It can be assumed that the grid refinement not only decreases the numerical error but also influences the physical two-phase model. This assumption is supported by the observation of the instantaneous GVF in figure 11: while for the coarse and medium grid the GVF contours look rather smooth, fine structures are discernible for the fine grid, irrespective of the IGVF. Obviously, finer unsteady flow structures are spatially resolved. The assumption that grid refinement changes the physical model needs clarification by further work of the authors. Coming back to the blade pressure profiles in figure 10, by a rise of the IGVF from 3 % to 5 % the pressure side pressure level collapses in the vicinity of the leading edge and only recovers partly further downstream according to the experimental data, cf. figure 10 a andc. This pressure drop is attributed to the presence of an accumulated gas region or a large bubble at the pressure side in the vicinity of the leading edge [START_REF] Suryawijaya | Schaufeldruckmessungen im rotierenden System an einer Radialpumpe bei Gas/Flüssigkeitsgemischförderung[END_REF]. While the predicted blade pressure profiles at the suction surface are in fairly good agreement with the experimental data, the collapse of pressure at the pressure side close to the leading edge cannot be observed on any grid. As a consequence, the predicted head does not decrease as much as the experimental head when the flow rate is increased. As already mentioned above, regarding the instantaneous GVF images in figure 11, the location of gas accumulation within the blade channel is not changed by the grid refinement and is located in the vicinity of the leading edge at the pressure side as expected [START_REF] Wunderlich | Experimentelle Untersuchung zum Förderverhalten von Kreiselpumpen bei Flüssigkeits-Gasgemischen[END_REF][START_REF] Wunderlich | Institute of Fluid Dynamics and Thermodynamics[END_REF].

CONCLUSIONS

One main source of uncertainty in the simulation of liquid-gas flow in centrifugal pumps with the Eulerian mono-dispersed two-phase model in ANSYS CFX has been identified: the grid quality has a substantial influence even on the qualitative prediction of the location of gas accumulation and therefore on the blade pressure profile and the head. On the other hand, even with the optimized grid topology and a grid refinement the main mechanism of head drop, i.e. the pressure collapse on the blade pressure side due to an adherent gas region is not captured, although the gas accumulation and adherence is qualitatively predicted at the proper location. Probably, the amount of accumulated gas is underestimated.

Different reasons for the remaining underestimation of gas accumulation are supposed: it can be assumed that a bubble population and coalescence model needs to be applied for an even stronger gas accumulation. Furthermore, the lift force has been neglected. Since the speed of sound in a liquid-gas mixture is drastically reduced with increasing IGVF [START_REF] Karplus | The velocity of sound in a liquid containing gas bubbles[END_REF][START_REF] Williams | Speed of sound in bubbly liquids[END_REF], compressibility is assumed to play a significant role. It is now clear that the single channel model (SCM) is sufficiently accurate in combination with an URANS turbulence model, albeit it cannot be excluded that a turbulence resolving model may resolve a more distinct highly-unsteady flow field so that the conclusion, that the SCM is suitable, cannot be considered to be general. Strong grid sensitivity is detected for two-phase flow and the physical model seems to interact significantly with the grid resolution. In the present study, a rather coarse wall resolution in combination with wall functions has been used. A wall layer resolution by means of a low-Reynolds number turbulence model should be tested in combination with a local wall grid refinement and maintainance of appropriate aspect ratios. All these open points are in the focus of further research of the authors.

Meanwhile, it can be concluded that absolute frame setups and an utmost grid quality should be for simulations of liquid-gas mixture flows in radial pumps. 
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Figure 1 .

 1 Figure 1. Head vs. flow rate, reprinted from [12].

Figure 2 .

 2 Figure 2. Cross section of the centrifugal pump [12].

Figure 3 .

 3 Figure 3. Schematic meridian view of the geometry models.

Figure 4 .

 4 Figure 4. Calculated head in the absolute and relative frame of reference for single-phase flow (a) and two-phase flow (b).

Figure 5 .

 5 Figure 5. Calculated head for single-phase (a) and two-phase flow (b) for different geometry models.

Figure 6 .

 6 Figure 6. Predicted contour plot of the GVF at mid-span for the SCM (a,b) and the FIM (c,d) on the coarse grid. SCM results are copied to a neighbor channel for illustration purposes.

Figure 7 .

 7 Figure 7. Comparison of head from the present study (green) and a previous paper [12] (black).

Figure 8 .

 8 Figure 8. GVF in blade channel at mid-span calculated with the grid of a previous paper (a,b)[START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF] and the coarse grid of the SCM (c,d). Since images a) and b) are adopted from[START_REF] Müller | Numerical 3d simulation of the gas-liquid flow in a centrifugal pump with an euler-euler two-phase model and a dispersed phase distribution[END_REF], the original black and white illustration is maintained. SCM results are copied to a neighbor channel for illustration purposes.

Figure 9 .

 9 Figure 9. Experimental and calculated head for single-phase (a) and two-phase flow (b) for each SCM grid.

Figure 10 .

 10 Figure 10. Experimental and calculated two-phase flow blade pressure profiles for each SCM grid.

Figure 11 .

 11 Figure 11. Predicted contour plot of the GVF at mid-span for each SCM grid.

Table 1 .

 1 Pump performance data.

	Nominal flow rate	Q o pt	412 m 3 /h
	Nominal pump head	H o pt	10.16 m
	Nominal rotational speed	n o pt 540 1/min
	Specific speed (1/min, m 3 /s, m)	n q	32 1/min

Table 2 .

 2 Pump geometry data.

	Impeller inlet diameter	d 1	260 mm
	Blade inlet width	b 1	46 mm
	Impeller blade inlet angle	β 1	19 •
	Impeller outlet diameter	d 2	556 mm
	Blade outlet width	b 2	46 mm
	Impeller blade outlet angle β 2	23 •
	Blade thickness	s	13 mm
	Blade shape		2 circular
			arc

Table 3 .

 3 CFD setup.

		Single-phase flow	Two-phase flow
	Fluid	Water (ρ l = 998 kg/m 3 )	Water (ρ l = 998 kg/m 3 ), air (ρ g = 1.185 kg/m 3 )
	Morphology	Continuous phase	Continuous phase (water), dispersed phase (air)
	Turbulence model	Shear stress transport	Shear stress transport
	Inlet boundary	Mass flow water	Mass flow water and air, IGVF
	Outlet boundary	Static pressure (2 bar)	Static pressure (2 bar)
	Wall boundary	Adiabatic, smooth, non-slip condition	Adiabatic, smooth, non-slip condition
	Rotation treatment	Transient	Transient
	Convergence criteria Max residuals < 1.e -4 , imbalances < 1 %,	

Table 4 .

 4 Computational grid data for SCM. y + obtained for two-phase flow.

	Grid	Number	Max.	Average
	resolution	of nodes	wall y + wall y +
	Coarse	≈ 0.1 million	< 400	≈ 80
	Medium	≈ 0.3 million	< 300	≈ 70
	Fine	≈ 0.9 million	< 200	≈ 50
	Coarse in [12] ≈ 0.06 million < 450	≈ 80

Table 5 .

 5 Grid quality parameters for SCM.

	Quality	Recent	Previous
	parameter	paper paper [12]
	Angle	> 27°> 19°A
	spect ratio	< 20	< 300
	Determinate (3x3x3)	> 0.6	> 0.4
	Volume change	< 8	< 10
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