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Comparison of the linear and non-linear SGS models in simulating the internal flow in a centrifugal pump impeller

INTRODUCTION

Large eddy simulation (LES) has been developed for several decades since the pioneer works of Smagorinsky [START_REF] Smagorinsky | General circulation experiments with the primitive equations: I. The basic euqations[END_REF] and Deardorff [START_REF] Deardorff | Three-dimensional numerical study of the height and mean structure of a heated planetary boundary layer[END_REF]. The Smagorinsky Model (SM), including the dynamic version (DSM), adopts a linear relationship between the SGS stress tensor and the strain-rate tensor.

According to the results from Tao et al [START_REF] Tao | Statistical geometry of subgrid-scale stresses determined from holographic particle image velocimetry measurements[END_REF] and Horiuti [START_REF] Horiuti | Roles of non-aligned eigenvectors of strainrate and subgrid-scale stress tensors in turbulence generation[END_REF], the linear relationship adopted by SM is actually not hold. Kosovic [START_REF] Kosovic | Subgrid-scale modelling for the largeeddy simulation of high-Reynoldsnumber boundary layers[END_REF] proposed a polynomial (non-linear) relation of SGS stress which depended on both the strain rate and the vorticity. Wang et al [START_REF] Wang | A dynamic nonlinear subgrid-scale stress model[END_REF] extended the model by applying the dynamic procedure proposed by Germano [START_REF] Germano | Turbulence: the filtering approach[END_REF], named DNM here after. However, the results from linear models are not so satisfying, especially at off-design conditions [START_REF] Pedersen | Flow in a centrifugal pump impeller at design and off-design conditions-Part I: particle image velocimetry (PIV) and laser Doppler velocimetry (LDV) measurements[END_REF]. It 

FORMULATIONS

Filtered Navier-Stokes equations

In LES, a low-pass filter (in frequency) is applied to the Navier-Stokes equations to get the following formulations (in Cartesian coordinate):
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where, the variables with an over bar represent the filtered quantities, u represents the velocity, p ()
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is the pressure,  is the kinetic viscosity, i S is the source term and ij  is the SGS stress , which is defined as
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SGS models 1.2.1 DSM

DSM is a linear eddy-viscosity model. The SGS stress can be expressed as:
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where ij S is the rate-of-strain tensor, d ij  is the deviatoric part of the SGS stress tensor to be modeled because ij S is zero-trace. r  is the eddy viscosity with
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where  is the filter width and

1/2 (2 ) ij ij

S S S 

is the characteristic filtered rate of strain. The final form of the Smagorinsky model is obtained as:
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In order to dynamically calculate s c , Germano [START_REF] Germano | Turbulence: the filtering approach[END_REF] proposed to apply a second filter called the test filter to the SGS stress:
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here, ‗~' denotes test-filtering operation, ij T is the stress at a test filter scale( 2    ).Similarly to equation ( 6)
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where

d ij T is the deviatoric part of ij T .
Combining equations ( 6) and (8): 

Using equation ( 9) to provide an approximation to
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)
Least squares minimization of the error is suggested to be used by Lilly [START_REF] Lily | A proposed modification of the Germano subgrid-scale closure method[END_REF] to calculate the value of
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It is well known that DSM suffers from numerical instability due to the large oscillation of the model coefficient. In this paper, the eddy viscosity is bounded as:
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which means that the backscatter can't be larger than the viscous dissipation.

DNM

Kosovic [START_REF] Kosovic | Subgrid-scale modelling for the largeeddy simulation of high-Reynoldsnumber boundary layers[END_REF] proposed a non-linear model which is a simplification of the model investigated by Lund and Novikov [START_REF] Lund | Parametrization of subgrid-scale stress by the velocity gradient tensor[END_REF]. The model can be written as:
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here ij  is the vorticity, the condition 2    is applied. Wang et al [START_REF] Wang | A dynamic nonlinear subgrid-scale stress model[END_REF] propose to apply Germano's method [START_REF] Germano | Turbulence: the filtering approach[END_REF] to the SGS stress: Use Lily's least squares [START_REF] Lily | A proposed modification of the Germano subgrid-scale closure method[END_REF] to finally determine the three model coefficients: 
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RESULTS AND DISCUSSION 2.1 Grid convergence analysis

The impeller under investigated is a shrouded, low specific-speed (dimensionless specific-speed

0.5 s N 
) multistage pump as shown in Figure 1.

Pedersen's results have shown that stalls will appear in every two adjacent channels at quarter-load [START_REF] Pedersen | Flow in a centrifugal pump impeller at design and off-design conditions-Part I: particle image velocimetry (PIV) and laser Doppler velocimetry (LDV) measurements[END_REF]. Therefore, in order to reduce the computational resource, two channels are used for calculation.

In this paper, we use the procedure proposed by Celik et al [START_REF] Celik | Procedure for estimation and reporting of uncertainty due to discretization in CFD applications[END_REF] to examine whether the grid has been in the asymptotic range. To resolve the near-wall characteristics, the y  is set to locate in the viscous sub-layer at all the walls including blade, hub and shroud. Three grids are generated, with the element number equal to As can be seen from Figure 2, the extrapolated velocities are close to these of the fine grid, which is a good indication that convergence been reached. In the following calculations, the mesh with According to Pedersen et al [START_REF] Pedersen | Flow in a centrifugal pump impeller at design and off-design conditions-Part I: particle image velocimetry (PIV) and laser Doppler velocimetry (LDV) measurements[END_REF], this kind of stationary stall is related to the even number of the impeller passages which enables a stable equilibrium between the forces acting on the stall.

In fact, Zhou [START_REF] Zhou | Investigation of stall characteristics in centrifugal pumps[END_REF] studied centrifugal pump impellers with different number of blades and found that only impeller with even blades can maintain stationary stalls at off-design load.

As the flow patterns in the two channels are different, the velocity profiles are inevitably affected. Figure 5 

  As a typical turbo-machine, centrifugal pump plays an important role in industry. Due to the superior accuracy, LES attracts more concentrations in the field of centrifugal pump's research and design. In most commercial CFD codes, only linear SGS models are included.

  is necessary to test the performance of the non-linear SGS model. As the implementation of new model into these codes is relatively fussy, the open-source code OpenFOAM [9] is used in this paper. For comparison, the linear model DSM and the non-linear model DNM are used in simulating the flow in a centrifugal pump impeller. The calculation results are compared with the PIV results by Pedersen et al [8].
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 1222 Figure 1. Two stages of the investigated centrifugal pump The velocity inlet condition is applied at inlet. At the impeller outlet, a static pressure is applied. The whole domain is calculated in the rotating frame. Rotational periodic conditions are applied to the two sides of the domain. All the walls are fully resolved without near wall treatment.As for the numerical schemes, ‗Gauss linear' scheme (second order) is chosen for the gradient term, and the second order upwind scheme named ‗Gauss linearUpwind' is used for the divergence term. The time scheme is the second order implicit ‗backward' scheme. The time-step size is chosen to ensure an average Courant number smaller than 0.5. The averaging process is turned on when the flow field is statistically stable, and another 5000 time-steps are taken to calculate the time-averaged properties. The radial ( r U ) and ( t U ) tangential relative velocities on the mid-height plane (
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 22223 Figure 3. Comparison of Radial and tangential velocity profiles at design load(-:DSM, --:DNM, +:PIV results)

Figure 4 .

 4 Time-averaged stall by DSM at pressure side near the outlet in channel A (left)
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 225 Figure 5. Comparison of Radial and tangential velocity profiles at part load(-:DSM, --:DNM, +:PIV results)
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