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The present work reviews calculations of a steady three-dimensional (3D) flow past a centrifugal pump with its diffuser channels using different hardwares. The open source CFD software OpenFOAM has been ported to the GPU platform with double precision. The performance of a high-end GPU was reported. The considered computational domain is one of the three stages, since each has exactly the same design. In this work, simulations were carried out at the best efficiency point (BEP) for single phase flow with four different turbulence models. The results were compared with the performance report from the manufacturer. Only the realizable k-ε turbulence model has been taken into account for performance tests. The comparisons at BEP showed that integral quantity based results were not sensibly influenced by the turbulence model and the steady state simulations demonstrated to be a good approximation of the LDV data, always containing the error within an acceptable limit. The ability of solving numerical problems faster makes GPU hardware attractive to be used for further investigations which will involve two-phase flow studies on the same pump.

INTRODUCTION

Computational Fluid Dynamics (CFD) simulations are nowadays very accurate in predicting flow conditions in turbomachinery. The development and diffusion of CFD codes and the growth of available computer power have hugely increased the usage of CFD in turbomachinery [START_REF] Dick | Performance prediction of centrifugal pumps with cfd-tools[END_REF], [START_REF] Vande Voorde | Performance prediction of centrifugal pumps with steady and unsteady cfd-methods[END_REF]. It is less expensive and less time consuming than an experimental investigation, and allows testing new parts design before the actual realization of a prototype. Given a certain level of accuracy and confidence of the simulation results, the computational time has a great importance. Less time-consuming simulations are always preferable. GPU cards can reduce the computational time significantly. This reduction free resources which can be used to investigate deeper the internal flow by mean of a more accurate simulations (i.e. a finer mesh for the same domain). In this paper, we worked on a multistage centrifugal pump with closed impeller and a vaned diffuser specifically designed for offshore produced water treatment. It processes a dispersed phase flow which requires the least possible shear and a proper internal circulation [START_REF] Mark | Break-up of oil droplets in the production system[END_REF] in order to avoid the use of chemicals [START_REF] Sjöblom | Our current understanding of water-in-crude oil emulsions.: Recent characterization techniques and high pressure performance[END_REF]. Many researchers have used CFD for investigation of flow inside centrifugal pumps, most of them concentrating on pumps with volute casing. Shukla and Kshirsagar [START_REF] Shukla | Numerical experiments on a centrifugal pump[END_REF] calculated the internal flow using k-ε and k-ω turbulence models. Cheah et al. [START_REF] Cheah | Numerical flow simulation in a centrifugal pump at design and off-design conditions[END_REF] concentrated on the flow inside the impeller and Bacharoudis et al. [START_REF] Bacharoudis | Parametric study of a centrifugal pump impeller by varying the outlet blade angle[END_REF] realized a parametrical study on how performances are affected by different impellers. Shah et al. [START_REF] Shah | CFD based flow analysis of centrifugal pump[END_REF] carried over calculations on different operating points using both RNG k-ε and SST k-ω turbulence models. Among the researchers who worked specifically on vaned diffuser centrifugal pumps, Muggli et al. [START_REF] Felix A Muggli | Flow analysis in a pump diffuserpart 2: Validation and limitations of CFD for diffuser flows[END_REF] applied a Navier-Stokes code with a standard k-ε model to the study of the flow in a vaned diffuser of a high loaded centrifugal pump. Feng at al. [START_REF] Feng | Numerical investigation on pressure fluctuations for different configurations of vaned diffuser pumps[END_REF] investigated the flow and the pressure fluctuations on the impeller blade and the vaned surface of a diffuser. Zhou et al. [START_REF] Zhou | Numerical investigation of pressure fluctuation and rotor-stator interaction in a multistage centrifugal pump[END_REF] conducted a numerical investigation on unsteady flow field in a multistage centrifugal pump with focus on the pressure fluctuations while Pei et al. [START_REF] Pei | Numerical investigation of periodically unsteady pressure field in a high power centrifugal diffuser pump[END_REF] on a high power centrifugal diffuser pump for residual heat removal. Other researchers performed a comparison between the results obtained with CFD and the experimental data. Sinha and Katz [START_REF] Sinha | Quantitative visualization of the flow in a centrifugal pump with diffuser vanes -I: On flow structures and turbulence[END_REF] used PIV technique, Feng et al. [START_REF] Feng | Investigation of periodically unsteady flow in a radial pump by CFD simulations and LDV measurements[END_REF] used Laser Doppler Velocimetry (LDV) and 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] applied both experimental techniques.

The present study focuses on the characterization of the flow in the diffuser channels of a multistage centrifugal pump. One characterization of the flow passed the same multistage pump has already been achieved in previous works [START_REF] Nocente | Numerical simulation of flow inside centrifugal pump by two different solvers[END_REF], [START_REF] Nocente | Numerical prediction of a multistage centrifugal pump performance with stationary and moving mesh[END_REF]. The steady state and transient state simulation at the same working conditions have been carried on using commercial Ansys Fluent software. In this work, the open-source software RapidCFD [START_REF]RapidCFD[END_REF] has been used. The code is based on OpenFOAM [START_REF] Openfoam | [END_REF] solvers which are running on GPU cards rather than CPUs. The performance gain of GPUs over CPUs has been studied for the simulated case which is a steady three dimensional (3D) flow past the diffuser channels of a centrifugal pump.

NUMERICAL MODEL

The pump investigated in this work is a prototype realized for Typhonix AS. It is a three-stage end suction centrifugal pump for produced water. The computational domain consists of the inlet pipe, the first stage impeller and the first stage stator. After passing the stator, the fluid is addressed to the following stage by mean of return vanes. This part of the machine does not influence the performance significantly, therefore is not included in this work to save computational time. In Table 1, the main geometrical characteristics of the impeller and diffuser are listed along with head, flow rate and rotational speed at the operating point. Figure 1 shows the 3D computational domain. The computational grid is structured along the pump axis direction with hexahedral cells in the diffuser domain. The grid has no size refinement along the walls since we believe that the resolution were fine enough to take into account the wall effects on the flow. After the simulations, a check confirmed this assumption by showing that y + is in the range 30 < y + < 300. This allows us to use proper wall modelling in the calculation of the turbulence which will be mentioned in next section. The entire computational domain is shown on the left side of Fig. 2. The lower side of the figure shows a closer look to a small region of the diffuser mesh which is indicated as "A". Due to the complicated shape of the impeller vanes, the impeller grid is unstructured with tetrahedral cells. The total number of cells is about 10 millions (9,926,478) cells. The distribution of the cells in the different zones of the computational domain is summarized in Table 2. The mesh quality was checked on cell skewness which is defined as the difference between the shape of the cell and the shape of an equilateral cell of equivalent volume. The optimal value for skewness is 0. A maximum value greater than 0.95 may lead to convergence difficulties. The average and maximum values of mesh skewness for each mesh zone is shown in Table 2. The convergence behaviour will be mentioned in Section 4.

No-slip wall condition has been specified for all the wall boundaries such as pipes, hubs, shrouds, blades plus the upper and lower wall of both impeller and diffuser. At the inlet of the pipe, mass flow boundary condition is imposed. Zero pressure is imposed at the diffuser outlet in order to calculate the stage head. Turbulent intensity is considered moderate and it is imposed 5% at the inlet.

THE SOLVER RUNNING ON GPU

RapidCFD is a CUDA-ported version of a Finite Volume Method based code OpenFOAM, that runs all simulation stages on Graphic Processing Units (GPU). Running entire simulation on the GPU has a significant performance advantage over commonly used [START_REF] Malecha | Gpu-based simulation of 3d blood flow in abdominal aorta using openfoam[END_REF] GPU acceleration of solvers for linear equation systems. With the full acceleration, there is no need for constant memory copying between CPU and GPU memory space which is a huge bottleneck that significantly decreases overall simulation speed. 2. Mesh cells distribution (the parts of the computational domain can be see in Fig. 1) Porting OpenFOAM requires identification and modifications of some parts of the code that are responsible for most computationally intensive tasks, such as matrix assembly and solution. This requires creating data structures for storing all required information in GPU memory. A disadvantage of using GPUs is that all algorithms need to be parallelized. For this reason, the most efficient smoother algorithm -Gauss-Seidel -had to be replaced with a less efficient weighted Jacobi. For the same reason only relatively poor diagonal (Jacobi) preconditioner from the original implementation was ported to GPU. In order to improve performance of solvers based on Krylov subspace method, a new fully parallel preconditioner AINV [START_REF] Ilya | Algorithm for sparse approximate inverse preconditioners in the conjugate gradient method[END_REF] was implemented. This new method offers some performance improvement over the diagonal preconditioner, however it is still less effective than original Incomplete Cholesky and Incomplete LU algorithms. Despite the disadvantage of using less efficient algorithms, simulations on the GPU cards run significantly faster than on multi-core CPU. The advantage of GPU comes mostly from significantly higher memory bandwidth which is crucial for memory bound applications such as CFD.

The turbulence is simulated by four different Reynolds Averaged Navier-Stokes (RANS) models: Standard, Realizable, RNG k-ε and SST k-ω models. The pressurevelocity coupling is handled using SIMPLE scheme. Turbulent kinetic energy (k), turbulent dissipation ratio (ε) and specific dissipation ratio (ω) are discretized with a first order upwind scheme while the discretization scheme for the momentum equations is in second order. The discretized equation system is solved by Preconditioned Conjugate Gradient (PCG) methods [START_REF] Jacobs | Preconditioned conjugate gradient methods for solving systems of algebraic equations[END_REF] and Geometric Algebraic Multigrid Method (GAMG). The method which is used for steady state simulations is Multiple Reference Frame (MRF) since the rotational speed of the impeller is fixed and has a value of n = 1480 rpm. MRF, also known as Frozen Rotor (FR), considers the rotor as in a fixed position. The code is instructed on the impeller's motion and the calculation takes into account the forces that the motion imposes on the fluid due to centripetal and Coriolis acceleration.

RESULTS

In the first part of the work we focused on the turbulence modeling. The simulations are carried out at the best efficiency point (BEP) using the values shown in Table 1 and single-phase flow. Four different turbulence models have been taken into account: k-ε (standard, RNG and realizable) and SST k-ω. For each model, the flow The return vane between consecutive stages is not part of the calculation because of its computational demand, and the results demonstrate that they have negligible influence on head or efficiency. The return vanes have in fact no role in transferring or transforming energy.

In Table 3, head, torque and efficiency for each considered turbulence models are compared with the manufacturer's data. Data indicated as "Test" are to be referred to the commissioning test carried out from the manufacturer on the whole pump. The differences in the head is acceptable.

Concerning the internal flow in the diffuser channel, both the pressure and absolute velocity fields have been investigated. The overall ranges of velocities and pressures are the same, the flow structures are not affected by significant variation in the different turbulence models. In addition, there is not evident flow detachment. This means that the pump prototype is substantially well designed and explains the similarity of results in different turbulence models. According to these result, it is possible to state that for this simulation, the choice of turbulence model does not significantly affect the results. The comparison at this discharge level shows that the steady state model can approximate within 4-7% error the real flow characteristics as seen in Table 3. The same consideration can be done for the torque and the efficiency.

Because of the small influence of the turbulent model choice on this particular case, we decided to use only one of the turbulence models for the calculations. Although the standard k-ε model gave slightly more close results to the experimental data, the realizable k-ε model has been chosen because its robustness. In the meanwhile, an experimental campaign of Laser Doppler Velocimetry (LDV) measurements has been carried out in the Waterpower laboratory at NTNU, Trondheim. An experimental water loop has been designed and realized using a single stage of the pump. A special casing with plexyglass inspection window has been designed to guarantee an optical access for the laser probes. The velocity measurements have been repeated several times measuring on very fine grid of points. Hence it was possible to draw a quite accurate contour of the velocity along the mid plane of the diffuser. This contour is compared to a 2D contour obtained from the simulations in Fig. 3.

GPU PERFORMANCE

In the GPU cluster we have used, CPUs are Intel Xeon E5-2670 with 8 cores working at 2.60 GHz. The graphics cards are NVIDIA GeForce Titan X with 3072 CUDA cores and 12 GB GDDR5 memory. At each node, there are two cards installed via PCI Express connection and two CPUs. In this work, a single node is used. The performance tests were made by RapidCFD's turbulent steady state solver: simpleFoam. Both Geometric Algebraic Multigrid solver (GAMG) and Preconditioned Conjugate Gradient (PCG) solving for pressure equation were tested on both CPU and GPU in double precision.

Solving velocity and turbulent quantities is not having a significant role in computational effort therefore the solution method of pressure equation was focused more. As mentioned in the previous section, available preconditioner of PCG solver is AINV in RapidCFD (GPU) while standard OpenFoam solver (CPU) was using Diagonal Incomplete-Cholesky (DIC) which is the fastest one available. GAMG is using Gauss-Seidel smoother algorithm in OpenFOAM and Jacobi algorithm was used in RapidCFD. In the tests, simulations ran for 2 hours with several number of time steps (from 100 to 1000 based on the performance) and the first time step was discarded in the total wall time calculations. The convergence behaviour of the solver in the GPU simulations can be seen in Figure 4. As seen in Figure 5 the residuals are not fluctuating in CPU simulations. however the values for both simulations are smaller than 1e-5 for all equations.

The performance (calculated from wall clock time per iteration) for the GPU card (2 cards) over the 2 CPU unit (16 cores) is shown in Fig. 6. The GPU provided speed-up for PCG solver for two card is 3.4x which can be seen in Fig. 6. However, PCG is very slow compared to the GAMG solver for both GPU and CPU generally. In our case, GAMG shows superior performance over PCG as seen in Fig. 6. At the same time, GPU gives 2.3x speed up for GAMG solver. However, GAMG solver requires larger memory than PCG, therefore, our case could not be handled at a single GPU card when GAMG was used. The tests were performed with two cards by using MPI for data communication between the cards. The results were compared to the performance with 2 CPUs for both PCG and GAMG solvers.

CONCLUSIONS AND FUTURE WORK

This work aims to show that the new hardware platforms can be used for simulations at the industrial level and to demonstrate their importance for the future of CFD. The results demonstrates that OpenFOAM based RapidCFD shows promising speed up (around 2.6-3.5) with NVIDIA's GeForce Titan X graphics cards versus Intel Xeon E5-2670 CPU units for calculations in double precision. It brings significant advantage for simulating the flow because of the faster convergence in solving the pressure equation. However, the memory of the GPU As mentioned before in the results section, we can affirm that the simulation results are not influenced by the turbulence model used. The accuracy of the steady simulations has been evaluated in comparison with the test results provided by manufacturer. The difference in predictions of head tends to be small around the BEP, which is the design condition. As a future development, the steady state simulations will be used to simulate the flow in the pump at different load conditions and diffuser design. A dispersed phase flow will also be simulated in order study the behaviour of a dispersed phase in the diffuser for different load conditions and different dispersed phase density. 
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 1 Figure 1. Computational Domain[START_REF] Nocente | Numerical prediction of a multistage centrifugal pump performance with stationary and moving mesh[END_REF] 
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 2 Figure 2. Diffuser Mesh: overview (upper), closer look to the region near casing indicated as "A" (lower)
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 3 Figure 3. Mean velocity magnitudes in mid-section of the diffuser: CFD (left), LDV (right) for BEP (60 m 3 /h) with Realizable k-ε model
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 45 Figure 4. Residuals in the simulations (GPU)
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 6 Figure 6. Performance of GPU versus CPU with different matrix solvers

Table 1 .

 1 Pump Specification[START_REF] Nocente | Numerical prediction of a multistage centrifugal pump performance with stationary and moving mesh[END_REF] 

	Impeller	
	Number of blades	Z i	6
	Inlet diameter	D Ri	100 mm
	Outlet diameter	D Ro	264 mm
	Outlet height	h Ro	13 mm
	Diffuser	
	Number of blades	Z d	10
	Inlet diameter	D Si	270 mm
	Outlet diameter	D So	478 mm
	Outlet height	h So	18 mm
	Design Operating Point
	Flow rate	Q BEP	60 m 3 /h
	Delivered head	H BEP	62 m
	Rotational speed	n BEP 1480 rpm

Table 3 .

 3 The cluster systems used in this work are Vilje [23] and Kongull Integral quantities values for the different turbulence models located in Trondheim, Norway and Abel[START_REF] Abel | [END_REF] which is located in Oslo, Norway.

		Head [m] Torque [Nm] Efficiency [%]
	Standard k-ε	21.8	32.7	70
	RNG k-ε	22.6	32.5	73
	Realizable k-ε	21.2	30.2	74
	SST k-ω	20.7	29.5	74
	TEST	21.0	32.6	66.7
	RATED	20.3	31.9	69.0

  Turbulence dissipation rate [m 2 /s 3 ]

			F R	Frozen Rotor
			GAM G Geometric Algebraic Multigrid solver
			H	pump Head [m]
			h Ro	Rotor outlet height [mm]
			h So	Stator outlet height [mm]
			k	Turbulence kinetic energy [m 2 /s 2 ]
			LDV Laser Doppler Velocimetry
			M RF Multiple Reference Frame
			n	Rotational speed [rpm]
			P CG Preconditioned Conjugate Gradient
			Q	Flow rate [m 3 /h]
	η	Efficiency [rpm]		
	ω	Specific turbulence dissipation rate [m 2 /s 2 ]	T	Torque [Nm]
	AIN V Approximate Inverse	y+	Dimensionless wall distance
	BEP Best Efficiency Point	Z d	Number of diffuser blades
	D Ri	Rotor inlet diameter [mm]	Z	

D Ro Rotor outlet diameter [mm] D Si Stator inlet diameter [mm] D So Stator outlet diameter [mm] DIC Diagonal Incomplete-Cholesky i Number of rotor blades
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