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UNSTEADY ROTOR-STATOR ANALYSIS OF A HYDRAULIC PUMP-TURBINE -CFD AND EXPERIMENTAL APROACH

The parallel rotor-stator computation capabilities of Fine Turbo and CFX-TASCflow CFD commercial codes have been investigated within the frame of the European ESPRIT project HPNURSA. Unsteady computations have been performed for simple test cases, where flow conditions are known, the numerical results indicate that the unsteady rotor-stator interaction model is capable of accurately reproduce the features of the incompressible flow encountered in hydraulic turbomachines. It is also shown that R-S computations are very demanding in mesh refinement if small scales flow structures must cross the R-S interface. Finally, the behaviour of an industrial pump-turbine, by VA Tech Hydro, is investigated using CFX-TASCflow. The unsteady computation results were validated by LDV and PIV measurements, showing that unsteady R-S computations could reproduce the experimental flow features for nominal and off-design operation conditions for this pump-turbine.

RÉSUMÉ

L'utilisation du calcul rotor-stator des codes CFD commerciales Fine Turbo et CFX-TASCflow dans le cas des turbomachines hydrauliques a été investiguée dans le cadre du projet européen ESPRIT HPNURSA. Des calculs non stationnaires ont été faits pour des cas test simples, où la configuration de l'écoulement est connue. Les résultats numériques indiquent que le modèle non-stationnaire d'interaction rotor-stator est capable de prédire les caractéristiques des écoulements incompressibles rencontrés dans les turbomachines hydrauliques. Il est montré aussi que les calculs R-S sont très exigeants en ce que concerne le raffinement du maillage si les structures de petite taille à l'intérieur de l'écoulement doivent traverser l'interface rotor-stator. Finalement, le comportement d'une turbine-pompe industrielle, développée par VA Tech Hydro, a été étudié à l'aide du logiciel CFX-TASCflow. Les résultats des calculs non-stationnaires ont été validés par des mesures LDV et PIV, il a été montré que les calculs R-S non stationnaires peuvent prédire les caractéristiques expérimentales de l'écoulement dans la turbine-pompe pour son point d'opération nominal et autour de celui-ci. 

NOMENCLATURE

INTRODUCTION

Accurate numerical prediction of the flow field of a pump-turbine can allow the design of more compact and silent turbomachine, with an increased operation range, specially for pumping mode, where part load instability are common.

Many authors indicate that rotor stator interaction is paramount for pumping systems at offdesign conditions, e.g. Eisele K at al. (Ref. 4), Kaupert (Ref. 6 and Ref. 7). Recently, different authors analysed the unsteady rotor-stator interaction. For instance, an experimental and numerical analysis of the runner-diffuser interaction in a centrifugal pump has been performed using LDV and PIV by Ciocan All these works show the unsteady nature of the rotor stator flow in pump systems, therefore, it is of prime importance to investigate the capability of the rotor-stator interaction models recently implemented in leading CFD commercial codes to represent unsteady phenomena. It is also important to study the numerical characteristics of these codes and its suitability for designing industrial turbomachines.

The following sections show an investigation of rotor-stator computation capabilities of Fine Turbo and CFX-TASCflow CFD commercial codes, developed respectively by NUMECA international and AEA Technology. This is done by two test cases, where flow conditions are known. Then, CFX-TASCflow code is applied for analysing the nominal and off-design behaviour of an industrial pump-turbine designed by VA Tech Hydro. The results for the pump-turbine flow computations are presented and validated by experimental measurements by PIV and LDV techniques.

All the numerical results shown in this work were obtained in the frame of the European ESPRIT project HPNURSA -"High Performance Numerical and Unsteady Rotor Stator Analysis".

ROTOR STATOR INTERFACE MODELS

Both codes use a sliding surface approach for modelling the rotor-stator interaction, where all interaction occurs over a revolution surface that separates the rotating and non-rotating domain, see Fig. 1. There are three models that differ in the way flow field information is passed across the sliding surface. The first one is the mixing plane model (referenced here as mean stage model), where flow field variables are integrated over tangential direction, so only steady interaction is possible. The second one is the quasi-steady model (referenced here as frozen rotor model), where the appropriated frame changes for vector variables is performed, but rotor-stator relative position is not updated at each time-step. Finely, the unsteady model that accounts for frame and relative position changes and is the only that can be expected to fully reproduce the features of the real rotor-stator flow.

More details of the implementation of these models for CFX-TASCflow can be found in Kuntz (Ref. 8). 

ROTOR-STATOR MODELS VALIDATION -STEADY PERTURBATION TEST CASE

The main objectives of the academic test cases is to control the quality of the Rotor-Stator interfaces implemented in the different CFD codes and to define its numerical limits to ensure a correct transfer of physical quantities through the interface for simplified geometries and flows, but still representative of typical flow in turbomachines.

Two steady state test cases have been defined. For these geometries, the perturbation of a uniform flow field is only generated on one side of the interface and gives rise to a steady perturbation in the corresponding static or rotating frame. This steady flow perturbation must be unchanged after and before the interface. We analysed a blade wake crossing the rotorstator interface and also the upstream pressure perturbation before a blade. A typical axial and radial turbo machines geometries have been defined to analyse the numerical flow behaviour in these two classical turbomachine configurations, as found in Henry P. (Ref. 5 ). For these two test cases the numerical unsteady rotor-stator flow will be compared to the steady flow obtained by non rotor-stator computation, with the same geometry and mesh.

As the computations for axial and radial test cases present qualitatively the same behaviour and lead to the same conclusions, only results for the axial configuration will be presented.

Six different meshes have been built using ICEM mesh generator or IGG+AUTOGRID, as summarised in table 1, for ensuring the quality of the numerical results. Some typical meshes are presented on Fig. 2. The computations have been performed on a WINDOWS NT computer (Pentium III, 1GHz, 512 M Ram). For a mesh size of about 240'000 nodes the CPU time per iteration is 0.95 ms. Using about 5 iterations per time step. To obtain convergence 2 to 3 CPU days are necessary.

Typical results for rotor-stator computations showed the desired continuity and conservation properties of the rotor-stator interface models. But it has been shown that continuity is strongly dependant of mesh refinement in both sides of the R-S interface. For large scale flow structures, like the one seen in Fig. 3, as for potential effects shown in Fig. 4, the continuity is assured for every rotor stator relative position. For small scale structures, the continuity is only assured for rotor-stator relative positions where mesh is refined enough for capturing the flow structure in both side of the R-S interface, as seen in Fig. 5a, where the refined zones are aligned and the wake starts to cross the R-S interface, on the other hand, for another time step, shown in Fig. 5b, the refined zones are non aligned and the trailing edge wake cannot traverse the R-S interface. A) The wake crosses R-S through the refined mesh in both sides.

B) the wake is diffused by coarse mesh. (Fine Turbo computation)

It is important to note that the limitation with continuity across the R-S interface for small scale flow structures is a pure mesh refinement effect and is not related to the R-S interaction models implemented in the commercial codes, as this same limitation can be found in non R-S computations as well, but for unsteady computations, the relative R-S position changes at each time step, then the only way to assure good spatial discretization is to have a fine mesh all over the angular extension of the rotating domain. This fact makes very resource intensive when one is interested to catch small-scale structures, because good refinement should be achieved for every R-S relative position. One possible solution is to apply mesh-adapting techniques as the relative position changes.

ROTOR-STATOR MODELS VALIDATION -UNSTEADY PERTURBATION TEST CASE

An unsteady test case in a rotating frame has also been defined. The unsteadiness corresponds to periodic vortex shedding generated by blunt body in an uniform axial flow field, as can be seen in Fig. 6., with flow parameters based on a classical vortex shedding obtained after a square body, for witch experiments and multiple CFD solution are available. The simulation is done in 60 deg. channel periodicity; the experimental Strouhal number is 0.132. This test case allows verifying possible influence of the rotor-stator interface on unsteady behaviour of the flow, in particular the vortex shedding frequency and the vortices advection.

Rotor-stator Interface

Fig. 6 Mesh for the unsteady test case. The goal of this test is not to reproduce the experimental unsteady features of the flow, as it does not depends on rotor-stator interaction model, but only investigate if the computed unsteady flow field changes as a result of the introduction of the R-S interface. Figs. 7 and8 show respectively the instantaneous velocity field for a computation with and without rotorstator interface, comparing both cases, one can see that the shape and continuity of the vortex structures shaded past the square body is achieved by R-S computation. The shading frequency was exactly the same in both cases as it is driven by the flow conditions around the square body; witch is located entirely in the stator domain and is not influenced by the introduction of the R-S interface. The results obtained for steady and unsteady test cases by both Fine Turbo and CFX-TASCflow show that the rotor-stator interaction models implemented in these codes are equivalent to the limits of these tests. Furthermore, considering the results of both test cases together, it was shown that the rotor-stator models implemented are fully conservative and capable of reproducing the typical flow conditions encountered in the rotor-stator interaction zone of a hydraulic turbomachine.

PUMP-TURBINE ANALYSIS

The pump-turbine studied is a nq66 Francis type, with 5 runner blades and 22 guide-vanes, as can be seen in Fig. 9. The computations for the pump-turbine were all performed for pumping mode operation, for which this turbomachine displays strong instability behaviour at partload operation at a guide-vane opening of 18deg., as shown in Fig. 10. The aim of this study is to show that rotor-stator interaction models implemented in the commercial CFD codes can predict all the complex 3D unsteady turbulent flow features encountered in off-design operation of an industrial pump-turbine, allowing a better understanding of the behaviour of such a turbomachine. To achieve this goal, a numerical simulation campaign, as well as experimental flow field measurements with Particle Image Velocimetry and Laser Doppler Velocimetry techniques were performed over four different operating points, comprising full discharge, nominal and part-load operation.

NUMERICAL SIMULATIONS

For computational resources limitation reasons, all the computations for the pump-turbine were performed using CFX-TASCflow CFD software, which is a structured finite volume solver for the incompressible Reynolds averaged Navier-Stokes model, along with the standard k- model for turbulence closure.

The original geometry has not exact periodicity, as we have 5 runner channels and 22 stator channels. A different stator configuration was used for unsteady computation, corresponding to a 22 stator channels, allowing the use of periodicity condition for 1 runner channel and 4 stator channels, reducing greatly the computational resources needed. The final domain configuration for unsteady computations can be seen in Fig. 11. The boundary conditions for the computations are of steady state type, as summarised in table 2, so the unsteadiness is generated only by rotor-stator interaction.

Four meshes refinements were tested for ensure the non-sensitivity to meshes effects, their names and respective number of nodes is shown in table 3.

Table 2 Boundary conditions for the Navier-Stokes computations. , where  is the rotational frequency of the computation. For transient simulation, the time scale of the transient effects has to be estimated. Alternatively, it can be expressed by the number of time steps necessary to cover one runner blade passage, which should be not bigger than the number of grid cells in tangential direction over the rotor-stator sliding surface, for achieving a good relationship between spatial and time resolution. This results in the following time step expression:

Boundary condition Information supplied

Inlet

step blades N N t 1 2     ,
where blades N is the number of blades of the machine and step N the number of time steps per blade passage

FLOW ANALYSIS

First it is presented some results for the different operating points in order to assert the flow field change as the flow rate -Q -reduces. The Fig. 12 shows the contours of the pressure coefficient over the blade of the runner four operating points, at the middle of the channel in spanwise (hub to shroud) direction. One can see increasing chocks effects on the leading edge as the flow rate reduces.

A) Q=0.83Qn. B) Q=0.9Qn

Proceedings of the Hydraulic Machinery and Systems 21 st IAHR Symposium September 9-12, 2002, Lausanne 26.12. 2015 10

C) Q=Qn. D) Q=1.17Qn.
Fig. 12 Pressure coefficient at 50% of span.

On Fig. 13 it can be seen that the hydraulic losses over blade to blade surfaces in the runner is concentrated in the shroud side for the operating point Q=0.8Qn. This leads to non-adapted flow angles entering the stator domain near the shroud surface.

A) 10% of span. B) 90% of span. Another interesting result is seen in Fig. 14. The prediction of the viscous force over the guide vane is strongly influenced by the rotor stator interaction model, as for the mean stage model (Fig. 14A), the direction of the flow entering the stator domain is given by its integrated value over the rotor-stator sliding surface. This mean flow orientation can greatly differs form the instantaneous flow for a given rotor-stator relative position (Fig. 14B) even for the nominal operating point.

A) Mean stage model.

B) Unsteady model. The instantaneous absolute speed colour map displayed on Fig. 15 shows that the flow field in the stator zone is highly non-uniform, with noticeable changes from one channel to another. For both operating points Q=1.17Qn (Fig. 15A) and Q=Qn (Fig. 15B) it can be seen that, for a given R-S relative position, the flow around the leading edge of the guide vanes has good or bad incidence according to the channel considered; it can be seen as well that there is a low speed zone close to the trailing edge of the stay-vanes, show a tendency of flow detachment. These flow non-uniformities are more important for off-design operation conditions (Fig. 15A) when compared to the nominal operation point (Fig. 15B). An experimental measurements campaign has been carried-out, using PIV and LDV techniques in order to obtain the instantaneous flow field in the rotor stator interaction zone, allowing a better understanding of the flow features in this zone, as well as validating the numerical computations. All the details of the experimental work are described in Ciocan (Ref. 1).

The raw results of the experimental campaign have been treated in order to represent them into the same post-processing software used to analyse the numerical results, this approach allowed a direct comparison and validation of the unsteady numerical computations.

A direct comparison of the instantaneous PIV flow field near the leading edge of the guide vanes, for two adjacent stator channels, shown in Fig. 16 A and B, to the results of the figure 15B indicates that the unsteady rotor stator computation was able to accurately predict the flow behaviour at the rotor stator interaction zone, as the magnitude of the measured flow velocity and its distribution over the stator channels matches very closely the numerical predictions. A further indication of the good accuracy of the computations can be seen at Fig. 17, where the LDV measured (Fig. 17 A) and computed (Fig. 17 The prediction of the flow features in unstable operation zone is of great importance for pump-turbine design. The experimental measurements of the flow field in the rotor-stator interaction zone shown no signs of rotating stall nor runner inlet pre-rotation for the part-load operating points considered in this study. The unstable operating zone is characterised by a strongly non uniform velocity profile, for both spanwise and tangential direction, at the outlet of the runner, as a result, for the VA Tech Pump-turbine, the hub side of the stator channel is dominated by a large flow detachment at the suction side of the guide-vanes, that occupies the entire tangential extension of the channel, originating important energy losses that could explain the drop in pump efficiency. This behaviour could be accurately predicted by the unsteady computation, as it can be seen in Fig. 18, comparing the LDV instantaneous flow field (Fig. 18A) with the corresponding numerical simulation. It should be noted that the recirculating zone predicted by numerical simulation does not occupies the entire tangential extension of the stator channel, this could be due to the larger cross sectional area of the stator channel, as it counts only 20 guide-vanes instead 22 for the original geometry. It suggests that the exact dynamic behaviour of the flow in the unstable operating zone could only be reproduced if the entire 360 deg. domain is computed. 

CONCLUSIONS

A detailed study of the rotor stator capabilities implemented into Fine Turbo and CFX-TASCflow CFD codes has been performed. According to the steady and unsteady test cases, it was shown that the unsteady rotor stator interface models implemented in both codes are capable to accurately represent the different flow features that are founded in the frame of uncompressible turbomachines. All rotor-stator interaction effects: potential, viscous or pure advective ones can be expected to be reproduced by the unsteady R-S model.

It was demonstrated that the sliding surface approach adopted by both commercial codes is very demanding in terms of mesh and time step sizes, leading to computation set-ups with several millions of nodes, even for simple geometries, in order to be able to capture small scale effects, like viscous wakes. In other hand, if the main flow phenomena are large scale ones, like the velocity field non uniformities in the runner outlet of the pump-turbine, this approach can be used for accurately simulate the flow field with reasonable meshes sizes.

The analysis of the pump-turbine behaviour showed that the flow field leaving the runner is highly non-uniform, both in hub to shroud direction and over the tangential direction at the outlet of the runner, even for operating conditions close to the nominal point. As a result, for off-design operating points, the flow entering one channel of the stator is strongly influenced by the rotor stator relative position, and even for an given channel, one can find well adapted flow over the leading edge of the guide vane near the shroud surface and bad adapted flow near the hub surface. This behaviour of the flow field in the rotor-stator zone leads to a complex flow pattern into the stator channels, which cannot be reproduced accurately by steady state rotor-stator interaction models. The unsteady computations showed good accuracy, when compared to experimental results, displaying qualitatively the same flow features found by the measurements and indicating the way the instability of machine is induced. In spite of that fact, the exact behaviour of the machine could not be predicted in the instability zone, this limitation can be linked to geometry modification applied to the stator domain (20 channels instead of 22) and the use of the periodicity boundary conditions. If one is interested on predicting the exact unstable behaviour of the machine, a full 360 deg. Computations would be necessary. 

  & al. (Ref. 1 and Ref. 2 ) and Dong & al. (Ref. 3). Other experimental analysis of flow between impeller and bladed diffuser using LDV technique or pressure transducer are presented in Toussaint & al (Ref. 9) and Ubaldi & al. (Ref. 10).

Fig. 1

 1 Fig. 1 Sliding surface for rotor-stator computations of VA Tech pump-turbine.

Fig. 3 Fig. 4

 34 Fig. 3 Large vortex crossing the R-S interface. (Fine Turbo computation)

Fig. 5

 5 Fig. 5 Velocity magnitude field at 2 time steps.

Fig. 7 Fig. 8

 78 Fig. 7 Flow field for unsteady non R-S computation.(CFX-TASCflow computation)

ig. 9

 9 Pump-Turbine Geometry. Fig. 10 Pumping Characteristic curves.
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Fig. 11

 11 Fig. 11 Pump-turbine computation domain.

Fig. 13

 13 Fig. 13 Hydraulic losses for Q=0.8Qn.

Fig. 14

 14 Fig. 14 Viscous force over the suction side of the guide blade.

Fig. 15

 15 Fig. 15 Absolute speed on the stator at mid-span.

  Fig. 16 Instantaneous PIV velocity magnitude near guide vane leading edge at 50% span -Q=Qn.

Fig. 17

 17 Fig. 17 Instantaneous velocity vectors at 50% span -Q=Qn.

Fig. 18

 18 Fig. 18 Instantaneous velocity field near trailing edge of guide vanes at 10% span -Q=0.83Qn.
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Table 1

 1 Meshes for axial rotor-stator test case

	Mesh Name	Number of Nodes
	RS-1	131175
	Axial-Fix (direct or flow aligned)	112791
	BIG	221375
	BIG2	288015
	BIG3	238098

Proceedings of the Hydraulic Machinery and Systems 21 st IAHR Symposium September 9-12, 2002, Lausanne 26.12.2015 4 A) Axial-directed. B) Flow aligned mesh Fig. 2 Meshes for steady state test case.

Table 3

 3 Meshes configuration.

	R-S Model	Grid Configuration		Number of Nodes
	Mean Stage	1 runner channel + 1 stator channel	230 886
	Frozen Rotor	1 runner channel + 5 stator channels	356 901
	Unsteady	1 runner channel + 4 stator channels	1 019 364
	For steady state applications, a suitable time step size is	5 . 0	/	
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