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Investigation of the effects of runner gap width on the flow field in the draft tube
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The performance of low head turbines, heavily depends on the draft tube. As a result of geometrical and numerical simplifications carried out in the design process to reduce the computational effort, a falsification of the overall flow field can occur. Typical simplifications are the circumferential averaging between stationary and rotating parts or the negligence of gaps. The gap between runner and shroud can however lead to a stabilization of the draft tube flow. Simulations of a 4-blade propeller turbine operating in a full load operation point with different gap widths are performed to analyzed the effect of the gap flow on the flow field. Two grid densities, one of about 30 million elements and another one with about 45 million elements, and two turbulence models, the k-ω-SST and the SAS-SST model are applied for the investigation. For the evaluated operation point a full load vortex develops in the draft tube. Numerical results of the integral quantities, head and torque are validated against results of experimental measurements following the IEC 60 193 performed in the laboratory of the Institute of Fluid Mechanics and Hydraulic Machinery at the University of Stuttgart. The shape of the vortex rope and the ability of the turbulence model to resolve the turbulence quantities are investigated. Also a detailed study of the influences of the gap flow on the velocity profiles downstream the runner and the overall draft tube flow field is carried out.

INTRODUCTION

All member states of the European Union are advised to achieve a good ecological status for all flowing water by the adoption of the European Water Framework Directive [START_REF]Towards sustainable water management in the european union first stage in the implementation of the water framework directive[END_REF]. The installation of hydro power plants in unused dams and weirs is getting back to the focus of energy provides due to promotions given by the European Union. With the energy revolution in Europe the amount of renewable energy sources like wind and photovoltaic are significantly increasing. Hydro power plants are, due to the good predictability of the energy output, suitable to balance the fluctuations of the electric grid. The range in which turbines are operated is however getting larger and thus the risk of occurring transient phenomena like vortex ropes in the draft tube, cavitation etc. increases. The amount of renewable energy sources in the energy mix of Germany in the year 2014 was about 26%, whereas about 15% of the renewable energy is produced by hydro power [START_REF]BDEW Akualisierte Angaben zum Energiemix 2014: Erneuerbare Energie erzeugen immer mehr Strom[END_REF].

The overall performance of low head turbines like Kaplan, bulb and propeller, depends on the effectiveness of the draft tube. Simplifications introduced in the design process to reduce the computational cost may lead to a falsification of the flow field. Typical simplifications are circumferential averaging at interfaces between rotating and stationary machine parts and geometrical simplifications like the negligence of gaps. In general, steady state simulations are performed for the optimization of the turbine in the design process. The gap flow between runner and shroud however can lead to a stabilization of the draft tube flow.

In this paper a propeller turbine with 4 runner blades is in-vestigated while focusing on the effects of the gap flow on the draft tube flow field. Transient simulations with and without runner gap are compared with experimental measurements carried out in the laboratory of the Institute of Fluid Mechanics and Hydraulic Machinery at the University of Stuttgart.

The measurements in the laboratory follow the IEC 60 193, which is the standard for model acceptance tests of hydraulic machines [3]. The model size test rig of the turbine is installed in the closed testing loop. For the investigation a full load operation point with the following characteristic values n 1 = n 1 o pt and Q 1 = 1.13 Q 1 o pt is evaluated. A full load vortex develops in the draft tube for the analyzed operation point, starting from the runner hub. The shape of the full load vortex can be symmetric or asymmetric [START_REF] Kirschner | Experimentelle Untersuchung des Wirbelzopfes im geraden Saugrohr einer Modell-Pumpturbine[END_REF]. Due to the maximal opening of the guide vane no gap at the trailing edge exists. The investigated normalized gap sizes for the runner gap are τ = 0, τ = 2, and τ = 6.7. The normalized gap size is defined as:

τ = sc cl D (1) 
containing the runner gap size s, a specific constant for the axial test rig installed at the Institute of Fluid Mechanics and Hydraulic Machinery c cl and the runner diameter D. The measured gap size in the experimental setup during the installation process is τ = 1. Due to the deformation of the runner blades, caused by the head, the gap width is about doubling the size while operating the test rig, due to the cylindrical shroud contour.

NUMERICAL SETUP

The A bounded central differencing scheme (BCDS) is used for the advenction terms when using a SAS-SST turbulence model, whereas a high resolution scheme is applied for the k-ω-SST model [START_REF] Jasak | High resolution nvd differencing scheme for arbitrarily unstructured meshes[END_REF], [START_REF] Barth | The design and application of upwind schemes on unstructured meshes[END_REF]. For the temporal discretisation a bounded second order Euler backward scheme is used while for the spatial discretisation of the turbulence quantities a first order scheme is applied [START_REF] Menter | Best practice: Scale-resolving simulations in ansys cfd version 2[END_REF].

A mesh with about 30 million elements is applied for all gap sizes. The number of elements of the runner domain can vary due to different gap sizes. The number of elements for the guide vanes and the draft tube are the same for all investigations of the coarse grid. For a gap width of τ = 2 , a refined mesh is investigated. The mesh in the guide vane and the runner domain is equal to the coarse grid. A mesh refinement from about 14 million elements to 25 million elements in the draft tube is carried out. A detailed listing of the analyzed grids including the number of elements, the averaged y + and the number of nodes in the runner gap is shown in Tab. 1.

The crucial mesh locations for resolving effects of the gap flow are the gap itself and the mesh resolution of the runner as well as the draft tube cone. For the resolution of a gap flow the runner gap has to be discretized properly. In Fig. 2 the mesh of the gap at the leading and the trailing edge for τ = 2 is illustrated. The number of nodes in the gap is varying between 30 nodes for a gap of τ = 2 and 50 nodes for a gap of τ = 6.7. In Fig. 3 the mesh at the rotor stator interface between the runner and the draft tube domain is shown for the 45M mesh with a runner gap of τ = 2. The number of cells in radial direction in the runner domain is a bit lower than in the draft tube domain. To resolve the gap flow a high number of nodes is placed close to the shroud. In the draft tube the resolution close to the shroud is a little coarser than in the runner domain, but still sufficient fine to resolve the effects induce by the gap flow. The cell size in streamwise direction at the interface between runner and draft tube is about the same size in both domains, to minimize the risk for grid induced interpolation effects at the interface. Especially in the draft tube domain the requirements for scale resolving simulations are considered while generating the mesh. Under the preconditions of the complex geometry in the runner domain an optimized grid is generated for the runner to resolve the gap flow. The number of nodes in the runner gap are derived from earlier studies of a simplified test case.

TURBULENCE MODELING

The two applied turbulence models are the k-ω-SST and the SAS-SST model. The k-ω-SST turbulence model is a RANS model, representing the standard in the design process of turbo machinery. The SAS-SST model, however, is a hybrid model which can switch between RANS and LES like behavior, depending on various influencing variables. k-ω-SST The k-ω-SST turbulence model is a two equation turbulence model using the Boussinesq hypothesis for the solution the turbulent quantities [START_REF] Menter | Two-equation eddy-viscosity turbulence models for engineering applications[END_REF]. A sufficient number of equations is needed to achieve closure of the set of equations, including the Reynolds stress tensor from the averaging procedure. The Boussinesq assumption implies that the Reynolds stress tensor τ i j is proportional to the mean strain rate tensor S i j , which can be written as:

-ρu i u j = µ t ∂U i ∂x j + ∂U j ∂x i - 2 3 ∂U k ∂x k δ i j - 2 3 ρkδ i j (2)
In the k-ω-SST the advantages of the k-and the k-ω turbulence models are combined by utilizing a blending function to switch between the two formulations. In the viscous sublayer the k-ω formulation is applied, hence no additional damping function is necessary. For the core flow the turbulence models switches to the k-formulation, to avoid the common k-ω problems of being too sensitive to the inlet free-stream turbulence properties.

SAS-SST

The SAS-SST model is a hybrid turbulence model with the possibility to switch between RANS and LES. Smaller turbulence scales can be resolved be using the SRS (Scale Resolving Simulation) mode [START_REF] Menter | Global vs. zonal approaches in hybrid rans-les turbulence modelling[END_REF]. Therefore an additional source term in the transport equation of the turbulence eddy frequency ω is introduced to the RANS model described like [START_REF] Egorov | Development and application of sst-sas turbulence model the desider project[END_REF], [START_REF] Egorov | The scale-adaptive simulation method for unsteady turbulent flow predictions. part 2: Application to complex flows[END_REF], [START_REF] Menter | The scale-adaptive simulation method for unsteady turbulent flow predictions. part 1: Theory and model description[END_REF]:

∂ ρω ∂t + ∂ ∂x j ρU j ω = α ω k P k -ρ βω 2 + Q S AS + + ∂ ∂x j µ + µ t σ ω ω x j + (1 -F 1 ) 2ρ σ ω2 1 ω ∂k ∂x j ∂ω ∂x j (3) 
The source term Q S AS is defined as:

Q S AS = max      ρζ 2 κS 2 L L ν K 2 - -C 2ρκ σ Φ max 1 ω 2 ∂ω ∂x j ∂ω ∂x j , 1 k 2 ∂k ∂x j ∂k ∂x j , 0 (4) 
containing the Karman length scale L v K and the turbulent length scale L. The Karman length scale is defined as:

L ν K = κ U U U = ∂ 2 U i ∂x 2 k ∂ 2 U i ∂x 2 j , U = S = 2S i j S i j ,r S i j = 1 2    ∂U i ∂x j + ∂U j ∂x i    (5) 
The information provided by the Karman length scale is essential for the SAS-SST model to switch into SRS mode and hence for a dynamically adjustment of the resolved turbulent structures, leading to a LES like behavior [START_REF] Rotta | Turbulente Strömungen[END_REF]. A reduced eddy viscosity leads to smaller structures in the turbulent cascade down to grid limit. The turbulent eddy viscosity is limited by the grid cell size ∆ to control the damping of the smallest resolved turbulent fluctuations [START_REF] Egorov | Development and application of sst-sas turbulence model the desider project[END_REF]. From the equilibrium of production and destruction of turbulent kinetic energy a relation of the equilibrium eddy viscosity µ t , the von Karman length scale L vk and the scalar invariant of the shear rate tensor S can be derived similar to the subgrid scale eddy viscosity in the Smagorinsky LES model, which has the formulation:

µ t ≥ µ L E S t (6)
Without the limiter of the turbulent eddy viscosity the model does not provide sufficient dissipation. In a comparison of the SAS-SST model with DES (Detached Eddy Simulation)type models, the ability to operate in RANS mode, if the grid density and the time step are too coarse, is one major advantage of the SAS-SST model that can be noted.

RESULTS

The main focus of this paper is the gap flow and its effect on the draft tube flow field. Velocity profiles are evaluated at several spots, downstream the runner, in the draft tube. The positions of the velocity evaluation lines are illustrated in Fig. 1. The green line (L1) is close behind the runner at the begin of the draft tube. The black line (L2) and red line (L3) are located in the conical part of the draft tube. A detailed study of the numerical results, focusing on the effects of different gap sizes, the turbulence models and grid densities on the gap flow is carried out. Moreover, the integral quantities head and torque are compared with experimental results. The shape of the full load vortex, developing in the draft tube, is analyzed to evaluate the effects of the gap size, the applied turbulence model and the grid density. Finally, an investigation of the resolved turbulent structures in the draft tube is carried out, to identify the impact of mesh density, turbulence model and gap width.

Integral Quantities

The integral quantities head and torque of the runner are validated with experimental results. All evaluated quantities are time averaged over 60 runner revolutions. The discharge for all numerical setups is as measured in the experiment. The evaluated numerical quantities head and torque are normalized using the results of the measurements (see Tab. 2). The results with τ = 0 and τ = 2 overpredict head and runner torque, independent of the turbulence model and the grid density. For a gap size of τ = 6.7 head and torque are underestimated. With an increasing gap width head and torque are decreasing from an overprediction to an underestimation for both the k-ω-SST and SAS-SST model. The calculated torque at the runner is decreasing similarly with an increase of the gap width for both investigated turbulence models as expected. Owing to the larger gap size, more fluid can pass the runner through the gap between runner and shroud without torque generation. However, the head is differing between the numerical approaches. The SAS-SST model applied on the coarse grid provides a head that is at least 2% larger than the head calculated applying the k-ω-SST turbulence model. The head decrease when the SAS-SST turbulence model is applied on the fine grid. For the torque the result is independent of the grid density and the applied turbulence model. The results of the gap width of the experiment, τ = 2 are overpredicting the results of the measurements with about 2.6%. The deviation of head and torque are plotted in a graph illustrated in Fig. 4. All quantities indicate the same trend and a similar slope. The influence of the turbulence model and the grid density on the torque is negligible. As expected the gap size has a major effect on the torque. For an increasing gap size the torque is decreasing constantly, due to the gap losses. Owing to the same grid density of the runner and the guide vane grid, further analysis have to be performed to verify the results of the simulations.

Gap Flow

The gap flow is analyzed by time averaged velocity profiles at several evaluation spots. All velocity profiles are time averaged over 60 runner revolutions. In Fig. 1 the positions of the evaluation lines are shown. Line L1 is located about D/2 downstream the artificial axis of rotation of the runner blade, directly behind the runner hub. The evaluation line L2 is placed at the begin of the cone about D behind the rotation axis of the runner blade. L3 is positioned at the end of the draft tube cone about 2D downstream the trailing edge of the runner blade. At every spot the meridional, circumferential and radial component of the velocity is analyzed. The time averaged velocity profiles of the evaluation lines L1, L2 and L3 are plotted in Fig. 5.

At the evaluation spot of line L1 the effects of the turbulence model and the gap are visible. Significant differences between the k-ω-SST and SAS-SST model for the coarse grid can be noticed in the meridional, circumferential and radial velocity components at a normalized radius of about r nor m = 0.1. All simulations applying the k-ω-SST model have an increased meridional velocity at r nor m = 0.1 compared to those simulations using the SAS-SST turbulence model. The circumferential velocity profiles show the same effect, meaning the computations with the k-ω-SST model Radius R/R ref [-] τ=0, SST 30M τ=0, SAS 30M τ=2, SST 30M τ=2, SAS 30M τ=2, SAS 45M τ=6.7, SST 30M τ=6.7, SAS 30M (i) L3 c r Figure 5. Velocity profiles downstream the runner at evaluation spots L1, L2 and L3 have a higher counter rotating circumferential velocity component at r nor m = 0.1. The opposite effect can be observed for the radial velocity profiles at the position r nor m = 0.1. A significant higher radial velocity can be noticed for the simulations with the applied SAS-SST model compared to the simulations with the k-ω-SST. The velocity profiles of the fine grid density differ from the coarse mesh. In the meridional and the circumferential velocity component the differences to the SAS-SST model are rather small. However, the radial velocity at r nor m = 0.1 is smaller than those of the coarse grid, independent of the applied turbulence model.

τ = 0 τ = 2 τ = 6.7 k-ω-SST SAS-SST k-ω-SST SAS-SST SAS-SST k-ω-SST SAS-SST 30M 30M 30M 30M 45M 30M 30M h C F D -h E x p h E x
m /c ref [-] Radius R/R ref [-] τ=0, SST 30M τ=0, SAS 30M τ=2, SST 30M τ=2, SAS 30M τ=2, SAS 45M τ=6.7, SST 30M τ=6.7, SAS 30M (d) L2 c m -1.3 -1.2 -1.1 -1 -0.
Influences of the gap on the velocity profiles can be observed in all three velocity components in the coarse mesh. The differences of the meridional velocity components are small. Thus, for the largest investigated gap width a clear reduction of the meridional velocity at r nor m = 0.1 can be noticed compared to the velocity profiles with a gap size of τ = 0, independent of the applied turbulence model. For a gap width of τ = 2 a smaller decrease of the meridional velocity is occurring than for a larger gap width of τ = 6.7. Additional to the reduction of the meridional velocity at r nor m = 0.1 an increase of the meridional velocity can be observed close to the shroud. The meridional velocity of the simulation, when applying the SAS-SST model, is clearly increasing close to the shroud (r nor m = 0.9) in comparison to the results of the k-ω-SST model and the other investigated setups. The simulation with a runner gap size of τ = 6.7 and the SAS-SST turbulence mode is the only simulation that is not following the tendency of a rather straight meridional velocity distribution to a smaller normalized radius. The tendency that the meridional velocity is decreasing with an increasing gap size, which is visible at r nor m = 0.1, cannot be seen in the velocity profile close to the shroud. All velocity profiles are more or less on an equal level except the largest investigated gap size of τ = 6.7.

Similar tendencies as represented in the meridional velocity profiles can be noticed in the circumferential velocity distributions at evaluational line L1. Differences between the analyzed turbulence models are visible at r nor m = 0.1, as in the meridional velocity. The absolute value of the circumferential velocity is higher for the simulations using the k-ω-SST model than for those computed with the SAS-SST model. Influences of the gap width on the absolute value of the circumferential velocity can also be observed. The tendency that the absolute value of the circumferential velocity is decreasing for an increasing gap size can be noticed for both investigated turbulence models. The described effect, however, is stronger developed while applying the k-ω-SST model. Moreover, a small shift of the spot of the highest absolute value to a larger radius r nor m can be noticed between the coarse and the fine mesh. The effects of the gap flow close to the shroud are clearly visible in the circumferential velocity distributions in comparison to the meridional velocity components. A local minimum is moving to smaller radii with an increasing gap width. The local minimum of the circumferential velocity for simulations applied the SAS-SST model is always smaller than the minimum for computations with the k-ω-SST model. An effect of the grid density on the position and value of the local minimum close to the shroud cannot be noticed. For the largest gap size of τ = 6.7 the velocity distributions are slightly oscillating which means that several local minima exist. This effect is visible for both investigated turbulence models. Differences of the gap width and the turbulence model can also be seen in the radial velocity profiles. The global maximum of the radial velocity components are positioned at r nor m = 0.1. The maximal radial velocity for simulations applying the kω-SST model is decreasing for an increasing gap width. For simulations using the SAS-SST model the maximal radial velocity is increasing for an increasing gap size. Moreover, a significant difference in the maximum value of the radial velocity can be observed. The maximum of the radial velocity component of simulations with the SAS-SST model is about a factor two of the maximum radial velocity compared to simulations applying the k-ω-SST model. A reason for the differences between the turbulence models could be the totally different flow field in the draft tube. Owing to significantly higher values of the radial velocity components for the SAS-SST compared to k-ω-SST model the shape of the vortex rope can be derived close behind the runner.

The differences between the turbulence models are more characteristic further downstream at evaluation line L2. A clear differing between the k-ω-SST model and the SAS-SST model applied on the coarse mesh can be observed in the meridional, the circumferential and the radial velocity component. The differences in the meridional velocity component between the different numerical setups is more developed at this evaluation spot. The influence of the gap size on the meridional velocity profiles can be observed, similar as illustrated for evaluation line L1, independent of the applied turbulence model. Whereas the stagnation region illustrated in the meridional velocity distribution for simulations with an applied k-ω-SST model has not increased much, a clear enlargement of the stagnation region can be observed for the simulations using the SAS-SST turbulence model. In comparison with evaluation spot L1, the stagnation region for computations with the applied SAS-SST model has increased from r nor m = 0.1 to r nor m = 0.3. Even though the simulation of the fine mesh is carried out with the SAS-SST model, the overall meridional velocity profile is better fitting to simulations using the k-ω-SST model. This can be observed in the size of the stagnation region developing for the different numerical setups in which the vortex rope develops. Outside the stagnation region, the overall meridional velocity of computations using the SAS-SST model is on a higher level compared to simulations applying k-ω-SST model The difference in the absolute value of the maximum circumferential velocity has significantly increased in comparison to the evaluation spot closer downstream the runner. For simulations using the SAS-SST model applied on the coarse grid no real peak in the circumferential velocity distribution develops. Influences of the gap can also be observed in the velocity distributions close to the shroud. Despite of the large gap size of τ = 6.7 the effect of the gap flow is smoothed out in comparison to evaluation line L1. The effects of the gap width can still be seen in the velocity plots as described for evaluation line L1. The velocity profile evaluated for the fine mesh resembles the results of the velocity profiles of the coarse grid with the k-ω-SST model. In the radial velocity distribution the same effects can be noticed. The peak that was present in the radial velocity distribution at evaluation line L1 has smoothed out for all simulations of the coarse grid with the k-ω-SST model and the computation of the fine grid with the applied SAS-SST model. In the computations of the coarse grid with the SAS-SST model a peak in the radial velocity distribution still exists, even though the maximal radial velocity has decreased. Effects of the gap size on the velocity profile can be seen, however, the differences of the velocity profiles start to blur for the various gap sizes. The velocity distributions illustrated in Fig. 5 give a good indication of the vortex shape developing in the draft tube.

Even though the evaluation spot L3 is about 2D away from the trailing edge of the runner blade, the influences of the gap size are still clearly visible. The effects can be seen in particular in the meridional and the circumferential velocity components for both turbulence models applied on the coarse mesh. As seen for evaluation lines L1 and L2 clear differences between the turbulence models can be identified. A real peak of the maximum meridional velocity can neither be detected by computations using the k-ω-SST model nor by simulation with a SAS-SST turbulence model. A larger influence of the gap width on the meridional velocity profiles can be observed especially when applying the k-ω-SST model on the coarse grid. The meridian velocity profile of the fine mesh resembles the results of the coarse mesh with the applied k-ω-SST model. The nonuniform velocity distributions are smoothed more and more. The circumferential velocity distributions at evaluation spot L3 are similar to the meridional velocity profiles. In the radial velocity distributions the effects generated by the runner are smoothed out completely. Only the velocity profile of the fine mesh is on another level than those of all other simulation using the coarse mesh.

Vortex Rope

The full load vortex arises from a low pressure zone downstream the runner hub. The vortex rope is visualized by using a pressure isosurface for all investigated numerical setups with a runner gap width of τ = 2 (see Fig. 6). A clear difference in the shape of the vortex can be observed between the three setups. For the simulation applying the RANS turbulence model on the coarse grid a straight vortex rope develops in the middle of the draft tube. When the SAS-SST model is applied on the coarse grid a different vortex shape is provided. The vortex rope is developing in a shape of a corkscrew, similar to a part load vortex. Thus the stagnation region in the middle of the draft tube is significantly bigger for the SAS-SST model then for the k-ω-SST for the same mesh, as illustrated in Fig. 5. The developing vortex when using the fine grid with the SAS-SST turbulence model, is a combination of the predicted vortex shapes of the k-ω-SST and the SAS-SST model applied on the coarse grid. Moreover, the vortex rope of the fine grid appears to predict more detailed vortex structures. Small vortex streaks develop from the main vortex. Owing to several streaks more vortex cores exist. The position of the main vortex is not stable in the middle of the draft tube, however, the movement is not as big as displayed in the coarse grid with the SAS-SST model. Optical evaluations of the vortex rope at test rig indicate that the vortex shape resolved by the fine grid is in rather good agreement. Further experimental validation of the vortex shape is projected in the future to verify this conclusion.

The influence of the runner gap on the developing vortex rope, for the investigated gap sizes, is negligible. Due to the different shapes of the vortex rope the swirling flow is evaluated further by the usage of a vector plot. In Fig. 7 a vector plot on a cutting plane through the draft tube cone at the position of evaluation line L2 is illustrated.

Only one cylindrical shaped vortex core, positioned in the middle of the draft tube can be seen in the vector plot of the k-ω-SST model. Even though the cutting plane is about one runner diameter D downstream the runner the wake of the runner blades are still visible, both at center close to the vortex core and at the shroud. In the plot visualizing the results of SAS-SST model applied on the coarse grid an oval shape vortex core is shown, together with a smaller counter rotating vortex. The vortex core is not positioned in the center of the cutting plane. In the vector plot of the fine grid the main vortex consists of several small vorticies. The shape is changing its appearance throughout the rotation, due to the developing vortex streaks. The number of vortex streaks and thus the number of vortex cores is varying.

The influence of the gap width on the vector plot is negligible. The main influence coefficient on the appearance of the vector plot and hence on the velocity distribution in the evaluated cutting plane is the turbulence model and the grid density, as seen in Fig. 5.

Turbulence Quantities

There are several possibilities to resolve the turbulence quantities. One option to evaluate the turbulence quantities is the usage of the velocity invariant Q (Q=0.5(Ω 2 -S 2 ) with the absolute value of the strain rate S and the absolute value of the vorticity Ω [START_REF] Menter | Best practice: Scale-resolving simulations in ansys cfd version 2[END_REF], [START_REF] Joeng | On the identification of a vortex[END_REF]. In Fig. 8 a comparison of the turbulence quantities of the three investigated cases with a runner gap diffuser smaller flow structures are resolved which can also be seen in the decrease of the viscosity ratio. Only in the transition area between cone an diffuser, where flow separations develop an increase of the eddy viscosity respectively, the resolved flow structures can be observed. Due to the scale adaptive approach of the SAS-SST model the capability to resolve small turbulence structures for an adequate mesh density has to be higher. The resolution of the flow structures of the fine grid indicates that the SAS-SST model works well. An effect of the gap width on the flow structures in the draft tube cannot be observed.

SUMMARY AND CONCLUSION

Simulations of a full load operation point of an axial propeller turbine are performed with normalized gap sizes of τ = 0 -6.7. The investigations are carried out on two different grid densities, one with about 30 million elements and another one with about 45 million elements. The k-ω-SST and the SAS-SST turbulence model are applied for the analysis.

An influence of the turbulence model, the gap width and the grid density on the analyzed quantities head and torque can be noticed. Both evaluated quantities are overestimating the experimental results for gap sizes from τ = 0 to τ = 2, independent of the applied turbulence model. Both quantities are reduced with an increasing gap width. For a gap size of τ = 6.7 torque and head underpredict the measurements. The influences of the gap flow on velocity profiles evaluated at three spots behind the runner can be observed. Moreover, influences of the turbulence model and the grid density can also be noted. Significant differences of the shape of the full load vortex rope in the draft tube can be noticed between the evaluated turbulence models and grid sizes. A straight vortex rope develops when the k-ω-SST is applied on the coarse grid. While, a vortex rope reassembling a corkscrew occurs for simulations using the coarse mesh and the SAS-SST model. The developing vortex rope, when computing the fine grid with a SAS-SST turbulence model is a combination of the vortex ropes of the coarse grid. The vortex rope of the fine grid is visualized in more detail including small vortex streaks developing from the main vortex core. Influences of the gap size on the vortex rope can be neglected. The SAS-SST model is capable to resolve smaller turbulent flow structures than the k-ω-SS model. A better resolution of the turbulent flow structures in the entire draft tube is only possible when the SAS-SST model applied on the fine grid.

Even though the SAS-SST model is capable to resolve smaller turbulent structures, the model has some limitations which can be seen in the results of the 30M grid. For flows with moderate instabilities the SAS can stay in RANS mode, and hence can lead to a wrong flow field, while more turbulent quantities are resolved in the draft tube than using a standard RANS model. This can be a cause for the large deviation between the SAS-SST model applied on the 30M mesh compared to the the k-ω-SST model applied on the same grid density [START_REF] Menter | Best practice: Scale-resolving simulations in ansys cfd version 2[END_REF]. The SAS-SST model is the savest of the hybrid RANS-LES turbulence model for a scale resolving simulation. DES or SBES (Stress Blended Eddy Simulation) do not require as large flow instabilities as the SAS-SST model to switch to LES-mode might lead to equal or better resolved results on the same grid density.

FURTHER WORK

To compensate for the lack of experimental results, additional investigations on the model turbine are projected. Laser-Doppler-Velocimetry measurements are planed in the draft tube to verify the velocity profiles of the numerical results. Moreover, high-speed videos of the vortex rope and dynamic pressure measurements in the draft tube are projected for further validation. Further computations applying the fine mesh to get a better understanding of the mesh influence on the results are planned. Additionally other hybrid RANS-LES models are applied for a further investigation of the effects of the turbulence model on the simulation results. Studies of other operation points (e.g. part load) are also scheduled to investigate the effect of the runner gap on the developing flow field in the draft tube.
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