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Abstract

:

Hydropower is a key source of electricity production for allowing the integration of intermittent renewable energy resources. Among the various hydraulic power plants around the world, the ones equipped with Pelton turbines already provide large flexibility that is still enhanced with the development, for instance, of the hydraulic short circuit operating mode. However, the knowledge of the flow inside Pelton turbines is still a challenging task, both numerically and experimentally, despite progress in the last two decades. One key feature of the Pelton efficiency is the jet quality, i.e., the jet velocity needs to be uniform, not perturbed by secondary flows and compact. The compactness of the jet is mainly dependent o nthe location of the jet detachment at the nozzle outlet, which is challenging for computational fluid dynamics simulations mainly due to numerical diffusion. Even if this point has already been mentioned in previous papers, the present paper focuses on all the parameters that can influence the jet detachment: the nozzle geometry, the mesh and the numerical scheme used to discretize the convective fluxes. The simulations of an existing Pelton injector are performed using the OpenFOAM toolbox. It is noticed that, in addition to the nozzle geometry and the mesh resolution at the nozzle outlet, the choice of the numerical schemes influences the jet detachment and, consequently, the jet diameter and discharge. The use of an anti-diffusive scheme such as the “SUPERBEE” limiter improves the prediction of the jet in accordance with the on-site measurements.
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1. Introduction


Hydropower is a key source of electricity production for offering an efficient integration of green variable generation sources of energy, such as solar and wind [1]. Among the various hydraulic turbines, the Pelton turbine has the advantage of keeping an efficiency higher than 80% over a discharge range from 20% to 120% of the nominal value [2]. Consequently, power plants equipped with such turbines are well suited to provide flexibility that can be improved by considering the headrace tunnel as an additional storage capacity [3,4]. Furthermore, pumped-storage power plants equipped with Pelton turbines have been designed in the last few years, such as the FMHL+ power plant [5] or the Grand’Maison power plant [6], to operate in hydraulic short circuit mode, allowing load-frequency regulation [7].



This development of new uses for Pelton turbines is accompanied by challenges in Pelton research that were underlined twenty years ago in the paper by Sick et al. [8]. Computational fluid dynamics (CFD) has provided valuable insights into the flow in Pelton turbines. However, the simulation of a Pelton runner is still a challenging task [9], even if new mesh-free solvers have been developed and used [10,11,12,13]. Another challenge for Pelton turbines, not considered in this paper, is the assessment of erosion in the Pelton injector due to solid particles. A solver coupling approach is often used to solve such a flow since the fluid is modelled based on eulerian modelling, whereas a Lagrangian framework is used to solve the particle trajectories [14,15]. The hydro-abrasive erosion is then estimated using specific models than can deal with specific coating.



For Pelton turbines, a high-quality jet is required to reach an efficiency of at least 92% [16]. In this paper, the authors considered that jet quality is characterised by the uniform velocity distribution inside the jet, the absence of secondary flows and the compactness of the jet. Santolin et al. [17] compared an ideal jet with a real jet, showing the importance of the jet quality on the turbine efficiency, which decreases by two per cent compared to the real jet. The compactness of the jet is strongly dependent on the separation point of the jet at the nozzle outlet, as underlined by Mack et al. [18], who show the importance of locally refining the mesh at the outer diameter of the nozzle outlet to accurately predict the jet diameter. Indeed, in the absence of the mesh refinement, the water flow detaches downstream of the experimental one, and the jet diameter is overestimated. Jost et al. [19] used an automatic mesh refinement procedure to refine the mesh in regions where the gradients of water and air volume fraction are the largest. This procedure allows the prediction of the jet diameter with an accuracy of around 2% compared to the theoretical value. Fiereder et al. [20] also computed a Pelton jet and mentioned in the numerical setup that various high-order convection schemes can be used, such as the “MINMOD”, “SMART”, “OSHER” and “VANLEER”. Unfortunately, they did not provide which scheme was used to achieve the results shown.



The role of the numerical scheme is not discussed in papers most of the time. One reason could be the use of the ANSYS CFX software by several authors [17,19] since only one high-resolution convective scheme based on the work of Barth et al. [21] is available. However, on the same mesh, the use of a low-diffusive scheme should impact the compactness of the jet compared to a higher-diffusive scheme. Therefore, it should be possible to achieve an accurate jet detachment with a coarser mesh, which can reduce the Computational Power Unit (CPU) needed for a simulation and relax the requirements on the Courant–Friedrichs–Lewy (CFL) number.



The present paper aims to focus on the parameters that influence the prediction of the jet detachment at the outlet of a Pelton injector. The parameters considered are the nozzle geometry, the mesh resolution and the limiter used for the discretisation of the convective fluxes. The test case considered is an existing Pelton injector installed at the power plant of Gletsch–Oberwald (KWGO) owned by the Forces Motrices Valaisannes (FMV) and investigated during the SmallFlex project [4]. Thanks to the field measurements, the discharge predicted by the simulation are compared with the measured one.




2. Modelling


To compute the Pelton jet, the homogeneous mixture Reynolds-Averaged Navier–Stokes (RANS) equations are considered [22], assuming a mechanical equilibrium between the fluids, which means that the two fluids (air and water) share the same velocity and the same pressure. In addition, the two fluids are assumed incompressible and immiscible. The set of RANS equations closed using an eddy viscosity assumption written in Cartesian coordinates:


      ∂  u j    ∂  x j       = 0     



(1)






       ∂  u i    ∂ t   +   ∂  u i   u j    ∂  x j        = −  1 ρ    ∂ p   ∂  x i    + g +  1 ρ   F s  +  ν +  ν t      ∂ 2   u j    ∂  x i  ∂  x j        



(2)




with:




	
  u i   being the averaged mixture velocity vector.



	
p being the averaged mixture pressure.



	
 ρ  being the averaged mixture density computed as   ρ = α  ρ  w a t e r   +  ( 1 − α )   ρ  a i r    .



	
g being the gravity acceleration.



	
  F s   being the surface tension computed as    F s  = σ κ n   with  σ  the surface tension (assumes constant),  κ  the local curvature of the interface and n the unit vector normal to the interface.



	
 ν  being the mixture kinematic viscosity computed as   ν = α  ν  w a t e r   +  ( 1 − α )   ν  a i r    .



	
  ν t   being the eddy viscosity computed using the SST   k − ω   model [23] that solves two additional transport equations for the turbulent kinetic energy k and the turbulent frequency  ω .



	
 α  being the water volume fraction.








An additional transport equation for the liquid volume fraction  α  is required to close the system.


    ∂ α   ∂ t   +  u j    ∂ α   ∂  x j    = 0  



(3)







Such a model is implemented in the interfoam solver available in the OpenFOAM toolbox [24] with a specific treatment for the transport Equation (3), which is rewritten as:


    ∂ α   ∂ t   +   ∂ α  u j    ∂  x j    +   ∂  α  ( 1 − α )   u  c , j      ∂  x j    = 0  



(4)




with   u c   as a suitable velocity to compress the interface, computed as:


   u c  = min   c α   u  , max  u     ∇ α   ∇ α    



(5)




  c α   is a user parameter set to its default value equal to 1 for the present study. For a more detailed explanation of the solver, the reader can refer to [25], in which the compression of the interface is formulated in terms of interface fluxes.




3. Geometry and Computational Domain


The Pelton turbine considered for the present study is a prototype setup in the power plant of Gletsch–Oberwald (KWGO) in Switzerland owned by FMV. The nominal power, head and discharge of the turbine are 7.5 MW, 287 m and 5.9 m3 s−1, respectively. The unit features 6 jets and 21 buckets.



Two geometries of the nozzle are shown in Figure 1, one refers to the original geometry, and the second refers to a modified geometry without the flat section (red circle on the figure). The outer diameter of the nozzle outlet   D  N o z z l e    is kept constant between the two geometries. Two needle strokes S will be considered in the study: S = 50%, which corresponds to the nominal stroke, and S = 85%, which is close to the maximum stroke opening in the normal operation of the turbine. Point O corresponds to the close position of the needle, i.e.,   S = 0  %.



A half-view of the computational domain is shown in Figure 2. Only one injector is considered. An additional artificial volume is added downstream of the nozzle, allowing the development of the jet. The size of this volume is chosen in such a way that the six injectors can be computed if the whole Pelton manifold is considered.




4. Mesh


Meshes are generated using the native mesher snappyHexMesh available with the OpenFOAM toolbox. This mesher allows the generation of a dominant Cartesian mesh based on a background mesh generated with the blockMesh utility. Overall, four meshes have been used: two meshes for a stroke of 50% with the original geometry, one for a stroke of 50% with the modified geometry and one for a stroke of 85% with the original geometry. Table 1 gives the number of points, cells and boundary cell layers for each mesh, whereas Table 2 gives the values of the mesh quality criteria: the maximum non-orthogonality, the skewness and the aspect ratio.



Beyond the number of cells, the difference between meshes 1 and 2 is how the background Cartesian mesh has been generated. For mesh 1, the background mesh is aligned with the axis of the nozzle, whereas for mesh 2, the background mesh is aligned with the local slope of the needle (see Figure 3).



Three cell layers are added close to the wall to accurately capture the boundary layer. The average   y +   value along the walls of the injector is around 60 for mesh 1 and 40 for mesh 2, which is in accordance with the use of a wall law for the turbulence model [26].




5. Numerical Setup


Equation (4) is solved first using the Flux-Corrected Transport (FCT) method described in [27] and the method called Multidimensional Universal Limiter for Explicit Solution (MULES) in OpenFOAM. Then, the pressure–velocity coupling is solved using the PIMPLE algorithm, which is a mixture of the SIMPLE and PISO algorithms. For the present study, the velocity prediction is skipped, i.e., the “momentum Predictor” entry in the “fvSolution” file is set to “no”. Therefore, the velocity is updated only after solving the pressure equation. Two loops over the pressure equation are carried out (i.e., the “nCorrectors” entry is set to 2 in the “fvSolution” file) with, in addition, two loops for the non-orthogonal corrections of the fluxes (i.e., the “nNonOrthogonalCorrectors” entry is set to 2 in the “fvSolution” file). An implicit Euler scheme is used for the pseudo-time marching advancement of the solution with a pseudo-time step set to 10    − 3    s with, in addition, under-relaxation coefficients for the conservative equations (their values are discussed in Section 6).



The convective fluxes of the momentum equation are discretized using a high-resolution (HR) scheme based on the Total Variation Diminishing (TVD) framework [28]. The “limitedLinear” and the “SUPERBEE” limiters are considered in the present study (see Equations (6) and (7)). The “limitedLinear” limiter is more diffusive than the “SUPERBEE” limiter, since, in the Sweby diagram (see Figure 4), the “SUPERBEE” limiter matches the downwind scheme, which is characterized by a negative truncation error responsible for an additional anti-diffusive component in the equation to be solved. On the contrary, the upwind scheme has a positive truncation error associated with diffusive behaviour. Therefore, a limiter is diffusive if it is closer to the upwind scheme in the Sweby diagram and anti-diffusive otherwise. The convective fluxes of the SST turbulent model are discretized using an upwind scheme.


     limitedLinear  Ψ ( r )     = max  min  2 r , 1  , 0      



(6)






     SUPERBEE  Ψ ( r )     = max  max  min  2 r , 1  , min  r , 2   , 0      



(7)




where   Ψ ( r )   is the limiter applied to the numerical scheme, and r is computed as the ratio of two consecutive gradients (for more details, the reader can refer to the book of Moukalled et al. [28]).



The total pressure is set at the inlet boundary to match the nominal head of the power plant. At the outlet, a fixed mean static pressure is imposed with a value of 1 bar, and no backflow is permitted (this setup improves the initialisation of the jet development). The solid walls of the injector are considered no-slip walls, whereas the side walls of the artificial volume downstream of the nozzle are considered as free slip walls.




6. Results


Four simulations have been carried out, three with the original geometry and one with the modified geometry, as shown in Table 1. Except for the simulation with mesh 2, the under-relaxation coefficients are set to 0.3 for the pressure and 0.7 for the velocity. For the simulation on mesh 2, these coefficients are set to 0.9 and 0.5, respectively, for numerical stability reasons during the development of the jet from the initial conditions. For each simulation, the procedure is the same: first, the flow is initialized using an upwind scheme, followed by the use of the “limitedLinear” limiter and, finally, the “SUPERBEE” limiter.



The residuals of the pressure equation are displayed in Figure 5 for the simulations for a stroke of 50%. Whatever the simulation, the pressure residuals are below   2 ×  10  − 5    .



The history of the discharge for each simulation is shown in Figure 6 with, in addition, the type of limiter used in different periods. For the original geometry, the type of limiter used influences the discharge predicted by the simulation since by switching to the “SUPERBEE” limiter, the discharge through the nozzle decreases. This is not the case for the modified geometry.



In Table 3, the dimensionless discharge (i.e., the discharge divided by the nominal discharge   Q  n o m   ) predicted by the “limitedLinear” and the “SUPERBEE” limiter are compared for each simulation. Overall, on the original geometry, the simulations with the “limitedLinear” limiter predicts a higher discharge of between 1.4% and 2.3% compared to the simulations with the “SUPERBEE” limiter.



Figure 7, Figure 8 and Figure 9 compare the iso-surface and the contours of the liquid volume fraction between the different geometries, meshes and limiters used to compute the flow for a needle stroke of 50%. For the modified geometry, the jet is a smooth cylinder, whatever limiter is used (see Figure 7). The jet detaches clearly at the nozzle outlet due to the sharp edge (see Figure 8), and, consequently, the jet is circular downstream (see Figure 9). For the original geometry, the iso-surface is wavy, mainly for mesh 1 (see Figure 7). With mesh 2 and the use of the “SUPERBEE” limiter, the shape of the jet is smoother. These features are also clearly shown in Figure 8 since only the simulation on mesh 2 with the “SUPERBEE” limiter predicts a detachment of the jet at the right location. For the other simulations on the original geometry, the jet is attached to the flat wall of the nozzle. Therefore, downstream of the nozzle outlet, only this simulation predicts a circular jet (see Figure 9), contrary to the other simulations, which predict a non-circular jet with “spikes” at its interface. The use of an anti-diffusive scheme, such as the “SUPERBEE” limiter (and an enough refined mesh), leads to a water/air interface that spreads over a lower number of cell layers than with the “limitedLinear” limiter. Consequently, the jet detaches quickly from the nozzle wall, leading to a more compact jet, which improves the prediction of the jet diameter and the discharge.



Figure 10 displays, for a needle stroke of 50% and the simulations with the “SUPERBEE” limiter, the profiles of the liquid volume fraction and the dimensionless axial velocity along the green line shown in Figure 9. The dimensionless radial position   r *   is computed as the ratio between the radial position and the nozzle diameter, whereas the dimensionless axial velocity   C  a  *   is computed as the ratio between the axial velocity and the theoretical jet velocity defined by    2 g H   . The simulation with the original geometry on mesh 2 is characterized by the narrowest jet width, the sharpest interface and the largest velocity deficit (−20%) in the wake of the needle. On mesh 1, the jet width is larger even if the jet interface is sharp and the velocity deficit is weaker, around −10%. The simulation with the modified geometry shows a more diffuse interface since the liquid volume fraction varies from 1 to 0 for half of the jet radius and has a velocity deficit of the same order as the simulation with the original geometry on mesh 1.



On-site measurements allowed a relationship that gives the discharge as a function of the head to be derived [29]. For the nominal head, the dimensionless discharge equals 1 for a stroke of 50% and 1.3675 for a stroke of 80%. Table 4 compares the discharge predicted using the “SUPERBEE” limiter with the on-site measurements. For a stroke of 50%, the simulation using mesh 2 provides better agreement with the on-site measurements with a difference of 0.5%. With mesh 1, the discharge is overestimated by 3.0%, and with the modified geometry, it is underestimated by −3.5%. For a stroke of 85% on mesh 1, the discharge is also overestimated by almost 3% compared to a stroke of 50%.




7. Conclusions


Simulations of a Pelton jet with the OpenFOAM toolbox have been performed with a special emphasis on the influence of the nozzle geometry, the mesh and the numerical scheme used for the discretisation of the convective fluxes. The results show the strong influence of the nozzle geometry on the shape of the jet and the discharge predicted by the simulation. By considering a sharp edge at the nozzle outlet, which is not the real geometry, the jet shows a smooth cylindrical shape. In this case, the discharge predicted by the simulation is not influenced by the limiter chosen to discretize the convective fluxes, but it is underestimated by around 3%. On the contrary, by considering the real geometry with a flat section at the nozzle outlet, both the mesh and the limiter have an influence on the jet shape and the discharge predicted. The simulations show that a refined mesh aligned as much as possible with the geometry, as well as the use of an anti-diffusive limiter, such as the “SUPERBEE” limiter, are required to accurately compute the jet detachment, the jet shape and the discharge. Compared to previous studies, the present results show the importance of the numerical schemes used to discretize the convective fluxes. By using an appropriate, low-diffusive scheme such as the “SUPERBEE”, “OSHER”, or maybe the “UMIST” or “VANLEER” limiter, it is possible to receive accurate results without refining the mesh too much, which allows the saving of time during computation.



The influence of the turbulence model has not been considered in this study because it is not expected to have a strong influence on the jet detachment. On the contrary, an interesting future investigation would be the influence of the surface roughness at the nozzle outlet since this region is subjected to wear and tear.
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	Compuational Fluid Dynamics



	FCT
	Flux Transport Corrected
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	Multidimensional Universal Limiter for Explicit Solution
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Figure 1. (Left): original geometry of the nozzle. (Right): modified geometry of the nozzle. 






Figure 1. (Left): original geometry of the nozzle. (Right): modified geometry of the nozzle.
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Figure 2. Half-view of the computational domain. 






Figure 2. Half-view of the computational domain.
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Figure 3. View of the mesh at the nozzle outlet. (a) Mesh 1 for the original geometry and a stroke S = 50%. (b) Mesh 2 for the original geometry and a stroke S = 50%. 
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Figure 4. Representation in a Sweby diagram of the “limitedLinear” and “SUPERBEE” limiters. 
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Figure 5. History of the pressure residuals for the three simulations carried out with a stroke of 50%. 
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Figure 6. History of the discharge for each simulation. The period over which a specific limiter is used is highlighted by arrows. 
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Figure 7. Iso-surface of the liquid volume fraction set to 0.5. Simulations for a needle stroke of 50%. 
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Figure 8. Contour of the liquid volume fraction (  a l p h a . w a t e r  ) in the mid-plane aligns with the jet axis. Simulations for a needle stroke of 50%. 
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Figure 9. Contour of the liquid volume fraction (  a l p h a . w a t e r  ) in a plane perpendicular to jet located at a distance   s = 1.42 ×  d  n o z z l e     downstream the nozzle outlet. Simulations for a needle stroke of 50%. The green line refers to the profiles shown in Figure 10. 
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Figure 10. (a): Liquid volume fraction profile in the section located at a distance   s = 1.42 ×  d  n o z z l e     downstream of the nozzle outlet. (b): Dimensionless axial velocity profile in the section located at a distance   s = 1.42 ×  d  n o z z l e     downstream of the nozzle outlet. The profiles are extracted along the green line shown in Figure 9. Simulations for a needle stroke of 50% with the “SUPERBEE” limiter. 






Figure 10. (a): Liquid volume fraction profile in the section located at a distance   s = 1.42 ×  d  n o z z l e     downstream of the nozzle outlet. (b): Dimensionless axial velocity profile in the section located at a distance   s = 1.42 ×  d  n o z z l e     downstream of the nozzle outlet. The profiles are extracted along the green line shown in Figure 9. Simulations for a needle stroke of 50% with the “SUPERBEE” limiter.
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Table 1. Number of points, cells and boundary cell layers for each mesh.






Table 1. Number of points, cells and boundary cell layers for each mesh.





	Mesh
	Geometry
	Stroke (%)
	Number of Points
	Number of Cells
	Number of Wall Cell Layers





	1
	Original
	50
	5.8 × 106
	5.1 × 106
	3



	2
	Original
	50
	10.1 × 106
	9.3 × 106
	3



	1
	Modified
	50
	5.8 × 106
	5.1 × 106
	3



	1
	Original
	85
	6.3 × 106
	5.5 × 106
	3










[image: Table] 





Table 2. Values of some mesh quality criteria.






Table 2. Values of some mesh quality criteria.





	Mesh
	Geometry
	Stroke (%)
	Maximum Non-Orthogonality (deg)
	Maximum Skewness
	Maximum Aspect Ratio





	1
	Original
	50
	69
	4.9
	25



	2
	Original
	50
	70
	4.9
	25



	1
	Modified
	50
	69
	6.7
	26



	1
	Original
	85
	70
	4.9
	25
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Table 3. Discharge predicted by the simulation depending on the limiter used.






Table 3. Discharge predicted by the simulation depending on the limiter used.





	Mesh
	Geometry
	Stroke (%)
	   Q /  Q nom     (−) “limitedLinear”
	   Q /  Q nom     (−) “SUPERBEE”
	   Δ Q    (%)





	1
	Original
	50
	1.0475
	1.03
	1.7



	2
	Original
	50
	1.0175
	0.995
	2.3



	1
	Modified
	50
	0.965
	0.965
	0.0



	1
	Original
	85
	1.4275
	1.4075
	1.4
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Table 4. Differences between the discharge computed with the SUPERBEE limiter and the measured one.






Table 4. Differences between the discharge computed with the SUPERBEE limiter and the measured one.













	Mesh Number
	Geometry
	Stroke (%)
	   Q /  Q nom     (−) Computed
	   Q /  Q nom     (−) Exp
	   Δ Q    (%)





	1
	Original
	50
	1.03
	
	3.0



	2
	Original
	50
	0.995
	1
	−0.5



	1
	Modified
	50
	0.965
	
	−3.5



	1
	Original
	85
	1.4075
	1.3675
	2.9
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