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ABSTRACT 

In Switzerland, during the last decade, the development of the new renewable energies (small hydro, solar, wind…) has 

been promoted by a specific feed-in tariff. However, the regulator schedules to remove this specific measure to force the 

producers to match the demand. Regarding the small hydropower plants, this change requires to increase the flexibility 

of the power plants. 

The present work focuses on the hydro power plant of Gletsch-Oberwald (KWGO, Valais, Switzerland), a run-of-river 

power plant equipped with two six-jet Pelton turbines. An extension of the flexibility of the power plant is investigated in 

the framework of the SmallFlex project by using one-third of the headrace tunnel as a storage volume. The use of this 

new storage capacity would require emptying the headrace tunnel and to operate the Pelton turbines at a lower head 

than the one for which they have been designed. By lowering the head, the efficiency of the Pelton turbines will decrease 

abruptly if the Pelton turbines make faces to the so-called “falaise” effect. Before performing on-site measurements, 

unsteady two-phase flow simulations of the interaction between the jet and the Pelton runner have been carried out for 

four different heads with the Ansys CFX software. At the best efficiency point, the efficiency is well predicted by the 

simulation. For lower heads, the interaction between two consecutive jets is observed but the decrease in efficiency is 

underestimated compared to the on-site measurements. 

1. INTRODUCTION 

The part of new renewable energies (solar, wind, biogas and biomass) in the energy production in Switzerland 

increased by 60% between 2015 [1] and 2019 [2] accounting for 4.2% of the electricity production. These 

sources of energy are characterized by their intermittency that can cause power network instabilities [3]. 

Moreover, Switzerland changed its national feed-in tariff (FIT) system in 2017 for small hydropower 

(representing 5% of the electricity production [4]) to encourage plant owners to produce according to the 

energy demand [5]. Consequently, the power plant production must be more and more flexible. 

In this context, the SmallFlex project has be defined to investigate the possibility of increasing the flexibility 

of a run of river power plant equipped with Pelton turbines [6]. Among the tasks achieved during the project, 

one focuses on the use of the upper part of the headrace tunnel as an additional storage volume. However, 

using this volume requires to operate the Pelton turbine to a lower head that initially scheduled. The efficiency 

of a Pelton turbine is strongly influenced by the head available since for a specific threshold, the efficiency 

drops abruptly with an increase in mechanical stresses and fatigue [7]. This phenomenon is called “falaise” 
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effect [8] and is discussed in some books such as [9]. However, this phenomenon does not seem to have been 

studied either experimentally nor numerically, even if numerical simulations of Pelton turbines have been 

already performed to investigate the efficiency of a two-jet Pelton turbine [10], to develop a new Pelton turbine 

[11], to understand the risk of bucket cavitation ([12],[13]) or the influence of the jet quality on the turbine 

efficiency ([14],[15]). Furthermore, in the last decade several mesh free solvers have been developed to 

investigate the interaction between the jet, the buckets and the Pelton casing or the risk of erosion 

([16],[17],[18]). However, following the review by Židonis [19], the finite volume software Ansys CFX is the 

one that provides the best accuracy. 

Consequently, this paper aims at investigating the occurrence of the “falaise” effect by CFD. It is organized as 

follows: the test case is first described, followed by the description of the numerical set up, then the results are 

discussed and compared with on-site measurements and finally a conclusion is written. 

2. TEST CASE 

The power plant of Gletsch-Oberwald (KWGO), owned by FMV, is a small run-of-river power plant equipped 

with two six-jet Pelton turbines. The Pelton turbine is characterized by a rotational speed of 600 rpm and a 

nominal power of 7 MW for a nominal head of 287 m and a nominal discharge of 2.81 m3/s. The Pelton wheel 

has 21 buckets (see Figure 1). 

The additional storage identified during the SmallFlex project is the upper part of the headrace tunnel. This 

volume should represent an increase in the storage capacity by 50% and a decrease of the available head by 

one-third. To investigate the influence of decreasing the head on the Pelton turbine performances, four 

simulations for a needle stroke of 90% have been carried out corresponding to 100%, 84%, 75% and 66% of 

the nominal head. 

 

 
Figure 1: Picture of the Pelton wheel. 

3. NUMERICAL SET UP 

To reduce the CPU resources required to run a simulation, the computational domain is simplified by 

considering only half of the runner with only two consecutive jets and six runner buckets (see Figure 2 left) 

instead of six jets and twenty-one buckets. The fixed and rotating domains are meshed separately with 

tetrahedrons (see Figure 2 right). Three prism layers are added along the solid walls to improve the computation 

of the boundary layers. The total number of cells is around 45 million with 26 million of cells in the rotating 
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domain. The averaged y+ is lower than 300 excepted close to the nose of the needle. The mesh connectivity at 

the rotor/stator interface is controlled using the General Grid Interface (GGI) method. 

 

  
Figure 2: Left: View of the computational domain (the cross refers to the probe position for the jet velocity 

monitoring). Right: View of the mesh.  

 

The flow is solved using the U-RANS equations written for a homogenous two-phase flow composed of air 

(at 25°C and 1 atm) and water. Turbulence is modelled with the Boussinesq’s assumption that introduces an 

eddy viscosity computed using the SST k-ω model coupled with an insensitive y+ wall law. The interface 

between the two fluids is treated using the free surface option available in Ansys CFX to limit the interface 

diffusion. 

At the inlet of the injectors, the total pressure, calculated from the head, is imposed and the air volume fraction 

is set to zero. At the opening boundaries, an opening pressure boundary condition is set with a zero gradient 

conditions for both the air and liquid volume fractions. The solid walls are considered as no-slip walls. 

The second order backward Euler scheme is used for the time integration with a time step fixed to 0.4 degree 

of rotation per time step. This time step corresponds to a RMS CFL number around 3. At each time step, at 

least 3 internal loops are computed with a maximum of 6 loops. The convective fluxes are discretized using a 

high order scheme for both the momentum and turbulent conservation equations. 

The flow is first initialized without the runner rotation during 0.04 s to allow the development of the jets. Then 

the rotation of the runner buckets is started and the flow is computed during 0.067 s, which corresponds to a 

runner rotation angle of 240 degrees. 

4. RESULTS 

Figure 3 shows the time-history of the dimensionless jet velocity monitored downstream the first nozzle (see 

Figure 2 left). The jet is well established before the runner rotation starts. Whatever the head, the dimensionless 

velocity reaches 0.97, which is a typical value of the kc coefficient of a Pelton turbine [20]. 
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Figure 3: Time-history of the dimensionless jet velocity for each head computed. The dash-dot line refers to the time at 

which the rotation of the runner buckets starts. 

 

The RMS and maximum RMS of each equation solved is shown in Figure 4 for the simulations at the nominal 

head and 75% of the nominal head. The RMS never exceed 10-3 whereas the maximum RMS are below 1. No 

peak or increase tendency are observed on the RMS. 
 

 
Figure 4: Time-history of the RMS (lines) and maximum RMS (symbols) of each equation solved for the simulations at 

nominal head (left) and 75% of the nominal head (right)  

 

The on-site measurements allowed determining the relation between the needle stroke and the flow rate for 

one injector. The simulated flow rates for six opened injectors are then calculated and compared with this 

relation in Table 1. The simulations underestimate the flow rate by less than 3%. 
 

H/Hnom (-) QCFD/Qnom (-) QEXP/Qnom (-) Relative error (%) 

1 1.17 1.20 -2.0 

0.84 1.07 1.09 -1.7 

0.75 1.00 1.02 -1.2 

0.66 0.95 0.98 -3.0 

Table 1: Comparison of the simulated and measured flow rate for each head. 

 

Since only two jets and six buckets are considered in the simulations, a calculation procedure has been 

developed to reconstruct the runner torque for six jets in operation. First, the torques on each bucket due to 

two consecutive jets are time shifted and superimposed (see Figure 5). It is noticeable that the torque is identical 
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for the first five buckets whereas for the last bucket the torque is lower. This is explained by the absence of a 

seven bucket. 

 
Figure 5: Torque on each bucket due to two consecutive jets. The torques are time shifted and superimposed. Simulation 

at the nominal head. 

 

Then, for each head, the torque is averaged over the five first buckets (see Figure 6) to get the torque on one 

bucket impacted by two consecutive jets. By lowering the head, the bump due to the loading of the bucket by 

the second jet increases due to the interaction between the two consecutive jets. 

 

 
Figure 6: Torque on a single bucket due to two consecutive jets calculated by averaging the torque on the first five 

buckets.  
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Finally, only the torque due to the second jet (between n*t = 0.3 and n*t = 0.47) is used to reconstruct the 

runner total torque due to six jets in operation. Figure 7 displays this reconstructed torque from a startup. 

Oscillations of the torque are observed for each head, they are equal to less than 3% of the average value for 

the nominal head and increase by lowering the head around 6% for the lowest head.  

 

 
Figure 7: Total runner torque for the Pelton runner with six jets in operation reconstructed from the CFD results. 

 

The average total torque is used to compute the mechanical power that is compared to the measured output 

power (after the turbine generator unit) in Table 1. The efficiency of the turbine generator is expected to be 

above 98%. Therefore, the two powers should be close one to each other. At the nominal head, the relative 

error is lower than 1% between these two powers. At 84% of the nominal, the relative error increases to 9%. 

For lower heads, the discrepancy still increases and reaches 56% for the lowest head. Consequently, the 

efficiency is well predicted only for the nominal head. For lowers heads, the drop in efficiency due to the head 

lowering is underestimated by the simulations with only a small decrease by 8% between the nominal head 

and the lowest head instead of 41% (see Table 3). The “falaise” effect is therefore not accurately captured by 

the simulations. 

 
H/Hnom (-) Pm,CFD/Pm,nom (-) Pout,EXP/Pm,nom (-) Relative error (%) 

1 1.18 1.17 0.72 

0.84 0.89 0.82 8.87 

0.75 0.75 0.54 38.2 

0.66 0.58 0.37 56.1 

Table 2: Comparison of the simulated and measured power for each head. 

 
H/Hnom (-) ηCFD (-) ηEXP (-) Relative error (%) 

1 0.89 0.87 2.85 

0.84 0.89 0.80 10.8 

0.75 0.88 0.63 39.8 

0.66 0.82 0.51 60.9 

Table 3: Comparison of the simulated and measured efficiency for each head. 

 

However, the simulations show the interaction between the two consecutive jets and its role on the efficiency 

drop. Figure 8 compares the dimensionless velocity in the symmetry plane between the simulations at the 

nominal head and at the lowest head. The bucket 3 starts to be impacted by the second jet. However, due to a 

lower jet velocity for the case at H/Hnom = 0.66, the bucket 3 is not empty when the second jet impacts the 
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bucket (see the red circle in Figure 9). Therefore, the second jet impact directly on a water sheet, which limits 

the torque generated. 

 

 
Figure 8: Contours of the dimensionless velocity magnitude in the symmetry plane at t*n = 0.38 (same time reference 

than Figure 6). 

 

 
Figure 9: Iso-surface of the water liquid fraction equal to 0.5 colored by the dimensionless velocity at t*n = 0.38 (same 

time reference than Figure 6). 

 

Furthermore, the pressure on the leading edge of the bucket decreases by lowering the head (see Figure 10), 

which can lead to: 

• a change in the mechanical stresses responsible for a premature fatigue, 

• cavitation inception responsible for local erosion reducing the performance of the bucket. 
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Figure 10: Dimensionless relative pressure on the buckets at t*n = 0.38 (same time reference than Figure 6). 

5. CONCLUSIONS  

In the framework of the SmallFlex project, one objective focuses on the use of the upper part of the headrace 

tunnel as an additional storage volume. The use of this volume requires operating the Pelton turbine at lower 

heads than the one for which the turbine was designed. 

The influence of the head on the interaction between two consecutive jets of the six-jet Pelton turbine has been 

simulated by CFD using the Ansys CFX software. To reduce the CPU resources, a half of the turbine with only 

six buckets and two jets has been considered. The lowest head investigated corresponds to 66% of the nominal 

head, i.e., the emptying of one-third of the headrace tunnel. 

The jets are well predicted by the simulations with a relative error of less than 3% on the flow discharge 

compared to the measurements. The power and the efficiency are also predicted with less than 3% error but 

only at the nominal head. By lowering the head, the discrepancy between the simulations and the on-site 

measurements increases to 60%. Consequently, the simulations underestimate the efficiency drop also named 

“falaise” effect observed experimentally. However, the mechanisms responsible for the efficiency drop can be 

partially identified by analyzing the CFD results. By lowering the head, the jet velocity decreases, which 

prevents the water sheet to escape from the bucket before the bucket was impacted by the second jet. The shock 

between the jet and the water sheet increases the hydraulic losses. In addition, the simulation shows low 

pressure zones at the lowest head compared to the nominal head, which could provoke cavitation erosion. 

To improve the accuracy of the simulations, at least two tracks should be considered: the influence of the size 

of the computational domain and the influence of the free surface option specified in the set up. The latter 

prevents the breaking of the water sheets and the development of bubbly flow outside of the bucket as observed 

experimentally. 

NOMENCLATURE 

CFD    Computational Fluid Dynamics 

CPU    Computational Power Unit 

Cjet     Jet velocity (m s-1) 

g     Gravitation acceleration (m s-2) 

H     Head (m) 

k     Turbulent kinetic energy (m2 s-2) 

n     Rotational speed (Hz) 
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Ph     Hydraulic power (W) 

Pm     Mechanical power (W) 

Pout     Output power (W) 

Q     Flow discharge (m3 s-1) 

RMS    Root Mean Square 

SST     Shear Stress Transport 

t     time (s) 

URANS   Unsteady Reynolds-Averaged Navier-Stokes 

ω     rotational speed (rad/s) 

ω     turbulent eddy frequency (s-1) 

nom     subscript for nominal conditions 
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