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ABSTRACT 

The need to decarbonize our energy production push us toward the use of renewable sources such as solar, wind and 
hydraulic energies. These renewable energies often suffer from intermittences which requires flexibility from the 
dispatchable energy producers to respond to power changes and to ensure a stable electrical grid. For this specific 
purpose, the European project XFLEX HYDRO is focusing on the hydropower sector, with seven demonstrators in three 
different countries to determine the advantages of variable- and fixed-speed turbine, smart control, and hybrid battery-
turbine systems. Among these seven demonstrators, the hydropower plant of Caniçada operated by EDP consists of two 
fixed-speed vertical Francis turbines with a medium head of approximately 100 meters and a total installed power of 70 
MW. The objective of this demonstrator is to assess the potential of a variable speed technology to increase the lifetime 
of the turbine. For this purpose, we investigated here in a first time the hydraulic behaviour of the machine when operated 
at part load conditions with a fixed runner speed to find the operating condition generating the maximum pressure 
fluctuations. In a second time, we analysed the advantages of variable-speed capabilities regarding this operating 
condition. The study is carried out with CFD analysis using ANSYS CFX and the SST turbulence model. The results show 
a clear amelioration of the pressure fluctuations on the runner with variable speed however mitigated with a lowering of 
efficiency for this operating point. 

1. INTRODUCTION 

The objective for these coming decades is to modify our energy production methods by reducing, even 
cancelling, our dependency on fossil fuel. Therefore, the energy industry is investing in renewable energies 
such as wind and solar energies but must face two difficulties. The first is to respond to the stochastic behaviour 
of these renewable energies and the second is the storage of the energy when the demand is lower than the 
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supply. For both difficulties hydropower plays a key role. Indeed, altitude dams act as energy reservoirs to 
store the energy excess and extending the range of operation of turbines allows a quick response to any changes 
in supply and demand. However, this range extension implies a faster fatigue of the mechanical components 
as the penstock [1], [2] and the hydraulic turbines [3], [4], [5]. The reason for this increased fatigue is that 
these powerplants were designed to be operated for a specific operating condition and did not consider the 
physical phenomena appearing at part and high load conditions. In that context, the European project XFLEX 
HYDRO [6] aims to develop a Smart Power Plant Supervisor (SPPS) to extend the flexibility of the power 
system and simultaneously minimizing the damage resulting from this required flexibility. This supervisor will 
have an accurate knowledge of each component within a powerplant allowing it to dispatch the requested 
power to minimize the powerplant wear and tear. 
 
 The present study focuses on one demonstrator of the XFLEX HYDRO project, which is the Caniçada 
powerplant located in Portugal. This powerplant is equipped with two vertical Francis turbines of 35 MW 
powered with medium head of approximately 100 m and a discharge of 34 m3/s. The objective of this 
demonstrator is to evaluate the advantage of switching from a synchronous fixed-speed turbine (actual 
configuration) to a variable-speed turbine. The investigation is carried out numerically using ANSYS CFX as 
Computational Fluid Dynamic (CFD) tool. 

2. METHODOLOGY 

2.1 Computational Domains & Meshes 

The computational domain shown in Figure 1 is used to carry out the simulations. It is composed of four 
domains, namely, the spiral casing with the 20 stay vanes, the 20 guide vanes, the 13 blades Francis runner, 
and the draft tube. Horizontal extensions are added to both the spiral casing and the draft tube to position the 
inlet and the outlet of the computational domain sufficiently far to not influence the flow field (i.e., three times 
the typical length scale of the cross section). Using ANSYS ICEM CFD 2019R2, each component is discretized 
independently and joined in the solver via a General Grid Interface (GGI). The resulting meshes are shown in 
Figure 2. All components are meshed with a block structured mesh except for the spiral casing and the stay 
vane, which are meshed with an unstructured mesh. The geometrical size of the computational domain is set 
to a runner outlet diameter of 1 meter to meet the industrial dimensionless terms n11 and Q11: 
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with n [rot/min] the runner speed, D [m] the outlet runner diameter, H [m] the head and Q [m3/s] the discharge. 
Two meshes are generated to evaluate the spatial resolution sensibility on the flow field: a fine mesh with 
approximately 38 million elements and a medium mesh with approximately 12 million elements. The purpose 
is to verify that the flow field is properly simulated resulting in the correct velocity triangles at the inlet and 
the outlet of the runner. The differences of the grid resolution between the fine and the medium meshes concern 
the guide vanes and the runner domains as shown in Table 1. 
 
Table 1: Number of elements for the fine and the medium meshes. Numbers expressed in million elements. 

 Spiral Casing & Stay Vanes Guide Vanes Runner Draft tube 
Medium (12M) 0.98 1.99 5.94 2.92
Fine (38M) 0.98 6.62 27.37 2.92
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Figure 1: Caniçada computational domain. 

 
Figure 2: Example of spatial discretization. (left) Spiral casing & Stay vanes, unstructured mesh. (centre) Guide vanes, 
block structured mesh. (right) Draft tube, block structured mesh. 

2.2 Numerical Setup 

The computations are performed with the following boundary conditions. A total pressure is set at the inlet to 
impose the one-meter head and a mean zero pressure is set at the outlet. No-slip boundary condition is applied 
to the walls. Regarding the interface between the stationary and rotating domains two different ones are used. 
The first one is the Frozen Rotor interface for steady simulations and the second one is the Transient Rotor 
Stator interface for unsteady simulations. The time step size is set to correspond to a runner rotation of four 
degrees. The turbulence model is the standard k- SST model with a targeted root mean square (RMS) of 
residuals set to 10-5 (six to seven inner loops are required for the solution to reach the residual target). 

2.3 Mesh Selection 

To evaluate the mesh dependency, unsteady computations at part load condition, Q/Qopt = 70%, are carried out 
using the fine and the medium meshes. Qopt refers to the optimal discharge obtained at the synchronous speed, 
that is, n11 = 59 [rpm]. The first comparison is the distribution of the y+ values reached in each domain. 
 

 𝑦  (2) 

 
with C the friction velocity [m/s] (C= ( where is the wall shear stress and  the water density), y [m] 
the distance of the nearest point to the wall and  [m2/s] the kinematic viscosity of the water. These values are 
shown in Table 2 and correspond to instantaneous values at a given time step. The average values are spatially 
averaged and weighted according to the element area. The main difference is observed in the runner domain, 
where the maximal value reached 486 with the medium mesh and only 41 with the fine mesh. The maximum 
is located on the runner band near the outlet. Regarding the blades suction side, the averaged y+ is 55 with the 
medium mesh and 3 with the fine mesh. 
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Table 2: Instantaneous y+ comparison between the fine mesh (38 million elements) and the medium mesh (12 million 
elements) with the turbine operated at part load condition (70% BEP). The averaged values correspond to a spatial 
averaging weighted by the element area. 

y+ [-] 
Guide Vanes Domain Runner Domain Draft Tube Domain 

Min Ave Max Min Ave Max Min Ave Max 
12M 0.2 7 15 14 109 486 0.1 13 91
38M 0.1 5 11 0.5 6 41 0.5 12 98

 
 The second comparison is shown in Table 3, where time averaged integral quantities such as power, 
discharge and efficiency are compared. The results are normalized by the Best Efficiency Point (BEP) data 
indicated with the subscript opt. The last row compares how different are the results between the two meshes. 
The results are close with a maximum difference of 1% between the two meshes (for the resulting discharge 
Q). 
 
Table 3: Time averaged computed performances using the 38 and 12 million meshes with the turbine operated at part load 
condition (70% BEP). 

 P/Popt [-] Q/Qopt [-] /opt [-] 
12M 0.680 0.701 0.974 
38M 0.686 0.709 0.973 
12M/38M 0.991 0.989 1.001 

 
 The above-mentioned results show that both meshes provide similar results. However, computations using 
the fine mesh are more demanding in computational and storage resources. Using the fine mesh, it required 
approximately 1’200 CPU hours to compute one runner revolution, 122 GB RAM and each solution file 
reached approximately 30 GB. Using the medium mesh, the resources are less demanding as it required 
approximately 500 CPU hours to compute one runner revolution, 48 GB RAM and each solution file reached 
approximately 14 GB. Therefore, considering the results shown in Table 3 and the resources needed, the 
investigations shown in the following are based on the medium mesh. 

2.4 Variable Speed Computations 

The methodology used to discuss the advantage of the variable speed is first to establish the part load operating 
point with the maximum pressure fluctuation. The results are explained in section 3.1 and the computed part 
load operating points are depicted in Figure 3 by green points. The part load operating point with maximum 
pressure fluctuation is Q/Qopt = 51% – this result is used as reference for the following study: Qref = 0.51 Qopt.   
  
 Variable-speed study is carried out and explained in section 3.2. The selection of the points to compute 
are based on the hypothesis that a doubly-fed induction machine (DFIM) converter is used, which allows the 
runner speed to change within a range of ±10%. The n11 selected to be computed are chosen as [0.90 0.95 1.00 
1.05 1.10].n11 ref with n11 ref the synchronous speed, while maintaining the same head (see Eq. 1). On top of that, 
the output power should stay constant to ensure that the unit is producing the power requested by the dispatcher. 
Consequently, in addition to the change of the runner speed a change in the guide vane opening is required to 
maintain a constant power.  
 
 The computed operating points for the variable speed are depicted in Figure 3 by orange points. The 
technique used to reach the proper opening of the guide vanes is to compute two different opening for each 
runner speed that we know are near the expected output power. Once computed, a linear interpolation is made 
to find the guide vane opening maintaining a constant output power. Table 4 provides all computed operating 
points with their respective power and guide vane opening. All data referencing the synchronous results are 
indicated by the subscript 51%.  
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Figure 3: Original Caniçada computed Hill Chart. Computed operating points (OP): Green points - OP at part load 
conditions and at the synchronous speed. Orange points - OP at Q/Qopt = 51% with different runner speed but constant 
output power. The dashed blue line shows a line at constant . 
 
Table 4: Computed operating points to find the guide vane opening () providing a constant output power (P) for different 
runner speeds. The subscript 51% is used to refer to the guide vane opening used and the computed power for the 
computation at 51% of the BEP. 

n11 = 53.1 [rpm] n11 = 56.1 [rpm] n11 = 59.0 [rpm] n11 = 62.0 [rpm] n11 = 64.9 [rpm] 
90% n11_synch speed 95% n11_synch speed 100% n11_synch speed 105% n11_synch speed 110% n11_synch speed 

𝜸 𝜸𝟓𝟏%⁄  𝑷 𝑷𝟓𝟏%⁄  𝜸 𝜸𝟓𝟏%⁄  𝑷 𝑷𝟓𝟏%⁄  𝜸 𝜸𝟓𝟏%⁄ 𝑷 𝑷𝟓𝟏%⁄ 𝜸 𝜸𝟓𝟏%⁄ 𝑷 𝑷𝟓𝟏%⁄  𝜸 𝜸𝟓𝟏%⁄  𝑷 𝑷𝟓𝟏%⁄
0.87 0.91 0.87 0.88 

1.00 1.00 
1.00 0.96 1.00 0.91

0.94 1.00 0.97 1.00 1.05 1.01 1.11 1.00 
1.00 1.07 1.00 1.04 1.04 1.02 1.08 0.98

3. RESULTS 

3.1 Part Load Computations at n11 = 59 rpm 

The operation of turbines at part load conditions results in the presence of a vortex rope because the lower 
discharge flowing through the fixed-speed runner with fixed relative blade exit angle enters the draft tube with 
a swirling component. This vortex rope will induce pressure fluctuations and a special interest is in finding its 
maximal fluctuation as this is usually what is calculated to take into account the vortex rope damage. However, 
this is not always the maximal pressure fluctuation of the whole range of the operating conditions of the 
machine; but here we considered only this case. An example of the variation of pressure fluctuation according 
to the part load condition can be found in Lowys et al. [7]. They showed, based on field tests, that the relative 
(to the BEP) damage of the runner reached a peak at approximately Q/Qopt = 55%. Therefore, several 
computations at fixed n11 = 59 [rpm] were performed from approximately Q/Qopt = 100% to 40% (see green 
points in Figure 3).  

3.1.1 Runner blades pressure fluctuations 

The normalized pressure standard deviation σ is used to study the pressure fluctuation acting on the blades. 
The fluctuations were time averaged during four runner rotations (approximately one vortex rope rotation) and 
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shown in Figure 4 and Figure 5, representing, respectively, the blade suction side and pressure side. The 
normalization of the pressure fluctuation is done according to IEC 60193 with the following reference pressure: 
 
 𝑝 𝜌𝑔𝐻 (3) 
 
with  the water density [kg/m], g the gravity [m/s2] and H the turbine head [m]. The case Q/Qopt = 90% is not 
shown in figures because there is no significant difference compared to the BEP and it allows to save space in 
this document. The observation of the pressure fluctuations on the pressure and suctions sides, show that the 
maximum is reached at around 51% of the optimal discharge, near the trailing edge. As observed by Lowys et 
al. lowering the discharge further has an impact on the pressure fluctuations. This trend is well observed here, 
as a discharge at 44% of the optimal discharge induced a pressure fluctuation even lower than close to the 
BEP. However, it might be different with another runner as the pressure fluctuations can increased because of 
the inter blade vortices. 
 

 
Figure 4: Time average of the normalized pressure standard deviation acting on the blade suction side for different part 
load conditions. 
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Figure 5: Time average of the normalized pressure standard deviation acting on the blade pressure side for different part 
load conditions. 
 

3.1.2 Vortex rope shape 

The visualization of the vortex rope is carried out using the Q criterion and its instantaneous shape is shown in 
Figure 6. As expected, lowering the discharge allows the generation of the vortex rope. Down to 62% the 
vortex rope is mainly composed of a single centred vortex. At 51% additional and less organized structures are 
observed, resulting in the higher-pressure fluctuations exerted on the blades. Finally, at 44% the main vortex 
rope is decomposed into three well defined vortices located toward the cone wall of the draft tube. 
 

 
Figure 6: Instantaneous vortex rope shape for different part load conditions shown with the Q criterion set to 10 [1/s2]. 
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3.1.3 Velocity profiles 

The time and spatial averaged normalized velocity profiles in the draft tube located 0.3D downstream the 
blades trailing edge are shown in Figure 7. Like the previous results, the time average is done during four 
runner rotations, whereas the spatial averaging is done azimuthally at 0.3D downstream of the blades trailing 
edge. Uref corresponds to the peripheral velocity at the outlet of the runner.  

Figure 7: Time and spatial averaged normalized velocity 0.3D downstream of the blades trailing edge. (left) Axial 
velocity. (right) Circumferential velocity. 
 
 Regarding the axial velocity (Figure 7 left), we can observe that as soon as partial load is considered, it 
results in a reverse flow at the centre of the draft tube and an increase of the axial velocity near the draft tube 
wall. Similarly, at BEP the circumferential velocity (Figure 7 right) is approximately constant along the draft 
tube radius. Lowering the discharge induced a significant increase of the velocity near the middle of the radius. 
At Q/Qopt = 80% the maximum velocity is approximately reached around r/R=0.4. Lowering the discharge 
increased the maximum circumferential velocity and shifted it toward the draft tube wall. That is, at Q/Qopt = 
51% the maximum velocity is approximately reached around r/R=0.8. 
 
 Based on the results shown previously, the case at Q/Qopt = 51% is selected to investigate the advantage 
of the variable speed. 

3.2 Variable Speed Computations at Q/Qopt = 51% 

3.2.1  Runner blades pressure fluctuations 

The time-averaged normalized standard deviation σ on the blades suction and pressure sides are shown in 
Figure 8 and Figure 9, respectively. Similar than before, the time average is done during four runner 
revolutions. At the centre of these figures is the reference computation carried out at the synchronous speed, 
n11 = 59 rpm. According to Table 4, four other runner speeds were computed, that is, n11 = 53.1, 56.1, 62.0, 
and 64.9 rpm. For these speed factor values, the guide vanes opening was duly corrected to maintain the same 
power output for all computations. Lowering or increasing the runner speed by 5% increased the pressure 
fluctuations on both the suction and pressure sides. However, for this specific part load condition, increasing 
the runner speed by 10% induced a significant reduction of the pressure fluctuation. 
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Figure 8: Time average of the normalized pressure standard deviation acting on the blade suction side for different runner 
speeds. 
 

 
Figure 9:Time average of the normalized pressure standard deviation acting on the blade pressure side for different runner 
speeds. 

3.2.2 Vortex rope shape 

The vortex rope shape is visualized using the Q criterion with its instantaneous shape shown in Figure 10 for 
the different runner speeds. At this part load condition, the vortex rope is not well structured and induced 
pressure fluctuations on the runner blades as well as on the draft tube wall. Overall, the change of the runner 
speed did not significantly change the structure of the vortex rope shape, excepted for the case n11 = 64.9 rpm. 
This was already confirmed with the pressure fluctuation acting on the blades shown in the previous section. 
Regarding to the highest velocity case (n11 = 64.9 rpm), it can be observed that the vortex rope is well defined 
and is composed of two vortices located near the draft tube wall. 
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Figure 10: Instantaneous vortex rope for different runner speeds at Q/Qopt = 0.5 shown with the Q criterion set to 10 [1/s2]. 

3.2.3 Inter-blade vortices 

The visualization of the flow field at the synchronous speed showed the presence of the inter-blade vortices. 
Figure 11 shows the blade-to-blade Q criterion contour located at 0.25 of the span near the hub. At n11 59.0 
and 62.0 rpm, a clear evidence of these vortices is observed. However, lowering the runner speed allows the 
runner to be free of these vortices.  
 

 
Figure 11: Presence of inter-blade vortices shown by the Q criterion magnitude at 0.25 of the span near the hub. 
 
 

3.2.4 Forces applied to the shaft 
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The presence of the vortex rope induced a radial force on the shaft. Because the vortex rope is rotating, this 
radial force is also rotating. Figure 12 shows the force components (Fx & Fy) as well as its magnitude acting 
on the runner, for each runner speed. In terms of force magnitude, there is no significant difference except for 
the case n11 = 64.9 rpm. Since the vortex rope bifurcated into a two-branches vortex located near the draft tube 
wall, the flow field is more balanced, and the shaft endured an almost zero radial force. 
 

 
Figure 12: Force components (Fx & Fy) and its magnitude (F) acting on the runner shaft. 

3.2.5 Blade fluctuating torque 

The time history of the torque acting on a blade is shown in Figure 13. Except for the case at n11 = 64.9, all the 
other cases depict two major fluctuation components. The high frequency fluctuation corresponds to the rotor 
stator interaction and the low frequency corresponds to the vortex rope frequency seen by the runner, that is 
fru-fvr, with fvr being the vortex rope frequency and fru the runner frequency. Since the output power is maintained 
constant, lowering the runner speed implied an increase of the blade loading. This will be more demanding on 
the runner structure and if the runner was not initially designed for this operating condition, it can lead to a 
faster deterioration of the structure. 
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Figure 13: Time history of the torque T11 acting on a single runner blade. 

3.2.6 Variable speed Q/Qopt 

Changing the runner speed and maintaining the discharge along an iso-Q11 implies a change in the ratio Q/Qopt, 
as Qopt depends on n11. This change of Qopt can be understood using the discharge coefficient : 
 

 𝜑  (4) 

 
 For the Qopt obtained at n11 = 59 it corresponds a opt. According to Eq. (4), maintaining this optimal 
discharge coefficient constant implies a change of Qopt for every change of the runner speed. This reasoning 
stays valid for the ratio /opt = Q/Qopt = constant and is shown by a dashed blue line in Figure 3. Therefore, 
when increasing n11 but staying on a quasi iso-Q11 to keep the same output power, it results in increasing the 
ratio Q/Qopt. The values of Q/Qopt for the computed variable speeds are given in Table 5. 
 
Table 5: Corresponding Q/Qopt for each n11 and its associated guide vane opening . 51% refers to the guide vane opening 
at the synchronous speed and a part load condition of 51%. 

n11 = 53.1 [rpm] n11 = 56.1 [rpm] n11 = 59.0 [rpm] n11 = 62.0 [rpm] n11 = 64.9 [rpm] 
90% n11_synch speed 95% n11_synch speed 100% n11_synch speed 105% n11_synch speed 110% n11_synch speed 
𝜸 𝜸𝟓𝟏% 𝟎. 𝟗𝟒⁄   𝜸 𝜸𝟓𝟏% 𝟎. 𝟗𝟕⁄   𝜸 𝜸𝟓𝟏% 𝟏. 𝟎𝟎⁄   𝜸 𝜸𝟓𝟏% 𝟏. 𝟎𝟓⁄   𝜸 𝜸𝟓𝟏% 𝟏. 𝟏𝟏⁄   

Q/Qopt=0.56 Q/Qopt=0.54 Q/Qopt=0.51 Q/Qopt=0.50 Q/Qopt=0.48 
 
 Looking at the results presented, there is no direct comparison available at this stage between the discharge 
ratios obtained at the synchronous speed and the ones obtained at variable speed. Indeed, the lowest runner 
speed corresponds to a discharge ratio Q/Qopt=0.56, whereas the closest computed ratio at the synchronous 
speed is Q/Qopt=0.62. To reach this ratio, the runner speed should be decreased about 20%, not 10%. The 
similar comment applies for the highest runner speed. Therefore, a comparison on the effect of the pressure 
fluctuations on the blade suction side shown in Figure 4 and Figure 8 is difficult. 
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Figure 14: Time and spatial averaged normalized axial velocity (Vz) and circumferential velocity (Vt) 0.3D downstream 
the blades trailing edge. (left) Comparison between Q/Qopt = 0.62 (n11 = 59) and Q/Qopt = 0.56 (n11 = 53.1). (right) 
Comparison between Q/Qopt = 0.44 (n11 = 59) and Q/Qopt = 0.48 (n11 = 64.9). 
 
 The comparison of the axial and circumferential velocity profiles obtained at the synchronous speed and 
the variable speed is shown in Figure 14. The comparison between the case where the runner speed is lowered 
by 10% (n11 = 53.1) with its closest Q/Qopt solution obtained at the synchronous speed is shown in Figure 14 
left. Similarly, the comparison for the case with the highest runner speed (n11 = 64.9) with its closest Q/Qopt 
solution obtained at the synchronous speed is shown in Figure 14 right. At the reduced velocity case (Figure 
14 left) the profiles do not match but are already close to each other. The variable speed axial profile 
corresponds to a lower ratio of Q/Qopt and this can be observed with a wider zone of reverse flow. Decreasing 
this ratio will reduce this reverse flow region and might get close to the profile at Q/Qopt = 62%. On the opposite, 
the ratio Q/Qopt are closer in the case with an increase of the runner speed (Figure 14 right). The velocity 
profiles are almost matching. This can hint that changing the runner speed from its synchronous speed 
corresponds to move along the part load path at the synchronous speed. However, more investigation is 
required to confirm this flow behaviour. 

3.2.7 Efficiency 

The efficiency values, relative to the one obtained at n11 = 59 [rpm], reached with different runner speeds are 
shown in Table 6. Lowering the runner speed resulted in a slight increase of the efficiency, whereas increasing 
the runner speed decreased the efficiency. This can also be observed on the hill chart shown in Figure 3. The 
variable speed points computed are roughly on the same iso-Q11. Moving toward the right resulted in a decrease 
of the efficiency. As already mentioned in the previous section, the shift to the right in the hill chart corresponds 
from a hydraulic point of view to operate the turbine at a deeper part load condition. 
 
Table 6: Efficiency  normalized by the efficiency obtained at Q/Qopt = 51% at the synchronous speed. 

n11 [rpm] 53.1 56.1 59.0 62.0 64.9
Efficacity /51% 1.01 1.01 1.00 0.99 0.97

4. CONCLUSIONS 

A numerical investigation has been carried out to evaluate the advantage of adapting an existing fixed-speed 
synchronous Francis turbine, located at the Caniçada power plant in Portugal, into a variable speed turbine 
equipped with DFIM generators, which allow for ±10% speed variation. This conversion is one possibility to 
provide higher flexibility capacity to the existing turbine. The investigation was performed numerically using 
ANSYS CFX, a mesh of approximately 12 million elements and the standard k- SST turbulence model. 
 
 The first part of the study consisted in finding the part load condition generating the highest-pressure 
fluctuations on the runner blades. The results showed that a reduction of 51% of the discharge is responsible 
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for the highest-pressure fluctuations. In the present case, this happen when the vortex rope is changing from a 
well coherent single structure to several smaller ones. 
 
 The second part of the study was an investigation on the advantage of the variable speed technology. 
Based on the part load condition generating the maximum pressure fluctuation on the runner (n11 = 59.0 rpm 
and Q/Qopt = 51%), four additional computations were performed by changing the runner speed from the 
synchronous velocity with a constant output power maintained by adjusting the guide vanes opening. It was 
shown that changing the runner speed has an impact on the existence of the vortex rope and thus pressure 
fluctuations. Also, it seems that a change of the runner speed is physically similar than changing the part load 
condition at the synchronous speed. However, further investigations are required to confirm this trend. 
 
 We conclude that for the specific operating condition investigated, two pathways can be further 
considered. On the one hand, if the plant operator aims to increase the turbine efficiency, this can be achieved 
by lowering the runner speed. However, it was shown that the existence of a vortex rope will induce a low 
frequency torque fluctuation on the blades. If the runner was not designed for this type of operation it will lead 
to a faster deterioration of the runner. On the other hand, if the plant operator aims to minimize the wear and 
tear, an increase of the runner speed by 10% allowed a significant reduction of the pressure pulsation but with 
an efficiency lowered by 3%. 
 
 The variable speed technology allows higher flexibility of a Francis turbine compared to fixed-speed units. 
As for a given gross head and power set-point, usually defined by the energy trading units, the variable speed 
technology allows to explore multiple operating points in a given range of the efficiency hill-chart. This 
variation of operating point is achieved by the simultaneous control of the rotational speed and the guide vanes 
opening. The results presented in this manuscript allowed to conclude that the selection of the speed and guide 
vane opening represents a trade-off between efficiency and load experienced by the turbine, which are 
ultimately translated into economic revenue and wear and tear. This trade-off sets a starting point for further 
optimisations which are currently being technically assessed.  
 
 This type of investigation can be extended to different part load conditions to establish a kind of hill chart 
health maps, covering the entire operating range of the turbine. Such a map would help, for example, to choose 
an appropriate path for the turbine start-up to minimize its structural stress. Finally, this kind of map is 
integrated with other indicators and parameters into an advanced joint control. This allows the design of a 
SPPS that can be used to optimise the operating efficiency and minimise the wear and tear of the units, 
depending on pre-defined optimisation objectives established by the asset owners, which is currently under 
development in the framework of the European project XFLEX HYDRO. 
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