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Abstract. For Francis turbines at part load operation a helical vortex rope is formed due to the 

swirling nature of the flow exiting the runner. This vortex creates pressure fluctuations which 

can lead to power swings, and the unsteady loading can lead to fatigue damage of the runner. In 

the case that the vortex rope cavitates there is the additional risk that hydro-acoustic resonance 

can occur. It is therefore important to be able to accurately simulate this phenomenon to address 

these issues. In this paper an unsteady, multi-phase CFD model was used to simulate two part-

load operating points, for two different cavitation conditions. The simulation results were 

validated with test-rig data, and showed very good agreement. These results also served as an 

input for FEA calculations and fatigue analysis, which are presented in a separate study. 

1.  Introduction 

The stochastic nature of production of new renewable energy technologies such as wind and 

photovoltaic has created the need for hydro power plants to be operated in a more flexible way to 

stabilise the grid. For Francis turbines, this increases number of hours at off-design conditions. At part 

load operation – typically between 50 % and 85 % of the optimal power of the turbine, the flow exiting 

the runner and, therefore, entering the draft tube has an increasing tangential component. This swirling 

flow creates instability in the flow field, and thus a helical vortex rope is formed in the draft tube cone. 

This vortex rope induces pressure fluctuations that can not only cause power swings but also increase 

fatigue loading on turbine components due to dynamic stresses. This vortex rope exists regardless of the 

presence of cavitation – however as already identified in the model tests conducted as a part of the 

Hyperbole project, the level of cavitation can have a dramatic effect on the pressure fluctuation levels 

as the natural frequency of the hydraulic circuit changes [1]. In a worst-case scenario, the excitation 

frequency of the vortex rope can match with the natural frequency of the test platform, and a resonance 

may occur. The same phenomena may occur on the power plant for possibly a different cavitation level 

and where the resonance can reach in rare cases an elevated level.  

To study the part load vortex rope two operating points were identified. These have been named PL1 

(corresponding to 80 % optimum discharge) and PL2 (corresponding to 64 % optimum discharge) 

respectively. Both were at rated head, and two different cavitation (sigma) numbers were chosen to study 

the influence of cavitation, as well as the accuracy of the CFD. 
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2.  Single-phase calculations 

2.1.  Numerical setup 

The part load vortex rope is a low frequency phenomenon – the rotation frequency is typically around 

0.25·f0, where f0 is the runner rotation frequency. Therefore, to have at least 10 revolutions of the vortex 

rope 40 runner revolutions are required. This necessitates a very large number of iterations during the 

CFD simulations. To achieve these numerical simulations in a practical timeframe a simplified 

computation domain was used. This domain neglected the spiral case and distributor. Instead a single 

guide vane was modelled upstream of the runner, using a prescribed flow angle at the domain inlet, and 

it was assumed that the flow was identical in each guide vane channel. The total number of mesh nodes 

used was 7.3 M (4.3 M in draft tube, 2.8 M in the runner and 0.2 M in the guide vane domain). To 

connect the guide vane domain with the runner, a stage interface therefore had to be used. This interface 

provides a circumferentially averaged flow field to the runner inlet, and therefore no effect of Rotor-

Stator-Interaction (RSI) was modelled. This simplification was deemed acceptable for this analysis as 

the vortex rope is the main source of excitation at part load. This simplification not only dramatically 

reduced the total mesh size, but by not modelling the RSI a larger time step could be used; this was 

necessary to simulate a long enough time to ensure convergence. The runner and the draft tube domains 

were coupled using a transient-rotor-stator interface. The mass flow rate was specified at the inlet of the 

guide vane domain, along with a constant flow angle. At the outlet of the draft tube a constant static 

pressure was applied. All wall conditions were set using a no-slip condition and a smooth roughness 

model. The SAS-SST turbulence model was selected. The time step used was equivalent to half a blade 

passage of rotation. This is a rather large value; it was however deemed sufficient due to the domain 

simplification previously described. 

2.2.  Results 

Initially a high cavitation number (sigma = 0.38) was investigated, where no cavitation was observed 

on profiles during the model test, and therefore single phase CFD could be used. The results showed 

discrepancies in prediction of both the torque and head values. This is mainly due to the spiral case and 

distributor not being considered, but also could be improved with mesh refinement. However, as the 

purpose of the study was to investigate the part load vortex rope, the velocity profiles in the draft tube 

cone were also compared with LDV measurements [2] in order to confirm that from a hydraulic 

perspective the correct operating point was being modelled. 

 

 
Figure 1: Time-averaged velocity profiles in the draft tube cone 

(red series = circumferential velocity, green series = axial velocity, solid line = CFD, Points = LDV measurements) 

 

This comparison is shown in Figure 1 for both part load operating points. An excellent agreement is 

observed between the CFD and experimental results, which confirms that the correct operating point 

was being modelled with a reasonable level of accuracy. It is also interesting to note that both the 

experimental and CFD results show a slight asymmetry in the flow field. The pressure fluctuations in 

the runner and draft tube were then analysed. Virtual pressure sensors were placed in the CFD model, 

in the same positions as on the scale model used for experimental measurements on the test rig. This 

included multiple sensors in the draft tube cone, elbow and liner, as well as on the runner blades. 
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Figure 2 shows the results for a sensor placed in the draft tube cone for both operating points. Comparing 

the CFD predictions with the experimental measurements a very good correlation is observed, the form 

of the time series matches well with the measurements, suggesting that the dynamics of the vortex rope 

is well predicted. The experimental signals show a higher frequency content, which was not expected in 

the simulation due to the relatively large time step used, and to the fact that the stage interface was used 

at the runner inlet. 
 

  
Figure 2: Pressure versus time and associated FFT analysis (ΔHRMS/Hn %) for PL1 (left) and PL2 (right)  

 

The pressure fluctuations measured by four rotating sensors mounted on the instrumented runner are 

shown in Figure 3. Two sensors were located on the pressure side of one blade close to the trailing edge 

and two others located on the suction side of one blade close to the trailing edge.  Looking at the results 

the CFD and experimental frequencies match, and the low frequency fluctuations are the signature of 

the part load vortex rope. The CFD does however appear to under predict the magnitude of the pressure 

fluctuations on the runner blades. 

 

 
Figure 3: Pressure sensors mounted on the instrumented runner for PL2 

(left: pressure side of blade, right: suction side of blade) 

 

This is made more evident on the pressure side sensors (left graph) where the RSI signal values are 

higher. Therefore, it is likely that this under prediction of the pressure fluctuations is due to the stage 

interface, and the large time step used. Further analysis of the on-board sensor measurements is detailed 

in [3]. 

3.  Multi-phase calculations 

Complimentary studies of this runner have shown that the cavitation number has a significant influence 

on the pressure fluctuations throughout the hydraulic system [1], [4] and [5]. At sigma = 0.16 there is a 

dramatic increase in the level of pressure fluctuations despite the cavitation volume being smaller than 
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at the plant sigma condition (plant sigma = 0.12). This is due to the natural frequencies of the hydro-

acoustic system and the turbine test-rig being equal at this point, and therefore resonance occurs. As this 

resonance is an interaction of the hydraulic circuit with the test rig circuit, it is not possible to model 

this phenomenon using only a CFD calculation of the single turbine, even with multiple phases. A 

representation of the test rig would be required in the simulation, and this could potentially be achieved 

by coupling a CFD calculation with a 1D hydro-acoustic model. Therefore, for the following CFD 

results this resonance point was avoided, and a cavitation number sigma = 0.12 was chosen, with this 

point corresponding to the plant value. 

3.1.  Numerical setup 

The numerical setup was the same as the single-phase calculations, except that a multi-phase model was 

implemented and that the static pressure at the outlet was adjusted iteratively until the correct cavitation 

number was calculated. For this study the homogenous cavitation model was used [6], such that the two 

phases shared a common flow field. This was deemed appropriate given that the high flows in the turbine 

would dominate the advective processes. The two phases were defined as water and water vapour 

respectively. The phase-change process was modelled using the Rayleigh-Plesset model. 

3.2.  Results 

Figure 4 shows a comparison of the visualized cavitating vortex rope and the CFD prediction. In the 

CFD calculation the vortex is visualized by two iso-volumes of the vapour volume fraction, with values 

of 10 % and 90 % used to capture the full extent of the cavitation volume. Comparing the two 

visualizations, the vortex rope has been well predicted in terms of the cavity shape. It was observed, by 

both CFD and the experiments, that as the vortex rope contacts the elbow wall, it collapses and travels 

upwards towards the runner. 

 

 
Figure 4: Comparing the observed vortex rope from laboratory observations (left) and CFD calculations (right). 

 

The time-averaged values of the pressure fluctuations in the draft tube cone and on the runner are shown 

in Figure 5 for both cavitation conditions (i.e. sigma = 0.12 and 0.35). Both calculations show good 

agreement with the experimental results, with the FFT results showing good coherence. For sigma = 

0.12 the cone sensors (left image) are particularly accurate, whereas for the embedded sensors the levels 

are slightly under predicted, as was the case for the first simulation in cavitation free conditions. 
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Figure 5: Cavitation number (sigma) influence on the pressure fluctuations (ΔHRMS/Hn %) in the cone (left) and 

rotating sensors mounted on the instrumented runner (right) for PL2– Points are CFD results, line series are 

experimental data 

4.  Conclusion 

Single and multi-phase CFD calculations were launched to investigate the part load cavitation vortex 

rope. The results were validated with standard integral values, LDV flow field surveys, and wall pressure 

sensors both on the stationary parts of the turbine model as well as the runner, all of which were 

measured as part of the Hyperbole project.  

For the case of hydro-acoustic resonance, the current methodology is not able to capture this 

phenomenon as the entire hydraulic circuit would need to be modelled [7], therefore two sigma values 

were chosen outside of this resonance – The first one at sigma = 0.38 and the second one at sigma = 

0.12, which corresponds to the plant value.  

A simplified computational domain was used to reduce the CPU time. The CFD predictions showed an 

excellent correlation with the experimental test rig measurements and was therefore capable to predict 

the complex phenomena of the part load vortex rope outside of the resonance condition.  

The influence of the cavitation number had little effect on the pressure fluctuations, and therefore a 

single-phase simulation would have been sufficient to predict the dynamic loads. However, other 

operating conditions may need to use multi-phase models if the phenomena are dependent on cavitation.  

This type of calculation allows us to not only gain an understanding of the hydraulic behaviour at off-

design conditions, but can also serve as an input to mechanical calculations so that the fatigue and runner 

lifetime can be evaluated [8].  
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