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Abstract 

The swirling flow developing in Francis turbine draft tube under part load operation leads to pressure fluctuations 
usually in the range of 0.2 to 0.4 times the runner rotational frequency resulting from the so-called vortex breakdown. 
For low cavitation number, the flow features a cavitation vortex rope animated with precession motion. Under given 
conditions, these pressure fluctuations may lead to undesirable pressure fluctuations in the entire hydraulic system and 
also produce active power oscillations. For the upper part load range, between 0.7 and 0.85 times the best efficiency 
discharge, pressure fluctuations may appear in a higher frequency range of 2 to 4 times the runner rotational speed and 
feature modulations with vortex rope precession. It has been pointed out that for this particular operating point, the 
vortex rope features elliptical cross section and is animated of a self-rotation. This paper presents an experimental 
investigation focusing on this peculiar phenomenon, defined as the upper part load vortex rope. The experimental 
investigation is carried out on a high specific speed Francis turbine scale model installed on a test rig of the EPFL 
Laboratory for Hydraulic Machines. The selected operating point corresponds to a discharge of 0.83 times the best 
efficiency discharge. Observations of the cavitation vortex carried out with high speed camera have been recorded and 
synchronized with pressure fluctuations measurements at the draft tube cone. First, the vortex rope self rotation 
frequency is evidenced and the related frequency is deduced. Then, the influence of the sigma cavitation number on 
vortex rope shape and pressure fluctuations is presented. The waterfall diagram of the pressure fluctuations evidences 
resonance effects with the hydraulic circuit. The influence of outlet bubble cavitation and air injection is also 
investigated for low cavitation number. The time evolution of the vortex rope volume is compared with pressure 
fluctuations time evolution using image processing. Finally, the influence of the Froude number on the vortex rope 
shape and the associated pressure fluctuations is analyzed by varying the rotational speed. 

Keywords: Francis turbine, cavitating vortex rope, High Speed Camera visualization, pressure fluctuations. 

1. Introduction 
The vortex rope precession frequency commonly corresponds to 0.2 to 0.4 times the turbine rotational frequency n, and may 

also induce pressure fluctuations in a higher frequency range between 2·n to 4·n, for high specific speed turbines at upper part load 
range as described by Fisher in 1980 [1], Dörfler in 1994 [2] and Jacob in 1996 [3]. Figure 1 presents a waterfall diagram of 
pressure fluctuations measured in the draft tube cone of a Francis turbine showing both part load pressure fluctuations and upper 
part load pressure fluctuations. Moreover, a ”shock phenomenon” may occur in the same operating range and induce structural 
vibrations due to vortex rope impacts on the draft tube wall as illustrated in  

Fig. 2 left, [2]. This shock phenomenon provides energy on a wide frequency range as illustrated in  
Fig. 2 right, [4], [5]. Upper part load pressure fluctuations may also leads to resonance between harmonics of the vortex rope 

and the test rig, [4]. In case of resonance, the pressure fluctuations in the range 2·n to 4·n can be found in the whole draft tube and 
at the spiral case inlet while the pressure fluctuations related to the vortex rope precession are restricted to the vicinity of the draft 
tube cone, see Fig. 3. Koutnik et al. [6] performed investigations for different rotational speeds but for the same operating point, 
i.e. assessing the Froude influence, and pointing out that the pressure fluctuations can occur even if the predominant amplitudes 
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are not found at a frequency being a multiple of the vortex rope precession. Therefore, the origin of these pressure fluctuations can 
not only be induced by the shock phenomenon. In addition, the physical modulation process was identified by Koutnik et al. [6] to 
be related to the elliptical shape of the vortex rope cross section observed on test rig at upper part load. The motion of the elliptical 
vortex rope at upper part load can be decomposed in precession movement with pulsation ωrope and the self rotation of the vortex 
rope with pulsation ωsr as it is illustrated in Fig. 4. Haban et al. [7] demonstrated that the elliptical shape of the vortex rope can be 
predicted by modal analysis of a simplified draft tube flow. Koutnik et al. [8] analyzed the influence of air injection and hydraulic 
circuit on the upper part load pressure fluctuations. The elliptical shape of the vortex rope was also investigated using PIV 
measurements by Kirschner et al. [9] on a simplified draft tube.  

 
This paper is a contribution to the analysis of the upper part load pressure fluctuations by means of high speed camera 

visualization with synchronized measurement of pressure fluctuations. First, the test case and related experimental apparatus is 
described. Then, image post processing is used to derive vortex rope diameter time evolution and to compare with to synchronized 
pressure fluctuations. The influence of both sigma cavitation number and Froude number are analyzed to show the interaction 
between the upper part load fluctuations and the hydraulic circuit. The influence of outlet bubble cavitation and air injection is 
also investigated. 

 
 

 
 

Fig. 1 Waterfall diagram of the pressure fluctuations measured at the downstream cone of the draft tube 
 
 
 
 

    
 

Fig. 2 Schematic representation of the “Shock phenomenon” (left) and the resulting pressure energy spectra in the inner part of 
the draft tube elbow (center and right), see [4] 
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Fig. 3 Pressure fluctuations measured along the draft tube in case of upper part load resonance with the test rig, see [5] 

 

        
Fig. 4 Elliptical vortex rope precessing in the draft tube cone at upper part load 

2. Case study and experimental apparatus 
Pressure fluctuations measurements with synchronized draft tube vortex rope visualizations are carried out on a scale model Francis 

turbine with specific speed ν=0.5 installed in EPFL test rig, see  
Fig. 5. The waterfall diagram of the pressure fluctuations in the draft tube cone are presented in  
Fig. 1. The operating point featuring upper part load pressure fluctuation at rated discharge of 83% of the best efficiency point is 

selected for the experimental investigation and the related operating conditions are summarized in Table 1. 
To perform the visualization of the vortex rope, a high speed camera Photron is used. The frame rate used for the investigation is 

4000 frames/seconds using a diaphragm aperture time of 1/4000 s and a number of 3600 frames per movie. The images are obtained 
with a resolution of 1024×512 pixels. The lighting is ensured by 2 continuous spot lights of 600 W each located at 45°of each side of 
the high speed camera as shown in  

Fig. 5. The Francis turbine scale model is equipped with 3 wall Quartz pressure transducers Kistler 701A measuring the unsteady part 
of the pressure. Two pressure transducers are located in the draft tube cone and the third one is located in the spiral case inlet, see  

Fig. 5. The synchronization between the pressure acquisition and the image records is ensured by the trigger of an oscilloscope. The 
oscilloscope is used to store one second time history pressure signal with a sampling rate of 12.5 kHz. In parallel, the pressure is 
recorded using an HP 3566A PC Spectrum/Network Analyser system but without synchronization with the camera. These 
measurements are used for the representation of the waterfall diagram of the pressure fluctuations obtained by the averaging of 8 
pressure amplitude spectra based on 4 seconds pressure time history with a sampling rate of 256 Hz. 

 
Table 1 Parameter of the scale model Francis turbine and investigated operating point 

Specific speed of the machineν  
[-] 

BEPϕϕ /  
[-] 

BEPψψ /  
[-] 

N 
[rpm] 

GVO 
[°] 

0.50 0.832 1.00 700 21.5 

sr

sr
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Fig. 5 Scale model installed on the EPFL test rig with high speed camera visualization 
 

3. Influence of the cavitation number 
The influence of the cavitation number σ, is analyzed for the operating point of Table 1 by considering 6 different cavitation 

numbers varying from σ = 0.1 to 0.3 and keeping the Froude number constant. The operating parameters as well as the 
observations are reported in the Table 2. 

 
 

Table 2 Operating parameters for the influence of the cavitation number σ 
N° σ  [-] Froude Number [-] N [rpm] Observation 

1 0.30 8.47 700 Hydroacoustic resonance,  
strong vortex rope shock on draft tube wall 

2 0.26 8.47 700 Random hydroacoustic resonance,  
vortex rope shock on draft tube wall 

3 0.22 8.47 700  
4 0.18 8.47 700  
5 0.14 8.47 700 Low outlet suction side bubble cavitation 
6 0.10 8.47 700 Strong outlet suction side bubble cavitation 

 
 

The pressure fluctuations measured at the upstream cone, downstream cone and spiral case for the 6 different operating points are 
presented in Fig. 6 as a waterfall diagrams. It can be noticed that the frequency of the pressure fluctuations in the range of 1 to 3 times 
the rotational speed increases with the cavitation number, similar to [4]. The frequencies and amplitudes related to the upper part load 
pressure fluctuations are reported in Fig. 7. The frequency increases almost linearly with the cavitation number while the amplitude of 
the pressure pulsations rises quickly up to 2.5% of the specific energy E for σ = 0.3. The amplitudes of pressure fluctuations for this 
cavitation number are similar for the 3 pressure transducers. In addition, strong mechanical vibrations and noise were noticed during 
the measurements. The shock phenomenon was also strongly present for these operating conditions. Thus, this operating point 
corresponds to the resonance between the vortex rope pressure fluctuations at f/n=~3 and the whole test rig. 

 
Figure 8 left presents pictures of the vortex rope extracted from the movie synchronized with the pressure measurements represented 

on the top of the figure. This figure depicts the elliptical shape of the vortex rope self rotating at the pulsation ωsr and precessing with a 
pulsation ωrope for the resonance operating conditions, i.e. σ = 0.3. The five successive pictures extracted from the movie correspond to 
one period of the pressure fluctuations of interest T*; from t = to to t = to + T*. The influence of the pressure fluctuations on the 
dimensions of the vortex rope appears clearly, as for t = to, when the pressure is high, the vortex rope features small diameter while the 
diameter is the highest for t = to + T*/2 when the pressure is the lower. This pressure dependency is identical for the 6 operating points, 
see Nicolet [10]. Figure 8 right presents the same results for cavitation number σ = 0.22 where it can be noticed that, as expected, the 
mean diameter of the vortex rope increases as the cavitation number σ decreases. Moreover, the pressure fluctuations feature smaller 
amplitudes and a random like pattern. By analyzing the pictures of Fig. 8 it is found in agreement with Koutnik et al. [6], that the 
pulsation of the self rotation of the elliptical vortex rope ωsr is half the pulsation of the measured pressure fluctuations ω*. Therefore, 
the combination between the rope precession ωrope and the pressure fluctuations associated with the self rotation of the rope ωsr 
illustrated in Fig. 4, leads to the modulation process already described by Arpe [11]. The elliptical shape of the vortex rope makes 
apparent the non-uniformity of the pressure distribution in the cross section of the cone which is portrayed in Fig. 9. Consequently, if 
the elliptical vortex rope rotates with the pulsation ωsr, the associated pressure fluctuation features a pulsation of ω*= 2 · ωsr. 
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Fig. 6 Waterfall diagram of the pressure fluctuations measured at the downstream cone (left), upstream cone (center) and the 

spiral case (right) as function of the frequency and cavitation number 
 

 
Fig. 7 Evolution of the frequency and amplitude of the pressure pulsations as function of the cavitation number at the 

downstream cone 
 
 
 

  
 

Fig. 8 Evolution of the vortex rope development for operating point N°1(left) and operating point N°2 (right), see Table 2 
 
 
 

 
Fig. 9 Elliptical vortex rope with associated pressure distribution 

sr
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4. Influence of outlet cavitation and air injection 
Figure 10 presents the pictures of the vortex rope with the related synchronized pressure fluctuations for the operating points 

N°4 and N°5 obtained respectively with cavitation number σ=0.18 and σ=0.14, see Table 2. It can be noticed that the reduction of 
the cavitation number from σ=0.18 to σ=0.14 induces outlet bubble cavitation on the suction side evidenced at t=to+T*/2 of 
operating point N°5, see  

Fig. 10 right. This cavitation also induces additional high frequency pressure fluctuations visible on the downstream and 
upstream cone pressure time history. Moreover, the appearance of outlet bubble cavitation induces a strong reduction of pressure 
fluctuation amplitudes associated with the vortex rope self rotation as it is illustrated in Fig. 7 with an amplitude reduction from 
1% to 0.2% of the specific energy E. To confirm the effect of outlet bubble cavitation on the pressure fluctuations associated with 
the vortex rope self rotation, air was injected at the turbine for the operating point N°4. The resulting effect on cavitation and 
pressure pattern is visible in Fig. 11 and can be compared with the results presented without air injection in  

Fig. 10 left. The increase of the cavitation nuclei content in the bulk flow originating from the upstream air injection promotes 
runner outlet bubble cavitation. Then, a strong decrease of the pressure fluctuation at the vortex rope self-rotation is observed 
while high frequency pressure fluctuations due to the bubble cavities appear. With air injection, the frequency of these pressure 
fluctuations is also decreasing to a value close to the value obtained when the cavitation number is reduced to σ=0.14. The 
positive effect of air injection was also reported by Koutnik et al., see [8]. This positive effect may be either attributed to (i) a 
modification of the hydraulic system natural frequencies due to a higher cavitation volume or air content, and thus leads to a 
mistuning with the excitation source frequency, or (ii) to a draft tube flow distortion induced by the outlet bubble cavitation 
affecting the excitation mechanism. 

With respect to the second hypothesis, on prototype, it is expected to have more developed outlet bubble cavitation than on the 
model due to higher air content and to higher head, see Henry et al. [12] and Gindroz et al. [13]. Therefore, it could be suspected 
that the prototype features outlet bubble cavitation which is not present on model tests that would help mitigating the upper part 
load pressure fluctuations in the range from 1 to 3 times the rotational speed. This hypothesis is also well correlated with the fact 
that Fischer et al. [1] and Koutnik et al., see [8] are mentioning that the upper part load pressure fluctuations problems were not 
reported on prototype so far. Since then, upper part load pressure fluctuations have been reported on prototype and fixed by using 
another runner design, i.e. another draft tube flow, see Shi [14]. However, more investigations would be required to clearly 
understand the positive effect of air injection. 

 
 

  
 

Fig. 10 Evolution of the vortex rope development for operating point N°4(left)                            
and operating point N°5 (right), see Table 2 
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Fig. 11 Vortex rope development for operating point N°4 with air injection,                              

σ=0.18 and Fr=8.47, see Table 2 
 
 
 

Moreover, the complex flow structure at the runner outlet is evidenced by the modification of the cavitation development during 
pressure variations obtained for the operating point N°5, see  
Fig. 10 right. Figure 12 presents a schematic view of the cavitation structure at the runner outlet featuring small cavitating vortices 
attached to the runner cone and rotating on themselves at the pulsation ω2, while the vortex rope self-rotation at the pulsation ωsr 
appears to be made of two vortex ropes animated with a self-rotation ω1. 
 
 
 

 
 

Fig. 12 Vortex rope structure for the operating point N°5 with σ=0.14 and Fr=8.47, see Table 2 

ωsr
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5. Vortex rope volume time evolution 
The influence of the pressure fluctuations on the vortex rope volume is analyzed by post processing the images of the movie related 

to operating point N°1 with σ = 0.3. The post processing methodology is described in  
Fig. 13. First, a part of the image focusing on the vortex rope is extracted. Then, the image is filtered in order to obtain black and 

white image of the vortex rope. The black area of the image Ab and the white area of the image Aw are computed in terms of pixels 
enabling to compute the ratio of white area as Aw/(Aw+Ab). This ratio is representative of the vortex rope diameter. This image 
processing is carried out for all the 3600 images of the movie of operating point N°1 with σ = 0.3 and are presented as function of time 
in Fig. 14 left. The pressure fluctuation time history is presented in this figure and synchronized in time with the time evolution of the 
vortex rope volume using the camera start trig. It can be noticed that, as identified from Fig. 8, the volume of the vortex rope is always 
maximum when the pressure is minimum and vice versa. The period of the pressure fluctuations T* and the period of the vortex rope 
precession Trope can be clearly identified. Moreover, the ratio of white area calculated from image processing is represented as a 
function of the pressure in the draft tube and in spiral case for one period of pressure fluctuation T* in Fig. 14 right. It can be noticed 
that the curves related to the pressure in the cone feature breathing like pattern and describe surfaces counter-clockwise indicating that 
the vortex rope is providing energy to the hydraulic system and behaves as an energy source, [6]. Similar self excitation pattern can be 
found in case of full load operation where the diffuser effect of the draft tube geometry has been found to play a strong role, see [15]. 

 
 

 
 

Fig. 13 Image post processing for vortex rope volume time history determination 
 
 

 
Fig. 14 Time evolution of the vortex rope area and synchronized pressure fluctuations (left)  

and vortex rope area versus pressure (right) 

6. Influence of the Froude number 
The operating conditions chosen for the investigation of the influence of the Froude number are identical as the previous operating 

point in terms of discharge coefficient and specific energy coefficient given in Table 1, but the cavitation number is kept constant and 
equal to σ = 0.30 in order to focus on the conditions of resonance of the test rig. The Froude number is given by 

refref LgCFr ⋅=  
which can be expressed, considering the reference velocity as ECref = as follows: 

 

 refLHFr =                     (1) 
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The Froude number affects the distribution of cavitation in the flow as it determines the pressure gradient relatively to the size of the 
machine. The relation between the position of the vapor pressure pv can be expressed as a function of the Froude number, see Franc et 
al. [16], neglecting Reynolds effects, assuming the same cavitation number σ as a function of the reference position Zref as follows: 

 

 
2

2

2
1

2

1

Fr
Fr

ZZ
ZZ

ref

ref =
−

−       (2) 

 
The Froude number being usually smaller on prototype than in the model, the elevation of the position of the cavitation is higher on 

prototype than in the model, [16], and [17]. Due to the difference of Froude numbers, the vortex rope on scale model is more narrow 
and longer than on prototype as illustrated in Fig. 15, see Dörfler [18].  

 
For these investigations, four different values of the Froude number are taken into account and are obtained by varying the rotational 

speed of the turbine. The operating conditions considered for this investigation are presented in the Table 3. The wall pressure 
fluctuations measured at the downstream cone, upstream cone and spiral case are presented as function of the frequency and Froude 
number in Fig. 16 as waterfall diagram. 

 
Fig. 15 Difference of the cavitation development between model (M) and prototype (P) due to difference in Froude numbers 

 
Table 3 Operating conditions for the influence of the Froude number 

N° σ  [-] Froude Number [-] N [rpm] Remark 
1 0.30 8.47 700 Hydroacoustic resonance,  

and mechanical vibrations 
7 0.30 7.86 650 Hydroacoustic resonance,  

and mechanical vibrations 
8 0.30 7.26 600 Low hydroacoustic resonance,  

and mechanical vibrations 
9 0.30 6.64 550 Low hydroacoustic resonance,  

and mechanical vibrations 
 

First, it can be noticed from the observations of Table 3 that hydroacoustic resonance and mechanical vibrations are observed for all 
tested conditions, even if the level of resonance and related vibration were lower for lower values of the Froude number. This is partly 
due to the fact that decreasing the Froude number leads to a reduction of the specific energy and therefore of the absolute magnitude of 
the pressure fluctuations. However, as it is reported by the waterfall diagram of Fig. 16, the relative amplitudes of pressure fluctuations 
is also reducing when the Froude number is decreasing. Figure 17 represents the amplitude and frequency of the pressure pulsations of 
interest as function of the Froude number. It can be noticed that the frequency of the pressure pulsations are proportional to the runner 
rotational speed, in accordance with Koutnik et al. [8], and that the amplitudes are of the same order of magnitude for the values of 
Froude equal to Fr = 8.47 and 7.86, while they are divided at least by a factor 2 for Fr = 7.26 and 6.64. The reason is that the resonance 
phenomenon features more random behaviour for Fr = 7.26 and 6.64 than for Fr = 8.47 and 7.86, as it is illustrated in Fig. 18. 

 
No visualizations of the vortex rope are presented here as the shape of the vortex rope was not very much affected by the Froude 

number, at least in the range of tested Froude values, and therefore does not affect significantly the wave speed in the draft tube. It 
means that the eigen frequencies of the test rig, including the turbine and the draft tube, are not strongly affected by the change of the 
Froude number in the tested range. Then changing the rotational speed of the runner results in a mistuning between the excitation 
source, illustrated by the vortex rope self-rotation, with associated pressure pulsation ω*, and the eigen frequency of the full hydraulic 
system. It results in a situation where there is no more strict resonance but random resonance. This means that the observed 
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phenomenon is really of the resonance type. Similar conclusions have been found by Koutnik et al. [6] who found also a small part of 
self-excitation observing the pressure versus rope volume dependence. 

 
The modulation process between the vortex rope precession and the pressure associated with self-rotation of the vortex rope, frope and 

f* respectively, is illustrated by the amplitude spectra measured for Fr = 7.86. Therefore, the time plots and related amplitude spectra 
are represented in Fig. 19 where it can be clearly seen that modulation between the two dominant pulsations leads to amplitudes in the 
spectrum for f = f*±frope, f* ±2 · frope, f* ±3 · frope, etc and for f = 2 · f* ±frope, f*±2 · frope, f*±3 · frope, etc. It can be noticed that in this case, 
the self rotation of the vortex rope does not corresponds to a multiple of the vortex rope precession frequency: f*=7.5· frope. 

 
 

 

 
 

Fig. 16 Waterfall diagram of the pressure fluctuations at the downstream cone (left), upstream cone (center) and the spiral case 
(right) as function of the frequency and Froude number for σ = 0.3 

 
 
 

 
Fig. 17 Evolution of the frequency and amplitude of the pressure pulsations as function of the Froude number at the 

downstream cone for σ = 0 
 
 
 

 
Fig. 18 Pressure fluctuations time history obtained in downstream cone, upstream cone and spiral case 

 for σ=0.3 with Fr=8.47 (left) and Fr=7.26 (right) 
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Fig. 19 Modulation of the pressure pulsation at the vortex rope precession frequency frope                        

and pressure pulsation f* for σ = 0.3 and Froude =7.86 

7. Conclusion 
An experimental investigation on a reduced scale Francis turbine of specific speed ν = 0.5 was performed using wall pressure 

measurements synchronized with movie recording. The upper part load is characterized by pressure pulsations in the range of f/n = 
1 to 3. The flow visualizations with simultaneous pressure measurements show that the vortex rope features an elliptical cross 
section and that the vortex rope is self rotating at a frequency half of pressure fluctuations of interest. This particular structure of 
the flow leads to modulation of the pressure fluctuations related to the vortex rope precession and of the pressure fluctuations of 
interest. 

For low cavitation number, it has been found that the amplitudes of the pressure fluctuations in the range f/n = 1 to 3 reduces 
drastically when outlet bubble cavitation develops. The same positive effect can be obtained by upstream air injection that reveals 
outlet bubble cavitation for a higher cavitation number. 

Image processing enabled to point out that the vortex volume is changing according to pressure and features breathing like 
pattern and behaves as an excitation source. The pressure fluctuations appear to be strongly linked to the cavitation number and 
therefore resonance conditions are commonly encountered during model tests when the excitation source of the vortex rope in the 
range of f/n = 1 to 3 matches the hydraulic system eigen frequencies. The Froude investigation shows that the pressure fluctuation 
frequency is proportional to the rotational speed, and therefore the draft tube flow behaves as an excitation source but with 
excitation frequencies above the rotational speed. 

As shown in this paper, the upper part load pressure fluctuations is a complex phenomenon that will require more experimental 
and numerical investigations to be understood as it features different aspects such as vortex rope precession, vortex rope self 
rotation, pressure fluctuations modulation process, shock phenomenon, interaction with the hydraulic system and possible 
resonance and breathing like pattern pointing out energy source pattern. 
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Nomenclature 
A  
C  
E  
Fr  
H  

refL  
N  
Q  

refR  
T  
Z  
f  

ropef  
*f  

 

Image area, pixels 
Absolute mean flow speed, m/s, C Q A=  
Machine specific energy, J/kg, 1 2E gH gH= −  
Froude number, 
Head, m 
Reference length, m 
Rotational speed, rpm 
Flow rate, m3/s, Q C A= ⋅  
Machine reference radius, m 
Period, s 
Elevation, m 
Frequency, Hz, Tf 1=  
Frequency of the vortex rope precession, Hz 
Frequency of the vortex rope self rotation pressure 

   fluctuations, Hz 

n  
p  

vp  
g  
ρ  
ϕ  
ψ  
ν  
ω  

ropeω  
 

*ω  
 
σ  
BEP 

Runner rotational frequency, Hz  
Pressure, Pa. 
Vapor pressure, Pa 
Gravity acceleration, m/s2 

Water density, kg/m3 
Discharge coefficient,  

3
refQ Rϕ πω=  

Specific energy coefficient, 
2 22 refE Rψ ω=  

Machine specific speed, 
1/ 2 3/ 4ν ϕ ψ=  

Pulsation, rad/s 
Pulsation of the vortex rope precession,  

   rad/s 
Pulsation of vortex rope self rotation  

   pressure fluctuations, rad/s 
Cavitation number, ( ) 22/1 refvref Cpp ρσ −=
Best efficiency point 
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