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Summary 
 

 

Renewable energy sources have been on an ever-increasing rise in popularity for their 

characteristics such as sustainability, environment-friendliness, and accessibility. 

However, sources such as solar and wind possess some inherent shortcomings. The most 

critical inabilities of these sources are their intermittency and relatively high response 

time, which make their regulation and adaptation to the demands of the market rather 

challenging. In this regard, the role of hydropower is starting to shift to a clean energy 

source used to regulate the electricity production of other intermittent sources due to its 

fast response. However, this implies the more frequent operation of hydraulic turbines at 

off-design conditions such as part-load, high-load, and speed-no load. 

Part load operating condition is followed by the formation of a rotating vortex rope (RVR) 

in the discharge section of the turbine. The precession of the RVR induces pressure 

oscillations that lead to vibrations in the entire conduit reducing the life expectancy of the 

turbine and compromising its performance.  

Various methods have been proposed to alleviate the adverse effects of the RVR through 

manipulating its underlying physics. These mitigation techniques can be categorized into 

active and passive methods depending on whether they require energy usage or not. The 

present body of work contains investigations conducted at Luleå university of technology 

to mitigate the RVR by insertion of cylindrical rods inside the draft tube. 

Experiments were conducted on two different setups to examine the concept of RVR 

mitigation by radial insertion of four cylindrical rods inside the draft tube. First, periodic 

protrusion of the four rods was investigated at different depths for three different 

azimuthal configurations. The mitigating effects were studied based on time-resolved 

pressure measurements on the walls of the draft tube. Significant reductions of RVR 

rotating mode amplitude were achieved with maximum mitigation of 62%. However, the 

plunging mode of the RVR pressure amplitudes increased with the periodic protrusion of 

the rods. Next, stationary protrusion of the rods was investigated for different protrusion 

lengths ranging from 0% to 90% of the draft tube radius. Similar to periodic protrusion 

experiments, different levels of mitigation were obtained depending on the depth of 

protrusion. However, in both series of experiments, an optimum length was obtained 

where the highest mitigation occurred before reaching the maximum protrusion. These 



 
 

results validate the hypothesis that the highest mitigation is achieved in the present 

method when the rods are in contact with the RVR structure. 

 



 
 

 

 

 

Appended Papers 

 

Paper A 

“Mitigation of Draft Tube Pressure Pulsations by Radial Protrusion of Solid 

Bodies into the Flow Field: An Experimental Investigation” S. Shiraghaee*, J. 

Sundström, M. Raisee and M. J. Cervantes (2021), In conference proceedings 

(30th IAHR Symposium on Hydraulic Machinery and Systems, March 2021). 

Abstract: An experimental investigation of frequential protrusion of four solid rods into 
the draft tube of a propeller turbine operating under partial discharge has been 
undertaken. The effectiveness of mitigating the pressure fluctuations associated with the 
rotating vortex rope (RVR) has been quantified using pressure measurements on the wall 
of the draft tube cone. Three azimuthal configurations of the phase difference between 
the rods, and four protrusion lengths were investigated. It is shown that the rotating 
component of the RVR decreases, irrespective of the azimuthal configuration and 
protrusion length, with imposed phase differences in the same direction as the runner 
rotation being the most effective, reducing the amplitude of the rotating component by a 
maximum of 62%. However, for each azimuthal configuration, the plunging mode of the 
RVR is amplified for large protrusion lengths, with the smallest amplification occurring 
for the case of 180 degrees phase difference between protrusions. Therefore, to quantify 
the most efficient configuration in mitigating the harmful effects of the RVR, an overall 
assessment of its effects on the entire turbine must be made before a conclusion can be 
drawn. 

 

 

 

 



 
 

Paper B 

“An experimental investigation on the effects of cylindrical rods in a draft tube 

at part load operation in down-scale turbine” S. Shiraghaee*, J. Sundström, M. 

Raisee and M. J. Cervantes (2022), In conference proceedings (31st IAHR 

Symposium on Hydraulic Machinery and Systems, June 2022). 

Abstract: The present work examines the effects of the radial protrusion of four 

cylindrical rods at different lengths within the flow field of a down-scaled turbine draft 

tube under part-load operating conditions. Four rods were placed on the same plane 90 

degrees apart. The protrusion length was varied from zero to approximately 90 % of the 

draft tube radius. Time-resolved pressure measurements were performed to quantify the 

effect of the rod protrusion, using two pressure sensors at the same vertical level 180 

degrees apart. Such sensor configuration enabled the decomposition of the signals into 

rotating and plunging components of the rotating vortex rope (RVR). The results show 

that different levels of mitigation are achieved for the rotating and plunging components 

depending on the protrusion length. The effects on the plunging component differ from 

the ones on the rotating component. The RVR plunging pressure pulsations slightly 

increase with the initial rod protrusion and then significantly drop after a certain length. 

On the contrary, the rotating component of the pressure pulsation amplitudes 

immediately decreases with the onset of rod protrusion. However, an optimum length is 

obtained in both cases where the highest mitigation occurs before reaching the maximum 

protrusion. This observation falls in line with the previous investigations conducted for 

oscillatory rod protrusions, further approving the point that a closed-loop controller 

should accompany the mitigation technique to achieve optimum mitigation. 
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Abstract. An experimental investigation of frequential protrusion of four solid rods into the 

draft tube of a propeller turbine operating under partial discharge has been undertaken. The 

effectiveness of mitigating the pressure fluctuations associated with the rotating vortex rope 

(RVR) has been quantified using pressure measurements on the wall of the draft tube cone. 

Three azimuthal configurations of the phase difference between the rods, and four protrusion 

lengths were investigated. It is shown that the rotating component of the RVR decreases, 

irrespective of the azimuthal configuration and protrusion length, with imposed phase 

differences in the same direction as the runner rotation being the most effective, reducing the 

amplitude of the rotating component by a maximum of 62%. However, for each azimuthal 

configuration, the plunging mode of the RVR is amplified for large protrusion lengths, with the 

smallest amplification occurring for the case of 180 degrees phase difference between 

protrusions. Therefore, to quantify the most efficient configuration in mitigating the harmful 

effects of the RVR, an overall assessment of its effects on the entire turbine must be made 

before a conclusion can be drawn. 

Keywords: hydraulic turbines, part load, rotating vortex rope, pressure pulsations, RVR 

mitigation, solid-body protrusion 

1. Introduction 

The increasing implementation of intermittent energy sources for electricity production -such as solar 

and wind- along with their inherent inability in adapting to the variable electricity demands have 

drawn attention over the last few years [1]. One solution to this growing concern is to employ 

hydropower in order to stabilize grid network due to their flexibility and quick response [2]. This 

dictates an increasing operation of hydraulic turbines at off-design conditions including part load. 

During part load operation, the decelerated swirl inside the draft tube of hydraulic turbines leads to 

vortex breakdown, and the consequent precessing vortex otherwise known as rotating vortex rope 

(RVR) induces pressure fluctuations which can cause efficiency losses and acoustic resonance [1-3]. 

The RVR forms around a stagnant region resulting from the interactions between the latter and the 

swirling flow present on its periphery. It rotates at a frequency of 0.2 to 0.4 that of the runner [4].  



 
 
 
 
 
 

Although investigations carried out in characterizing this phenomenon are quite abundant, attempts 

made to mitigate the effects of the RVR are comparatively fewer. These mitigation techniques can be 

generally categorized into active -where energy is required in the application of control- and passive -

where no external energy source is required- control methods [5]. Active methods include air or water 

injections along with the eventual implementation of a feedback system, whereas passive methods 

include geometrical modifications, baffles, and installation of fins or plates inside the draft tube. 

The effect of fins on pressure fluctuations caused by draft tube surge of a Francis turbine was 

investigated experimentally by Nishi et al. [6]. They observed a decrease in the amplitude of the 

pressure oscillations while the frequency of the rotating vortex slightly increased. Their results also 

showed that the installation of fins does not always lead to mitigation of pressure fluctuations. In some 

cases, it even intensified the resonance between the frequency of the cavitating vortex rope and the 

natural frequency of the draft tube vibration system which is stated to be the source of these pressure 

oscillations. In a combined numerical and experimental study, Zhou et al. [7] investigated installation 

of baffles in two, three, and four-baffle arrangements. The results indicated the ability of this method 

in alleviating draft tube pressure pulsations at part load with the four-baffle arrangement being the 

most effective. When using the baffles, they observed a notable shrinkage of the dead-water stagnation 

zone along with an increase in the axial component of the velocity along the baffles. The mitigating 

effect of the baffles was attributed to the reduction of tangential velocity, hence preventing the 

development of a strong swirling flow. Tanasa et al. [8] introduced a novel passive technique that 

adjusts the circular cross section area at the outlet of a conical diffuser by means of a diaphragm 

mechanism. They succeeded to mitigate the rotating component of the pressure fluctuations associated 

with the RVR, whereas the plunging mode slightly increased in their experiments after applying the 

flow control. In addition, the installation of a diaphragm improved the pressure recovery along the 

wall of the conical diffuser. At higher diaphragm shutter area ratios, the RVR transforms into bubble 

form which is considered to be less harmful [9].  

Active flow control has also been investigated through the years. Resiga et al. [10] injected water from 

the tip of runner crown to mitigate part load pressure fluctuations. Recognizing vortex breakdown as 

the main source of draft tube pressure fluctuations at part load, they suggested that this source should 

be the focus of mitigation methods, hence injecting the water into the vortex region. Doing so, they 

alleviated the severe pressure fluctuations in their simulations by at least one order of magnitude. 

Bosioc et al. [11] conducted experiments on axial water injection through runner crown and analyzed 

the results based on collecting pressure signals at different locations in the draft tube. They concluded 

from pressure measurements that injecting axial water from runner crown leads to an improved 

pressure recovery and reduced pressure fluctuations at part load operation. In a numerical 

investigation, Javadi and Nilsson [12] studied the mitigating effects of slot jet injection from different 

locations and with different angles on runner crown. Given the influence of the runner on the 

formation of the separation region and ultimately the vortex rope, they assumed that a proper 

mitigation strategy ought to address the problem at locations more upstream in order to prevent vortex 

breakdown. They concluded that the jet opposite to the rotating direction of the vortex rope is the most 

effective. The tangential component of the slot jet was found more important in mitigating the pressure 

pulsations compared to the axial component. Another widely investigated active method to tackle the 

problems associated with the RVR is the introduction of air into the draft tube [13-16]. Aeration can 

take place either through the runner cone, or the discharge ring ultimately leading to the alleviation of 

pressure fluctuations inside the draft tube [17]. Aeration from the runner crown causes an increase of 

vortex core pressure and a change of RVR structure in some cases [18]. 

In the present study, mitigation of part load RVR is experimentally investigated on a down-scaled 

model propeller turbine through radial protrusion of solid bodies into the flow field. The basic idea is 

to manipulate the shear layer at the interface between the stagnant region and outer swirling flow with 

sinks and sources. Four rods placed perpendicular to the draft tube and 90 degrees separated from one 

another are protruded periodically at four different lengths and three different azimuthal modes. The 

aim is to assess the mitigating effects of the disturbances introduced by the rods and their periodic 

motion on the swirling flow region, the stagnant region, and the interface between them. The 



 
 
 
 
 
 

subsequent effects are compared by means of transient pressure measurements that are conducted at 

two locations 180 degrees apart on the periphery of the draft tube. 

2. Material and method 

The measurements were carried out on a down-scaled model propeller turbine with a runner outlet 

diameter D= 88 mm. The distributer in the spiral casing comprises 6 guide vanes that direct the flow 

to a runner composed of four fixed blades. At the runner outlet, a square aluminium block with an 88 

mm circular hole in its center was installed to carry the reciprocating motion of the rods and facilitate 

the RVR mitigation. Four LinMot ps01-23x80 linear motors were installed on the sides of the 

aluminium block as schematically displayed in Fig.1.  

 
Figure 1 Schematic view of the aluminum block 

mounted on the draft tube cone with the linear motors. 

The rods with a diameter of 6 mm attached to the linear motors protruded into the flow in a periodic 

motion through holes that had been drilled on the sides of the aluminium block 1.25D downstream of 

the runner. Three azimuthal configurations of the rod protrusion were investigated in these 

experiments; M=-1 in which each rod  moves with a phase difference of 90 degrees with its 

neighboring rod in the same direction as the runner, M=1 in which the rods acts with a phase 

difference of 90 degrees with its neighboring rod in a direction opposite to the rotation of the runner, 

and M=2 in which the rods acts with a phase difference of 180 degrees to their neighboring rods. 

These configurations are displayed schematically in Fig.2. Four different protrusion lengths were 

investigated for each azimuthal configuration: L=10 mm, L=20 mm, L=30 mm, and L=40 mm. The 

largest protrusion length corresponds to the case when the rods meet almost in the center of the draft 

tube cone. 

 
Figure 2 Different azimuthal configurations. 

 

Upon exiting the aluminum section, the flow enters an elbow-type conical draft tube that has an 

expansion angle of 11 degrees. A pump installed in the open circuit provides a flowrate of up to 6 𝑙 𝑠⁄ . 



 
 
 
 
 
 

A Bull Electric MD90/130LDH generator was used to control the load and rotational speed on the 

turbine.  

2.1. Instrumentation and data reduction  

The effectiveness of using rod protrusion for RVR mitigation was quantified by pressure 

measurements in the draft tube cone in the presence and absence of the flow control. Two PCB 

113B28 piezoelectric pressure transducers were flush mounted at approximately 2D downstream of 

the runner facing one another on the draft tube wall. Such installation allows the decomposition of the 

pressure signals into a plunging and rotating mode as proposed by Bosioc et al. [11] based on the 

following equations: 

                                          
𝐴1+𝐴2

2
= 𝑃𝑆                                      (1) 

                                          
𝐴1−𝐴2

2
= 𝑃𝐴                                          (2) 

where 𝐴1 and 𝐴2 are the pressure amplitudes collected by the two transducers.𝑃𝑆 and 𝑃𝐴 are the 

synchronous and asynchronous modes of the pressure signals associated with the plunging and 

rotating component of the RVR, respectively. The above equations yield the rotating and plunging 

components of the RVR that are attributed to the presence of RVR and the draft tube elbow, 

respectively. 

 A Fischer DE28 differential pressure transducer was used to observe the pressure difference across 

the turbine, and a Coriolis flow meter was employed to measure the discharge in the circuit. To 

measure the rotational velocity and the torque of the runner, an optical revolution sensor along with a 

Honeywell FSG15N1 load cell were utilized, respectively. 

The signals were recorded using a National Instruments (NI) PXI-4472 analog to digital converter 

(ADC) with a resolution of 24 bits, at a sampling frequency of 2 kHz. The operating condition chosen 

for the experiments was a flowrate of 4.5 𝑙 𝑠⁄  at a guide vane opening angle of 19 degrees. This 

operating point was found to be the most repeatable in terms of pressure fluctuation amplitudes and 

frequency of the RVR. At this operating condition, the runner rotated at a frequency of  24.9 Hz with a 

corresponding  RVR dimensionless frequency of  0.35, i.e., within  the limit stated by Nishi et al. [4]. 

The procedure for each measurement consisted of two consecutive 30 s periods where in the first 

period, the flow control system was inactive, and the rod tips were flush mounted on the inner surface 

of the draft tube cone. In the following 30 s period, the linear motors were activated, protruding into 

the flow field at a frequency equal to that of the undisturbed RVR and the defined length and 

azimuthal configuration. The measurements were repeated up to 10 times to make sure of the 

repeatability of the results, and the spread achieved for the amplitude reduction of the RVR-related 

pressure fluctuations were below 15%. 

 

3. Results  

The results of the experiments performed are presented in the following based on each of the 

azimuthal protrusion configurations. 

3.1. Configuration M=-1 

The Fourier spectra for one repetition of the measurements with and without protrusion are displayed 

in Fig.3 and Fig.4 for rotating and plunging components, respectively. The results feature the 

amplitude of pressure fluctuations (in Pa) against the frequency 𝑓∗ made dimensionless with respect to 

runner rotational frequency 𝑓𝑛. 



 
 
 
 
 
 

 
Figure 3 Fourier spectra of the rotating component of pressure signals without rod 

protrusion and with rod protrusion at different lengths for M=-1. 

 
Figure 4 Fourier spectra of the plunging component of pressure signals without rod 

protrusion and with rod protrusion at different lengths for M=-1. 
 

A notable characteristic of the undisturbed RVR is the dominance of the rotating mode over the 

plunging mode, with the amplitude of the former being an order of magnitude larger than the latter. 

The effectiveness by which the rotating component can be mitigated displays a clear dependence on 

the protrusion length, which does not follow a linear pattern. The amplitude of the rotating component 

of the RVR decreases by 26% for a rod protrusion of L=10 mm while the plunging component does 

not change significantly. At L=20 mm, the rotating component drops by 62%, the highest mitigation in 

this arrangement, while the plunging mode begins to amplify. Further increase of the protrusion length 

leads to slight amplification of the plunging mode whereas the amplitude of the rotating component 

decreases for L=30 mm and L=40 mm by 52% and 50%, respectively. 



 
 
 
 
 
 

3.2. Configuration M=1 

The corresponding Fourier spectra for each case with and without the flow control application are 

represented in Fig.5 and Fig.6 for rotating and plunging component, respectively. 

 
Figure 5 Fourier spectra of the rotating component of pressure signals without rod 

protrusion and with rod protrusion at different lengths for M=1. 

 

 
Figure 6 Fourier spectra of the plunging component of pressure signals without 

rod protrusion and with rod protrusion at different lengths for M=1. 
 

This configuration led to results like those occurring for M=-1. The pressure fluctuations associated 

with the plunging component of the RVR are not affected at a protrusion length of L=10 mm, but start 

to intensify for L = 20 mm, and subsequently display a monotonic increase with further increase of the 

protrusion. The amplitude of the rotating component also follows a pattern similar to M=-1 

configuration, with an initial increase in mitigation from L=10 mm protrusion to L=20 mm protrusion, 

followed by a subsequent decrease in the percentage of mitigation from L=20 mm to L=30 mm. At 

L=40 mm, however, the mitigation increases to its relative maximum for this configuration in contrast 

to previous case where the maximum mitigation was observed at L=20 mm. The respective mitigation 



 
 
 
 
 
 

percentages of rotating component achieved for the protrusion lengths from 10 mm to 40 mm in this 

case were 30%, 41%, 37%, and 51%. 

3.3. Configuration M=2 

The frequency spectra of the pressure signals measured for different protrusion lengths in this 

configuration are displayed in Fig.7 and Fig.8 for rotating and plunging components, respectively. 

 
Figure 7 Fourier spectra of the plunging component of pressure signals without rod 

protrusion and with rod protrusion at different lengths for M=2. 

 

 
Figure 8 Fourier spectra of the plunging component of pressure signals without rod 

protrusion and with rod protrusion at different lengths for M=2. 

 

As can be inferred from the figures, an increase of the plunging amplitude did not occur with the onset 

of pulsating rod protrusion in this case. Even after performing rod protrusion at the maximum length 

of L=40 mm with this configuration, the plunging mode remained inferior to the dominant rotating 

component. As for the rotating component, the mitigating effects demonstrated are generally in 

agreement with the previous configurations. The amplitude of pressure fluctuations attributed to the 



 
 
 
 
 
 

rotating component of the RVR after mitigation dropped by 37%, 44%, 31% and 44% for L=10 mm, 

L=20 mm, L=30 mm, and L=40 mm, respectively. 

4. Discussion 

A summary of the results displayed previously is presented in Table 1 where the percentage of the 

changes in pressure fluctuation amplitudes in both components are displayed for each configuration 

and protrusion length. 

Table 1. Summary of protrusion effects on RVR plunging and rotating components for 

different configurations. 

 M=-1 M=1 M=2 

L  

(mm) 

Rotating 

(%) 
Plunging 

(%) 
Rotating 

(%) 
Plunging 

(%) 
Rotating 

(%) 
Plunging 

(%) 

10 -26 

 

+11 

 

-30 

 

-22 

 

-37 

 

-15 

 

20 -62 

 

+63 

 

-41 

 

+107 

 

-44 

 

-4 

 

30 -52 

 

+68 

 

-37 

 

+216 

 

-31 

 

+42 

 

40 -50 

 

+79 

 

-56 

 

+305 

 

-44 

 

+44 

 

 

A common observation for all cases is that at L=20 mm, the mitigation of the rotating component is 

either maximum or close to its maximum. In addition, at L=30 mm, a significant decrease in 

mitigation of the rotating mode is observed compared to L=20 mm.  The pulsating movement of the 

rods can have two effects; one being the momentum they bring into the flow field through their 

travelling movement, and the other being the interaction of the fluid flow with the solid body both at 

the tip and over the length of the rods. The interaction of the swirling flow over the tip of the rod is 

speculated to cause rolling up of the shear layer resulting in formation of small vortices when the tip of 

the rod is located within the high-tangential velocity region surrounding the stagnation zone. The 

transverse motion of these vortices can cause flux of momentum into the interface between the high-

tangential velocity region and the stagnation zone causing the shrinkage of the latter, and this 

shrinkage is known to contribute to the mitigation of the RVR-related pressure pulsations [7]. With 

that in mind, the closer the tip of the rod is placed to the stagnation/rotating interface, the higher the 

mitigation of the rotating component. Thus, it can be deduced that the stagnation zone in the current 

investigation has a radius of approximately 20 mm, which is the reason behind the discrepancy 

between the mitigation of the rotating component at L=20 mm and both L=10 mm and L=30 mm.  

Furthermore, the interaction between the solid bodies and the swirling flow reduces the tangential 

velocity on the periphery of the stagnation zone [7]. This may explain the mitigation for all protrusion 

lengths. 

Based on the above discussions, the mitigation should not change significantly when the rods exceed 

the interface of the stagnation zone. However, the results indicate a notable increase in mitigation at 

L=40 mm compared to L=30 mm for all configurations except M=-1. This can be explained through 

the momentum that the rods transfer into the flow field -especially into the stagnation zone- with their 

pulsating movement, playing yet another role in addition to the other two discussed. 

When comparing the effects between the configurations, the employment of M=-1 configuration 

clearly results in a better mitigation of the rotating mode. M=1 triggers the largest plunging mode 

increases. M=2 configuration has the least effect on the plunging component. Obviously, further 

investigations are required in this sense to clarify the exact behavior of each configuration. 

 



 
 
 
 
 
 

5. Conclusion 

An experimental study was conducted on a down-scaled propeller turbine operating at part load 

condition to investigate the effects of frequential solid body protrusion into the swirling cross flow of 

the draft tube cone on mitigation of the pressure fluctuations induced by the RVR. Four rods separated 

by 90 degrees were periodically protruded into the flow field at four different lengths and with three 

different configurations. The phase difference between the rods for these configurations was 90 

degrees in clockwise direction, 90 degrees in counter-clockwise direction, and 180 degrees, designated 

by M=-1, M=1, and M=2, respectively. Time-dependent pressure measurements were performed at 

two points in the draft tube and Fourier spectra was obtained for the pressure signals decomposed into 

rotating and plunging modes. 

The results indicated that M=-1 was the most effecting configuration in mitigating the rotating 

component of the RVR. However, protrusion of the rods aggravated the plunging mode with M=2 

triggering the least effect and M=1 inducing the most severe increase in the plunging mode. 

It was proposed that frequential protrusion of the rods interacts with the RVR and the swirling flow of 

the draft tube through three mechanisms that consequently lead to the mitigation of the rotating 

component: i) reduction of the swirl in the high-tangential velocity region ii) flux of momentum into 

the interface of the stagnation zone -at the core of the swirling flow- through formation of transverse 

shedding vortices at the tip of the rods (when rod tips are located in the high-tangential velocity 

region), thus shrinking the stagnation zone iii) injection of momentum to into the stagnation zone by 

motion of the rods. 
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Abstract. The present work examines the effects of the radial protrusion of four cylindrical 

rods at different lengths within the flow field of a down-scaled turbine draft tube under part-

load operating conditions. Four rods were placed on the same plane 90 degrees apart. The 

protrusion length was varied from zero to approximately 90 % of the draft tube radius. Time-

resolved pressure measurements were performed to quantify the effect of the rod protrusion, 

using two pressure sensors at the same vertical level 180 degrees apart. Such sensor 

configuration enabled the decomposition of the signals into rotating and plunging components 

of the rotating vortex rope (RVR). The results show that different levels of mitigation are 

achieved for the rotating and plunging components depending on the protrusion length. The 

effects on the plunging component differ from the ones on the rotating component. The RVR 

plunging pressure pulsations slightly increase with the initial rod protrusion and then 

significantly drop after a certain length. On the contrary, the rotating component of the pressure 

pulsation amplitudes immediately decreases with the onset of rod protrusion. However, an 

optimum length is obtained in both cases where the highest mitigation occurs before reaching 

the maximum protrusion. This observation falls in line with the previous investigations 

conducted for oscillatory rod protrusions, further approving the point that a closed-loop 

controller should accompany the mitigation technique to achieve optimum mitigation. 

Keywords: Hydraulic turbine, stationary rod protrusion, rotating vortex rope, draft tube, 

pressure pulsation. 

1.  Introduction 

The Part-load operation of hydraulic turbines is becoming more common today to regulate the 

electricity production of intermittent energy sources [1]. The deceleration of swirl inside the draft tube 

of hydraulic turbines causes vortex breakdown in this operating condition, leading to a rotating vortex 

rope (RVR). The formation of the RVR inside the draft tube induces pressure fluctuations that may 

travel through the entire conduit [2]. RVR pressure oscillations appear in the form of a rotating 

component as well as a plunging one. RVR rotating mode originates from vortex breakdown inside the 

draft tube; thus, it is a local phenomenon that dominates in the draft tube [2, 3]. The contribution of the 



 

 

 

 

 

 

rotating mode to the overall RVR pressure fluctuations is more significant inside the draft tube 

compared to the plunging mode [4, 5]. However, since the plunging mode appears due to the existence 

of the elbow, the consequent standing waves cause pressure fluctuations that travel over the entire 

conduit [2]. The plunging mode is also more likely to resonate with the system given its synchronous 

nature [6]. These fluctuations cause a decrease in efficiency and jeopardize the structural health of the 

turbine by imposing cyclic loads on runner blades as well as turbine stationary parts, hence, increasing 

the possibility of wear, tear, and resonance [7]. Ideally, a mitigation technique should address both 

components. However, the immediate vicinity of the discharge section to the turbine’s rotating parts 

indicates that the high amplitude of the RVR rotating mode is more important to be avoided. 

Various methods have been proposed for the mitigation of RVR. These techniques include flow 

injection inside the draft tub as well as alterations of the draft tube geometry. Water and air injection 

have been investigated at the tip of the runner crown and the walls of the draft tube [8-13]. Bosioc et 

al. [6] studied water injection from the runner crown into the vortex region. They managed to reduce 

RVR pressure fluctuations by an order of magnitude injecting 11.5% of the inlet flowrate. Holmström 

et al. [14] numerically investigated the azimuthal injection of pulsating momentum from four nozzles 

on the draft tube wall. Their results indicated significant mitigation of the rotating component and 

overall amplitude of the RVR pressure pulsations achieved for a jet flow ratio of approximately 5%. 

Nishi et al. [15] examined the effect of fins inside the draft tube. They observed a decrease in pressure 

fluctuation amplitudes along with an increase in the RVR-related frequency. Zhou et al. [16] 

investigated baffles mounted on the draft tube wall. They managed to mitigate the pulsations, which 

they attributed to the increase of flow axial velocity and decrease of the tangential velocity as a result 

of baffles. They also observed a slight rise in the RVR frequency that they considered negligible. 

Tanasa et al. [17] employed a diaphragm mechanism at the outlet of a conical diffuser. The RVR 

rotating component amplitude was significantly reduced by closing the diaphragm while the plunging 

component slightly increased. They also managed to improve the pressure recovery and change the 

structure of the RVR from a helical vortex shape into a bubble shape. Shiraghaee et al. [18] studied the 

effect of oscillating rod protrusions inside the draft tube. Their results displayed significant mitigation 

of the rotating component along with an increase of the plunging component. They attributed the 

mitigating effects to the interaction of the rods with the tangential flow region, the introduction of 

momentum into the stagnant region, and the interaction of the rods with the stagnant region interface. 

Joy et al. [19] studied the effects of adjustable guide vanes inside the draft tube. By re-directing the 

flow at part-load to the angles associated with the BEP condition, they achieved substantial RVR 

mitigation levels while the pressure recovery slightly increased. 

The studies carried out have explored different ways to mitigate the RVR. However, no universal 

solution has been achieved yet. Nonetheless, given the variable nature of the RVR depending on the 

operating condition, the need for a simple yet robust solution that can adapt to different operating 

conditions is necessary. Adjustable geometries are suitable alternatives in this regard.  

The current paper aims to investigate the radial insertion of four cylindrical rods inside the draft 

tube at part-load operating conditions. All the cylindrical rods are located on the same horizontal 

plane, separated by 90 degrees. Different lengths of rod protrusion are examined, and their effects on 

the RVR are analyzed based on the time-resolved pressure data collected on the draft tube walls. 

2.  Experimental apparatus 

The experiments in the current study were performed at Luleå University of Technology, Sweden, on 

a scaled-down model of the U9 Kaplan turbine with a scaling ratio of 98/1550. The runner, draft tube, 

elbow bend, and diffuser are geometrically similar to the prototype. However, the spiral casing and 

distributor are not homologous to the prototype. This model contains 10 guide vanes that lead the flow 

to a runner with a diameter of 𝐷𝑇= 98 mm. The runner was 3D printed using a glass-filled rigid 4000 

resin; thus, the blade angle was fixed at an angle coinciding with that extensively studied by Amiri et 

al. [2, 4] in a 1:3.1 model of the U9 prototype. Four LinMot ps01-23x80 linear motors were used to 



 

 

 

 

 

 

insert the four rods with a diameter of 𝐷𝑅= 10 mm into the draft tube. For this purpose, four holes 

were drilled on the sides of the draft tube at an axial position of 4 mm downstream of the runner hub. 

These holes were separated by 90 degrees, covering the entire draft tube’s periphery. Figure 1 displays 

schematics of the draft tube, spiral casing, linear motors, and the pressure sensors.  

 

Figure 1 Schematic of the spiral casing, draft tube, position of the 

linear motors (marked in red circle), and the relative position of the 

pressure sensors (marked with red arrow) used in these experiments. 

Two UNIK 5000 pressure sensors with a range of ±7 kPa were mounted 180 degrees apart at an 

axial location coinciding with the bottom of the runner hub. The 180 degrees spatial separation of the 

sensors at the same horizontal level allowed the decomposition of the pressure signals into rotating 

and plunging components of the RVR. A Honeywell FDW differential pressure sensor with a range of 

±0.5 bar measured the pressure drop across the turbine to calculate the turbine head, 𝐻𝑇. The signals 

were recorded at a sampling frequency of 2 kHz using a National Instruments PXI-4472 ADC data 

acquisition system with a resolution of 24 bits. An optical sensor and a Krohne optiflux 

electromagnetic flowmeter measured the runner rotation frequency, 𝑓𝑛, and the flow rate, 𝑄𝑇, 

respectively. A Magbrakesystems MBL-3.75 magnetic brake was installed parallel with the turbine 

shaft to control the turbine angular velocity, 𝑁𝑇. In its original configuration, the rotating system had 

small inertia, thus making the turbine prone to variations in the angular velocity. A 2.5 kg flywheel 

with a 200 mm diameter was installed on top of the magnetic brake to increase the polar moment of 

inertia by a factor of approximately 40 inducing better controllability.  

3.  Experimental approach 

Several measurements were performed to provide a hill chart based on the values of 𝑄11 =

 𝑄𝑇/𝐷𝑇
2𝐻𝑇

1/2
 and 𝑁11 = 𝑁𝑇𝐷𝑇 𝐻𝑇

1/2⁄  with the corresponding pressure fluctuation amplitudes. The 

pressure signals collected over 30 s were decomposed according to equations (1) and (2): 

 𝑷𝒓 =
𝑃1−𝑃2

2
                                                               (1) 

 𝑷𝒑 =
𝑃1+𝑃2

2
                                                               (2) 



 

 

 

 

 

 

where 𝑃1, 𝑃2, 𝑃𝑟, and 𝑃𝑝 are the signal collected from pressure sensor number one, pressure sensor 

number two, the rotating and plunging components of pressure oscillations, respectively. Then, Fast 

Fourier transform (FFT) was conducted on the decomposed pressure signals to compare RVR 

fluctuation levels. The FFT values corresponding to the rotating and plunging component of the RVR 

were extracted and used to create a map of the RVR-related amplitudes based on the operating 

condition. Figure 2 presents the RVR amplitude maps of the rotating and plunging components. 

  

Figure 2 The RVR amplitude mappings prepared for the model test rig used in the present experiments. a) map of the 

rotating component amplitudes, b) map of the plunging component amplitudes. The amplitude of the pressure is in Pa. 

The objective was to avoid both deep part-load and high part-load conditions characterized by high 

and low values of the rotating component amplitudes, respectively. Thus, a guide vane opening of 26˚ 

was chosen with 𝑁11= 125 rpm and 𝑄11=1 m3/s. Part-load RVR at this operating condition has smaller 

rotating component amplitude compared to smaller guide vane openings. However, the rotating 

component is dominant over the plunging component, and its value is still significant and more stable 

compared to higher guide vane openings. At this operating point, the runner passing frequency is 𝑓𝑛 =
12.5 𝐻𝑧 and the RVR frequency is 𝑓𝑅𝑉𝑅 = 2.25 𝐻𝑧. The ratio of these frequencies is similar to the 

previous experiment on the corresponding model and prototype [2, 4, 20-22]. 

The measurements involving rod protrusion were run over 60 s in two sequences. In the initial 

sequence of 30 s, the flow was unperturbed without any rods inserted. Then, the rods were inserted at 

the desired length, and the measurement ran for another 30 s. Each case was repeated five times in 

these experiments to ensure the measurement's repeatability, and the standard deviation obtained was 

below 10%.  

4.  Results 

Figure 3 shows the effect of rod protrusion length on the RVR rotating and plunging component 

average amplitudes. The protrusion length is presented in the form of a nondimensionalized length 

defined as follows: 

   𝑳∗ =
𝐿

𝑅𝑇
                                                                   (3)                                     

where L is the length of protrusion and 𝑅𝑇 is the radius of turbine runner. 

a) b) 



 

 

 

 

 

 

 

Figure 3 Average values of the rotating and plunging mode amplitudes for different 

protrusion lengths. The error bars represent standard error.  

At zero rod protrusion, the rotating component dominates over the plunging component at this 

operating point, in agreement with the observations of Amiri et al. [4] regarding the pressure 

amplitudes of the RVR inside the draft tube of a 1:3.1 model of the U9 turbine. The strong local swirl 

of the flow at the position of the sensors (near the runner) gives rise to a stronger rotating component 

compared to the plunging mode, which originates from the bottom of the draft tube. 

The rotating component decreases with the increase of protrusion length up to 𝐿∗= 0.6. The 

decrease of the rotating component continues until the plunging component becomes dominant over 

the rotating component at 𝐿∗= 0.6. By further increasing the protrusion length to 𝐿∗= 0.7, the 

mitigation level drops from 76% at 𝐿∗= 0.6 to 67%. Then, the highest mitigation of the rotating 

component is achieved at 𝐿∗= 0.8 with 77%. Finally, the mitigation of the rotating component 

significantly decreases as the protrusion length is increased to 𝐿∗= 0.9. 

The plunging component of the RVR slightly increases with protrusion of the rods up to 𝐿∗= 0.6. 

As aforementioned, the rotating component at this protrusion length has already decreased 

substantially while the plunging mode is still rather unaffected. The mitigation of the rotating 

component takes place through the deceleration of the swirl near the walls. However, at small 

protrusion lengths, the axial momentum in the center of the draft tube increases [16]. This results in 

both shrinkage of the stagnant region and a slight amplification of the plunging mode. Hence, further 

protrusion of the solid bodies is required to effectively disrupt the axial motion of the instability that is 

the plunging mode of the RVR. A considerable drop of the plunging mode amplitude takes place at 

𝐿∗= 0.7 and continues until 𝐿∗= 0.8 where maximum plunging mode mitigation is achieved with 61%. 

Further protrusion of the rods to 𝐿∗= 0.9 only decreases the mitigation level from the global optimum.  

The results, so far, indicate the existence of an optimum protrusion length where the maximum 

mitigation is achieved for both RVR modes. Fourier spectra of the rotating and plunging components 

are displayed in figures 4 and 5 to discuss more details.  
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Figure 4 Spectra of the rotating mode amplitudes for different protrusion lengths. 

The figures are drawn based on the pressure amplitudes in Pa, the dimensionless protrusion lengths, 

and frequency f* that is defined as follows: 

𝒇∗ =
𝑓

𝑓𝑛
                                                                      (4) 

The overall trend for the amplitudes of the rotating component is similar to what has already been 

discussed. The mitigation becomes significant from 𝐿∗= 0.6 and reaches the maximum level at 𝐿∗= 0.8. 

This is followed by an increase of the amplitude at 𝐿∗= 0.9. Moreover, no harmonics are observed in 

the spectra of the rotating component. However, the frequency of the RVR shifts with the increase of 

protrusion. 

 

Figure 5 Spectra of the plunging mode amplitudes for different protrusion lengths. 



 

 

 

 

 

 

The shifting of the RVR frequency with rod protrusion can also be observed in the spectra of the 

plunging mode. In addition, unlike the rotating mode, higher-order harmonics are present in the signal 

of the plunging mode. Specifically, the amplitude of the first harmonic of the plunging component 

starts to increase for small protrusion lengths. However, this harmonic decreases at 𝐿∗= 0.6 and 

completely disappears for 𝐿∗= 0.7 and 𝐿∗= 0.8. It then reappears for the protrusion length of 𝐿∗= 0.9. 

Another frequency can also be observed around 𝑓∗ = 0.8. This frequency disappears after 𝐿∗= 0.6. 

5.   Discussion 

Shorter protrusion lengths (0≤ 𝐿∗ ≤0.6) are not found enough to affect the flow characteristics in the 

entire conduit. They only slightly increase the axial momentum in the center of the draft tube. This 

explains the small increase of the plunging mode (instead of any significant mitigation) as a global 

phenomenon until 𝐿∗= 0.6 [2]. The local nature of the rotating component means that to influence it 

effectively, a change of global flow characteristics is not necessarily needed. Thus, its mitigation can 

easily materialize even at shorter protrusion lengths only by swirl manipulation. 

By inserting the rods into the swirling region, the tangential velocity of the flow decreases close to 

the walls. The conservation of the angular momentum dictates that the swirl of the flow in the center 

of the draft tube increases. The angular momentum can be defined as follows: 

𝑳 = 𝐼𝜔                                                               (5) 

where 𝐼 is the angular inertia and 𝜔 is the rotational velocity that is defined as 𝜔 = 2𝜋𝑓. If the 

angular inertia is defined as 𝐼 = 𝑚𝑟2, then the angular momentum can be defined as: 

𝑳 = 2𝜋𝑓𝑚𝑟2                         (6) 

By inserting the rods inside the swirling flow region, the area of swirling flow becomes constricted. 

Due to the reduction of the available radius for the swirl, RVR frequency increases to satisfy the 

conservation of angular momentum. Figure 6 shows RVR-related frequencies for each protrusion 

length. 

 

Figure 6 RVR dimensionless frequency at different protrusion 

lengths. 

As can be seen, the frequency of the RVR increases for both modes with the increase of protrusion 

length. The only exception to this is 𝐿∗= 0.6 where the RVR frequency reaches its minimum, possibly 

due to the rods meeting the RVR as Shiraghaee et al. [18] previously explained, which falls in line 



 

 

 

 

 

 

with the decrease of the RVR frequency. This length is where significant mitigation of the rotating 

component also happens in addition to what seems to be only the effects of swirl deceleration. The 

latter occurs due to the possible disruption of RVR structure and evolution by impacting the tip of the 

rods. Moreover, the significant mitigation of the plunging component which starts for 𝐿∗ > 0.6 can be 

explained as a result of the effective blockage of axial flow structures. The effective mitigation of the 

rotating component happens for 0.6 ≤ 𝐿∗ ≤ 0.8 followed by a local increase of the rotating amplitude at 

𝐿∗= 0.9. The former possibly happens due to the rods contacting with RVR from its outer surface at 

𝐿∗= 0.6 until the interface of the stagnant region at 𝐿∗= 0.8. The continuous disruption of the RVR 

structure in contact with the tip of the rods causes its substantial mitigation. By increasing the 

protrusion to 𝐿∗= 0.9, the rods enter the stagnant region where the flow starts to adapt to the new 

boundary conditions causing the relative increase of the pressure pulsation amplitudes. 

6.  Conclusion 

A series of experiments were conducted at Luleå University of Technology to study the effects of 

stationary rod protrusion on RVR mitigation. Different protrusion lengths were examined, and the 

results were analyzed based on time-resolved pressure data collected from two pressure sensors at the 

runner outlet. The results indicated significant mitigation of the RVR both in plunging and rotating 

components. For both components, there was an optimum protrusion length where the highest 

mitigation was achieved. The mitigation of the rotating component amplitude was attributed to the 

following: 

1) Deceleration of the swirl at shorter protrusion lengths. 

2) Interaction of the rod tips with the RVR structure. 

The plunging component slightly increased at shorter protrusion lengths due to the increased axial 

momentum in the center of the draft tube for shorter protrusion lengths. Increasing the length of 

protrusion past the position of the RVR created a blockage of axial flow motion inside the draft tube 

leading to significant levels of plunging component mitigation. 

The frequency of the RVR increased with the insertion of the rods. The conservation of angular 

momentum implies that the deceleration of the swirl near the wall should be compensated by 

increasing the angular momentum in the central region of the draft tube. Thus, the tangential flow 

velocity should increase in the mentioned region, manifested by the increase of RVR frequency. RVR 

frequency increased for all lengths except  𝐿∗= 0.6, where the rods probably meet the RVR.  

The present paper aimed to investigate a novel method in mitigating draft tube pressure fluctuations 

induced by the presence of RVR at part-load operation. Through experiments, effects were quantified, 

the concept was examined, and the underlying physics was discussed. The results of the method 

proposed in this paper emphasize that the mitigation technique should be equipped with a closed-loop 

controller to assure efficient mitigation at different operating points. Possible future investigations can 

be dedicated to the assessment of the advantages as well as the shortcomings of the proposed method 

such as its impact on efficiency, its longevity, and its potential combination with other techniques. 

Also, the performance of the proposed method at other off-design conditions as well as other part-load 

operations is another issue that can be addressed in the future.  
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