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Summary 
 
 
The introduction of intermittent renewable energy sources, such as wind and solar 
power, to the power grid, demands some hydraulic turbines to operate at unfavorable 
operating conditions not initially designed for. Strong swirl develops at loads below the 
best efficiency point, (BEP) due to angle mismatch between the guide vanes and the fixed 
runner blades typical for Francis and Propeller turbines. A rotating vortex rope (RVR) is 
developed at part load (PL) operation as a consequence of the strong swirl exiting the 
runner for the aforementioned turbines. The RVR is associated with harmful pressure 
pulsations, decreasing turbine efficiency, and increasing maintenance time. Thus, it is of 
great interest to develop and investigate methods to mitigate the RVR. 

Methods to mitigate the adverse effect associated with the RVR at PL are studied in the 
presented research. An active mitigation method was numerically studied for a down-
scaled propeller turbine, named "injection of pulsating momentum" (IPM). IPM aimed to 
locally disrupt the RVR by injecting pulsating momentum horizontally into a local part of 
the quasi-stagnant region in the draft tube. Numerical results indicate a significant 
reduction of the pressure pulsations associated with the RVR using approximately 5% of 
the runner flow. 

A passive mitigation method was also studied on a numerical model of the Porjus U9 
Prototype using stationary rods radially protruded into the draft tube flow field. Solid rod 
protrusion aims to alter the mean flow properties in the draft tube cone, disrupting the 
formation of the RVR. Numerical results of stationary rod protruding to the RVR shear 
layer region indicates a complete reduction of the RVR plunging component and a 
significant reduction of the RVR rotating component due to an increased swirl at the draft 
tube center. 



 

 
 

 



 

 
 

 

 

Appended Papers 
 

Paper A 
ǲVortex rope mitigation with azimuthal perturbations: A numerical studyǳ H. 
Holmström*, J. Sundström and M. J. Cervantes (2021), In conference 
proceedings (30th IAHR Symposium on Hydraulic Machinery and Systems, 
March 2021). 

Abstract: Abstract. A novel method to mitigate the rotating vortex rope is investigated 
numerically on a propeller turbine using ANSYS CFX. Pulsating momentum is injected in a 
horizontal plane in the diffuser cone from four evenly spaced jets. Three mitigation 
strategies are tested; M1 in which the momentum is injected perpendicular to the axial 
flow direction, M2, which exhibit a 12 degree angle against the tangential velocity in the 
diffuser cone, and finally M3, which exhibit the same horizontal angle as M2 but at a 15 % 
higher flow rate. It is shown that mitigation attempts M1, M2 and M3 decrease the 
amplitude of the rotating mode by 51%,96% and 97%, respectively. The amplitude of the 
plunging mode, on the other hand, increase for all mitigation attempts. However, the 
amplitude of the plunging mode of the unperturbed RVR is an order of magnitude smaller 
than the rotating mode, and thus, the overall amplitude of the pressure fluctuations in the 
diffuser decreases significantly. The more efficient mitigation using attempt M2 and M3 
are explained using velocity contour in the diffuser cone, which show that the RVR is 
significantly reduced downstream of the injection plane in between injections, which is 
not the case for attempt M1. 



 

 
 

 
 
 

 

Paper B 
ǲVortex Rope Interaction With Radially Protruded Solid Bodies In An Axial 
Turbine: A Numerical Studyǳ H. Holmström*, J. Sundström and M. J. Cervantes 
(2021), Manuscript. 

Abstract. Radially protruded solid rods and their interaction with the rotating vortex 
rope at part load condition are investigated numerically on an axial model turbine. The 
commercially available software ANSYS CFX was used to perform the simulation, and the 
test case was the Porjus U9 Kaplan turbine model operating at a fixed runner blade angle 
at part load condition. Four rods, with a rod diameter equal to 15% of the runner 
diameter were evenly distributed in a horizontal plane in the draft tube cone and 
protruded to a length set to intercept the RVR in its unperturbed trajectory. It is shown 
that the RVR plunging (synchronous) mode is completely mitigated upstream and 
downstream of the protruded rods. The RVR rotating (asynchronous) mode is reduced by 
47% and 63% at the two monitor positions located upstream of the protruding rods, 
while only a minor reduction occurs to the first RVR harmonic at the monitor positions 
located downstream of the protruded rods. The perturbed RVR experiences an increased 
angular velocity due to the flow area decrease caused by the protruding rods, thus 
increasing the RVR frequency by approximately 53% compared to the unperturbed value. 
Investigation of the swirling flow indicates a locally increased swirl in the center of the 
draft tube downstream of the protruded rods which could explain the reduction of the 
RVR pressure amplitude. The overall turbine efficiency with solid rods protruded causes 
a marginally efficiency reduction of 0.83%. However, as the RVR pressure pulsations are 
reduced significantly, a more comprehensive investigation of the rods impact on the 
turbine performance and life time should be performed to elucidate the suitability of 
using solid rod protrusion for RVR mitigation. 
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Vortex Rope Interaction With Radially Protruded Solid 1 

Bodies In An Axial Turbine: A Numerical Study 2 
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1 Luleå University of Technology, Luleå, Sweden 4 
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Abstract. Radially protruded solid rods and their interaction with the rotating vortex 6 
rope at part load condition are investigated numerically on an axial model turbine. 7 
The commercially available software ANSYS CFX was used to perform the 8 
simulation, and the test case was the Porjus U9 Kaplan turbine model operating at a 9 
fixed runner blade angle at part load condition. Four rods, with a rod diameter equal 10 
to 15% of the runner diameter were evenly distributed in a horizontal plane in the 11 
draft tube cone and protruded to a length set to intercept the RVR in its unperturbed 12 
trajectory. It is shown that the RVR plunging (synchronous) mode is completely 13 
mitigated upstream and downstream of the protruded rods. The RVR rotating 14 
(asynchronous) mode is reduced by 47% and 63% at the two monitor positions 15 
located upstream of the protruding rods, while only a minor reduction occurs to the 16 
first RVR harmonic at the monitor positions located downstream of the protruded 17 
rods. The perturbed RVR experiences an increased angular velocity due to the flow 18 
area decrease caused by the protruding rods, thus increasing the RVR frequency by 19 
approximately 53% compared to the unperturbed value. Investigation of the swirling 20 
flow indicates a locally increased swirl in the center of the draft tube downstream of 21 
the protruded rods which could explain the reduction of the RVR pressure amplitude. 22 
The overall turbine efficiency with solid rods protruded causes a marginally 23 
efficiency reduction of 0.83%. However, as the RVR pressure pulsations are reduced 24 
significantly, a more comprehensive investigation of the rods impact on the turbine 25 
performance and life time should be performed to elucidate the suitability of using 26 
solid rod protrusion for RVR mitigation. 27 
 28 

1. Introduction 29 

The introduction of intermittent energy sources demands some hydraulic turbines to operate as 30 
a regulating power source, forcing turbines unable to regulate their runner blades to operate 31 
under unfavorable conditions causing an overall poor turbine performance. A rotating vortex 32 
rope (RVR) exists in the draft tube of single regulated turbines at part load operation (PL) due 33 
to the high swirl exiting the runner [1] [2]. The RVR is associated with harmful pressure 34 
pulsations that cause an overall decrease in turbine efficiency and reduces the service life.[3][4] 35 
Increased usage of hydraulic turbines as a regulating power source demands applicable 36 
solutions to reduce the harmful effects of the RVR at PL operations. Methods to mitigate the 37 
RVR can largely be sub-divided into two groups; active and passive, depending on whether 38 
their operation necessitates a continuous supply of energy or not. Holmström et al. [5] 39 
performed a numerical investigation of a novel active mitigation method aimed to reduce the 40 
RVR pressure pulsations by injecting pulsating momentum in a horizontal plane from four 41 
evenly distributed jets located in the draft tube cone. It was shown that the rotating mode of the 42 
RVR could be decreased significantly, up to 97% of its magnitude whereas the plunging mode 43 
was aggravated. However, the overall pressure pulsations associated with the RVR decreased 44 
significantly downstream of the jet injection. Shiraghaee et al. [6] investigated how oscillating 45 



radial protrusion of four solid rods into the draft tube of a propeller turbine operating a PL 46 
condition affects the pressure pulsations associated with the RVR. The experiments studied the 47 
effect of different perturbation parameters, including phase difference between rods and rod 48 
protrusion length, and the results indicated that the RVR rotating mode could be reduced by up 49 
to 62% of its unperturbed magnitude. However, the RVR plunging mode was amplified for 50 
protrusion lengths larger than 30% of the runner diameter for all phase shifts, but this was not 51 
of major concern since its unperturbed amplitude was an order of magnitude smaller than that 52 
of the rotating component. Zhou et al. [7] investigated a passive method by installing baffles in 53 
the draft tube cone of a Francis turbine with the aim to reduce the swirling flow entering the 54 
draft tube during PL operations. It was concluded that four baffles produced the optimum 55 
mitigation, reducing the pressure amplitude associated with RVR in the draft tube to 56 
approximately 42% of its original magnitude. The decreased pressure amplitude was related to 57 
a reduction of the tangential velocity of the flow in the draft tube, and furthermore, it was also 58 
shown that the baffles caused an increase in the axial momentum of the flow in the draft tube 59 
center. 60 

Joy et al. [8] studied the flow characteristics inside the draft tube of a Francis turbine model 61 
equipped with adjustable guide vanes. Each guide vane consisted of two hydrofoils where one 62 
of them was fixed with a flow angle matching BEP conditions and the other one was adjustable 63 
to handle the incoming flow conditions from the runner at the current operating condition. 64 
Preliminary results indicate a major reduction of RVR pressure pulsations due to manipulating 65 
the circumferential velocity in the draft tube flow. 7ăQDVă� HW� DO�� >9] introduced a passive 66 
mitigation method that allowed adjusting the diameter of the diffusor cone outlet using a 67 
diaphragm in a swirl generator setup similar to a Francis turbine operating at PL. Pressure 68 
pulsations adhering to the asynchronous mode of RVR were reduced significantly for pressure 69 
monitor points in the diffusor cone. At the same time, the synchronous component of the RVR 70 
increased for different cross-sectional areas of the diaphragm used. However, pressure 71 
pulsations associated with RVR experienced an overall decrease, and the pressure recovery 72 
factor on the diffusor wall improved.  73 

Several methods of mitigating the RVR by passively manipulating the flow structure in the 74 
draft tube of various turbine models have previously proven efficient, yet no universal solution 75 
has been found. In this paper, the investigation of how a novel passive mitigation method of 76 
radial rod protrusion inside the draft tube cone interacts and affects the RVR is presented. The 77 
investigation was performed numerically on an axial turbine model, posed as a Kaplan turbine 78 
with fixed runner blades, operating at PL condition. 79 

2. Material and methods 80 

2.1 Turbine model 81 

At Vattenfall Research and Developments (VRD) turbine laboratory, detailed studies including 82 
pressure and velocity measurements were performed 10 years ago on a 1:3.1 scaled model of 83 
the Porjus U9 Kaplan turbine [1][3][4]. Presently, VRD is upgrading its laboratory, and in that 84 
process, a new 1:3.875 scaled model of the U9 prototype has been manufactured. During fall 85 
2021, extensive measurements investigating different methods for RVR mitigation have been 86 
performed on the 1:3.875 model and are being analyzed. However, no velocity measurements 87 
have been performed on the new model turbine so far. As such, the present numerical model 88 
will be validated against the measurements performed on the 1:3.1 scaled model, whereas the 89 



RVR mitigation studies will be performed on the 1:3.875 scaled model. The U9 turbine is 90 
equipped with 20 guide vanes and 18 stay vanes, six runner blades, and an elbow draft tube. 91 
Kinematic similarity between the models has been established and numerically verified for the 92 
RVR mitigation studies such that a comparison between perturbed and unperturbed flow in the 93 
1:3.875 model can be made where the unperturbed flow represents PL condition. Operating 94 
parameters for both numerical models are presented in table 1. 95 

Table 1. Operating parameters of the Porjus U9 models at Part load operating condition. 96 

Porjus U9 
scales 

ĮGV    
[o] 

Q   
[m3s-1] 

n      
[rpm] 

H        
[m] 

Q11              
[-] 

N11          
[-] 

Drunner    
[m] 

Model 
scale 1:3.1 

20 0.620 696.3 7 0.905 127.18 0.5 

Model 
scale 1:3.875 

20 0.382 838.8 6.96 0.905 127.18 0.4 

 97 
 98 

2.2 Numerical configuration 99 

The numerical configuration presented in figure 1 applies to both models and comprises one 100 
distributor passage with one stay vane and guide vane, the complete runner, and draft tube with 101 
an elbow bend. Boundary conditions applied are similar for both model scales except for the 102 
inlet boundary condition, which uses a constant flow rate for the 1:3.1 scale numerical model 103 
validating the operating condition and a constant head when investigating the case of rod 104 
protrusion. Rotational periodicity is applied to the distributor passage sides. Transient rotor-105 
stator interface is applied with a pitch angle between the distributor- and runner domain, while 106 
no pitch angle applies to the transient rotor-stator interface between the runner- and draft tube 107 
domain. The shroud is set to a counter-rotating wall velocity, and the part of the hub located in 108 
the draft tube domain is set to a rotating wall matching the runner rpm. Walls and rods use wall 109 
boundary conditions with no-slip conditions and smooth surfaces. The outlet is set to an opening 110 
to enable reversed flow. 111 

 
Figure 1. Numerical model indicating the location of Inlet, distributor domain, interface 1 between distributor and runner 

domain, the runner domain, interface 2 between the runner and draft tube domain, the draft tube domain, and the 
outlet. 

 112 



Structured hexahedral mesh is applied to the distributor passage. Hybrid mesh consisting of 113 
hexahedral core, a combination of tetrahedra, prism, and pyramids, is used for the runner and 114 
draft tube domain. Table 2 contains mesh information of the two numerical setups. 115 
Table 2. Table containing mesh density for the numerical models 116 

Part Hexahedra  Tetrahedra Prism Pyramids Total Elements 
Distributor domain 343 230 0 0 0 343 230 
Runner domain 90 270 4 092 522 4 459 314 106 152 8 748 258 
Draft tube domain 
without rods 

1 779 101 1 421 275 1 115 550 137 310 4 453 236 

Draft tube domain 
with rods 

1 829 635 1773296 2 353 990 156 634 6 113 555 

 117 
A timestep of 61 degrees of the runner revolution per iteration is used as a trade-off between 118 

accuracy and computational cost for both the validation of the operating condition as well as 119 
the rod protrusion investigation. /ŽǀĉŶĞů et al. [10] previously investigated the influence of 120 
different time step sizes and showed that a larger time step than the conventional 1 - 5 degrees 121 
of runner revolution per iteration still captured the RVR frequency. However, the pressure 122 
pulsation amplitude depended on the time step and larger time steps tended to underpredict the 123 
amplitude. The main objective of the present paper is to numerically investigate how the rods 124 
affect and interact with the RVR. Thus, the potential offset of the pressure amplitudes is not the 125 
main focus as long as the RVR frequency is captured. All simulations were performed in the 126 
commercial software ANSYS CFX v.2020 R2, which uses the finite volume discretization 127 
method. A blend of the first order UPWIND and a second-order scheme was used to solve the 128 
advection term. Temporal derivatives are discretized using the second-order backward Euler 129 
method. Max inner coefficient loops were set to 10, and target residuals were set to 1e-04. Two-130 
equation eddy-viscosity shear stress transport (SST) with automatic wall function was selected 131 
as the turbulence model. 132 
 133 

 134 

2.3 Validation of operating point 135 

Laser doppler anemometry (LDA) measurements of the tangential and axial velocity 136 
components at two of the three sections reported in Jonsson et al. [4] are used to validate the 137 
velocity in the draft tube for the unperturbed flow of the 1:3.1 model. The location of the 138 
respective section in the draft tube is presented as a red line in figure 2 (a). Additionally, four 139 
evenly distributed pressure monitor points matching the position reported in experiments [4] 140 
are presented in figure 2 (b), with the vertical location for each set of horizontal levels shown 141 
in figure 2 (a). 142 

 143 
 144 
 145 



 

 

Figure 2. (a) Velocity sections 1 & 3 matching LDA measurements and pressure monitor point positions in the draft 146 
tube reported in Jonsson et al.[4]. (b) The circumferential distribution of the pressure monitor points for numerical 147 
configuration 1:3.1 is used to validate the operating condition. 148 

Tangential and axial velocity profiles in sections one & three are presented in figure 3, 149 
where (a) & (c) and (b) & (d) corresponds to the first and third section, respectively. Unlike 150 
the measurements, the simulation predicts a recirculating flow at the draft tube centerline, 151 
which may be due to the URANS model having trouble predicting the flow separation from 152 
the hub accurately. Velocity profiles are within reasonable agreement with experiments and 153 
other numerical investigations [10][11]. Pressure sensors on the draft tube wall report a 154 
normalized (fRVR/frunner) RVR frequency of 0.19 in the simulation, this being in good 155 
agreement with the experimentally obtained value of approximately 0.17 [3]. 156 

 157 

  

  

(a) (b) 

(a) (b) 

(c) (d) 



Figure 3. Normalized axial (U*) and tangential (V*) velocity at sections one and three in the draft tube. (a) & (c) and (b) & 158 
(d) corresponds to section one and three, respectively.  159 

2.4 Investigation of rod protrusion 160 

Four rods are evenly distributed and radially protruded in a horizontal plane, located at 161 
 Drunner below the bottom of the runner hub, as shown in figure 4 (a-b). The rods have a 162ڄ0.76
diameter of 0.15ڄDrunner based on prior investigation of suitable rod diameters where 0.05, 0.1, 163 
0.15, and 0.2 of the runner diameter were used to determine the optimal diameter. The 164 
rod protrusion length equals 0.38ڄDrunner, corresponding to the RVR stagnating region in its 165 
circumferentially unperturbed path. Pressure monitor points are included in figure 4 (a)  166 
indicating their vertical placement in relation to the protruding rods. Pressure monitor points 167 
located at position 3 are excluded to avoid the local flow effects in the wake of the rods. Two 168 
horizontal planes located upstream and downstream of the rods are indicated by the red 169 
horizontal lines in figure 4 (a) and serve as the location for swirl measurement. 170 
 171 

                                  
Figure 4. (a): Vertical line distance from the bottom of the runner hub to the rod center (1), Rod protrusion center (2), the 172 

vertical position indicated by the red lines of the horizontal upstream plane (3) and downstream plane (4). The "Hub cone" 173 
position is clarified in (5). (b): Placement and protrusion length of the rods. 174 

A mesh sensitivity analysis presented in table 3 was performed to investigate how the grid 175 
density affects the estimated reduction of the RVR amplitude. One monitor point per vertical 176 
plane was selected and compared against the corresponding unperturbed pressure amplitude. 177 
The overall reduction is fairly similar for all three grid sizes except for the fifth monitor point 178 
position, where a noticeable underprediction of the RVR mitigation amplitude is observed for 179 
the mid and coarsest grid size. 180 

Table 3. Mesh density analysis for drat tube with rods 181 

 DT mesh size 1 DT mesh size 2 DT mesh size 3 
Number of elements  6 000 000   8 700 000  12 200 000  
Amp. Decrease 1b 71%  71% 71% 
Amp. Decrease 2b 83% 84% 84% 
Amp. Decrease 4b 43% 46% 59% 
Amp. Decrease 5b 44% 40% 78% 

 182 

  183 

a b 5 



3. Results & Discussion 184 

3.1 Rod protrusion investigation 185 

Pressure pulsations induced by the RVR in the draft tube can be decomposed into a synchronous 186 
(plunging) and asynchronous (rotating) component, where the plunging mode describes the 187 
lateral movement and the rotating mode describes the circumferential movement of the vortex 188 
core, respectively. Favrel [14] presented a method of using four evenly distributed pressure 189 
sensors on the draft tube wall in a horizontal plane to decompose the pressure pulsations 190 
induced by an asymmetric trajectory of the precessing vortex. The RVR plunging and rotating 191 
modes are expressed in Equations 1 and 2, respectively. 192 
 193 

ܲ௨ ൌ
ೌ ା್ାା

ସ
���                             (1) 194 

ܲ௧ ൌ ܲ െ ܲ௨�, n=a,b,c,d                    (2) 195 
Where n indicates the vertical position of the monitor point.  196 
 197 

Figure 5(a-b) presents  frequency spectra of the decomposed pressure signals in the draft 198 
tube cone for perturbed and unperturbed flows. For unperturbed flow, both modes increase in 199 
the downstream direction. Following rod protrusion, the RVR frequency increases from 0.19 to 200 
approximately 0.29, which could be explained by an increase in angular velocity of the RVR 201 
due to the decreased flow area caused by the protruding rods. Figure 5 (a) shows a complete 202 
reduction in the plunging mode for the monitor points located upstream of the protruding rods, 203 
while a major reduction of the plunging mode occurs downstream of the protruding rods. The 204 
rotating mode for the upstream monitor points presented in figure 5 (b) experiences a 47% and 205 
63% decrease for monitor points 1b & 2b, respectively. A minor reduction of 2% and 8% is 206 
observed for 4b and 5b. However, the second and third RVR harmonic of the perturbed flow is 207 
significantly reduced.  208 
 209 
 210 

  
Figure 5. RVR decomposed into plunging (a) rotating (b) mode for perturbed and unperturbed flow. A line at f*= 0.2939 is 211 
added to clarify the new RVR frequency position. 212 

  213 

(a) (b) 



The swirl intensity of the flow, described by the swirl number, is defined as the ratio of the axial 214 
flux of angular momentum to the axial flux of axial momentum times the equivalent exit radius, 215 
[13] presented in equation 3. 216 

ܵ௪ ൌ ଵ
ோ
  మௗௗఏೃ

బ
మഏ
బ

  మௗௗఏೃ
బ

మഏ
బ

�                         (3) 217 

Where U and V are the time-averaged axial and tangential velocity, and R is equal to the section 218 
radius. The swirl number for perturbed and unperturbed flow at the horizontal planes denoted 219 
as upstream plane and downstream plane in figure 4 (a) are presented in table 4. The protruded 220 
rods do not have a noticeable impact on the swirl upstream but reduce the swirl magnitude 221 
downstream by approximately 14%. 222 
 223 
Table 4. Swirl number for perturbed and unperturbed flow upstream & downstream of the rods. 224 

 Perturbed flow Unperturbed flow 
Upstream plane 0.50 0.51 
Downstream plane 0.43 0.52 

 225 
  However, the swirl number as defined in equation 3 does not indicate local variations in the 226 
flow. Therefore, a swirl number with varying upper radial integration limit is calculated at the 227 
upstream and downstream planes and presented in figure 6. The swirl numbers belonging to the 228 
upstream plane, presented in figure 6 (a), remain similar between perturbed and unperturbed 229 
flow but are shifted to the right for the perturbed flow, indicating a wider stagnating region. 230 
However, a significant change to the swirl number is seen in figure 6 (b), where the swirl 231 
number for perturbed flow increases by a factor of 10.5 to 4.2 between 0.2 <R*> 0.35. The sign 232 
change of the swirl numbers is attributed to the direction of the axial velocity as it experiences 233 
a reversed flow in the draft tube center. The majority of the swirl contribution for perturbed 234 
flow upstream and downstream occurs in the region between the runner cone bottom and the 235 
tip of the rods in each plane. Previous studies by Favrel et al. [12] indicate a correlation between 236 
a higher swirl and a lower asynchronous (rotating mode) pressure once the swirl exceeds a 237 
critical value where the RVR starts to lose its coherence. It may be that the increased swirl due 238 
to the increase of angular velocity at the draft tube center disrupts the RVR coherence 239 
downstream, which generates a noticeable reduction in the RVR pressure pulsations upstream. 240 
 241 

  
Figure 6. The swirl number varies with respect to R*, presented at the upstream plane (a) and the downstream (b) plane. 242 
The normalized tangential velocity is included to indicate which velocity changes direction. The hub cone is indicated by the 243 
vertical line at R*=0.18, while the rod tip is indicated at R*=0.36. 244 

(a) (b) 



To further investigate the swirl strength, the ratio of tangential over axial velocity (V/U) is 245 
shown in figure 7 for a vertical plane in the draft tube cone. Two vertical lines indicate where 246 
the "hub cone" and "rod tip" intersect the horizontal lines. Figure 7(b) shows the velocity ratio 247 
corresponding to an unperturbed flow, while the perturbed flow is presented in figure 7(a). 248 
Figure 7 (a) indicates that the strong swirling flow visualized in figure 6 encapsulates the entire 249 
center of the draft tube cone.  250 

 
Figure 7. Velocity ratio V/U of a vertical contour plot in the draft tube cone where (a) corresponds to the perturbed flow and 251 
(b) to the unperturbed flow. 252 

A comparison of the time-instantaneous total pressure iso contour for perturbed and 253 
unperturbed flow is presented in figure 8, where 8 (a) and 8 (b) correspond to the perturbed and 254 
unperturbed total pressure iso contour, respectively. It is seen that the RVR formation is 255 
disrupted with rod protruded, and that the vortex rope length is reduced. 256 

 
Figure 8. Instantaneous image of the Total pressure iso surface of perturbed (a), and unperturbed flow (b). 

 257 

  258 

(a) 
(b) 

(a) (b) 



 259 

The pressure recovery coefficient Cp,  260 

ܥ ൌ
ο

భ
మఘ൫௩

మ ൯
             (4) 261 

 262 

LV�D�PHDVXUH�RQ�WKH�GUDIW�WXEH¶V�DELOLW\�WR�FRQYHUW�G\QDPLF�pressure into static pressure. Here, 263 
Here, ο refers to the pressure difference between the average pressure at the draft tube inlet 264 
and outlet, while ݒ௧ଶ   refers to the average velocity at the draft tube inlet, and ߩ corresponds 265 
to the density. 266 

 267 

 268 

Similarly, the turbine efficiency 269 

 270 

ߟ ൌ ఠ
ఘொு

               (5) 271 

can be calculated before and after rod protrusion to weigh the positive and negative effects 272 
of protruding rods far inside the draft tube. In equation 5, Ȯ, ߱,g, Q and H denote the runner 273 
torque, runner rotational speed, acceleration due to gravity, turbine flow and turbine head, 274 
respectively. The head is calculated using the differential total pressure between the guide vane 275 
inlet and draft tube outlet. 276 

Table 5 presents the pressure recovery and turbine efficiency of perturbed flow relative to 277 
the unperturbed flow. The draft tube's ability to convert dynamic pressure into static pressure 278 
is significantly reduced, and the overall turbine efficiency with protruding rods is slightly 279 
reduced. Radially protruded rods do accomplish a reduction of the RVR pressure pulsations, 280 
especially upstream of the rod protrusion. However, protruding rods decrease the draft tube's 281 
pressure recovery capability and generate an overall decrease in the turbine efficiency. 282 
However, decreased RVR pressure pulsations upstream may indicate reduced runner fatigue 283 
wear as the bending moment induced by the RVR plunging component is mitigated. 284 

Table 5. Relative pressure recovery coefficient and turbine efficiency. 285 

 Perturbed vs Unperturbed 
Cp [-] -17.6% 
 0.85%- [-] ߟ

 286 

  287 



4. Conclusions 288 

Numerical investigation of a novel method for RVR mitigation by radially protruded rods inside 289 
the draft tube is performed to obtain a preliminary understanding of how the rods interact with 290 
the RVR and its overall effect on turbine performance. Rods protruded 38% of the runner 291 
diameter into the draft tube mitigates the RVR plunging component completely both upstream 292 
and downstream of the protrusion location. The RVR rotating component for perturbed flow 293 
experiences significant reduction upstream of protrusion location. However, only the second 294 
and third RVR harmonics experience a significant reduction downstream of the protrusion 295 
location. Also, the RVR frequency is shifted from f*=0.19 to 0.29, which could be due to 296 
increased angular velocity of the RVR at the draft tube center. An overall reduction of the 297 
pressure pulsations associated with the vortex rope is accomplished.  298 

To characterize the difference between perturbed and unperturbed flows, a swirl number 299 
with variable upper integration limit in the radial direction was studied in planes upstream and 300 
downstream the rod protrusion. It was concluded that while the upstream swirl remained 301 
similar, with a slight shift of the local swirl maximum, the downstream swirl experienced a 302 
reduced swirl when averaged over the entire plane but a significantly increased swirl magnitude 303 
at the draft tube center. The increased swirl magnitude at the draft tube center downstream of 304 
the protruding rods could be caused by an increased angular momentum at the draft tube center 305 
due to the protruding rods. Interestingly, an increased swirl in the draft tube center leads to an 306 
overall reduction of the RVR pressure pulsations. It could be that the RVR loses its coherence 307 
past a certain value of the swirl number, as reported in Favrel et al. [12]. However, such 308 
correlation between an increased swirl and a reduced pressure pulsation associated with the 309 
RVR requires further analysis. Rods protruded inside the draft tube lower the pressure recovery 310 
factor significantly and the turbine efficiency marginally compared to its unperturbed state. 311 
However, since the RVR pressure pulsations are reduced significantly by the protrusion of solid 312 
rods, a more thorough assessment of the rods impact on the turbine performance and life time 313 
should be investigated to fully understand the effects of rod protrusion. 314 
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