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Preface 
 
 
This thesis presents the work conducted during the first half of my Ph.D. studies between 
January 2021 and March 2023 at the Division of Fluid and Experimental Mechanics, 
Department of Engineering Sciences and Mathematics at the Luleå University of Technology. 
The research was carried out as part of the "Swedish Hydropower Centre", also known as SVC. 
 
I have gained a lot of new knowledge and analytical tools during this period, not only 
regarding the numerical simulation of hydraulic turbines but also how to handle and approach a 
complicated problem or a new research subject. This has been very useful and is something I 
will take with me for the remaining part of my Ph.D. studies and the rest of my career. I am 
very thankful to my supervisor, Professor Michel Cervantes; this thesis would not have been 
possible without his invaluable guidance and support. In addition, my co-supervisors, Dr. 
Berhanu Mulu and Dr. Pontus Jonsson, have contributed a lot of interesting discussions and 
helpful feedback, which is very appreciated. Thank you all for your precious contributions! 
 
The quality of the work would not have been nearly as good if not for the stimulating working 
environment at the department and in our office, which has contributed to exciting discussions, 
laughter and talks about fluid mechanic related problems and, more importantly, our daily 
lives. Therefore, I would like to thank my colleagues and office mates.  
 
Finally, I express my gratitude to my soon-to-be wife, Nathalie, and our wonderful son, Oliver, 
for all their unconditional love and support. It simply would have been impossible to complete 
this thesis and carry out my Ph.D. without you by my side.  
 
Jelle Kranenbarg 
February 2023 
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Summary 
 
Global renewable energy requirements rapidly increase with the transition to a fossil-free 
society. As a result, intermittent energy resources, such as wind- and solar power, have become 
increasingly popular. However, their energy production varies over time, both in the short- and 
long term. Hydropower plants are therefore utilized as a regulating resource more frequently to 
maintain a balance between production and consumption on the electrical grid. This means that 
they must be operated away from the design point, also known as the best-efficiency-point 
(BEP), and often are operated at part-load (PL) with a lower power output. Moreover, some 
plants are expected to provide a spinning reserve, also referred to as speed-no-load (SNL), to 
respond rapidly to power shortages. During this operating condition, the turbine rotates without 
producing any power. 
 
During the abovementioned off-design operating conditions, the flow rate is restricted by the 
closure of the guide vanes. This changes the absolute velocity of the flow and increases the 
swirl, which is unfavorable. The flow field can be described as chaotic, with separated regions 
and recirculating fluid. Shear layer formation between stagnant- and rotating flow regions can 
be an origin for rotating flow structures. Examples are the rotating-vortex-rope (RVR) found 
during PL operation and the vortical flow structures in the vaneless space during SNL 
operation, which can cause the flow between the runner blades to stall, also referred to as 
rotating stall. The flow structures are associated with pressure pulsations throughout the 
turbine, which puts high stress on the runner and other critical parts and shortens the turbine's 
lifetime.   
  
Numerical models of hydraulic turbines are highly coveted to investigate the detrimental flow 
inside the hydraulic turbines' different sections at off-design operating conditions. They enable 
the detailed study of the flow and the origin of the instabilities. This knowledge eases the 
design and assessment of mitigation techniques that expand the turbines' operating range, 
ultimately enabling a wider implementation of intermittent energy resources on the electrical 
grid and a smoother transition to a fossil-free society.  
 
This thesis presents the numerical study of the Porjus U9 model, a scaled-down version of the 
10 MW prototype Kaplan turbine located along the Luleå river in northern Sweden. The 
distributor contains 20 guide vanes, 18 stay vanes and the runner is 6-bladed. The numerical 
model is a geometrical representation of the model turbine located at Vattenfall Research and 
Development in Älvkarleby, Sweden. The commercial software ANSYS CFX 2020 R2 is used 
to perform the numerical simulations.  
  
Firstly, the draft tube cone section of the U9 model is numerically studied to investigate the 
sensitivity of a swirling flow to the GEKO (generalized kω) turbulence model. The GEKO 
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model aims to consolidate different eddy viscosity turbulence models. Six free coefficients are 
changeable to tune the model to flow conditions and obtain results closer to an experimental 
reference without affecting the calibration of the turbulence model to basic flow test cases. 
Especially, the coefficients affecting wall-bounded flows are of interest. This study aims to 
analyze if the GEKO model can be used to obtain results closer to experimental measurements 
and better predict the swirling flow at PL operation compared to other eddy viscosity 
turbulence models. Results show that the near-wall- and separation coefficients predict a higher 
swirl and give results closer to experimentally obtained ones.  
  
Secondly, a simplified version of the U9 model is investigated at BEP and PL operating 
conditions and includes one distributor passage with periodic boundary conditions, the runner 
and the draft tube. The flow is assumed axisymmetric upstream of the runner, hence the single 
distributor passage. Previous studies of hydraulic turbines operating at PL show difficulties 
predicting the flow's tangential velocity component as it is often underpredicted. Therefore, a 
parametric analysis is performed to investigate which parameters affect the prediction of the 
tangential velocity in the runner domain. Results show that the model predicts the flow 
relatively well at BEP but has problems at PL; the axial velocity is overpredicted while the 
tangential is underpredicted. Moreover, the torque is overpredicted. The root cause for the 
deviation is an underestimation of the head losses. Another contributing reason is that the 
runner extracts too much swirl from the flow, hence the low tangential velocity and the high 
torque. Sensitive parameters are the blade clearance, blade angle and mass flow. 
  
Finally, the full version of the U9 model is analyzed at SNL operation, including the spiral 
casing, full distributor, runner and draft tube. During this operating condition, the flow is not 
axisymmetric; vortical flow structures extend from the vaneless space to the draft tube and the 
flow stalls between the runner blades. A mitigation technique with independent control of each 
guide vane is presented and implemented in the model. The idea is to open some of the guide 
vanes to BEP angle while keeping the remaining ones closed. The aim is to reduce the swirl 
and prevent the vortical flow structures from developing. Results show that the flow structures 
are broken down upstream the runner and the rotating stall between the runner blades is 
reduced, which decreases the pressure- and velocity fluctuations. The flow downstream the 
runner remains mainly unchanged.  
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Appended Papers 
Paper A 
"Sensitivity analysis of a swirling flow to the GEKO model". J. Kranenbarg, P. P. 

Jonsson, B. G. Mulu and M. J. Cervantes (2022, September). In IOP Conference 

Series: Earth and Environmental Science (Vol. 1079, No. 1, p. 012030). 

Abstract: Accurate numerical models for hydraulic turbine applications are highly coveted. 
They must be able to correctly capture the swirling flow found at off-design operating 
conditions in the turbine draft tube. The GEKO model is a relatively fast and flexible eddy 
viscosity turbulence model with adjustable coefficients to tune the model to different flow 
scenarios. In this study, the GEKO model is tested on a swirling flow inside a diffusor similar 
to the flow conditions found at part-load operation of a propeller turbine. The diffusor 
investigated corresponds to the Porjus U9 draft tube cone section, including the runner cone. 
Results showed that the near-wall coefficient, with a value of 2, increased the wall shear stress 
and moved the separation point from the runner cone further downstream. Moreover, with a 
value of 0.7, the separation coefficient increased the eddy viscosity, which also moved the 
separation point from the runner cone further downstream. Both coefficients gave velocity 
profiles closer to experimental values and increased the swirl number at the outlet of the 
diffusor by up to 36.9 % compared to the GEKO default model. Overall, the near-wall 
coefficient with a value of 2 gave the best results. The GEKO model provides an opportunity to 
tweak numerical models to swirling flow. 
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Paper B 
"Modeling an axial turbine: a parametric study". J. Kranenbarg, P. P. Jonsson, B. 

G. Mulu and M. J. Cervantes. Submitted to Renewable Energy. 

Abstract: Numerical simulations of axial hydraulic turbines away from the best efficiency 
point are challenging. Especially previous studies show difficulties predicting the tangential 
velocity at part-load operating conditions where the swirl is high. Moreover, there is a lack of 
knowledge about the ability of eddy viscosity turbulence models to predict the runner inter-
blades flow. Therefore, a parametric study is performed to address these points. Specifically, 
the effects of the blade clearance, blade angle, flow rate, and different turbulence models are 
studied on these issues. Results are analyzed by comparing the predicted axial and tangential 
velocity profiles and torque to experimentally obtained values. In addition, the physical 
phenomena responsible for head losses are studied in detail. Results show that the model can 
predict the flow relatively well at optimal flow conditions with low swirl but has problems at 
part load; the tangential velocity between the runner blades is underestimated by ~20%. The 
undervalued head losses are the root cause. They result in an overestimation of the axial 
velocity and an overestimation of the torque which is connected to the runner extracting too 
much swirl from the flow, hence the low tangential velocity. Furthermore, the blade clearance 
is found to be important as high-velocity jets that originate from the clearances affect the flow 
field, especially close to the hub. The torque prediction is also affected. Therefore, the 
clearance should be carefully measured during an experimental campaign, especially at the 
leading and trailing edge. A small modeling error of 0.5° in the blade angle and a change of 3% 
in the flow rate significantly affect the tangential velocity and torque prediction. The studied 
parameters must be considered carefully when building a numerical model. However, part of 
the deviation can also be explained by the insensitivity of eddy viscosity models to anisotropy, 
swirling flow with streamline curvature and runner mesh density. 
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Paper C 

"Mitigation of the pressure pulsations in an axial turbine at speed-no-load with 

independent guide vanes opening". J. Kranenbarg, P. P. Jonsson, B. G. Mulu and 

M. J. Cervantes. Submitted to Journal of Fluids Engineering. 

Abstract: Hydraulic turbines are operated more frequently at no-load conditions, also known 
as speed-no-load (SNL), to provide a spinning reserve that can rapidly connect to the electrical 
grid. As intermittent energy sources gain popularity, turbines will be required to provide 
spinning reserve more frequently. Previous studies show vortical flow structures in the 
vaneless space and the draft tube and rotating stall between the runner blades of certain axial 
turbines operating at SNL conditions. These flow phenomena are associated with pressure 
pulsations and torque fluctuations which puts high stress on the turbine. The origin of the 
instabilities is not fully understood and not extensively studied. Moreover, mitigation 
techniques for SNL must be designed and explored to ensure the safe operation of the turbines 
at off-design conditions. This study presents a mitigation technique with independent control of 
each guide vane. The idea is to open some of the guide vanes to the best-efficiency-point 
(BEP) angle while keeping the remaining ones closed, aiming to reduce the swirl and thus 
avoid the instability to develop. The restriction is to have zero net torque on the shaft. Results 
show that the flow structures in the vaneless space can be broken down, which decreases 
pressure and velocity fluctuations. Furthermore, the rotating stall between the runner blades is 
reduced. The time-averaged flow upstream the runner is changed while the flow below the 
runner remains mainly unchanged. 
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