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ABSTRACT 

The increasing variability of the energy market has created a less favourable 

context for hydropower plants. The operating conditions of the hydraulic turbines 

are impacted by the fast power regulation required to compensate for the 

implementation of renewable energy resources such as wind, wave, or solar 

power. The turbines are frequently working in off-design conditions and therefore, 

their efficiency and life span are reduced. Under damaging operating regimes such 

as part load and speed-no-load operation, unsteady flow structures, asymmetric 

flow and high-pressure fluctuations develop. 

Low-head power plants are usually equipped with Kaplan turbines, i.e., 

double-regulated axial hydraulic machines. The guide vanes and the runner 

blades can be adjusted separately allowing Kaplan turbines to operate at high 

efficiency over a wider range of flow rates compared to single-regulated turbines. 

However, recurrent transient and off-cam operation is accounted for the 

premature wear, fatigue, and failure of Kaplan turbines. 

Experimental and numerical studies are carried out to understand, prevent 

and mitigate the negative effects of transient operation on hydraulic turbines. 

Numerical simulations serve as a practical and cost-efficient supplement to model 

testing and can provide detailed flow information that is difficult to obtain 

otherwise. The experimental and numerical investigations carried out on small-

scale turbine models are convenient and accessible but limited. Studies concerning 

full-scale large turbines are, on the other hand, challenging considering the 

production losses, large scales, high Reynolds numbers, and significant 

computational demands. 

This thesis presents a numerical analysis of the flow developed inside a 

Kaplan turbine model and prototype, working as a propeller turbine, under 

different operation conditions. The objective was to explore the means of creating 

numerical models that could be used in the industry to test, diagnose and optimize 

the exploitation of axial turbines. The test case was the Porjus U9 Kaplan model 

and prototype. All the numerical simulations were validated against experimental 

data. Different operating regimes of the turbine model and prototype were 

modelled. 

The model turbine was investigated numerically at the best efficiency point 

and during the transient operation from the best efficiency point to part load. The 

influence of different turbulence models and inlet boundary conditions on the 

accuracy of the numerical simulations was assessed. Additionally, a time step 

sensitivity analysis showed that the main parameters of the turbine model were 

reasonably predicted with large time step values, 61° and 121° of the runner 

rotation, considerably reducing the simulation time and computational costs. The 

formation of the rotating vortex rope was captured during the guide vane closure. 



 
 

The frequency of the pressure fluctuations monitored on the runner blade was 

accurately predicted compared to the experimental values. 

The operation of the Porjus U9 prototype at the best efficiency point, part 

load and speed-no-load was investigated numerically. The sensitivity of the 

numerical models to the runner blade clearance size, the epoxy layer added to the 

runner blade in the experimental campaign to fix the pressure sensors in their 

position and the runner blade angle was explored. Similar to the model 

simulations, the rotating vortex rope was visible at part load in the prototype 

simulations. The frequency of the pressure pulsations was accurately predicted 

while the amplitude was poorly estimated regardless of the operating point and 

scale of the turbine. 
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CHAPTER I 

Introduction 

Energy production and consumption are currently one of the top global issues to 

be addressed. Despite the growing efforts to develop and integrate the 

exploitation of renewable energy resources, approximately 84 % of the global 

energy comes from fossil fuels [1] and the total production is rising along with 

the consumption demand. The world’s total energy supply increased 2.6 times in 

the past 50 years [2]. In the EU, approximately 39 % of the energy production 

comes from fossil fuels and 58 % of the energy supply is imported [3]. 

Fossil fuels are non-renewable as they cannot be replaced at a rate 

comparable to their consumption rate. The remaining reserves are estimated to 

last only for another 50-100 years [4]. Furthermore, the use of fossil fuels has a 

significant environmental impact generating water, soil, thermal and especially 

air pollution [5] as they represent 75 % of human-caused emissions over the past 

20 years [1]. The two major causes of air pollution are the CO2 from burning 

fossil fuels and SO2 from mining, only the first leading to the greenhouse effect. 

Energy production is the primary source of greenhouse gasses in the EU [6]. The 

greenhouse effect occurs when the gasses in the atmosphere trap the heat close to 

the surface of the Earth thus leading to global warming. The human induced 

warming of the planet leads to climate changes that strongly influences the 

energy consumption behaviour and cause an increase of the energy demand, 

therefore closing a positive feedback loop. 

The future development of the EU energy industry should focus on 

reducing pollution, slowing down global warming, preserving the stock of 

natural resources, and gaining energy independence. This can be done by 

reducing the electricity consumption growth and increasing the sustainable 

development of renewables, i.e., the responsible exploitation of renewable 

resources that are replaced by natural ecological cycles. It is estimated that the 

development of renewable energy and the optimization of the energy 

consumption efficiency, combined with the electrification of end-uses (e.g. 

shared renewable energy systems), could make up 94 % of the global emission 

reductions [7]. 

The EU climate and energy policy goals for this decade, as formulated in 

the 2030 climate and energy framework [8], included a reduction of minimum 40 

% in greenhouse gas emissions compared to the levels recorded in 1990, 32 % 
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increase of the renewable energies share in energy consumption and 32.5 % 

increase in energy efficiency. Additionally, as of 2022 this framework was 

amended to attain the energy independence of the EU as soon as possible [9]. The 

objective of the EU to be climate-neutral by 2050 i.e., to reduce the greenhouse 

gas emissions and compensate for the existent emissions is driving the European 

Green Deal [10] and in line with the EU’s commitment to global climate action 

under the Paris Agreement [11]. 

The national targets for raising the share of renewables in the energy 

consumption vary as different countries have different statuses and possibilities. 

In this context, hydropower provides the highest share of renewable energy: 6.8 

% globally [1] and around 15 % in the EU. In Romania, hydropower accounts for 

approximately 30 % of the energy production, leading to a share of 45 % 

renewable energy sources from the total energy production of the country. 

Sweden had already reached the government’s 2020 target of 50 % renewable 

energy by 2012 and in 2021 hydropower represented approximately 45 % of the 

total energy production. The renewable energy sources represent 55 % of the 

total energy production of the country. The goal for Sweden is to reach 100 % 

renewable electricity production by 2040 [12]. 

The advantages of hydropower are the very low operating and 

maintenance costs and the highest efficiency of producing electric energy 

without generating waste or greenhouse gasses. Representing the only large-

scale energy storage solution, hydropower is able to back up intermittent energy 

sources such as wind, solar and wave power by providing grid frequency 

regulation services. Additionally, pumped-storage hydropower systems increase 

the energy efficiency by capitalizing the hours of low energy demand and supply 

fast available energy during the high energy demand peaks. 

However, hydropower plants experience increasingly frequent start/stops, 

transient operation and off-design operation because of the current context. 

Meeting the new standards calls for a wider operating range of the hydraulic 

turbines and leads to early fatigue and tear of the machines and auxiliary 

equipment [13]. 

The introduction of intermittent renewable energies is supported by 

hydropower but at the cost of frequent damaging operation regimes of the 

plants. Therefore, there is a need to optimize the exploitation and adapt the 

hydraulic turbines towards meeting the modern requirements. As most of the 

large hydropower potential is already under exploitation in the EU, the existing 

machines need to be adjusted. Moreover, many turbines are at the end of their 
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lifetime and need refurbishment and/or replacement, providing an opportunity 

to improve the design for the future hydraulic turbines. 

Depending on the site, i.e., the available head and flow rate, hydropower 

plants in the EU are predominantly equipped with Francis, Kaplan and propeller 

turbines. Francis turbines are medium speed radial-axial machines that require 

lower flow rates compared to Kaplan turbines and are frequently employed on 

medium to high-head sites. Kaplan turbines are high speed axial machines that 

require high flow rates and are employed in low-head sites. Kaplan turbines are 

double-regulated, the angle of the runner blades is also adjustable in addition to 

the guide vanes that control the flow rate. Double-regulation allows a high 

efficiency over a wide operation range. Propeller turbines are similar to Francis, 

single regulated turbines. The present thesis focuses on a Kaplan turbine 

operated as a propeller, yet the number of studies regarding this type of turbine 

is limited; therefore, the literature review partly concerns Francis turbines as 

well. 

Propeller turbines do not have the advantage of Kaplan turbines double-

regulation. Therefore, propeller turbines are more often operated at part load 

(PL) as they are required to cover a larger flow rate range to support grid 

regulation. During PL operation, the reduced flow rate of the turbine and high 

swirling flow lead to the formation of damaging flow structures such as the 

rotating vortex rope (RVR). The effects of PL operation and the formation of the 

RVR are noise, vibration and pressure fluctuations travelling upstream and 

causing uneven loads on the runner blades [14]. Another damaging flow regime 

is the speed-no-load (SNL), an intermediate part of the start-up sequence and 

one of the most damaging operating conditions [15]. Stochastic flow structures 

develop during SNL operation along with more coherent structures such as the 

rotating stall and inter-blade vortices. Cavitation, usually occurring while the 

turbines are working at high-load (largest flow rate values) can also be a 

detrimental phenomenon. During the operation of full-scale turbine prototypes, 

cavitation occurs under almost all operating conditions [16]. In the low-pressure 

areas, water vaporizes at lower temperatures creating vapour filled bubbles. As 

the pressure increases, the bubbles collapse generating a shockwave leading to 

noise, vibration, pressure peaks and causing erosion of the turbine runner 

surface. 

The integration of renewable resources on the energy markets world-wide 

requires a back-up solution thus, raising the expectations and developing an 

adverse operating environment for hydropower plants and consequently, 



4 
 

hydraulic turbines. The machines experience earlier wear and fatigue and shorter 

lifetime due to the negative impact of pressure fluctuations and transient 

phenomena that occur during the frequent starts and stops and off-design 

operating conditions. A better understanding of the effects that such operating 

conditions have on the turbines is mandatory to be able to mitigate them and 

extend the operating range and lifetime of hydraulic turbines. The experimental 

investigations produce significant insight regarding the flow field but are limited 

in the sense that there is a reduced number of measurements available and the 

costs are high. Numerical simulations provide additional information and details 

to measurement campaigns at a reasonable and quasi-predictable accuracy; 

therefore, both experimental and numerical studies are needed. Similarly, 

regarding the scale of the investigated turbines, both models and full-scale 

turbine prototypes have their advantages. 

Experimental and numerical studies carried out on turbine models are the 

predominant mean of gaining knowledge in the field of hydraulic machines. The 

experimental measurements are easier to perform in a controlled environment 

and the geometry can be modified more conveniently for different tests. As it is 

possible to reproduce damaging operating regimes at small scales, there is a 

smaller cost for multiple sets of measurements. The regular geometry of the 

turbine models is easier to model numerically as the symmetry of the blades is 

ensured, there is uniform roughness and there is no cavitation damage on the 

blade. The numerical investigations are faster and less demanding because of 

smaller models, simpler geometry and more information available from 

experimental investigations that can be used for validation, initial conditions and 

boundary condition definition. However, model investigations have their 

disadvantages as the dynamic similarity between model and prototype turbines 

is challenging to attain. Furthermore, the costs of building a fully functional 

turbine model are significant. 

Several studies are available in the literature presenting extensive 

experimental and numerical investigations of hydraulic turbines. The Francis-99 

test case introduced a high-head Francis turbine model and investigated the 

steady and transient operation of Francis turbines. The complete three-

dimensional geometry, hexahedral mesh and experimental data were made 

available through a series of workshops [17-19]. The BulbT test case provided a 

comprehensive experimental and numerical analysis of a bulb turbine model 

under different operating conditions [20-24]. Laser Doppler Anemometry (LDA) 

velocity measurements [21] and pressure and strain measurements were 
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performed [22] and the experimental data was also used for the validation of 

numerical studies [23, 24]. The only Kaplan turbine test case that was broadly 

studied is the Porjus U9, except for the Turbine 99 test case that focused on the 

flow developed in the draft tube of a Kaplan turbine [25, 26]. Extensive 

measurement campaigns were carried out on the Porjus U9 Kaplan turbine 

model [27, 28]. The analysis of the experimental data was presented in different 

publications [29-34] and will be detailed in the following sections. There are, 

however, few numerical studies investigating the Porjus U9 turbine model [35-

37]. 

The research concerning prototype turbines is on the other hand, sparse. 

The experimental investigations are expensive and difficult to perform because 

the geometry of the turbine needs to be modified in order to carry out accurate 

measurements, e.g., pressure sensors mounted on the runner blades require 

drilling holes on the runner blades. Additionally, the costs of taking the 

prototype turbine out from production are significant. The numerical 

investigations are also problematic. The geometry of the runner is irregular, and 

the trailing edges of the runner blades could be affected by cavitation. In this 

case, scanning the geometry to gain numerical accuracy leads to a complicated 

meshing process. Furthermore, the numerical model becomes larger and more 

complex with high Reynolds numbers and cavitating flow. Nonetheless, 

prototype studies bring direct application of newly gained information to the 

industry. A full numerical model built from the scanned geometry of the 

prototype machine can be used as a digital twin to optimize the exploitation of 

the turbines and diagnose faults or predict refurbishment dates. Experimental 

data acquisition can help develop a real-time online optimization of the 

operating parameters of the turbines. 

The prototype turbine studies available in the literature concern mostly 

Francis turbines and are predominantly experimental investigations [37-40], with 

few exceptions [41, 42] focusing on the main parameters of the turbines and the 

frequency analysis of the pressure fluctuations. There are no numerical studies 

regarding Kaplan turbine prototypes. The Porjus U9 turbine prototype was 

investigated experimentally [43] and pressure and strain measurements were 

made available for different operating conditions [44, 45]. 

The objective of the thesis is to develop a realistic numerical model of a 

Kaplan turbine, model and prototype, operating as a propeller. Such numerical 

model will complement on-site testing, support the experimental investigations 

and help implement new technology and optimize the exploitation of Kaplan 
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and propeller turbines. The limitations of turbulence modelling, space and time 

discretization and the influence of the boundary conditions on the accuracy of 

small-scale model simulations are discussed. Opportunities of reducing the 

numerical model size and complexity without compromising the accuracy of the 

prototype simulation are explored and several simplifications are proposed. The 

steady and transient operation of the model and prototype turbine under 

different operating regimes are investigated numerically. All the numerical 

simulations are validated with experimental data available in the literature. 
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CHAPTER II 

Turbulent flows in hydraulic turbines 

The operation of hydraulic turbines is classified as steady if the rotational speed 

and the flow rate are constant in time, and transient if one or both parameters 

change over time, e.g., the transition between two steady-state conditions, start 

and stops [46]. However, the flow developed inside hydraulic turbines is 

unsteady and turbulent regardless of the operating point or regime because of 

the large Reynolds number, rotating runner, and specific flow phenomena, e.g., 

flow separation, vortex shedding, cavitation, and vortex breakdown. Stochastic 

phenomena such as turbulent fluctuations and cavitation occur throughout the 

entire operating range, best efficiency point (BEP) included. Periodic phenomena 

such as the RVR, rotating stall, inter-blade vortices occur at specific flow rates 

and guide vane configurations. These structures i.e., the RVR, rotating stall, 

inter-blade vortices, lead to pressure pulsations and asymmetrical loads on the 

runner blades, noise and vibration in the turbine shaft and bearings. Fluid-

structure interaction studies showed that the effects of oscillatory interactions are 

blade fatigue and breakage [47]. 

The turbulent flow is characterized by random changes in pressure and 

flow velocity. At high Reynolds numbers, the viscous forces are low and the 

inertial forces govern the flow, producing chaotic eddies, vortices and other flow 

instabilities. The momentum transferred between the neighbouring fluid layers 

leads to additional stresses, i.e., turbulent stresses, and consequently, to larger 

pressure losses. The turbulent flow is highly sensitive to minor variations in the 

initial conditions and the boundary conditions [48]. 

RANS turbulence modelling 

The Navier-Stokes equations describe the motion of viscous fluids and can be 

employed for turbulent motion at small scales. For incompressible, viscous fluids 

the Navier-Stokes equations are: 

   

  
  

 

 

  

   
   

    

      
 (1) 

where         is the flow velocity, P [Pa] is the pressure and          is the 

kinematic viscosity      , a function of the dynamic viscosity          and the 

fluid density          . 

https://en.wikipedia.org/wiki/Eddy_(fluid_dynamics)
https://en.wikipedia.org/wiki/Vortex
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The Reynolds decomposition may be employed to solve the Navier-Stokes 

equations for turbulent flow. In such decomposition, the instantaneous velocity 

 (   ) is replaced by its mean  ̅(   ) and fluctuating part   (   ): 

 (   )    ̅(   )    (   ) (2) 

With this decomposition, the Reynolds averaged Navier Stokes (RANS) 

equations are obtained: 

  ̅ 

  
   

 

 

  

   
  

   ̅ 

      
 

       ̅̅ ̅̅ ̅̅

   
 (3) 

where the covariances of the velocity fluctuations,       ̅̅ ̅̅ ̅̅  represent the 

Reynolds stresses. 

Turbulence models grant the modelling of the Reynolds stress tensor to 

close the equation system [48]. The turbulence models employed in the present 

numerical studies are eddy viscosity models. The turbulent (eddy) viscosity is a 

function of the length scale and time scale, and the model is not closed until these 

scales are specified [49]. 

Rated parameters of hydraulic turbines 

The rated, or nominal parameters of the hydraulic turbines are parameters used 

for the design of the machines at the best efficiency operation. The flow rate, 

        , is controlled by the guide vane opening angle. The head,      , is the 

available potential energy calculated as the difference between the free surface 

water level upstream and downstream from the turbine, respectively. The 

hydraulic power of the turbine       , is defined as: 

               (4) 

Where    is the hydraulic efficiency. 

The mechanical power output of the turbine,       is: 

        (5) 

where        is the torque generated by the hydraulic turbine and n [rpm] 

is the rotational speed of the turbine. 

The efficiency of a hydraulic turbine       is then defined as the ration of 

the mechanical power output to the hydraulic power available for the turbine. 
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The specific speed of a turbine, ns, is the speed of a geometrically similar 

turbine that produces 1 kW when the available head of the turbine is 1 m. It is 

calculated as a function of the power output, head and rotational speed and it is 

used to compare the performance of different turbine types. 

     
  

   

    
 (6) 

Kaplan turbines are high speed turbines usually employed on sites 

characterized by high flow rate and low head values. 

Off-design operation of hydraulic turbines 

During the off-design operation of hydraulic turbines, unsteady flow structures 

develop depending on the operating conditions. As the guide vanes gradually 

close, the flow rate decreases. The runner is not able to completely extract the 

high swirl provided by the guide vanes at lower angles. Therefore, the axial 

velocity is comparably low to the tangential velocity at the runner outlet. A low 

axial velocity region forms below the runner hub. The tangential component of 

the velocity becomes dominant, as the flow is pulled towards the draft tube 

walls. The RVR is formed as an eccentric vortex rope that is wrapping around 

the central low-velocity area. The vortex rotates in the same direction as the 

runner at approximately 0.2-0.4 of the runner frequency. The effects of the RVR 

are noise, structural vibration and large pressure fluctuations travelling 

upstream. Several mitigation methods have been studied such as fins, runner 

cone extensions, air or water injections [52]. 

The RVR can be decomposed in two components: a synchronous 

component referred to as the plunging mode and a rotating component referred 

to as the rotating mode. 

To obtain the plunging (   ) and rotating (    ) modes of the RVR, at least 

two pressure signals recorded experimentally or monitored during the 

numerical simulation are used. The sensors, or monitor points respectively, are 

located on the draft tube cone wall, on the inner         and outer radii          

of the draft tube, symmetrical to the draft tube centerline. The values of the two 

components are calculated as follows: 

     
        

 
 (7) 

      
        

 
 (8) 

Another damaging operating condition investigated in the thesis is the SNL 

operating point. As a part of the start-up sequence, the SNL is characterized by 

low flow rate, guide vane angle and runner blade angle values. At SNL, the 
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turbine is rotating at a synchronous speed, but the power output of the electric 

generator is null. The runner blade and guide vane angles are fixed. The 

hydraulic energy is dissipated predominantly through turbulent recirculation in 

the runner and draft tube and therefore the flow has a strongly random 

character. However, there are studies demonstrating the presence of coherent 

flow structures such as inter-blade vortices and rotating stall at SNL [53, 54], 

which may lead to large amplitude vibrations. 

An unstable shear layer is formed in the vaneless space and extends below 

the runner leading to the formation of the rotating stall. The number of vortices 

is influenced by the runner blades but the rotating stall exists even in the absence 

of the blades [55]. 

Investigations focusing on hydraulic turbines during start-up [56-58] 

showed that the highly turbulent flow developed at SNL leads to low-frequency 

pressure fluctuations and vibration, accelerating the wear and fatigue of the 

hydraulic machines [59]. 
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CHAPTER III 

Porjus U9 case study 

Porjus U9 Kaplan turbine 

The prototype turbine Porjus U9 is located in the Porjus power plant on the Lule 

River in northern Sweden. The turbine is used for research and educational 

purposes. The scaled model is also available, allowing scale-up studies. The 

Porjus U9 prototype includes a spiral casing, a distributor with 18 stay vanes and 

20 guide vanes, a runner with 6 blades, and an elbow draft tube (Figure 1). The 

runner diameter is 1.55 m. The nominal head of the turbine is approximately 55 

m and the maximum flow rate of the turbine is 20 m3/s. The rotational speed is 

600 rpm. 

  

(a) (b) 

Figure 1. The main dimensions of the Porjus U9 Kaplan turbine prototype: (a) complete turbine 

geometry; (b) stay vanes, guide vanes, runner and draft tube. 

A scaled model of the Porjus U9 Kaplan turbine was manufactured for 

experimental and numerical investigations. The model is located at the 

Hydraulic Machinery Laboratory of Vattenfall AB in Älvkarleby, Sweden. The 

turbine model is installed in a closed loop rig between two tanks. The pressure 

inside the tanks is controlled to keep the head of the turbine constant and avoid 

cavitation. At a scale of 1:3.1, the Porjus U9 model is geometrically similar to the 

prototype. The runner diameter is 0.5 m. The nominal head of the model turbine 

is 7.5 m and the flow rate is 0.69 m3/s. The rotational speed is 696.3 rpm. The 
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rated parameters of the Porjus U9 Kaplan turbine model and prototype are 

presented in Table 1. 

Table 1. Rated parameters of the Porjus U9 Kaplan turbine model and prototype. 

 Model Prototype 

Flow rate [m3/s] 0.69 20 

Head [m] 7.5 55 

Rotational speed [rpm] 696.3 600 

Diameter [m] 0.5 1.55 

Experimental data available 

The experimental data available for the Porjus U9 turbine model consists of 

LDA measurements, Particle Image Velocimetry (PIV) measurements, and 

pressure measurements. All these measurements were performed under 

cavitation free conditions with a fixed runner blade angle. 

Amiri et al. [32] investigated the Porjus U9 model at the BEP and off-cam 

operation using a two-component LDA system. Axial and tangential velocity 

profiles were measured in the blade channel region and below the runner blades 

at the runner cone (Figure 2). Mulu and Cervantes [31] studied the unsteady 

turbulent flow developed in the draft tube of the Porjus U9 model. LDA 

measurements were performed at three different axial positions presented in 

Figure 2 and four angular positions presented in Figure 4. The velocity was 

measured along the LDA beams that were perpendicular to the draft tube cone 

wall. The maximum uncertainties reported for the LDA measurements ranged 

from 0.65 % to 1.4 %. 

 
Figure 2. LDA measurement location. 

The flow developed in the straight diffuser of the Porjus U9 model draft 

tube was also investigated experimentally by Amiri et al. [33]. The velocity 

components were measured using a PIV system that recorded images at a rate of 
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10 Hz on a grid formed by three horizontal planes and five vertical planes, at two 

locations presented in Figure 3. A detailed description of the PIV system, data-

acquisition system and signal processing was provided by Amiri et al. [33]. 

 

Figure 3. PIV measurement location. 

Pressure measurements were performed on the runner blades [14, 60] and 

draft tube walls of the Porjus U9 model [30]. The measurements were carried out 

under steady-state conditions at different operating points such as BEP and PL 

[14, 30] and during load variations [60]. 

Mulu et al. [30] investigated the influence of the flow entering the draft tube 

on the draft tube efficiency. 20 pressure sensors were installed on the draft tube 

cone (Figure 4). The uncertainties of the pressure transducers were reported at 

0.1 %. The detailed description of the sensors technical specifications, data-

acquisition system, signal processing, and operating conditions used in this 

measurement campaign was provided by Mulu et al. [14, 60]. 

 

 

(a) (b) 

Figure 4. Pressure sensors location in the draft tube cone: (a) lateral view; (b) top view. 
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Part of the experimental investigation carried out by Amiri et al. [14, 60], six 

pressure sensors (PS1 to PS6) were installed on the pressure side of one runner 

blade and six on the suction side the following blade (SS1 to SS6) as presented in 

Figure 5. The signals were recorded at a constant sampling frequency of 4 kHz. 

The uncertainties of the pressure transducers were reported at ±0.3 %. The 

detailed description of the sensors technical specifications, data-acquisition 

system, signal processing, and operating conditions used in this measurement 

campaign was provided by Amiri et al. [14, 60]. 

  

(a) (b) 

Figure 5. Pressure sensors location on the runner blades: (a) pressure side; (b) suction side. 

The Porjus U9 Kaplan turbine prototype was investigated experimentally 

by Soltani et al. [44, 45] who performed pressure and torque measurements. 

Twelve pressure sensors were mounted on a single runner blade (Figure 6). The 

positions of the pressure sensors corresponded to the positions defined for the 

model tests previously performed by Amiri et al. [14, 60]. The sensors were 

mounted on small capsules fixed to the runner blade in an epoxy layer. To obtain 

the torque generated by the turbine, the shaft torsional strain was measured by 

two torsion strain gages installed on the turbine shaft. A complete description of 

the sensors technical specifications, data-acquisition system, signal processing, 

and operating conditions used in this measurement campaign was provided by 

Soltani et al. [44, 45]. 
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(a) (b) 

Figure 6. (a) Pressure sensors mounted on the runner blades of the Porjus U9 prototype. (b) 

Epoxy layer applied to the runner blade to fix the position of the pressure sensors. 
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CHAPTER IV 

Numerical modelling methodology 

This chapter summarises the methodology used to perform the numerical 

simulations of the Porjus U9 Kaplan turbine model and prototype (Table 2). 

Steady simulations were performed to provide the initial conditions in all 

papers. The simulations performed in this thesis were steady, unsteady and 

transient simulations. The Porjus U9 model was investigated during BEP 

operation in papers A and B using steady and unsteady numerical simulation. In 

paper C, the transient operation of the Porjus U9 model was simulated. The 

turbine was shifting its operating point from BEP to PL as the guide vanes were 

closing. The Porjus U9 prototype was investigated in paper D during BEP and PL 

operation. Finally, the numerical simulation of the Porjus U9 prototype during 

SNL operation was presented in paper E. 

Table 2. Summary of the numerical simulations performed in the thesis. 

 Operating conditions Porjus U9 turbine Simulation type 

Paper A steady-state BEP model steady and unsteady 

Paper B steady-state BEP model steady and unsteady 

Paper C transient BEP to PL model unsteady 

Paper D steady-state BEP and PL prototype unsteady 

Paper E steady-state SNL prototype unsteady 

Turbulence modelling 

RANS turbulence models are systems of partial differential equations that are 

closed by modelling the Reynolds stresses using functions, constants and 

coefficients. The Reynolds stresses are modelled differently for each turbulence 

model. RANS models are able to predict the mean flow and not the full-time-

dependent flow field. 

The k-epsilon turbulence model is a two-equation eddy viscosity model [61, 

62]. The mean kinetic energy per unit mass, k, is a measure of the intensity of 

turbulence. The turbulent eddy dissipation rate, ε, is the rate at which the kinetic 

energy is converted into thermal internal energy. Two transport equations for k 

and ε are solved and the Reynolds stresses are modelled in terms of k and ε. The 

k-epsilon model is based on the assumption that the turbulent viscosity is 

isotropic, and as a consequence, the production of turbulent kinetic energy is 

overestimated and the model is underperforming in predicting the intensity of 

the velocity and pressure fluctuations. 
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The Re-Normalization Group (RNG) k-epsilon model is similar to the 

standard k-epsilon model. The difference is that the model constants have other 

values and the constant employed in the rate of production term is replaced by a 

function. The RNG k-epsilon model can consider the smaller scales of fluid 

motion. 

The k-omega Shear Stress transport (SST) turbulence model is also a two-

equation eddy viscosity model [63]. The model employs the k-epsilon 

formulation in the outer region of the flow and the k-omega formulation in the 

boundary layer. The specific dissipation rate, ω, represents the rate at which 

turbulent kinetic energy k is converted to thermal energy per unit volume and 

time. The two transport equations are a modified version of the   equation used 

in the k-epsilon model and an equation for the specific dissipation rate (turbulent 

frequency), ω. The turbulent viscosity is considered isotropic, similar to the k-

epsilon model. The SST turbulence model is recommended to limit the shear 

stress in flows with adverse pressure gradients. 

The eddy-viscosity turbulence models are rendered less accurate by 

streamline curvature and rotation. To improve the sensitivity of such models, a 

correction for both rotation and curvature was introduced. The production term 

can be modified to consider these effects. The curvature correction (CC) employs 

an empirical function proposed by Spalart and Shur [64] included in the 

equations as a multiplier of the production term. 

The Scale Adaptive Simulation (SAS) is a hybrid Unsteady Reynolds 

averaged Navier-Stokes (URANS) turbulence model that can switch from a Large 

Eddy Simulation (LES) approach in the unsteady regions of the flow to the RANS 

behaviour in the steady flow [65]. The LES turbulence model is based on the 

separation of the large length scales from the small length scales. The Navier-

Stokes equations are filtered to obtain the LES governing equations. Eddies that 

have a smaller scale than the band width of the filter, or smaller than the grid 

spacing used for the numerical model are filtered out and eliminated from the 

analysis. LES turbulence models are the most accurate and reliable but at the 

same time, the most computationally expensive. The SAS–SST turbulence model 

is recommended for modelling highly unsteady flows; the modelled dissipation 

rate is controlled and adapted to employ LES-like capabilities. 

A synthesis of the turbulence models employed in the numerical 

simulations performed in this thesis is presented in Table 3. 
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Table 3. Summary of turbulence models employed in the thesis. 

 Operating conditions Porjus U9 turbine Turbulence models 

Paper A steady-state BEP model 

k-epsilon 

RNG k-epsilon 

k-omega SST 

Paper B steady-state BEP model 

k-epsilon 

RNG k-epsilon 

k-omega SST 

Paper C transient BEP to PL model k-omega SST 

Paper D 
steady-state BEP 

steady-state PL 
prototype k-omega SST 

Paper E steady-state SNL prototype SAS-SST 

Numerical discretization 

Discretization of the advection term 

The advection term represents the change in the momentum generated by 

advection, i.e., the transport of a quantity by bulk motion of a fluid. The material 

derivative, (   )    is defined according to Eq. 9. The advection term is the 

second term on the right side of the equation. 

   

  
  

   

  
   (    ) (9) 

The options available for the discretization of the advection term in the CFX 

Solver [66] are: 

 First Order Upwind Differencing Scheme: provides robustness but the 

abrupt gradients are smoothed out. 

 Specified Blend Factor: a value between 0 and 1 can be chosen for the 

blend factor, where 0 corresponds to the First Order Upwind Differencing 

Scheme and the value of 1 corresponds to a second-order discretization. By 

selecting the second-order option, the abrupt gradients are better captured. The 

downside of this option is that non-physical fluctuations may occur in the 

numerical results. 

 High Resolution Scheme: automatically adjust the blend factor and keeps 

it as close to 1 as possible. 

The High Resolution Scheme was employed in all numerical simulations 

presented in this thesis, with the exception of the simulation that modelled the 

flow inside the Porjus U9 prototype during SNL operation, where the First order 

Upwind Differencing Scheme was employed. 
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Discretization of the diffusion terms and pressure term 

The diffusion terms and pressure term are discretized using shape functions, i.e., 

functions that interpolate the solution between the discrete values obtained at the 

mesh nodes; to calculate spatial derivatives. The shape functions are evaluated at 

integration points and the sum over all the nodes of the mesh element is taken 

into account. The mesh quality parameters such as the minimum angle have a 

strong influence on the accuracy of the calculation of these terms. 

Discretization of the transient term 

The flow developed inside a hydraulic turbine can be characterised as either 

steady, unsteady or transient taking into account the time dependence of the 

flow variables. Steady simulations are based on the assumption that the steady 

conditions of the flow field are invariably reached after a sufficiently long time 

interval. Therefore, they do not need real time information. The time-dependent 

simulations, however, require real time information, i.e., a time step at which the 

software solves the equations, must be specified. 

To reach convergence, the steady simulations employ a false timescale or 

time step to reduce the fluctuation of the flow variables during each iteration. In 

time-dependent simulations, fixed or variable time steps are specified to solve 

the governing equations. Both approaches should be used when investigating a 

steady-state problem. The best practice is to start by performing steady 

simulations to obtain the initial conditions for the unsteady simulations. This 

way, the problem of the incomplete initial conditions is solved and a faster 

convergence is ensured. When modelling the transient variation between two 

unsteady regimes, it is recommended to provide the results of an unsteady 

simulation as initial conditions. 

The options available for the discretization of the time-dependent term in 

the CFX Solver [66] are: 

 First Order Backward Euler - implicit time step scheme sensitive to 

numerical diffusion. 

 Second Order Backward Euler - also an implicit scheme but second-order 

accurate. The Second Order Backward Euler scheme was employed in all the 

unsteady numerical simulations presented in this thesis. 

The time step size should be defined considering the frequency of the 

phenomena to be resolved. A sampling resolution frequency that is ten times 

larger than the highest frequency to be resolved is recommended to ensure a 

good resolution. The Nyquist criteria states that the sampling frequency should 
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be at least double the highest frequency contained in the signal to preserve the 

full information of the signal. 

There are cases where the numerical time step needs to be smaller than the 

time corresponding to the data acquisition frequency to satisfy the above 

conditions. Several studies have pointed out the difficulty in capturing the 

correct amplitude of the pressure fluctuations during the operation of hydraulic 

turbines, regardless of the operating point [28, 67]. 

A time step sensitivity analysis was performed in Paper C for three different 

time step sizes, as presented in Table 4. A large time step hypothesis was tested 

on the transient simulation that investigated the Kaplan turbine model while 

shifting from BEP to PL. The angles of the runner rotation, dθ, corresponding to 

the large time step values were 61° and 121°, respectively. Based on the 

assumption that the flow at the inlet and outlet of the runner domain is nearly 

axis-symmetric and the six runner blades are quasi-identical, a runner rotation of 

61° should be equivalent to a rotation of 1°. The largest time step size allows for 

resolving the RVR with at least 15 points per RVR rotation (1 RVR rotation  5 

runner rotations). 

Table 4. Summary of the time steps used in the numerical studies. 

 
Operating 

conditions 

Porjus U9 

turbine 

Time step 

dt (s) 

Corresponding runner 

blade angle dθ (°) 

Paper A steady-state BEP model 4 ∙10-4 1.67 

Paper B steady-state BEP model 4 ∙10-4 1.67 

Paper C 
transient BEP to 

PL 
model 

11.95 ∙10-4 

145.79 ∙10-4 

289.19 ∙10-4 

5 

61 

121 

Paper D 
steady-state BEP 

steady-state PL 
prototype 2.78 ∙10-4 1 

Paper E steady-state SNL prototype 2.78 ∙10-4 1 

Figure 7 presents the Fast Fourier Transform (FFT) analysis of the numerical 

pressure monitored on a runner blade (PS1, Figure 5) and the draft tube wall (3c, 

Figure 4) for all time step values. The frequency is made dimensionless using the 

runner rotational frequency of the Porjus U9 model, frunner = 11.61 Hz. 

The numerical pressure fluctuations showed amplitude peaks at 

approximately the same dimensionless frequencies corresponding to the rotating 

and plunging mode of the RVR. However, the amplitude of the pressure 

fluctuations was considerably influenced by the time step size. The simulation 

employing the largest time step value provided the smallest amplitude values. 
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As expected, the pressure fluctuations were dampened when using large time 

step values. 

  

(a) (b) 

Figure 7. Amplitude spectra of the numerical pressure signal obtained throughout a load 

variation and PL operation using different time step sizes: red - dθ = 5°, blue - dθ = 61°, green - dθ 

= 121°. (a) Monitor point PS1 near the leading edge, on the pressure side of the blade. (b) Monitor 

point 3c on the draft tube cone wall. 

The numerical prediction of the main parameters of the turbine was not 

influenced by the time step size. The mean velocity profiles monitored in the 

runner and draft tube domains were also predicted correctly regardless of the 

time step. 

Using large time step values ensures a good estimation of the mean flow 

features. However, to accurately capture the amplitude and frequency of the 

pressure and velocity fluctuations, smaller time step values are recommended. 

The time step should correspond to a runner rotation of 5 ° or even less. 

Computational domains and interfaces 

The computational domain employed in the numerical studies presented in the 

thesis mainly consisted of the guide vane (GV), runner (RN) and draft tube (DT) 

domains. The stay vanes were included in the GV domain in the prototype 

simulations. Depending on the type and purpose of the numerical simulations, 

one or more guide vane and runner blade passages were modelled, and the 

computational domains were connected by stage, transient-rotor-stator and 

periodic interfaces. The stage interface is divided into circumferential bands and 

averaged values of the flow variables are transferred to the downstream domain. 

The disadvantage of stage interfaces is that only the time-averaged effects are 

taken into consideration at the interface between a stationary domain and a 

rotating domain. 

The transient rotor-stator interface provides the most complete and 

trustworthy results and it is recommended when the transient effects at the 
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interface are significant. The transient rotor-stator frame change model computes 

the transient relative motion at the interface. When using such interfaces, it is 

recommended to adjust the geometry so that the pitch ratio is as close to unity as 

possible for a better numerical accuracy. 

The periodic interfaces were employed for domains that include multiple 

identical flow regions, e.g., the GV domain has 20 identical guide vanes and the 

RN domain has 6 identical blades. Using periodic interfaces allows the solving of 

a single blade passage and the numerical values of the flow variables are 

automatically copied from one side of the interface to the other. 

A summary of the computational domains and interfaces used in the 

numerical studies is presented in Table 5. 

Table 5. Summary of the computational domains and interfaces used in the numerical studies. 

 
Operating 

conditions 

Porjus U9 

turbine 

Simulation 

type 
Domains Interfaces 

Paper A steady-state BEP model 
steady 1GV+1RN+DT stage 

unsteady 20GV+6RV+DT transient rotor-stator 

Paper B steady-state BEP model unsteady 20GV+6RV+DT transient rotor-stator 

Paper C transient BEP to PL model unsteady 1GV+6RN+DT 
stage 

transient rotor-stator 

Paper D 
steady-state BEP 

steady-state PL 
prototype unsteady 1GV+6RN+DT transient rotor-stator 

Paper E steady-state SNL prototype unsteady 20GV+6RN+DT transient rotor-stator 

Figure 8 presents the separate computational domains that were employed 

in the different numerical simulations presented in the thesis. The geometry of 

the prototype turbine was obtained by scaling the model geometry. 



23 
 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 8. Computational domains. (a) Prototype penstock and spiral case domains; (b) Stay vane 

and guide vane domain; (c) Runner domain, single blade passage (left), complete runner (right); 

(d) Draft tube domain. 

In the first numerical studies concerning the Porjus U9 model, the angle of 

the modelled guide vanes was 3.3 ° smaller than the experimental value, leading 

to slightly higher axial velocity values at the same flow rate value. This was 

corrected in the following simulations. 

In the steady simulations of the Porjus U9 model operated at BEP, the draft 

tube was extended with a 2 m straight channel to define the outlet of the 

simulated domain further from the area of interest. This was expected to improve 

the convergence of the simulations. However, the improvement was not 

significant compared to the increase in the DT mesh size therefore the draft tube 

extension was not employed in further studies. 
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The runner-draft tube interface was lowered by 300 mm compared to the 

previous numerical investigations performed by Mulu et al. [35]. Consequently, 

the flow was completely attached to the runner hub as there was no intersection 

between the rotating runner hub and the interface (Figure 9); proving once more 

that interfaces should be defined away from interest zones when using stage 

interface. 

 

Figure 9. Flow near the runner cone at mid plane. Results obtained from model steady 

simulations. A stage interface was used. 

The computational domain for the steady simulations of the Porjus U9 

model included one guide vane passage, one runner blade passage and the draft 

tube. The domains were connected with stage interfaces. For the unsteady 

simulation, the GV domain was composed of 20 identical blades. One guide vane 

was modelled and the mesh was rotated and copied. Similarly, the runner blade 

mesh was rotated and copied six times to obtain the complete runner domain. 

For the unsteady simulations, the domains were connected with transient rotor-

stator interfaces. 

The transient simulations concerning the operation of the model turbine 

between BEP and PL contained one guide vane passage, the complete runner and 

the draft tube. A single guide vane was included because a moving mesh was 

used to model the guide vane closure. The computational resources necessary to 

calculate the displacement of 20 guide vanes would have increased significantly. 

The GV and RN domains were connected with a stage interface whereas the RN 

and DT domains were connected with a transient rotor-stator interface. 

For the prototype simulations, the model geometry was scaled and the 

complete RN domain was included. The runner blade and the guide vanes angles 

were considerably different compared to the model turbine and the domains 

were adjusted to match the prototype geometry and re-meshed. A detailed 
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discussion of the influence of the blade angle, prototype domain selection and 

mesh on the convergence of the numerical simulations is presented in the 

following chapter, “Results and Discussions”. 

Spatial discretization 

All the computational domains employed in the model and prototype 

simulations presented in the thesis were discretized using ICEM v16.2, with the 

exception of the prototype runner. Turbogrid v16.2 was employed for the 

prototype runner blade passage to optimize and reduce the meshing time, as 

several runner blade angles had to be modelled. The mesh was built from 

hexahedral elements, exclusively, regardless of the domain to be discretized; 

model and prototype. Compared to tetrahedral elements, hexahedral elements 

are able to better align with the flow, thus providing better accuracy of the 

numerical model. Additionally, the total number of elements is 4-8 times larger 

when using tetrahedral elements and therefore the duration of the simulation 

and the size of the numerical results is larger as well. 

The mesh created for the Porjus U9 model and employed in the steady 

simulations performed for the papers A and B is presented in Figure 10. For the 

transient simulation modelling the transition from BEP to PL of the model 

turbine (Paper C), the guide vane domain was rebuilt at a similar size and 

quality. The draft tube extension was removed. No modifications were brought 

to the runner geometry. 

 
Figure 10. Hexahedral mesh of the Porjus U9 model employed in the steady simulations. 

(a) Guide vane. (b) Runner blade. (c) Draft tube extended with the 2 m straight channel. 
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A synthesis of the mesh quality parameters evaluated in Ansys CFX Solver 

for each computational domain employed for the Porjus U9 model simulations is 

presented in Tables 6 and 7. The minimum orthogonality angle represents the 

minimum angle between two adjacent element faces. The maximum expansion 

factor is the ratio of the smallest element volume to the largest element volume 

that are sharing a node. The mesh aspect ratio is the ratio of the largest to the 

smallest face areas of all the elements sharing a node. 

Table 6. Quality parameters of the Porjus U9 model mesh employed for the BEP simulations; 

Papers A and B. 

Domain 
Min. Orthogonality 

Angle (°) 

Max. Expansion 

Factor (-) 

Aspect 

Ratio (-) 

Guide vane 19.9 21 84 

Runner 16.8 48 668 

Draft tube 30.5 9 7635 

Table 7. Quality parameters of the Porjus U9 model mesh employed for the transient simulations; 

Paper C. 

Domain 
Size 

(106) 

Min. Orthogonality 

Angle (°) 

Max. Expansion 

Factor (-) 

Aspect 

Ratio (-) 

Guide vane* 0.34 20.2 16 58 

Runner 9.96 16.8 48 668 

Draft tube 3.66 30.5 9 7635 

*different GV angle compared to the previous two papers (Table 6). 

The mesh of the Porjus U9 model was built according to the sensitivity 

analysis presented by Mulu et al. [36] and performed for the guide vanes, runner 

and draft tube of the Porjus U9 model. 

The mesh displacement was specified for the guide vanes in the BEP to PL 

transient simulation. The location of the guide vane blade was calculated at each 

time step using coordinates relative to the previous mesh position to describe the 

rotation of the blade around the centre of rotation, C (Figure 11). 
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Figure 11. Spatial discretization of the guide vane domain at the beginning of the transient 

operation (BEP) and the end of the transient operation (PL). 

The prototype geometry was obtained by scaling the model geometry. The 

GV domain was re-meshed at a similar size and quality to the model GV mesh. 

The RN domain was discretized using Turbogrid. A mesh sensitivity analysis 

was performed for the RN and DT domains. The mesh created for the Porjus U9 

turbine prototype and employed in the numerical simulations performed for the 

papers D and E is presented in Figure 12. 

  
 

(a) (b) (c) 

Figure 12. Hexahedral mesh of the Porjus U9 prototype. (a) Guide vane. (b) Runner. (c) Draft 

tube. 

A synthesis of the mesh quality parameters evaluated in Ansys CFX Solver 

for each computational domain employed for the Porjus U9 prototype 

simulations is presented in Tables 8 and 9. 

Table 8. Quality parameters of the Porjus U9 prototype mesh employed for the BEP and PL 

simulations; Paper D. 

Domain 
Size 

(x106) 

Min. Orthogonality 

Angle (°) 

Max. Expansion 

Factor (-) 

Aspect 

Ratio (-) 

Penstock and Spiral casing 3 20 22 2124 

Stay vane and Guide vane 0.34 18.8 35 629 

Runner  1.16 48.7 10 3923 

Draft tube 3.18 30.5 9 7393 
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Table 9. Quality parameters of the Porjus U9 prototype mesh employed for the SNL simulation; 

Paper E. 

Domain 
Size 

(x106) 

Min. Orthogonality 

Angle (°) 

Max. Expansion 

Factor(-) 

Aspect 

Ratio (-) 

Guide vane 3.64 5.8 34 1369 

Runner 12.9 40.9 10 1481 

Draft tube 3.18 30.5 9 7393 

A mesh sensitivity analysis was carried out for the prototype runner and 

draft tube discretization employed in papers D and E. All the simulations 

performed for the mesh sensitivity analysis were steady simulations. A single 

stay vane-guide vane passage and a single runner blade passage were modelled. 

The numerical torque value was monitored to evaluate the numerical error due 

to the level of mesh refinement. Using the Richardson extrapolation, the torque 

corresponding to an ‘infinite size mesh’, (T∞), was calculated in each case and 

was further employed as a reference to evaluate the numerical error. 

Table 10 presents the size and quality parameters of the prototype runner 

mesh. R1-R4 are the 4 alternative meshes generated for the runner domain; R1 

represents the coarsest discretization and R4 represents the finest discretization. 

The global size factor and edge refinement factor are employed in Turbogrid 

v16.2 to control the resolution of the mesh in the complete domain and boundary 

layer, respectively. 

Table 10. Protoype runner mesh parameters for each refinement level; paper D. 

Simulation R1 R2 R3 R4 

Mesh size [×106] 0.16 0.43 1.12 2.36 

Global size factor 1.5 2 2.5 3 

Edge refinement factor 2.5 3 4 5 

Min. orthogonality angle 48.7 48.9 48.7 43.9 

Max. expansion factor 13 19 10 13 

Aspect ratio 727 1255 3923 11677 

y+ (avg/max) 97/2415 51/2234 25/1970 14/1484 

Figure 13 presents the numerical errors obtained from the R1-R4 

simulations. The deviation in numerical torque values was less than 1% from 

coarse to fine discretization. Given that the numerical torque values provided by 

the R3 and R4 simulations were nearly identical, the runner mesh selected for 

further studies was R3, with 1.12 × 106 elements per blade passage. 
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Figure 13. Variation of the numerical error function of the runner mesh size. 

Similar to the runner study, different levels of mesh refinement were 

generated for the draft tube domain. Table 11 presents the size and quality 

parameters of the different prototype draft tube mesh; DT1 represents the 

coarsest discretization and DT3 represents the finest discretization. 

Table 11. Protoype draft tube mesh parameters for each refinement level; paper D. 

Simulation DT1 DT2 DT3 

Mesh size [×106] 1.01 1.89 3.18 

Min. orthogonality angle 30.8 30.6 30.5 

Max. expansion factor 11 10 9 

Aspect ratio 10346 8624 7393 

Figure 14 presents the numerical errors obtained from the DT1-DT3 

simulations. Considering that the deviation in numerical torque values was less 

than 6 % from coarse to fine discretization, the draft tube mesh selected for 

further studies was DT3, with 3.18 × 106 elements. 

 
Figure 14. Variation of the numerical error function of the draft tube mesh size. 

Boundary conditions 

All solid boundaries were modelled as no-slip walls i.e., the fluid immediately 

close to the wall moves with the same velocity as the wall. 

The outlet boundary condition was employed in the steady simulations 

performed for the Porjus U9 model (Papers A and B). For the other simulations, 

that concerned the transient operation of the Porjus U9 model (Paper C) and the 
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operation of the Porjus U9 prototype (Papers D and E), the opening boundary 

condition was employed at the outlet of the computational domain. The opening 

condition allows the flow recirculation at the boundary and can be employed for 

the outlet and inlet as well. It is recommended for cases in which the direction of 

the flow field is unknown and helps reducing the size of the computational 

domain [66]. 

The inlet boundary condition was defined as the mass flow rate in the 

steady simulations performed for the Porjus U9 model (Papers A and B). The 

influence of the inlet boundary conditions on the numerical accuracy of transient 

simulations was investigated in Paper C. The study was performed on the Porjus 

U9 model. Two different inlet boundary conditions were tested: the total 

constant pressure (HP) and the flow rate (QQ). Figure 15 shows that specifying the 

total constant pressure at the inlet of the computational domain lead to an 

underestimation of the flow rate (QP). The numerical flow rate was 

approximatively 3% smaller than the experimental value (QQ) during PL 

operation as the pressure losses were overestimated by the turbulence model. 

The influence of the different boundary conditions on the prediction of the flow 

rate became visible approximately 4.5 s later after the beginning of the numerical 

simulation. 

 

Figure 15. Time-dependent variation of the guide vane angle and discharge values (Q) during the 

load variation. The dotted vertical lines represent the start and the end of the guide vane closure. 

The numerical head value (HQ) was overestimated when the flow rate was 

specified at the inlet (Figure 16). Although the head of the turbine was expected 

to remain constant, the numerical values were approximately 10 % larger at PL 

compared to the experimental value. Again, the simulation is overpredicting the 
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pressure required to maintain the fixed flow rate due to overpredicting the 

pressure losses. 

 

Figure 16. Time-dependent variation of the guide vane angle and head values (H) during the load 

variation. The dotted vertical lines represent the start and the end of the guide vane closure. 

The pressure monitored on the runner blade was expected to decrease 

during the transition from BEP to PL operation [34]. However, only the 

simulation which employed the total pressure inlet boundary condition captured 

a downward trend of the pressure variation in time, similar to the measurements 

carried out during the transient operation of the Porjus U9 model. Figure 17 

presents the numerical pressure-time variation on the pressure side of the runner 

blade, close to the leading edge and the periphery of the blade (Figure 5). 

 

Figure 17. Pressure–time variation (monitor point PS1 in the runner domain). The dotted 

horizontal line represents the mean pressure measured at the BEP. The dotted vertical lines 

represent the start and the end of the guide vane closure, respectively. 

The experimental head value of the turbine prototype was adjusted for the 

numerical computational domain, to obtain a realistic estimation of the total 

pressure to be defined at the inlet of the stay vanes. A steady simulation of the 
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flow inside the prototype penstock (P) and spiral casing (SC) was performed to 

estimate the head losses upstream from the inlet of the stay vanes.  

The mass flow rate was defined at the inlet, and the outlet was defined as 

an opening with 0 Pa relative pressure. The total pressure difference obtained 

between the inlet of the penstock, and the outlet of the spiral casing, and the 

static pressure difference between the inlet of the stay vane-guide vane domain 

and the outlet of the draft tube domain, were used to adjust the head of the 

prototype turbine. The head value was calculated according to Eq. 10 and was 

used to define the inlet boundary condition as the total constant pressure. 

         
      

  
 (              ) (10) 

where Hgross is the gross head of the turbine and z is the elevation. 

Furthermore, for the SNL prototype simulations, the inlet of the 

computational domain was modelled as an opening to allow backflow. 

Cavitation modelling 

The Rayleigh–Plesset cavitation model [68, 69] was employed in the Porjus 

U9 prototype simulations. The saturation pressure was set to correspond to the 

water temperature of 12.5 °C recorded during the experiment. The prototype 

simulations performed without the cavitation model provided large negative 

pressure values at the shroud tip of the runner blade. 

In prototype operation, cavitation can occur throughout the entire 

operating range of the turbines. The results of the numerical simulation carried 

out for the Porjus U9 prototype operated at BEP showed that cavitation areas 

were developed at the end of the simulation. The volumes that contain more than 

20% vapour are enclosed in the iso-surfaces presented in Figure 18. 

 

Figure 18. Liquid water velocity in stationary frame and iso-surface of 20% vapour 

volume fraction at BEP in the prototype runner domain. 
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CHAPTER V 

Results and discussions 

Model simulations 

BEP model simulations 

The numerical simulations performed to investigate the BEP steady operation of 

the Porjus U9 Kaplan turbine model were steady (RANS) and unsteady 

(URANS) simulations. Three turbulence models were employed: k-epsilon, RNG 

k-epsilon and k-omega SST. Their impact on the accuracy of the numerical 

results was discussed. Additionally, the curvature corrected SST model was 

tested. The draft tube, a single guide vane and a single runner blade passage 

were modelled for the steady simulations. The computational domain used in the 

unsteady simulations included a complete axis-symmetric guide vane domain 

with 20 vanes and the runner with 6 blades along with the draft tube. The spatial 

discretization was presented in Figure 10 and the mesh quality parameters were 

presented in Table 6, Chapter 4. 

The RANS and URANS simulations were validated against velocity 

measurements performed by Mulu and Cervantes [31] and Amiri et al. [32]. The 

numerical velocity profiles obtained from the steady simulations were calculated 

based on the values provided at the end of the numerical simulation. The 

numerical velocity values were averaged over a conical surface generated by a 

line equivalent to the LDA beams. The unsteady simulation results were 

provided by monitor points defined in the runner domain along the LDA beams 

(Figure 2) and at the location of the pressure sensors (Figures 4 and 5). The 

average was taken over three runner rotations for each turbulence model. 

Figure 19 presents a comparison of the experimental and the numerical 

velocity profiles at section RB I, in the runner blade channel, Figure 2. The 

numerical values were obtained from RANS and URANS simulations using 

different turbulence models. The velocity values, V*, were made dimensionless 

with the reference velocity obtained from the flow rate at BEP and the runner 

diameter D = 0.5 m. 

In the steady simulations (RANS figures on the left), the axial velocity was 

overestimated by 4 % towards the runner hub and shroud wall and 7 % at the 

mid-span of the runner blade, i.e., the dimensionless radius R* = 0.65. The 

tangential velocity was underestimated by 20 - 24 %. At this stage, the RNG k-
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epsilon and the curvature correction provided identical results to the standard k-

epsilon and k-omega SST, respectively. The SST models provided only slightly 

better results compared to the k-epsilon turbulence models. 

In the unsteady simulations (URANS figures on the right), the axial velocity 

was better predicted. The k-epsilon models seemed to obtain numerical results 

closer to the experimental values in the unsteady simulations compared to the 

steady simulations. However, the differences between the turbulence models 

were still minor, less than 2 % in the axial velocity profile and 10 % in the 

tangential velocity profile. With the k-epsilon turbulence models, the tangential 

velocity was 3 % smaller in the hub region and nearly identical to the 

experimental values closer to the shroud. 

 

  

 

  

Figure 19. Comparison of the numerical and experimental velocity at section RB I. 

The experimental phase averaged velocity contours were also compared to 

the numerical results of the unsteady simulations. The numerical phase averaged 

velocity was calculated over three runner rotations. Figure 20 presents the phase 

averaged axial (V*ax) and tangential (V*tan) velocity at section DT I, in the upper 

part of the draft tube cone (Figure 2). The numerical results of the RNG k-epsilon 

and SST simulations were not presented as they provided very similar numerical 

results to the other turbulence models. Although the velocity was better 

predicted by the unsteady simulations at the runner blade section (RB I, Figure 
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19, right), the velocity profile was less accurately captured further downstream in 

the upper part of the draft tube cone (DT I). Similar to the steady-state velocity 

profiles at RBI (Figure 19, right), the axial velocity was larger in the simulations 

compared to the experiments and the tangential velocity was smaller. The low 

axial velocity regions corresponding to the blade wakes were less visible in the 

axial numerical velocity contours as the axial velocity was overpredicted. In the 

tangential velocity contours, the wake regions were wider as the tangential 

velocity was underpredicted. 

 
Figure 20. Phase averaged axial (V*ax) and tangential (V*tan) velocity, section DT I. (a) 

Experimental values. (b) k-epsilon simulated values. (c) SST-CC simulated values. 

Figure 21 presents the velocity contours plotted in the draft tube diffuser of 

the Porjus U9 turbine model. The numerical results of the unsteady simulation 

employing the curvature-corrected SST turbulence model were compared to the 

experimental values obtained from the PIV measurements performed by Amiri et 

al. [33]. The contours of the lateral and vertical velocities provided an image of 

the two vortices formed in the draft tube after the draft tube bend, better visible 

in the experimental contours (Figure 21, right). The measurements showed that 

56 % of the flow rate passed through the right half of the draft tube diffuser [33] 

while the simulation showed that only 53.7 % of the flow rate passed through the 

right half. The lateral and vertical contour plots (Figure 21 b and c, left) showed a 

rather symmetrical flow and little recirculation was captured by the numerical 
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simulations. The accuracy of the numerical model decreased toward the outlet of 

the computational domain because the diffusive character of the RANS 

turbulence models impacts the numerical results as the energy losses are 

overestimated. 

 
Figure 21. Velocity contours in the draft tube diffuser of the Porjus U9 model. Numerical results 

(left) and PIV measurements (right): (a) axial velocity; (b) lateral velocity; (c) vertical velocity. 

Results of the SST-CC unsteady simulation. 

The absolute pressure during the URANS simulations was recorded by the 

monitor points defined at the location of the pressure sensors on the runner 

blade (12 monitor points, Figure 5) and the draft tube cone wall (20 monitor 

points, Figure 4) . Figure 22 presents a comparison of the experimental [60] and 

numerical mean dimensionless pressure. The pressure values were made 

dimensionless with respect to the turbine operational head. The simulations 

showed little to no sensitivity to the turbulence models. Therefore the numerical 

error was calculated only for the simulation employing the SST-CC turbulence 

model (Table 12). 

All simulations showed an underestimation of 3-10 % of the pressure on 

both the pressure and the suction sides of the runner blade at all monitor points 
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locations except for PS1, SS2 and SS6. At SS2 and SS6 the numerical pressure was 

approximately 15-17 % smaller than the measured value. The only numerical 

overestimation (10.2 %) of the pressure occurred at PS1, on the pressure side of 

the runner blade, near the leading edge. 

 
Figure 22. Experimental and numerical dimensionless mean absolute pressure values recorded 

on the runner blade of the Porjus U9 model. 

Table 12. Dimensionless mean absolute pressure values. 

Sensor 

Location 

Experimental 

Values [kPa] 

Numerical 

Values [kPa] 

ε 

[%] 

PS1 0.205 0.226 10.2 

PS2 0.221 0.212 -4.1 

PS3 0.205 0.19 -7.3 

PS6 0.195 0.177 -9.2 

SS1 0.156 0.143 -8.3 

SS2 0.142 0.117 -17.6 

SS4 0.163 0.158 -3.1 

SS5 0.13 0.12 -7.7 

SS6 0.13 0.11 -15.4 

Further downstream, the draft tube wall pressure recovery was 

investigated and the numerical results were compared to the experimental values 

from [30] (Figure 23). The pressure recovery factor, Cpw, is the ratio of the 

pressure difference between the section of interest and the draft tube inlet to the 

dynamic pressure based on the mean axial velocity at the inlet section. This 

coefficient quantifies the amount of kinetic energy recovered along the draft tube 

and it is used to evaluate the performance of the draft tube. As the flow 

decelerates along the DT cone (near the outer radius), the static pressure 

increases and the pressure recovery is higher at the angular position (a); see 
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Figure 23a. At the inner draft tube radius, the flow is accelerating towards the 

elbow and the static pressure decreases; therefore the lowest pressure recovery is 

obtained at the angular position (c); see Figure 23b. The SST turbulence model 

and the SST-CC provided the results in best agreement with the experimental 

values. 

  

(a) (b) 

Figure 23. Numerical and experimental wall pressure recovery factor of the draft tube conical 

diffuser, Cpw, function of the pressure sensor location on the DT wall (see Figure 4). (a) angular 

position a. (b) angular position c (see Figure 4b). 

BEP-PL model simulation 

A URANS simulation was performed to investigate the transient operation of the 

Porjus U9 Kaplan turbine model from BEP to PL. The k-omega SST turbulence 

model was employed. The computational domain included a single guide vane, 

the complete runner with 6 blades and the draft tube. The mesh displacement 

was specified for the guide vane and the closure of the vanes was modelled. The 

average angular velocity of the guide vane closing was ωGV = 0.859 °/s. The spatial 

discretization of the GV domain is presented in Figure 11 and the mesh quality 

parameters for the entire computational domain were presented in Table 7, 

Chapter 4. The total time of the load variation was Δt = 7.57 s, i.e., the total 

simulated time. Two different inlet boundary conditions were tested: in one 

simulation the total pressure (InletTotalPressure) was specified as a constant 

value and in the other simulation the linear variation of the mass flow rate 

(InletFlow) was specified. 

The URANS simulations were validated against steady-state velocity 

measurements performed in the draft tube of the model turbine by Mulu and 

Cervantes [31] and the runner by Amiri et al. [32]. The unsteady simulation 

results were provided by monitor points defined along the LDA beams (Figure 2) 

and at the location of the pressure sensors (Figures 4 and 5). The BEP velocity 

profiles were obtained by averaging the numerical results over 15 runner 
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rotations, whereas the PL velocity profiles were averaged over approximately 80 

runner rotations. 

Figure 24 presents the experimental and simulated axial (V*ax) and 

tangential (V*tan) velocity at the BEP, in the runner blade channel (RB I) and below 

the runner hub (DT I). The velocity profiles obtained at section RB I in the runner 

blade channel showed that the flow was well captured in the numerical 

simulations. The GV angle was corrected therefore the numerical velocity 

profiles were expected to be in a better agreement with the experimental values 

compared to the previous unsteady simulations performed for the BEP operation 

of the Porjus U9 Kaplan model (Figure 19). It was observed that the flow was 

following the geometry of the runner blade regardless of the inlet boundary 

condition or time step size. In the centre of the DT I section, the flow was not 

accurately predicted below the runner hub cone (R* < 0.25). The simulations 

showed a recirculation area at the inlet of the draft tube, even during BEP 

operation and the axial jets formed in the blade-hub clearances were not 

captured. 

 

Figure 24. Experimental and simulated axial (V*ax) and tangential (V*tan) velocity at the BEP, in the 

runner blade channel (RB I) and below the runner hub (DT I). 

As the flow rate decreases and the turbine operating point shifts from the 

BEP to PL, the axial velocity distribution becomes asymmetrical in the upper part 

of the draft tube (Figure 25b). The high swirl of the flow leaving the runner leads 
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to the formation of a low axial velocity region near the centreline of the draft tube 

bellow the runner cone as the flow is pulled towards the draft tube walls. 

 

Figure 25. Axial velocity (Vax) in the draft tube at (a) the BEP and (b) PL. Results of the 

InletTotalPressure simulation. 

The numerical simulation captured the circumferential circulation at the 

draft tube inlet that accounted for the formation of the eccentric vortex rope 

(Figure 26). The RVR wrapping around low axial velocity areas and rotating in 

the same direction as the runner at a lower frequency lead to a local minimum 

and a local maximum tangential velocity. 

 

Figure 26. Iso-pressure contour of the RVR formed in the draft tube of a Kaplan turbine model 

during PL operation. Tangential velocity contours are presented for Sections I, II and III (see 

Figure 2). 

The RVR was decomposed in the two modes, plunging and rotating 

according to equations 7 and 8, Chapter 1. The pressure signals (Figure 27) were 

recorded at monitor points located on the draft tube cone wall, on the inner and 

outer radius of the draft tube (Figure 4, positions 3a and 3c). The mean value was 

first subtracted from the pressure signals, then the signals were filtered using a 

second-order Savitzky–Golay filter to remove the background noise (Figure 27b). 

This filtered pressure signal was used for the spectrograms. Following, a pass 

band filter within the limits of finf = 0.15∙frunner and fsup = 0.25∙frunner was applied 

(Figure 27c); this truncated pressure signal was used for the low-frequency 

spectrograms. 
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Figure 27. (a) RVR components—raw signal. (b) Savitzky–Golay filtered pressure signal. (c) 

Truncated pressure signal. The y-scales are different for the three plots. 

Figure 28 presents the full spectrum and low-frequency spectrograms of the 

numerical pressure recorded at the monitor point PS1 (runner blade, pressure 

side). The frequencies were made dimensionless with the runner frequency of   

10 Hz. The RVR components are both captured in the spectrograms. The 

plunging component, fpl = 0.2∙frunner is visible 4 s after the beginning of the guide 

vane closure (t ≈ 5.3 s). The rotating component reaches the highest intensity 1 s 

later than the plunging component; frot = 0.8∙frunner. 
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(a) (b) 

Figure 28. Spectrograms of the numerical pressure monitored at PS1 (runner blade, pressure 

side). (a) Full spectrum. (b) Low-frequency spectrum. The black solid line represents the guide 

vanes angle with the y-scale to the right. The dotted vertical lines represent the start and the end 

of the guide vane closure. 

In the draft tube stationary domain (Figure 29), the strongest amplitude is 

obtained at approximately 0.2∙frunner in both cases. Both components are visible at 

the BEP but their amplitude increases considerably 3-4 seconds after the 

beginning of the guide vane closure, earlier than in the runner domain. 

  

(a) (b) 

Figure 29. Spectrograms of the RVR plunging mode (a) and rotating mode (b) in the DT. The 

black solid line represents the guide vanes angle with the y-scale to the right. The dotted vertical 

lines represent the start and the end of the guide vane closure. 
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Prototype simulations 

Studies concerning the numerical setup 

Prototype turbine simulations are associated with larger computational costs and 

longer simulation time, compared to model simulations. The prototype 

dimensions and high Reynolds number account for a wide range of flow scales to 

be modelled. A preliminary study investigated several numerical models aiming 

to reduce the duration and the computational costs of the prototype simulations 

and adjust the experimental head value to the numerical domain to define the 

inlet boundary condition accordingly. 

Steady simulations were first performed to investigate the influence of the 

runner blade clearance size on the accuracy of the prototype numerical model. 

Table 13 presents a synthesis of the clearance sizes tested in the prototype 

numerical simulations. The variable clearance was the most realistic, although 

the smallest values i.e., hub clearance near the leading edge (LE) and shroud 

clearance near the trailing edge (TE) were overrepresented due to meshing 

constraints. The constant clearance was defined as two average clearance values, 

constant from the LE to the TE, for the hub and shroud respectively. 

Table 13. Clearance sizes presented as percentages of the runner diameter. 

 Mesh size 

[x 106 element] 

Hub clearance [%D] Shroud clearance 

[%D] 

LE TE LE TE 

Prototype geometry* - 0.02% 0.55% 0.09% 0.004% 

No clearance (NoClr) 1.12 no clearance 

Constant clearance (CtClr) 3.25 0.08% 0.05%** 

Variable clearance (VarClr) 3.96 0.05%** 0.55% 0.09% 0.05%** 

*the geometry was obtained from the scaled model geometry 

**the smallest modelled clearance was 0.05% because the mesh quality criteria could not be 

satisfied for lower values. 

Figure 30 presents the numerical torque and flow rate obtained with 

different types of clearances. The results of the ‘no clearance’ simulation were 

used as a reference. The torque was underestimated in the ‘constant clearance’ 

simulation compared to the other two cases. The ‘constant clearance’ values were 

the largest, allowing for a higher flow rate to pass by the runner. The ‘variable 

clearance’ simulation provided very similar results to the ‘no clearance’ 

simulation because the real and/or approximated dimensions of the variable 

clearances were small enough not to influence the torque and flow rate. 

Modelling the runner blade clearance did not have a significant impact on the 
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numerical results (less than 6 % variation of the numerical torque) to justify the 

significant increase in mesh size and added computation time. 

 
Figure 30. Variation of the dimensionless torque and flow rate with the runner blade clearance 

size. 

The influence of the runner blade clearance size on the numerical pressure 

monitored on the runner blade is presented in Figure 31. With the exception of 

monitor point SS3 located on the suction side of the blade, near the trailing edge 

and shroud, the pressure differences obtained at the other locations were smaller 

than 5 % regardless of the modelled clearance size. The pressure was 

underestimated by 17 % at SS3 because at this location, the modelled clearance 

size was larger than the real value. As the shroud clearance near the trailing edge 

was the smallest (0.004 %), the mesh quality criteria could not be satisfied for the 

real clearance size. Therefore, the smallest modelled clearance was 0.05 % and 

was used for the ‘constant clearance’ and ‘variable clearance’ simulations as 

presented in Table 13. 

 
Figure 31. Variation of the dimensionless pressure with the runner blade clearance size. 

Considering the increased mesh size and computational resources required 

to model the small variable clearances, with minor influence of the clearance size 

on the numerical results, it was concluded that the runner blade clearance can be 

excluded from the numerical model of the present prototype turbine when 
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performing BEP and PL simulations. However, at SNL, the runner blade 

clearances were expected to have a strong influence on the flow field and 

therefore a ’constant clearance’ was modelled for the SNL prototype simulation. 

A second aspect that was studied was the numerical modelling of the epoxy 

layer added to one runner blade to make the pressure sensors flush during the 

measurements (Figure 6) and to a second runner blade to maintain the runner 

balance [44, 45]. The epoxy layer was modelled as the green surface in Figure 32, 

right. The numerical torque value was 1.8 % smaller when the epoxy layer was 

included compared to the case where the original blade geometry was employed. 

 
Figure 32. Runner blade original geometry (left). Geometrical representation of the epoxy layer 

added for blade instrumentation during the measurements (right). 

The numerical pressure results presented in Figure 33 showed that the 

modelling of the epoxy layer only had a minor influence on most of the runner 

blade surface. The exceptions were monitor points SS3 and SS6, both located on 

the suction side of the runner blade towards the trailing edge. Similarly, the 

pressure on the suction side of the runner blade was difficult to capture 

numerically when investigating the model turbine and was slightly impacted by 

the clearance size as well. 

As the modelling of the epoxy layer had no substantial impact on the 

numerical results, no epoxy was included in the prototype numerical models to 

reduce the meshing and geometry preparation time. 

 
Figure 33. Numerical dimensionless pressure on the blade with and without epoxy. 
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Finally, a sensitivity analysis concerning the runner blade angle (β) was 

performed as the experimental uncertainty of the measured runner blade angle 

could not be assessed. Different runner blade angle values were modelled (the 

runner blade angle increment, Δβ = 0°, +2°, +4°, +6°) increasing the runner 

opening (Figure 34) and the torque and pressure numerical values were 

compared to the experimental measurements. 

 
Figure 34. Runner blade angle variation. 

Initially, a single runner blade passage was included in the computational 

domain used for this analysis. The numerical torque obtained from the steady 

simulations showed a linear increase as the runner was opened (Figure 35, blue 

dashed line). The torque was made dimensionless considering the average torque 

measured at OP2. The unsteady simulations that employed the upwind 

discretization scheme for the advection term, provided results very similar to the 

steady simulations. When employing the high-resolution scheme, the 

simulations showed poor convergence and minor sensitivity to the runner blade 

angle. Therefore, the complete runner domain including all 6 runner blades was 

modelled. The results of the unsteady numerical simulation that used the 

complete runner, the experimental runner blade angle, and the high-resolution 

scheme for the discretization of the advection term showed the best agreement 

with the experimental values. 
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Figure 35. Numerical and experimental torque values at BEP (OP2) obtained for different runner 

blade positions. − experiment, -x- steady simulations, □ added epoxy simulation, x unsteady 

upwind simulation, ● unsteady high resolution simulation ○ unsteady high resolution simulation 

(complete runner domain). 

Figure 36 presents the variation of the numerical pressure results obtained 

at the locations of the pressure sensors. The pressure was made dimensionless 

with the reference pressure measured in the empty turbine chamber by Soltani et 

al. [43]. The numerical pressure monitored on the runner blade decreased as 

runner opened. The pressure was considerably underestimated on the pressure 

side of the runner blade at the largest blade angle values (+4° and +6°), near the 

leading edge (PS4) and in the middle section (PS2) of the blade pressure side. 

However, the numerical simulations employing larger runner blade angles were 

in better agreement with the experiment near the trailing edge (PS3 and PS6). 

Apart from SS3, using the experimental runner blade angle value provided a 

good compromise and the numerical results were closer to the experimental 

values concerning both the torque and pressure. The pressure on the suction side 

of the runner blade was also difficult to predict in model (down-scale of the 

prototype) simulations where the geometry of the runner blade was scanned. 

 
Figure 36. Numerical dimensionless mean absolute pressure values at different runner blade 

angle for the steady simulations at best efficiency (OP2). The dashed lines represent the 

experimental values measured at β = -4.2° (Δβ = 0°). 
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Unsteady BEP 

URANS simulations were performed to investigate the BEP (OP2) and PL (OP1) 

steady operation of the Porjus U9 Kaplan prototype turbine. The k-omega SST 

turbulence model was employed, and the time step was set to correspond to 1 ° 

of the runner rotation. No runner blade clearances and no epoxy layer were 

modelled. The experimental runner blade angle was used; β = −4.2°. The 

computational domain used in the unsteady simulations included a single stay 

vane-guide vane passage, the complete runner with 6 blades and the draft tube. 

The spatial discretization is presented in Figure 12 and the mesh quality 

parameters were presented in Table 8, Chapter 4. The Rayleigh-Plesset cavitation 

model was employed. 

The prototype simulations were validated against pressure and torque 

measurements performed by Soltani et al. [44]. The numerical results were 

provided by monitor points defined at the location of the pressure sensors 

mounted on the prototype runner blade (Figure 6). The OP2 numerical results 

presented in this section, were obtained from a single runner rotation (360 time 

steps). The signal sequence was selected to be as noise-free as possible in order to 

obtain a clean FFT analysis and did not correspond to the last 360 time steps 

performed by the numerical simulation (Figure 37). The selected signal sequence 

was then added to itself several times to improve the resolution of the FFT. The 

explanation for the considerably large pressure bursts is unknown. The first 

amplitude peak reaches 30 bar on the suction side of the runner blade, at SS4, 

and 20 bars on the pressure side of the runner blade. The amplitude of the 

second pressure peak is reduced by more than 50 % and is larger on the suction 

side compared to the pressure side. 

 
Figure 37. Example of numerical pressure signal and the selected signal sequences. 
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The numerical mean torque obtained from the prototype simulations at 

OP2 was 109.7 kN·m; 0.1 % smaller compared to the experimental mean value of 

109.8 kN·m. 

The numerical and experimental mean pressure values recorded on the 

runner blade of the prototype turbine operated at OP2, are presented in Figure 

38. Case 1, Figure 38a, presents the numerical results obtained from the smooth 

pressure signal sequence selected for the FFT analysis (red selection, Figure 37). 

Case 2, Figure 38b, presents the numerical results obtained from the last 360 

iterations of the simulation (green selection, Figure 37). The experimental and 

numerical mean pressure values are summarized in Table 14. The errors are 

larger in the first case, but the pressure monitored on the suction side of the 

blade is not captured correctly, regardless of the signal selection. The selection of 

the signal to be analysed clearly had a strong influence on the mean pressure 

values recorded on the runner blade, especially as the value become closer to 0 

Pa. 

  

(a) (b) 

Figure 38. Dimensionless mean absolute pressure values at OP2. (a) Case 1: results obtained from 

the signal sequence selected for the FFT analysis. (b) Case 2: results obtained from the last 360 

time steps of the simulation. 

Table 14. Dimensionless mean absolute pressure values. 

Sensor 

Location 

Experimental 

Values [-] 

 Numerical Values [-] 

Case 1 

 Numerical Values [-] 

Case 2 

ε [%] 

Case 1 

ε [%] 

Case 2 

PS2 5.5 4.5 5.0 -17.3 -7.9 

PS3 4.2 3.4 4.3 -20.6 0.7 

PS4 5.7 4.6 4.8 -18.6 -14.7 

PS6 3.8 2.8 3.7 -26.7 -2.4 

SS3 0.3 0.0 0.7 -96.2 111.0 

SS4 1.9 0.8 1.4 -57.5 -27.3 

Figure 39 presents the iso-surface of the 20 % vapour volume fraction at the 

end of the OP2 unsteady prototype simulation. Towards the periphery of the 

runner blade, on the suction side, the flow was accelerated and the pressure 

decreased. The flow was not axisymmetric, leading to larger cavitation areas near 
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some blades and not near others (Figure 39b). These cavitation regions formed on 

the suction side of the runner blades in the numerical simulation, could explain 

the poor accuracy in predicting the pressure on the suction side of the runner 

blade and the high sensitivity to the selection of the pressure signal to be 

analysed. Cavitation is a time-dependent phenomenon; the cavitation bubbles 

form and disappear continuously and therefore the selection of the simulation 

end time is of importance. 

 

 

Figure 39. Iso-surface of 20 % vapour volume fraction in the prototype runner domain. 

Numerical results of the prototype simulation at OP2. 

Figure 40 presents the wall shear stress distribution plotted on the suction 

side of the runner blades. The asymmetric cavitation areas are confirmed by the 

non-uniform flow separation on the suction side of the runner blades. In 

prototype operation, cavitation and unsteady flow structures develop in the 

proximity of the BEP as well. Therefore, it is possible that a vortex was beginning 

to form in the draft tube cone when the simulation was stopped. 

 

Figure 40. Wall shear stress on the suction side of the prototype runner blades. Numerical 

results of the prototype simulation at OP2. 
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The frequency content of the numerical torque and pressure signals was 

analysed and compared to the experimental data. The mean torque and pressure 

values were subtracted from the numerical and the experimental signals. Similar 

to the analysis carried out for the numerical results obtained from the model 

simulations, the frequencies were made dimensionless (f*) using the prototype 

runner frequency fr = 10 Hz. The prototype runner frequency, fr is different from 

the model runner frequency, frunner. 

Figure 41 presents a comparison between the amplitude spectrum of the 

dimensionless numerical and experimental torque. Despite predicting the correct 

mean torque value, the prototype numerical simulation overestimated the 

amplitude of the torque fluctuations by a factor of 5. Due to the multiplication of 

the signal corresponding to a single runner rotation, the numerical amplitude 

spectra is dominated by the runner frequency f* = 1 and its harmonics. 

 The same amplitude peak corresponding to the runner frequency was 

visible in the  experimental data perhaps due to some blade asymmetry and/or 

the upstream flow delivered to the runner. The runner frequency was also 

observed experimentally by Amiri et al. [60] in the pressure measurements 

performed on the runner blades of the Porjus U9 model and was considered to be 

caused by the wake of the spiral casing lip junction. However, the spiral casing 

was not modelled in the numerical simulation. A second frequency peak at f* = 2 

was captured in the experimental signal because two of the six runner blades 

were covered in epoxy. The peak at f* = 2 was also visible in the simulations due 

to the selection of the signal to be analysed despite the epoxy layers not being 

included in the numerical model. The f*= 3.16 frequency captured in the 

experimental torque signal most probably corresponds to a shaft torsional 

frequency. 

 

Figure 41. Amplitude spectrum of the torque at OP2. Two vertical axes are used, one for the 

experiments and one for the numerical results. 
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The amplitude spectra of the experimental pressure signal recorded at one 

location on the pressure side of the blade (PS2, in the centre area of the blade) 

and a second location on the suction side of the blade (SS4, near the leading 

edge) are presented in Figure 42. Similar to the torque amplitude spectrum, the 

numerical simulation overestimates the amplitude of the pressure fluctuations by 

a factor of 5. The experimental pressure peak at f* = 20, corresponds to the 

number of guide vanes. This peak is not captured in the simulation because a 

single guide vane-stay vane passage was modelled. 

 

 

Figure 42. Amplitude spectrum of the pressure PS2 (top) and SS4 (bottom) at OP2. Two 

vertical axes are used, one for the experiments and one for the numerical results. 

Unsteady PL 

The numerical results of the prototype simulations at OP1, presented further, 

were obtained from the last 30 simulated runner rotations (10,800 time steps after 

convergence, or 3 s), i.e., 6 RVR rotations. 

The numerical mean torque value obtained for the prototype operated at 

OP1 was 71.5 kN·m; 8.3 % smaller than the experimental mean value of 77.9 

kN·m. 
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Figure 43 presents the dimensionless numerical mean pressure values 

compared to the experimental values. Similar to the BEP comparison, the 

pressure was made dimensionless with the reference pressure measured in the 

empty turbine chamber by Soltani et al. [43]. The numerical results are in a better 

agreement with the experimental values compared to the results of the BEP 

simulations. On the pressure side of the runner blade the pressure was well 

predicted; less than 6.1 % deviation from the measurements. The significantly 

larger simulation time can be accounted for the improved accuracy of the 

numerical simulation at OP1 compared to OP2. On the suction side of the runner 

blade the pressure was nevertheless overestimated by up to 46.6 % near the 

trailing edge. The experimental and numerical mean pressure values were 

summarized in Table 15. 

 

Figure 43 Dimensionless mean absolute pressure values at OP1. 

Table 15. Dimensionless mean absolute pressure values. 

Sensor 

Location 

Experimental 

Values [-] 

Numerical 

Values [-] 
ε [%] 

PS2 4.6 4.3 -6.0 

PS3 3.9 3.8 -2.9 

PS4 4.0 3.7 -6.1 

PS6 3.0 3.1 4.9 

SS3 0.8 1.2 46.6 

SS4 1.7 2.2 34.9 

Figure 44 presents surfaces of constant pressure, plotted at 1.5 s intervals. 

During the 3 s, or 30 runner rotations, a double-helix vortex rope is captured 

(Figure 44a). The two vortices are joined 1.5 s later (Figure 44b), only to start 

breaking apart once more at the end of the numerical simulation (Figure 44c). 
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(a) (b) (c)  

Figure 44. Iso-surface at a constant pressure of 2 bar at the part-load operation OP1. Evolution of 

the RVR at 1.5 s intervals. 

Similar to the OP2 analysis, the frequency content of the numerical torque 

and pressure signals was analysed and compared to the experimental data. The 

mean torque and pressure values were subtracted from the numerical and the 

experimental signals. The torque was made dimensionless considering the 

average torque measured at OP1. The frequencies were made dimensionless (f*) 

using the prototype runner frequency fr = 10 Hz. 

Figure 45 presents the amplitude spectrum of the torque signals. The 

frequency peak at f* = 0.17 corresponds to the plunging component of the RVR 

and it was captured both in the experiment and the simulation. Previous 

experimental [34] and numerical (Paper C) studies investigating the PL operation 

of the Porjus U9 model captured a similar frequency for the plunging component 

of the RVR. The frequency peak at f* = 0.83 corresponds to the rotating 

component of the RVR and it was captured in the experiment and not in the 

numerical simulation. 

 

Figure 45. Amplitude spectrum of the torque at OP1. 

The plunging mode of the RVR represented by the peak at f* = 0.17 in the 

experimental data was present in the numerical pressure results at the 
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dimensionless frequency of f* = 0.17 (Figure 46) at both locations defined on the 

pressure side of the runner blade (PS4 near the leading edge and PS3 near the 

trailing edge). The rotating mode of the RVR represented by the peak at f* = 0.83 

was also well predicted in the numerical simulation. Compared to the prototype 

simulations at BEP, the amplitude of the pressure fluctuations captured on the 

runner blade are better predicted regardless of the location. At PS4, the 

amplitude of the plunging component is the most underestimated, by a factor of 

5. 

  

(a) (b) 

Figure 46. Amplitude spectrum of the pressure at OP1: (a) PS4 and (b) PS3. 

On the suction side of the blade (Figure 47), the amplitude of the numerical 

pressure fluctuations was similar to that of the experimental pressure 

fluctuations, especially regarding the rotating component of the RVR, i.e., peak at 

f* = 0.83 in both the experiment and simulation. The amplitude of the plunging 

component, i.e., peak at f* = 0.17 in both the experiment and simulation is 

overestimated as opposed to the amplitude of the pressure fluctuations captured 

on the pressure side of the runner blade (Figure 46).  

  

(a) (b) 

Figure 47. Amplitude spectrum of the pressure at OP1: (a) SS4 and (b) SS3. 

The prototype numerical simulation accurately provided the frequencies of 

the torque and pressure fluctuations. The values are summarized in Table 16. 
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Compared to the OP2 simulations (BEP), the amplitude of the pressure and 

torque fluctuations was much better captured at OP1 (PL). Most probably, this 

was due to the length of the numerical signal that was selected for the OP1 

analysis being much larger than the length of the signal selected for the OP2 

analysis. 

Table 16. Numerical and experimental normalized frequency values corresponding to the RVR 

components. 

 

Experimental 

Values 

[-] 

Numerical Values 

[-] 

Experimental 

Values 

[-] 

Numerical Values 

[-] 

 plunging component rotating component 

torque 0.17 0.17 0.83 - 

PS3 0.17 0.17 0.83 0.83 

PS4 0.17 0.17 0.83 0.83 

SS3 0.17 0.17 0.83 0.83 

SS4 0.17 0.17 0.83 0.83 

Two diametrically opposed pressure monitor points were defined just 

below the runner cone in the numerical model and the numerical pressure 

signals were employed for the decomposition of the RVR. The amplitude of the 

plunging (Ppl) and rotating (Prot) modes were calculated according to equations 7 

and 8. No corresponding pressure sensors were mounted in the draft tube of the 

Porjus U9 prototype. 

In the stationary draft tube domain, the two component produce pressure 

pulsations that are captured on the draft tube wall at the same frequency. The 

monitor points defined on the draft tube cone captured two pressure peaks at the 

dimensionless frequency of f* = 0.17 (Figure 48), similar to the values presented in 

Table 16. 

Two additional pressure peaks are visible in the frequency spectrum of each 

of the plunging and rotating components: f* = 0.1 and f* = 0.23 around the peak 

corresponding to the plunging component and f* = 0.23 and f* = 0.4 in the 

spectrum of the rotating component. Spectral leakage [70] could be accounted for 

these frequency peaks. Spectral leakage occurs when the signal selected for the 

FFT analysis is not perfectly periodic, i.e., the first and last values are not 

identical. The spectral lines are spread into wider peaks and the amplitude from 

a frequency component ‘leaks’ to another frequency component which does not 

really exist in the analysed signal. 
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Figure 48. RVR decomposition: plunging and rotating mode. 

Unsteady SNL 

The URANS simulation performed to investigate the SNL steady operation of the 

Porjus U9 Kaplan prototype turbine employed the SAS-SST turbulence model, 

and the time step was set to correspond to 1 ° of the runner rotation. The runner 

blade angle was set at −15.2°, constant clearances were considered, and the epoxy 

layer was not modelled. The computational domain included the distributor (20 

guide vanes and 18 stay vanes), the complete runner with 6 blades and the draft 

tube. The mesh quality parameters were presented in Table 9, Chapter 4. The 

Rayleigh-Plesset cavitation model was employed. 

The prototype simulations were validated against torque and pressure 

measurements performed by Soltani et al. [45]. The numerical results were 

provided by monitor points defined at the location of the pressure sensors 

mounted on the prototype runner blade (Figure 6). The SNL numerical results 

were obtained from the last 45 runner rotations (16200 iterations). The pressure 

was made dimensionless with the reference pressure. 

Figure 49 presents the dimensionless experimental and numerical mean 

pressure values. The numerical pressure monitored at the periphery of the 

runner (PS1 to PS3) increased slightly from the leading edge to the trailing edge 

as opposed to the experimental pressure values. Near the runner hub (PS4 to 

PS6), the numerical pressure was quasi-constant in the numerical results, while 

the experimental values maintained a decreasing trend towards the trailing edge. 

A minor difference between the runner blade angle used in the simulation and 

the experimental runner blade angle could be accounted for the different 

pressure trends. 

The prototype numerical simulation provided a good prediction of the 

pressure on the pressure side of the runner blade (1-8.6 %), except for the PS6 

location, where the numerical mean pressure was overestimated by 14.6 % 

compared to the experiment (Table 17). The pressure on the suction side of the 

runner blade was overestimated (SS4 and SS3) by 37–46 %. Similar difficulties 

were encountered when simulating the part-load and best efficiency operation of 
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both the model and prototype turbine Another possible explanation for the less 

reliable numerical prediction of the pressure values can also be related to the 

dimensionless monitor points defined in the simulations instead of taking into 

consideration the real dimensions of the pressure sensors used in the experiment. 

 

Figure 49. Dimensionless mean absolute pressure values. 

Table 17. Dimensionless mean absolute pressure values. 

Sensor 

Location 

Experimental 

Values [-] 

Numerical 

Values [-] 
ε [%] 

P-PS-2 3.8 3.5 -8.6 

P-PS-3 3.7 3.6 -1.0 

P-PS-4 2.3 2.4 4.6 

P-PS-6 2.2 2.5 14.6 

P-SS-3 1.2 1.7 46.0 

P-SS-4 1.6 2.3 37.2 

Figure 50 presents the pressure iso-surfaces at 205 kPa captured in the final 

200 ms of the simulated time, i.e., last two runner rotations. At the beginning of 

the time interval, three structures were visible in the prototype runner domain. 

The formation of a fourth vortex was captured in the following intermediate 

results and the structures were shown to extend past the outlet of the runner 

domain into the draft tube of the prototype. At the end of the simulated time, the 

four vortexes were joined in pairs and a coherent structure was beginning to 

form in the draft tube. Previous studies concerning the SNL operation of a bulb 

turbine model showed the formation of three rotating structures [71] or a twin 

vortex structure [24]. The total simulated time proved to be of significant 

importance for the prototype simulation of the Porjus U9 turbine operated at 

SNL. 
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Figure 50. Pressure iso-surface at 205 kPa. 

Similar to the previous prototype numerical investigations, OP2 (BEP) and 

OP1 (PL), a FFT analysis of the numerical torque and pressure signals was 

carried out and compared to the experimental data. The mean values were 

subtracted from the numerical and the experimental signals. The frequencies 

were non-dimensionalized (f*) using the prototype runner frequency (fr) of 10 Hz. 

The amplitude of the torque fluctuations was strongly underestimated in 

the SNL prototype simulation. Two frequency peaks visible in the experimental 

torque amplitude spectrum at the dimensionless frequency of f* = 0.92 and f* = 1, 

were captured in the numerical simulation at f* = 0.88 and f* = 1.06. The amplitude 

peak visible in the analysis of the experimental torque signal, at f* = 3.2  was also 

present in the experimental investigation carried out at best efficiency operation 

(OP2) and part load (OP1) but not visible in the numerical results and is most 

probably a shaft torsional natural frequency. The frequency peaks at f* = 0.92,        

f* = 1.9 and f* = 2.78 captured in the SNL numerical results, correspond to the 

three rotating vertical structures visible in Figure 50 [72]. 

 

Figure 51. Amplitude spectrum of the numerical and experimental torque. 

The amplitude of the pressure pulsations was underpredicted by a factor of 

10 on the pressure side of the runner blade (Figure 52), compared to the 

experimental data. However, there were no significant amplitude differences 
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between the numerical simulation and the experiment concerning the pressure 

on the suction side of the runner blade despite the noisier experimental pressure 

signal. (Figure 53). Similar to the torque analysis, two frequency peaks at f* = 0.92 

and f* = 1 are visible in the experimental pressure fluctuations, regardless of the 

pressure sensors’ location on the runner blade. The two peaks are predicted by 

the numerical simulation along with the f* = 1.9 and f* = 2.78 corresponding to two 

and three rotating vortex structures respectively. 

  

(a) (b) 

Figure 52. Amplitude spectrum of the pressure at SNL: (a) PS4 and (b) PS3. 

  

(a) (b) 

Figure 53. Amplitude spectrum of the pressure at SNL: (a) SS4 and (b) SS3. 

The prototype numerical simulation accurately predicted the frequencies of 

the pressure fluctuations. The values are summarized in Table 18.  
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Table 18. Numerical and experimental normalized frequency values corresponding to the 

pressure peaks captured on the runner blades. 

Sensor 

Location 

Experimental 

Values [-] 

Numerical 

Values [-] 

Experimental 

Values [-] 

Numerical 

Values [-] 

 1st pressure peak 2nd pressure peak 

Torque 0.92 1 0.88 1.06 

PS2 0.92 0.92 1 1.03 

PS3 0.92 0.94 1 0.99 

PS4 0.92 0.92 1 0.99 

PS6 0.92 0.92 1 0.99 

SS3 0.92 0.92 1 0.99 

SS4 - 0.94 1 0.99 

  



62 
 

CHAPTER VI 

Conclusions and future work 

An extensive numerical study was carried out to investigate the Porjus U9 

Kaplan turbine model and prototype. The study focused on exploring different 

available means of modelling the flow inside a Kaplan hydraulic turbine and 

optimizing the accuracy, duration and computational costs of the numerical 

simulations. The aim was to provide a comprehensive guide for creating an 

efficient and accurate numerical model of a Kaplan turbine model and/or 

prototype. 

LDA and PIV investigations along with pressure and torque measurements 

available in the literature for the Porjus U9 Kaplan turbine model [30-33, 60] and 

prototype [43-45] were employed for the validation of the numerical simulations 

presented in this thesis. 

The influence of turbulence modelling on numerical accuracy was first 

investigated in steady and unsteady simulations of the Porjus U9 model operated 

at BEP. The k-omega SST model provided good results and was further 

employed for the simulations carried out to study the transient operation of the 

Porjus U9 model from BEP to PL operation. Commonly recommended for 

modelling separating flow and adverse pressure gradients, the k-omega SST 

model was also employed in the BEP and PL prototype simulations but not in the 

SNL prototype simulation. The SAS-SST turbulence model is recommended to 

capture the swirl dominated and unstable flow developed during SNL operation. 

Compared to the SST model, the SAS-SST reduces the turbulent viscosity and 

provides larger amplitude of the pressure and velocity fluctuations, closer to 

experimental observations. 

All the numerical simulations employed the High Resolution scheme to 

discretize the advection term with the exception of the SNL simulation where the 

Upwind scheme was employed. The simulation could not run otherwise; the 

second-order accurate discretization may lead to unnaturally large flow 

fluctuation. The more robust first-order accurate scheme leads to damping of the 

steep gradients which, when modelling SNL operation, helps convergence. 

A time step sensitivity analysis was performed for the numerical simulation 

of the BEP to PL transient operation, showing that large time step values 

(corresponding to 61° and 121° of the runner rotation) can be used to capture the 

main parameters of the turbine with reasonable accuracy even when modelling 
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operating conditions away from the BEP. However, in order to predict the 

correct amplitude of the flow fluctuations and attain convergence when 

modelling highly turbulent flows, a time step size corresponding to 1-5° is 

recommended. 

Defining the runner - draft tube interface at a lower position (further from 

the runner hub) lead to a better attached flow around the runner hub and a more 

coherent flow field in the draft tube cone compared to the previous numerical 

studies; even when using a stage interface. It is recommended to define interfaces 

and inlet/outlet boundary conditions as far as possible from the areas of interest. 

To reduce the numerical model size, a single guide vane passage was used 

in the Porjus U9 model and prototype simulations (BEP and PL) to investigate 

the flow in the runner and draft tube domain. The assumption of an 

axisymmetric flow above the runner and the use of periodic interfaces did not 

compromise the numerical results. Concerning the runner domain, it is however 

recommended to include all runner blade passages in the numerical simulation. 

The Porjus U9 model simulations that employed the complete runner domain 

provided a more accurate prediction of the velocity distribution. Prototype 

simulations required the modelling of the complete runner domain to obtain a 

numerical torque value in good agreement with the experimental value 

measured at BEP. Additionally, modelling the SNL operation of the prototype 

turbine was impossible unless the complete guide vane and runner domains 

were included. The simulations did not converge otherwise. 

In building the mesh for the different computational domains, the use of 

hexahedral elements is recommended as good practice. Hexahedral mesh 

elements are able to follow the flow better, providing a good accuracy and a 

reduced total number of elements. The mesh sensitivity studies carried out for 

the prototype runner showed less than 1 % numerical error in predicting the 

torque at BEP regardless of the mesh size. The runner mesh alternatives had 0.16-

2.36 million elements. A similar study concerned the prototype draft tube mesh 

and provided less than 6 % error in predicting the torque at BEP. The draft tube 

mesh alternatives had 1.01-3.18 million elements. 

Another aspect that was considered was the inlet boundary conditions. Two 

ways of defining the inlet boundary conditions were tested in the transient BEP 

to PL model simulations: the first was providing a linear flow rate variation and 

the second was setting a total constant pressure value. Using the flow rate as the 

inlet boundary condition provided reasonable results and the main parameters of 

the turbine were well predicted. However, to additionally capture the correct 
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variation of the pressure, the total pressure is recommended to be set at the inlet 

of the computational domain. To estimate the total pressure to be defined as inlet 

boundary condition for the prototype simulation, a separate steady simulation of 

the flow in the penstock and spiral casing of the turbine was performed. The 

gross head of the prototype turbine was adjusted to take into account the 

pressure losses in the penstock and spiral case and the static pressure difference 

between the inlet and the outlet of the computational domain. Furthermore, the 

inlet had to be defined as an opening for SNL prototype simulations; the opening 

boundary condition is recommended when the flow direction is not entirely 

known. 

Numerical studies concerning the possible simplifications that could be 

brought to the prototype numerical models were carried out focusing on the 

runner blade clearance size, the importance of modelling the epoxy layer applied 

to the runner blade during the measurements and the sensitivity of the numerical 

model to the runner blade angle. 

The numerical simulations that concerned the Porjus U9 model included 

the runner blade clearances, both near the hub and shroud, as the scale of the 

turbine was reduced and the total number of mesh elements was smaller. 

However, concerning the Porjus U9 prototype simulations, the influence of the 

clearance size on the accuracy of the numerical results was investigated. Three 

options were tested: no clearance, constant clearance, i.e., the clearances were 

defined for the hub and shroud as constant values from the LE to the TE, and 

variable clearance as the closest option to the real values. The numerical errors 

due to different runner blade clearance sizes were small; less than 6 %. Therefore, 

no clearance was modelled for the BEP and PL simulations. A constant clearance 

was modelled for the SNL simulation because the runner blade clearances were 

expected to have a strong impact on the flow structures that developed in the 

runner and draft tube domain during SNL operation. 

Modelling the epoxy layer that was applied to the runner blade during the 

experiment to secure the pressure sensors in their positions had no significant 

impact on the numerical results and therefore no epoxy layer was included in the 

prototype numerical models. 

The runner blade angle however, had a strong influence on the torque and 

pressure results of the prototype simulations and is expected to have a similar 

impact on model simulations as well. The steady simulations showed that the 

torque increased linearly as the runner opened but the experimental torque value 

corresponded to a larger runner blade angle in the simulation (+2° compared to 
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the experimental value). Unsteady simulations using the upwind discretization 

scheme for the advection term provided results similar to the steady simulations. 

Employing the high-resolution scheme lead to poor convergence when including 

a single runner blade passage in the computational domain. The complete runner 

with all six blades was therefore included in the prototype simulations and the 

experimental runner blade angle was further employed. 

The selection of the turbulence model did not have a significant impact on 

the numerical prediction of the velocity profiles in the runner of the Porjus U9 

model. The tangential velocity was not accurately predicted in the steady 

simulations; 20-24 % deviation from the experimental values. The velocity 

profiles obtained from the unsteady model simulations were in reasonable 

agreement with the experimental data and followed the blade profile regardless 

of the turbulence model employed. Further downstream, below the inlet of the 

draft tube, the averaged velocity contours were less accurately predicted in the 

unsteady simulations as the axial velocity was overestimated and the tangential 

velocity was underestimated. In the straight diffuser of the model draft tube, the 

flow predicted by the unsteady numerical simulations was more evenly 

distributed compared to the measurements where 56 % of the flow passed 

through the right half of the draft tube diffuser. The diffusive character of the 

RANS turbulence models is accounted for the reduced accuracy of the numerical 

simulation towards the outlet of the computational domain. The energy losses 

are overestimated and the sensitivity of the models to fluctuating flow 

instabilities decreases along the simulated domain. The guide vane angle 

correction led to a very good prediction of the axial and tangential velocity 

profiles in the transient simulation of the Porjus U9 model. 

Despite a reasonable prediction of the mean pressure values on the pressure 

side of the runner blade (less than 15 % differences compared to the experimental 

values regardless of the operating conditions and scale), the pressure was 

difficult to capture on the suction side of the blade. In the model simulations, the 

numerical pressure was lower by up to 17.6 % compared to the experiment. On 

the other hand, in the prototype simulations, the pressure was overestimated by 

46 % at PL and SNL. The numerical results obtained from the BEP prototype 

simulation were less accurate most likely due to the selection of the signal to be 

analysed. A mesh refinement study focusing on the suction side of the runner 

blade could be performed to better understand the source of difficulties in 

capturing the flow features at this location. 
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The RVR was visible in the numerical results of the transient BEP-PL small-

scale model simulation. The frequencies of the plunging and rotating 

components were accurately predicted in the spectrograms and the time of their 

formation was visible. Similarly, the RVR was also visible in the unsteady PL 

prototype simulation. The frequencies of the plunging and rotating components 

were well captured. The amplitude of the pressure fluctuations was not 

accurately predicted by the BEP prototype numerical simulations but accurately 

predicted in the PL simulations; the difference being the length of the pressure 

signal selected for the FFT analysis. A sensitivity analysis could be performed to 

assess the influence of the length of the signal to be analysed, on the capabilities 

of the numerical simulation to predict the amplitude of the fluctuating quantities 

in different operating regimes. 

Despite the large signal length selected for the FFT analysis of the SNL 

prototype simulation results, the amplitude of the pressure fluctuations was 

significantly underestimated. The frequency of the pressure fluctuations was 

well predicted; frequency peaks corresponding to the vertical structures rotating 

in the runner and draft tube of the prototype were captured in the SNL 

numerical simulation. The total simulated time was once again significant when 

modelling the flow in the prototype turbine operated at SNL. Three vortexes 

were visible initially in the numerical simulation, the formation of a fourth vortex 

in the runner domain was captured, and at the end of the simulation, the four 

vortexes were joined in pairs and extended through the draft tube. The 

simulation ending time proved to be a critical parameter and its influence on the 

accuracy of the numerical models should be investigated further. 
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ABSTRACT 

This paper investigates the accuracy of Reynolds-averaged Navier-Stokes (RANS) turbulence modelling 

applied to complex industrial applications. In the context of the increasing instability of the energy market, 

hydropower plants are frequently working at off-design parameters. Such operation conditions have a strong 

impact on the efficiency and life span of hydraulic turbines. Therefore, research is currently focused on 

improving the design and increasing the operating range of the turbines. Numerical simulations represent an 

accessible and cost efficient alternative to model testing. The presented test case is the Porjus U9 Kaplan 

turbine model operated at best efficiency point (BEP). Both steady and unsteady numerical simulations are 

carried out using different turbulence models: k-epsilon, RNG k-epsilon and k-omega Shear Stress Transport 

(SST). The curvature correction method applied to the SST turbulence model is also evaluated showing 

nearly no sensitivity to the different values of the production correction coefficient Cscale. The simulations are 

validated against measurements performed in the turbine runner and draft tube. The numerical results are in 

good agreement with the experimental time-dependent velocity profiles. The advantages and limitations of 

RANS modelling are discussed. The most accurate results were provided by the simulations using the k-

epsilon and the SST-CC turbulence models but very small differences were obtained between the different 

tested models. The precision of the numerical simulations decreased towards the outlet of the computational 

domain. In a companion paper, the pressure profiles obtained numerically are investigated and compared to 

experimental data. 

Keywords: Numerical simulation; Turbulence modelling; Hydropower; Kaplan turbine; Experimental 

validation. 

NOMENCLATURE 

Cscale production correction coefficient 

D runner diameter 

k turbulent kinetic energy 

R runner radius 

R* dimensionless runner radius 

U* dimensionless axial velocity 

V* dimensionless tangential velocity 

u’, v’, w’ fluctuating velocity components 

y+ dimensionless wall distance 

ε turbulent dissipation 

1. INTRODUCTION

The sustainable use of fossil fuels and the 

continuous development of electricity production 

from renewable energy sources are highly 

encouraged nowadays, but at the cost of energy grid 

stability. By managing long term storage capacities 

and providing the only existing large scale storage 

solutions, hydropower is able to back-up the 

integration of renewable energy and contribute to 

the security and continuity of energy supply (Hirth, 

2016; Belman-Flores et al., 2016). The economic 

and environmental benefits of hydropower justify 

the further development of the existing technology 

and the exploitation of the remaining potential in a 

cost-efficient and affordable manner. Of the same 

importance are the rehabilitation of current 

hydraulic schemes and the optimization of the new 
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turbines design, taking into account the recurrence 

of transient operating conditions (Rahi and Chandel, 

2015). 

Hydroelectric power plants equipped with Kaplan 

turbines provide one of the solutions to the grid 

balancing problem. Kaplan turbines are double-

regulated axial machines used on sites with low net 

heads and relatively high flow rates. The blade 

angles of the guide vanes and runner blades can be 

adjusted separately, thus providing good efficiency 

across a wide flow range, and a flat efficiency curve 

(Lipej and Poloni, 2000). However, the flow inside 

Kaplan turbines is particularly challenging to 

predict due to the complex geometry. The 

construction with rotating blades determines the tip 

edges to move near the shroud wall and the rotating 

hub, therefore secondary flows occur and the flow 

behavior is difficult to capture (Roussopoulos and 

Monkewitz, 2000). Another specific feature of 

Kaplan turbines is the rotor-stator interaction that is 

known to induce pressure fluctuations on the runner 

blades (Amiri et al., 2015). As opposed to Francis 

turbines that have a small gap between the rotor and 

the stator, Kaplan turbines have a rather large 

vaneless space. The flow in this region becomes 

more complex given the dissipation of the wakes 

coming from the stator blades and the rotation of 

the flow. The draft tube also has an important role 

in the performance of Kaplan turbines, having a 

strong influence over the efficiency of low head 

turbines in general. The analysis of the flow in the 

draft tube is both challenging and time consuming 

due to the flow features (Abbas and Kumar, 2015). 

The most important instruments in the design and 

the modernization processes of hydraulic turbines 

are model testing and numerical simulations. Given 

the costs, the duration and the limited amount of 

information that experimental investigations 

provide, such studies alone cannot support the 

entire rehabilitation process (Wu et al., 2006; 

Prasad, 2012). Since the early 80’s, Computational 

Fluid Dynamics techniques (CFD) are more 

frequently used by the manufacturers at the design 

stage. Numerical simulations allow the testing of 

several design alternatives in a shorter time, 

compared to model testing. Nevertheless, the 

numerical tools available are still limited and need 

improvements (Keck and Sick, 2008). 

The Reynolds-averaged Navier-Stokes (RANS) 

turbulence models are two-equation eddy-viscosity 

models (Alfonsi, 2009). These models are robust 

and are not computationally expensive. Therefore, 

they are a common choice for both steady and 

unsteady simulations. It is often mentioned (Arolla 

and Durbin, 2014; Elliot et al., 2012) that eddy-

viscosity turbulence models are not accurately 

capturing the effects of the streamline curvature and 

system rotation due to the assumption of isotropy of 

the turbulent viscosity, i.e., the ratio between 

Reynolds stress and mean rate of deformations is 

considered constant in all three directions. The 

Reynolds Stress Models (RSM), on the other hand, 

do not use the eddy-viscosity model. The Reynolds 

stresses are directly computed based on the exact 

Reynolds stress transport equation and the effects of 

the different components of the Reynolds stress 

tensor are captured. However, it can become 

challenging to model the flow in hydraulic turbines 

since RSM are computationally expensive and 

encounter difficulties in achieving convergence. 

In order to account for the disadvantages of the 

eddy-viscosity turbulence models, Spalart and Shur 

(1997) introduced a rotation and curvature 

correction that was described by the authors as “an 

empirical alteration of eddy-viscosity models”. In 

their study, the authors presented the application of 

this idea to the Spalart-Allmaras one-equation 

model. Smirnov and Menter (2009) have adapted 

this correction to the Shear Stress Transport (SST) 

turbulence model with minor modifications. The 

empirical function proposed in Spalart and Shur 

(1997) was used as a multiplier of the production 

term. A scaling coefficient Cscale was introduced in 

Ansys CFD to allow the user to control the effect of 

the curvature correction. The curvature corrected 

SST model was found to be accurate when 

predicting complex three dimensional rotating 

flows. The SST-CC turbulence model was recently 

used by Javadi et al. (2015) in the investigation of 

the swirling flow in a Francis turbine draft tube and 

a swirl generator. It was shown that the 

recirculation region was predicted accurately but 

the mean velocity prediction showed no major 

improvement. Also, as stated by the authors, the 

tuning of the model did not improve the quality of 

the results. 

Hydraulic turbines have been investigated using 

CFD modelling and several reference studies are 

available for academic research. Advanced 

simulations have been performed for Francis 

turbines. The Francis-99 test case provides access to 

the entire three-dimensional geometry of a high 

head Francis model, hexahedral mesh and 

experimental data. Comparisons between numerical 

simulations and experimental results have been 

discussed in a series of workshops (Trivedi et al., 

2016a). BulbT, a similar project, provided flow 

measurements in a bulb turbine model. Numerical 

studies were carried out investigating the hub and 

tip clearances and their influence on the turbine 

performance (Vu et al. 2014). However, concerning 

Kaplan turbines, only a few experimental studies 

are currently available for comparison to CFD 

simulations with the exception of the Turbine-99 

test case (Cervantes and Engström, 2005, Cervantes 

et al., 2010). 

In the current paper, the Porjus U9 Kaplan turbine 

model is investigated numerically. There are three 

different approaches that may be used when 

modelling the flow in hydraulic turbines, (Trivedi et 

al., 2016b): the modelling of a complete turbine, the 

modelling of the runner and distributor or draft tube 

and the single component modelling. 

Previously, Mulu et al. (2011) studied the effects of 

the inlet boundary conditions over the accuracy of 

Kaplan draft tube simulations in the Porjus U9 

model. Using Ansys CFX, a simulation was run for 

the single draft tube domain, with the inlet surface 

right below the runner cone. Experimentally 



R. G. Iovănel et al. / JAFM, Vol. 12, No. 5, pp. 1449-1461, 2019.  

 

1451 

obtained axial and tangential velocity profiles were 

defined as inlet boundary condition and the radial 

velocity was neglected in their simulation. The 

second approach was a Stage simulation. The 

computational flow domains used for the Stage 

simulation were the flow channels corresponding to 

one guide vane, one runner blade and the draft tube. 

The mass flow rate was specified as inlet boundary 

condition. Different RANS turbulence models were 

tested: k-epsilon, RNG k-epsilon, SST, SSG 

Reynolds stress model and Baseline (BSL) k-omega 

model. The central vortex in the draft tube cone was 

not captured correctly by the two-equation models, 

whereas the RSM proved to be more accurate in 

predicting the flow below the runner cone. The 

Stage simulation showed no sensitivity to the 

different turbulence models, all of them predicting 

an early separation on the runner cone. 

A more detailed numerical analysis of the same 

Kaplan turbine model was introduced by Mulu et al. 

(2015). The study presented a comparison between 

the unsteady simulation and the experimental 

values, this time including the full guide vane 

domain, entire runner and draft tube. The turbulence 

models considered were: k-epsilon, RNG k-epsilon 

and SST. The near hub flow was better modelled 

and the main draft tube flow characteristics were 

captured. However, all the turbulence models had 

problems predicting the high axial velocity that 

resulted from the blade-hub clearance. As a 

consequence, the flow was detached from the 

runner cone. 

The aim of the present paper is to find the fastest 

and easiest way to accurately capture the flow 

throughout a Kaplan turbine. Steady-state and 

unsteady simulations of the flow in the Porjus U9 

Kaplan turbine model under steady-state 

operation at BEP are compared. The Porjus U9 

model has been experimentally investigated and a 

large amount of measurements are available 

starting from the inlet pipe down to the draft tube 

outlet (Amiri et al., 2016a; Mulu and Cervantes, 

2009; Mulu and Cervantes, 2011; Amiri et al., 

2016b). The numerical simulations are validated 

against velocity profiles measured in the runner 

blade channel, below the runner blades and in the 

draft tube cone and diffuser. Compared to the 

previous studies, the computational domain 

features a more accurate geometry including the 

scanned runner blade and the hub and tip 

clearances. The draft tube inlet surface is lowered 

below the runner cone, thus completely 

separating the runner rotating domain from the 

stationary draft tube. For each type of simulation, 

three turbulence models have been tested: k-

epsilon, RNG k-epsilon and SST. The curvature 

corrected SST model was also employed, using 

the production correction coefficient at its 

standard value Cscale = 1 and 1.25. In a second 

paper, the numerical results are compared to 

pressure measurements investigating the pressure 

fluctuations on the runner blades and the sources 

of asymmetric hydraulic loads present in a 

Kaplan turbine runner during BEP operation. 

2. TEST CASE 

A detailed description of the test rig, the Porjus U9 

Kaplan model and the experimental results can be 

found in (Amiri et al., 2016a). Both the Porjus U9 

Kaplan prototype and model (1:3.1 scale), consist of 

a spiral casing, 18 stay vanes, 20 guide vanes, 6 

runner blades and the draft tube. The diameter of 

the model runner is D = 0.5 m. The operational net 

head is 7.5 m and the runner rotational speed is 

696.3 rpm. The model specifications for the BEP 

are the guide vane angle of 26.5° and a 

corresponding volume flow rate of 0.69 m3s-1. 

Amiri et al. (2016a) used a two-component Laser 

Doppler Anemometry (LDA) system to investigate 

the interblade flow in the Porjus U9 model during 

BEP and off-cam operating conditions. Axial and 

tangential velocity profiles were presented for the 

blade channel region and below the runner blades at 

the runner outlet (Fig. 1). The hub and shroud 

clearances leakage were found to be the main 

sources of velocity fluctuations and also the cause 

of some hydraulic losses in the runner. No tip 

vortex was captured by the measurements 

performed in the blade channels but both hub and 

tip vortices formed in the blade clearances were 

visible at the runner outlet. 

The unsteady three dimensional turbulent flow 

developed in the draft tube was investigated by 

Mulu et al. (2009) using LDA at three different 

axial positions and four angular positions presented 

in Fig. 1. The first and second measurement 

sections were located right below the runner cone 

and in the middle of the draft tube cone. The last 

measurement section was located at the end of the 

cone, above the draft tube elbow (Fig. 1). Velocity 

profiles were measured perpendicular to the draft 

tube cone wall which had an angle of 6.1°. The 

axial and tangential velocity profiles measured at 

BEP were presented. The phase averaged mean 

velocity measurements together with the 

corresponding fluctuations were analyzed by Mulu 

and Cervantes (2011) and the effects of the runner 

blade wakes on the flow distribution in the draft 

tube cone were studied. 

Amiri et al. (2016b) also investigated the flow 

condition in the Porjus U9 draft tube performing 

Particle Image Velocimetry (PIV) measurements in 

the draft tube diffuser, after the elbow. The 

measurements were performed at two different 

locations: downstream the draft tube bend and near 

the draft tube outlet. The velocity components were 

obtained for each of the two locations on a net 

formed by three horizontal planes and five vertical 

planes. At the upstream window the planes covered 

an area of 1270×375 mm (lateral and vertical); in 

the downstream window the covered area was 

1270×485 mm (Fig. 1). On the horizontal planes the 

axial and lateral velocities were presented and the 

vertical measurement planes showed the axial and 

vertical velocities. The authors found that the 

velocity distributions inside the diffuser were 

influenced by the turbine operating point and the 

swirl at the runner outlet. 
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Table 1 Quality parameters of the mesh 

Domain 
Minimum angle 

[º] 
Expansion factor Aspect ratio 

Guide vane 19.9 21 84 

Runner 16.8 48 668 

Draft tube 30.5 9 7635 
 

 

3. NUMERICAL CASE 

In the current study, two types of simulations were 

carried out using ANSYS CFX 16.2: steady-state 

simulations using Stage interfaces and unsteady 

simulations using Transient Rotor-Stator interfaces. 

A steady-state simulation employing the Frozen 

Rotor interface was used to provide the initial 

values, since it is computationally inexpensive and 

it is considered numerically robust. 

Steady-state simulations are simulations which 

assume that the flow characteristics are independent 

of time. The steady conditions have been already 

reached before the beginning of the simulation; 

therefore real time information is not required. 

Unsteady simulations are generally used for time 

dependent operations with time dependent initial 

conditions, i.e., load variation, and need real time 

information at which the CFX Solver calculates the 

flow characteristics. However, there are also cases 

of transient behavior when even if flow conditions 

are not changing, a steady-state condition cannot be 

reached, e.g., rotating runner. Considering this, 

unsteady simulations are also performed, although 

the Porjus U9 is investigated under steady-state 

operation at BEP. The high resolution option was 

selected for modelling the nonlinear terms and the 

temporal term in the Navier-Stokes equations was 

solved using a second-order backward Euler 

scheme. 

Both simulations were carried out using hexahedral 

mesh generated in ICEM 16.2 (Fig. 2). The mesh 

properties evaluated by CFX such as the minimum 

angle, the expansion factor and the aspect ratio are 

presented in Table 1. 

The y+ value was kept below 165 in the guide vane 

domain and 235 on the runner blade. In the draft 

tube domain y+ was smaller than 5. Either standard 

or automatic wall functions (depending on the 

turbulence models) were used in all simulations. 

The computational flow domain for the steady-state 

simulations included one guide vane passage, one 

runner blade passage and the full draft tube as 

shown in Fig. 3. The runner blade was scanned 

using a 3D optical scanning device (ATOS III 

system from GOM) and the geometry included the 

hub and tip clearances of the blade. The total 

number of cells for the Frozen Rotor and Stage 

simulations is 4.28×106. 

Mulu et al. (2015) presented a mesh sensitivity 

analysis on the Porjus U9 draft tube mesh generated 

in ICEM. The runner mesh created in ICEM is 

coarser than the mesh employed by Mulu et 

al.(2015) due to the strict mesh quality criteria that 

are challenging to satisfy when using a scanned 

geometry. In order to perform a mesh sensitivity 

analysis on the runner and guide vane domains, a 

very fine mesh should be defined leading to a 

considerable increase in the mesh size along with 

the computational demands and the total simulation 

time. 

 
Fig. 1. Porjus U9 turbine model. LDA and PIV 

measurement locations. 

 

 
Fig. 2. Porjus U9 mesh. (a) guide vane. (b) 

runner blade. (c) draft tube. 

 

Fig. 3. Computational domains, steady-state 

simulations: 1. Guide vane domain. 2. Guide 

vane-Runner interface. 3. Runner domain. 4. 

Runner-Draft tube interface. 5. Draft tube 

domain. 
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The draft tube diffuser was extended with a 2 m 

straight channel. The outlet boundary condition was 

specified at the end of the channel. Considering the 

results from Mulu et al. (2011, 2015), the surface 

that separates the runner domain from the draft tube 

domain was lowered in order not to intersect the 

runner cone. The authors had mentioned in their 

study that the flow entering the draft tube was not 

accurately predicted because the Stage model 

calculates circumferential averages over strips of 

the interface. Since the Stage interface was just 

below the trailing edges of the blades, the hub and 

tip vortices were damped and flow separation 

occurred near the hub cone. 

For the unsteady simulation, the guide vane domain 

was composed of 20 identical blades One guide 

vane was modelled and the mesh was rotated and 

copied. A similar transformation was performed for 

the 6 runner blades, (Fig. 4). The total number of 

cells for the entire model is 10.39×106. The time 

step was set to 4×10-4 s corresponding to 1.67° of 

the runner revolution. The simulation converged 

and a periodic pattern was noticed in the plots of the 

monitor points. The unsteady simulations were run 

for three full rotations after reaching convergence 

for each turbulence model. 

 

 

Fig. 4. Computational domains, unsteady 

simulations: 1. Guide vane domain. 2. Guide 

vane-Runner interface. 3. Runner domain. 4. 

Runner-Draft tube interface. 5. Draft tube 

domain. 
 

At the inlet, the mass flow rate of 690 kg/s with a 

flow angle of 30° was imposed. A turbulence 

intensity of 5% was used, considering the 

investigations of Mulu et al. (2011) on the influence 

of the turbulence intensity. All walls were assumed 

smooth and a no-slip condition was specified. The 

outlet boundary condition was set as zero average 

static pressure. 

Three different two-equation RANS turbulence 

models were used in the present work: k-epsilon, 

RNG k-epsilon and SST. The k-epsilon model is 

considered the standard industrial model. Using the 

scalable wall function, the model is robust and 

provides a good compromise between stability and 

accuracy. RNG k-epsilon is an improved alternative 

of the standard model that was developed to 

account for the effects of smaller scales of motion. 

This turbulence model includes an additional term 

in the ε equation for the interaction between 

turbulence dissipation and mean shear. RNG is 

expected to show improved prediction for high 

streamline curvature cases, such as hydraulic 

turbines. SST is a turbulence model based on the k-

omega model that employs the automatic wall 

function. This model is using the k-epsilon 

turbulence model in the free shear flows and the k-

omega turbulence model near the wall. SST is 

designed to produce accurate predictions of flow 

separation under adverse pressure gradients. Two 

more simulations were run for the curvature 

corrected SST model, using the standard value of 1 

for the production correction coefficient Cscale, and a 

second value of 1.25. This correction improves the 

prediction of streamline curvature and system 

rotation by modifying the turbulence production, 

(Smirnov and Menter, 2009). 

4. RESULTS AND DISCUSSIONS 

The velocity profiles extracted from the CFD 

simulations, using different turbulence models are 

compared to the velocity profiles obtained 

experimentally (Amiri et al., 2016a, Mulu and 

Cervantes, 2009; Mulu and Cervantes, 2011; Amiri 

et al., 2016b). 

Time averaged axial and tangential velocity profiles 

inside the runner blade channel and below the runner 

blades are analyzed for both the steady and unsteady 

simulations. Phase averaged results obtained from the 

unsteady simulations are also presented. For the LDA 

measurements in the draft tube cone (Mulu and 

Cervantes, 2009), comparisons are shown at section I 

just below the draft tube inlet (Fig. 1). 

The velocity values are made dimensionless using 

the reference velocity calculated from the flow rate 

at BEP and the area at the corresponding section 

(i.e. RB I, RC II in the runner domain and section I 

in the upper part of the draft tube). All the radii are 

made dimensionless relative to the runner radius R 

= 0.25 m. Different methods are employed to obtain 

the average profiles. The LDA experimental values 

are averaged over several runner rotations at a fixed 

radial position. The profiles from the steady-state 

simulations are obtained by averaging over the 

conical plane equivalent to the LDA radial profile. 

The unsteady simulation results are provided by 21 

monitor points defined along the LDA beams. The 

average is calculated over three runner rotations for 

each turbulence model. 

In the draft tube diffuser velocity contours are 

compared against PIV measurement plots (Amiri et 

al., 2016b). The velocity values are made 

dimensionless using the reference velocity obtained 

from the flow rate at BEP and the runner diameter 

D = 0.5 m. 

The positive direction for the axial velocity is 

vertically downward, along the Z axis in the runner 

and draft tube cone (Fig. 3 and Fig. 4). In the draft 

tube diffuser, the axial positive direction is 

horizontal, along the X axis (Fig. 3 and Fig. 4). 

4.1 Runner Domain 

4.1.1 Steady-State Stage Simulations 

The standard k-epsilon turbulence model, SST and 
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RNG k-epsilon are employed. The SST-CC 

turbulence model is also used and two values of the 

production multiplier Cscale are tested: Cscale = 1 and 

Cscale = 1.25. The first value is standard for the 

multiplier and the larger value corresponds to a 

strong concave curvature and enhanced turbulence 

production, according to Smirnov and Menter 

(2009). However, the two models show similar 

results therefore, only the results of the SST-CC 

using the default value are presented hereafter. 

Figures 5 and 6 present the velocity profiles 

obtained from the steady-state Stage simulations at 

the runner domain in the blade channel (RB I, Fig. 

5) and right below the blades at the runner cone 

(RC II, Fig. 6). The axial (Vax
*) and tangential 

(Vtan
*) velocities at sections RB I and RC II are 

presented for the different turbulence models 

employed, together with the experimental values. 

At the runner blade channel, (Fig. 5), the axial 

velocity is overestimated by 4% near the hub and 

shroud wall and 7% at the corresponding 

dimensionless radius of 0.7. The maximum 

overestimation occurs halfway between the hub and 

shroud at half the blade length. The SST models 

provide results only slightly closer to the 

experimental values. The tangential velocity is on 

the other hand underestimated by 20-24% all along 

the blade span. This behavior of RANS turbulence 

models is expected i.e. the tangential velocity 

provided by the guide vane-runner calculations is 

underestimated not only in steady-state simulations 

(Wilhelm et al., 2016). However, the unsteady 

simulation will provide further insight. 

 

 
 

 
Fig. 5. Axial and tangential velocity profiles at 

section RB I, runner domain. 

 

Below the blades, at section RC II, the simulated 

axial velocity values are more accurately predicted 

(Fig. 6). Slight discrepancies are shown near the 

shroud wall where the axial velocity is 

underestimated by less than 9%. Both hub and tip 

vortices formed in the blade clearances are captured 

by the simulations. The k-epsilon and RNG k-

epsilon turbulence models show an overprediction 

of the hub jet whereas the SST and the SST-CC 

models, under predict the axial velocity. However, 

the differences are very small. The tangential 

velocity is also well captured showing that 

regardless of the upstream discrepancies, the runner 

provides a correct flow angle at the outlet. At the 

dimensionless radius R* = 0.52, corresponding to 

the hub wall at the above section RB I, the 

tangential velocity is again underestimated. 

 

 
 

 

Fig. 6. Axial and tangential velocity profiles at 

section RC II, runner domain. 

 

Figure 7 shows the turbulent kinetic energy values 

calculated from the experimental data compared to 

the values extracted from the steady-state 

simulations inside the runner and at the runner 

outlet. In order to calculate the velocity fluctuations 

vax’ and vtan’ from the measurements, the phase 

average component of the signal was extracted from 

the original signal (Amiri et al., 2016a). The kinetic 

energy was then computed as: 

 ''vvk tanax
2

1
                                  (1) 

At the runner blade channel section all turbulence 

models show good agreement with the kinetic 

energy values determined experimentally. However, 

at the runner cone section, below the runner blades, 

considerable discrepancies between simulations and 

measurements are obtained near the hub. Here the 

kinetic energy is underestimated by all turbulence 
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models. This shows that the flow leaving the runner 

near the hub is not entirely captured by the 

simulations as it is also proven by the velocity 

profiles at the draft tube inlet presented in the 

following sections. 

 

 
 

 
Fig. 7. Kinetic energy at sections RB I (a) and 

RC II (b), runner domain. 

 
4.1.2  Unsteady Rotor-Stator Simulations 

As previously presented, each unsteady simulation 

was performed for three runner rotations after 

convergence was achieved, i.e., a periodical pattern 

of the signals from the different monitor points. The 

velocity values are recorded by 21 monitor points 

defined along the LDA beam. Each monitor point 

provides a velocity profile ),(' txv  that can be 

decomposed into three components: the time 

average )(xv , periodic oscillations )(~ xv , and 

random fluctuations ),(' txv . According to the 

Reynolds decomposition, the phase averaged profile 

is defined by: 

),('),()(~)(),( txvtxvxvxvtxv                   (2) 

An example of the phase averaged velocity over 

one runner revolution is presented in Fig. 8. 

Because the time step does not correspond to an 

integer number of degrees, the velocity values are 

not recorded at the exact same angular locations. 

Therefore the velocity values are not identical for 

all runner rotations. 

 
Fig. 8. Phase averaged velocity over one runner 

revolution, section RC II, R* = 0.656. 

 
Figures 9 and 10 present the time averaged velocity 

profiles obtained from the unsteady simulations. 

The results from the four turbulence models (k-

epsilon, RNG k-epsilon, SST and SST-CC) are 

compared to experimental values. As opposed to the 

steady-state simulations, a distinction is now visible 

between the k-epsilon and the SST models. The 

main difference between the steady-state and 

unsteady simulations and the reason for this 

distinction are the interfaces. As stated in the 

description of the numerical case, the Stage 

interfaces are used to connect the guide vane, 

runner and draft tube domains in the steady 

simulations. At Stage interfaces, a circumferential 

average of the fluid flow variables is calculated. In 

the unsteady simulations, the interfaces are 

modelled using the Transient Rotor-Stator interface. 

The particles that cross such interfaces continue at 

the corresponding location, taking into 

consideration the time dependent relative position 

of the two domains. 

At section RB I, Fig. 9, the axial velocity is 

accurately estimated. The largest differences are 

encountered near the shroud wall where the axial 

velocity is underestimated by 4.5%. The tangential 

velocity is best predicted by the k-epsilon models. 

Simulated values are 3% smaller in the hub region 

and identical to the experimental values near the 

shroud. Both SST models predict tangential 

velocities 9% lower than the measured velocities 

near the hub and 3% lower in the shroud region. 

However, the main justification for the SST results 

being slightly less accurate is the mesh refinement. 

As mentioned in the presentation of the numerical 

case, the y+ values are larger in the runner domain 

near the blade-hub connection thus influencing the 

precision of the turbulence models. 

The velocity profiles obtained from the unsteady 

numerical simulations at the runner cone, section 

RC II are similar to the profiles provided by the 

Stage simulations (Fig. 10). The shroud tip vortex is 

better captured in the axial velocity plot. Very small 

differences can be observed in the tangential 

velocity profile. The same underestimation of the 

tangential velocity at the dimensionless radius R* = 

0.52 is shown in the unsteady simulation results. 
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Fig. 9. Axial and tangential velocity profiles at 

section RB I, runner domain. 

 

 
 

 
Fig. 10. Axial and tangential velocity profiles at 

section RC II, runner domain. 

 
The contour plots of the phase averaged axial and 

tangential velocities are presented in Fig. 11 at the 

runner blade channel (RB I) and Fig. 12 below the 

blades (RC II). The numerically obtained values are 

compared to the experimental values. The results of 

two turbulence models have been selected, SST-CC 

and k-epsilon. All the contour plots are a top view 

of the flow and the runner rotates in the clockwise 

direction. 

Both turbulence models show virtually the same 

velocity contours at section RB I (Fig. 11). The 

axial velocity component is larger near the suction 

side of the blades and decreases in the angular 

direction towards the pressure side of the next 

blade. Close to the blade tip, there is a low axial 

velocity region. The results validate the 

experimental hypothesis of Amiri et al. (2016a) 

that this effect is probably due to the tip clearance 

jet formed in the upper section of the blades. 

When the jet reaches the next blade, a secondary 

flow is formed and the axial velocity decreases. 

The tangential velocity is underestimated but the 

differences are smaller than in the steady-state 

simulation results. At section RB I the k-epsilon 

and RNG k-epsilon models capture smaller 

tangential velocities than the SST and SST-CC 

models, compared to the experimental values. 

Despite that, at section RC II below the runner 

blades, all turbulence models give comparable 

results. Similar to the steady-state simulation, it 

seems that the flow angle at the runner outlet is 

not influenced by the accuracy of the numerical 

predictions at the runner blade channels. All 

RANS models have difficulties in predicting flow 

structures such as secondary flows due to the 

assumption of isotropy in the eddy-viscosity 

model. As shown in the time average plots, the 

axial velocity is overestimated. The tangential 

velocity contour shows a lower tangential 

component near the blade pressure side. As the 

relative velocity is increasing along the blade, 

both turbulence models under predict the 

tangential velocity. The results confirm the fact 

that RANS turbulence models are not accurate 

near strong surface curvatures and in accelerated 

boundary layers (Alfonsi, 2009). 

Figure 12 presents contour plots below the runner 

blades, section RC II. The velocity contours 

clearly capture the passage of the trailing edges of 

the runner blades for both the experiments and the 

simulations. The axial velocity decreases and at 

the same location, in the tangential velocity 

profile, there is an increase in the wake region. 

The hub vortices are captured by both turbulence 

models as six small areas of large axial velocity 

can be observed near the hub wall. Between two 

such areas, there is one low axial velocity spot as 

expected at the formation of vortices. The k-

epsilon turbulence model overpredicts the axial 

velocity values near the hub and the spots are 

blurred out. The SST model on the other hand 

shows a better fit to the experimental values (Fig. 

12c). 

The numerically obtained phase averaged axial 

velocity results are in better agreement with the 

experiments. 

The shroud tip vortices are better observed in the 

tangential velocity contours. The tangential 

velocity is underestimated near the hub wall. The 

k-epsilon model performs better but both 

turbulence models fail to capture the smooth 

variation of the tangential velocity in the radial 

direction. The low tangential velocity zone, which 

in the contours is shown as the dark blue area is 

larger in the simulations. 
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Fig. 11. Phase averaged axial (Vax

*) and 

tangential (Vtan
*) velocity, section RB I. (a) 

Experimental values. (b) K-epsilon simulated 

values. (c) SST-CC simulated values. 

Fig. 12. Phase averaged axial (Vax
*) and 

tangential (Vtan
*) velocity, section RC II. (a) 

Experimental values. (b) K-epsilon simulated 

values. (c) SST-CC simulated values. 

 

 

4.2 Draft Tube Cone 

4.2.1 Steady-State Stage Simulations 

In the Stage numerical investigations of Mulu et al 

(2011), the flow in the U9 model draft tube was 

separated near the hub cone. 

One potential reason was found to be the position of 

the runner-draft tube interface which was defined 

right below the trailing edges of the runner blades, 

approximately 60 mm below the runner centerline. 

As a consequence, the hub vortices were averaged 

at the draft tube inlet leading to flow separation. 

In the present study, the runner-draft tube interface 

was lowered down to 300 mm below the runner 

centerline in order to investigate this aspect. There 

is no intersection between the runner hub and the 

interface and the flow is completely attached to the 

hub (Fig. 13). 

 
Fig. 13. Flow near the runner cone at mid plane. 

Figure 14 presents the velocity profiles obtained 

from the steady-state Stage simulation at the draft 

tube domain, section I. Since this is the first section 

below the draft tube inlet, the center area contains 

the hub wake. The turbulence models behave 

similarly concerning the axial velocity. Differences 

are observed near the center of the draft tube where 

the SST model gives the best results. This behavior 

is expected since k-omega models such as SST are 

better in predicting flow recirculation (Alfonsi, 

2009). However, the curvature corrected SST-CC 

model is not as accurate as the classical model at 

this section. In the tangential velocity profile, the 

overestimation near the center of the section is even 

more obvious. All turbulence models predict a 

tangential velocity higher by 20-23% than the 

measured values at the dimensionless radius R* = 

0.1÷0.15. 

4.2.2   Unsteady Rotor-Stator Simulations 

The unsteady simulations do not offer a 

considerable improvement of accuracy. Although 

they are more precise in capturing the flow in the 

area below the blades, the hub peak is again over 

estimated. However, this is most likely due to the 

clearance modelling. When approximating the 

surface of the blade over the scanned rough 

geometry, the clearance is decreased and therefore, 

the axial velocity is artificially increased. Figure 15 

shows the time averaged velocity profiles obtained 

from the unsteady simulation at the draft tube 

domain, section I. 

The axial velocity profile is best modelled by the k-
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epsilon and SST turbulence models. As opposed to 

the Stage simulation, these two models do not 

provide different results as expected. Not the same 

can be observed for the tangential velocity profile. 

Here a clear improvement is provided by the SST 

model when compared to the k-epsilon or RNG k-

epsilon models. 

 

 
 

 
Fig. 14. Axial and tangential velocity profiles at 

section DT I, draft tube domain. 

 

 
 

 
Fig. 15. Axial and tangential velocity profiles at 

section DT I, draft tube domain. 

 
The phase averaged velocity contours at section I in 

the draft tube cone are presented in Fig. 16. The 

experimental values are compared to numerical 

results obtained for two turbulence models, SST-CC 

and k-epsilon. 

The low axial velocity regions correspond to the 

blade wakes, overrepresented in the simulations 

compared to the experiments. The only difference 

between the two turbulence models can be seen 

below the runner cone. For both the tangential and 

the axial velocity contours, the SST-CC model 

predicts a larger area of recirculation in the center 

of the section. 

 

 
Fig. 16. Phase averaged axial (Vax

*) and 

tangential (Vtan
*) velocity, section DT I. (a) 

Experimental values. (b) K-epsilon simulated 

values. (c) SST-CC simulated values. 

 

4.3 Diffuser 

The precision of the simulations decreases from the 

inlet of the model towards the outlet. Considerable 

differences in matter of accuracy were noticed 

between the first and the last section in the draft 

tube cone. In the straight diffuser, after the draft 

tube elbow, the numerical values differ even more 

from the experimental values. 

Figure 17a shows the contour of the axial velocity 

inside the diffuser: obtained from the SST-CC 

unsteady simulation (left) and measured by Amiri et 

al. (2016b) (right). The simulated values are larger 

than the measured ones although the mass flow rate 

is the same. Despite the measurements showing the 

asymmetric flow, the simulation provides an almost 

symmetric flow after the draft tube elbow at the 

downstream section. Gubin et al. (1974) 

investigated the flow at the outlet of curved draft 

tubes and found that the asymmetry in the axial 

velocity profiles is directly influenced by the swirl 

leaving the runner, similarly to Amiri et al. (2016). 

In agreement with the conclusions of the 

aforementioned studies, the numerical simulations 

predict a weaker upstream swirl, confirmed also by  



R. G. Iovănel et al. / JAFM, Vol. 12, No. 5, pp. 1449-1461, 2019.  

 

1459 

 
Fig. 17. Velocity contours in the draft tube diffuser (left) and PIV measurements (right): axial velocity 

(a) lateral velocity (b) and vertical velocity (c). Results of the SST-CC unsteady simulation. 
 

 

the underestimation of the tangential velocity in the 

draft tube cone. 

Figures 17b and 17c present the contours of the 

lateral and vertical velocities. These contours 

should give an image of the two vortices formed in 

the draft tube. This is clearly seen on the right side, 

where the measurements are presented. As 

estimated by Amiri et al. (2016b), 56% of the flow 

rate passes through the right half of the draft tube. 

The simulations show that only 53.7% of the mass 

flow rate passes through the right half. The lateral 

contour plots show a rather symmetric flow and the 

velocity values are larger than the experimental 

values in the upstream section and smaller in the 

downstream. In the simulation results, the vertical 

contour plots show the same nearly constant 

velocity field. As opposed to the measurements, 

very little recirculation is captured by the 

simulation. 

5. CONCLUSION 

Steady-state and unsteady simulations of the 

turbulent flow developed inside the Porjus U9 

Kaplan turbine model at the BEP were performed. 

Three RANS turbulence models were employed: k-

epsilon, RNG k-epsilon and SST. The 

computational domain included the guide vanes, 

runner and draft tube. 

Numerical simulations were also carried out using 

the curvature corrected SST turbulence model, for 

two different values of the production correction 

coefficient Cscale. However, the two simulations 

showed very similar results. 

Time averaged and phase averaged velocity profiles 

were compared to experimental data. The LDA 

measurements employed for the validation of the 

simulations were performed in the runner blade 

channel, below the runner blades and at the inlet of 

the draft tube cone. Further downstream, in the draft 

tube diffuser velocity contours were compared 

against PIV measurements. The numerical results 

proved to be insensitive to the turbulence model 

selection and reasonable agreement with the 

experimental data was achieved. The most accurate 

results were provided by the simulations using the 

k-epsilon and the SST-CC turbulence models but 

very small differences were obtained between the 
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different tested models. 

Lowering the runner draft tube interface down to 

300 mm below the runner centerline was a clear 

improvement of the numerical model. As a 

consequence, the flow was completely attached to 

the hub. 

The velocity profiles in the runner showed the best 

fit to the experimental results whereas the largest 

deviations were found at the draft tube diffuser. 

Despite underestimating the tangential velocity at 

the runner blade channel section, the simulations 

provided accurate predictions of the flow at the 

runner cone section, just below the runner blades. 

The flow angle at the outlet of the runner was 

correct regardless of the upstream inaccuracy. 

Along the draft tube cone, an increasing difference 

between simulations and measurements was 

observed. Although the accuracy of the CFD 

simulations was good in the runner domain, towards 

the outlet of the turbine, precision decreased. 

All turbulence models encountered difficulties 

when predicting the flow in the draft tube diffuser. 

The general discrepancies may be attributed to the 

over estimation of the energy losses leading to the 

underestimation of the tangential velocity and the 

weak upstream swirl captured by the numerical 

simulations. 
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ABSTRACT 

The aim of the paper is to investigate the limitations of unsteady Reynolds-averaged Navier-Stokes (RANS) 

simulations of the flow in an axial turbine. The study is focused on modelling the pressure pulsations 

monitored on the runner blades. The scanned blade geometry renders the meshing process more difficult. As 

the pressure monitor points are defined on the blade surface the simulation relies on the wall functions to 

capture the flow and the pressure oscillations. In addition to the classical turbulence models, a curvature 

correction model is evaluated aiming to better capture the rotating flow near curved, concave wall boundaries. 

Given the limitations of Reynolds-averaged Navier-Stokes models to predict pressure fluctuations, the Scale 

Adaptive Simulation-Shear Stress Transport (SAS-SST) turbulence model is employed as well. The 

considered test case is the Porjus U9, a Kaplan turbine model, for which pressure measurements are available 

in the rotating and stationary frames of reference. The simulations are validated against time-dependent 

experimental data. Despite the frequencies of the pressure fluctuations recorded on the runner blades being 

accurately captured, the amplitudes are considerably underestimated. All turbulence models estimate the 

correct mean wall pressure recovery coefficient in the upper part of the draft tube. 

Keywords: Turbulence modelling; Pressure fluctuation; Pressure recovery; Curvature correction; Scale 

Adaptive Simulation. 

NOMENCLATURE 

Cscale production correction coefficient 

Cpw  pressure recovery coefficient  

D runner diameter 

f frequency 

k turbulent kinetic energy 

Pw_inlet mean static pressure at the draft tube 

inlet 

Pw static pressure at the draft tube wall 

Q flow rate 

R runner radius 

R* dimensionless runner radius 

y+ dimensionless wall distance 

ρ fluid density 

1. INTRODUCTION

The increasing energy demand and the current trend 

of continuously expanding sustainable electricity 

production using renewable energy sources are 

driving the energy industry to develop new 

technologies and to reconsider traditional ones. 

Additionally, the exploitation of intermittent energy 

resources introduces strong fluctuations to power 

grids and discontinuities in the provided flow of 

energy. 

Given their flexibility, dimensions and ability to 

quickly increase or decrease the power output, 

hydropower plants are able to respond immediately 

to system disturbances and fast varying loads and 

demands while maintaining a high efficiency 

(Bucur et al., 2014). This translates into numerous 

starts or stops, frequent transient and off-design 

operations and the need for wider operating ranges 

for hydraulic turbines. Under these circumstances, 

hydraulic machines rarely experience steady-state 

operation. For both the design phase of new 

http://www.jafmonline.net/
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turbines and the rehabilitation of older hydraulic 

installations, it is mandatory to take into 

consideration the strong oscillations of the power 

grid parameters and consequently the transient 

flows and the real loads (Wylie & Streeter, 1993; 

Chaudhry, 1987). 

Kaplan turbines are double-regulated axial 

machines i.e. both the angle of the guide vanes and 

the angle of the runner blades can be adjusted 

independently. Therefore, Kaplan units have the 

ability to function efficiently under high load or part 

load operations compared to the turbines with fixed 

blades such as Francis or fixed propeller-type 

turbines. However, frequent off-design operation 

and the complexity of certain flow conditions, e.g. 

rotor-stator interaction, high turbulence, may induce 

varying loads on the runner blades and the bearings. 

Numerical simulations have become a powerful tool 

for understanding flow conditions in different parts 

of hydraulic systems and turbines (Trivedi, 

Cervantes & Dahlhaug, 2016; Keck & Sick, 2008). 

Computational procedures based on numerical 

methods are being developed and improved in order 

to provide more and more accurate results (Pinto et 

al., 2016). Kaplan turbines have been numerically 

investigated and comparisons with experimental 

data have been carried out for different analysis 

models, number of components and turbulence 

models. Jost, Skerlavaj & Lipej (2014) presented a 

detailed comparison of both steady-state and 

unsteady simulations of the flow in a Kaplan 

turbine. In their study, turbulence models were 

tested for the steady-state analysis: k–epsilon, k–

omega, Baseline (BSL) k-omega model, Shear 

Stress Transport (SST) all of them improved with 

the curvature correction (CC) and the Kato-Launder 

(KL) limiter of turbulence production. The SSG 

Reynolds stress model was also employed. For the 

unsteady simulation three turbulence models were 

used: SST, Scale Adaptive Simulation (SAS) and 

the Zonal Large-Eddy Simulation (ZLES). The 

numerical values of the discharge, torque and losses 

were compared to each other and to measurements. 

The authors showed that the steady-state analysis 

failed to predict the flow whereas the unsteady 

simulations improved the accuracy of the results 

considerably. Ko & Kurosawa (2014) also 

presented a numerical simulation of a Kaplan 

turbine. They used the Reynolds Stress turbulence 

Model (RSM) and the results were compared with 

those of a Large-Eddy Simulation (LES). As 

opposed to the LES, the RSM simulation 

numerically damped the blade tip vortex. The 

pressure fluctuations at the runner outlet were 

therefore underestimated. Wu et al. (2012) 

considered the hub clearance flow in a Kaplan 

turbine using an SST steady-state simulation. The 

authors presented the pressure distribution on the 

suction side of the blade and found that the front 

hub clearance has a limited influence on the flow 

whereas the rear hub clearance reduces the pressure 

considerably near the hub and shroud. 

Studies involving numerical simulations that 

capture the pressure variation in different parts of 

the turbine are not frequently encountered in the 

literature. Liu et al. (2008, 2009) investigated 

pressure fluctuations in particular using an unsteady 

simulation of the complete flow passage in a 

Kaplan turbine model and prototype. The predicted 

oscillations were compared to experimental 

measurements in the distributor, below the runner 

blades and in the draft tube cone and draft tube 

elbow. The simulated values were found in good 

agreement with the experimental ones with some 

exceptions for two draft tube sections. More 

recently, Wu et al. (2011) simulated the unsteady 

flow through the entire passage of a Kaplan 

prototype turbine using an unsteady Reynolds-

averaged Navier-Stokes (URANS) simulation and 

several turbulence models: k-omega, SST and RNG 

k-epsilon. They analyzed the pressure fluctuations 

in seven different locations: three upstream the 

runner and four downstream. At the section located 

just below the trailing edges of the blades, the first 

frequency peak was a low frequency given by the 

upstream propagation of the vortex rope pulsation. 

The second peak was found at the runner rotating 

frequency. The frequency and amplitude of the 

pressure fluctuations in the prototype were 

compared to those obtained in the model for both 

on-cam and off-cam operations. The relative 

frequencies of the pressure fluctuations were similar 

for the model and the prototype, except for the low 

values. 

Other numerical investigations of Kaplan turbines 

were performed by Luo et al. (2013) for eight 

different operating points. Their study showed that 

the vortices in the vaneless space between the 

distributor and the runner cause large pressure 

pulsations. They also found that the frequencies and 

amplitudes of the dynamic stresses in the runner 

body strongly influence the pressure pulsations on 

the blades. Zhou et al. (2007) focused on the 

dynamic stresses in Kaplan blades. They presented 

pressure distributions on the blades and pressure 

fluctuations on the suction and pressure side of one 

blade for multiple operating conditions. 

Mulu et al. (2015) numerically studied the flow in 

the Kaplan turbine model, Porjus U9. The 

computational domain included the full guide 

vanes, runner and draft tube. Different turbulence 

models were tested: k-epsilon, RNG k-epsilon, SST 

and SAS-SST. The unsteady simulation was 

validated against velocity and pressure 

measurements performed in the draft tube. The wall 

pressure recovery (Cpw) of the draft tube conical 

diffuser was obtained both numerically and 

experimentally and compared at four different 

angular positions. It was shown that all turbulence 

models accurately predicted the pressure recovery 

with some differences at the sections closest to the 

draft tube elbow. However, the axial velocity 

profile was not correctly predicted just below the 

runner cone, after the draft tube inlet Because the 

runner-draft tube interface was located right after 

the trailing edges of the blade, it is possible that the 

blade wakes were mixed and dissipated. 

Pressure fluctuations on the Porjus U9 runner 

blades were numerically investigated by Amiri et 

al. (2016a). An unsteady simulation was performed 
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using the SAS-SST model. The numerical model 

included the spiral casing, the distributor featuring 

18 stay vanes and 20 guide vanes, the runner and 

the draft tube. The authors explored the influence of 

the boundary conditions at the inlet of the spiral 

casing over the prediction of the pressure 

fluctuations exerted on the runner blades. The 

authors showed that the dominant frequencies in the 

amplitude spectra were accurately estimated. The 

runner rotational frequency had the highest 

amplitude. Possible justifications for this fact were 

a supposed perturbation in the water supply system, 

asymmetry in the distributor or the effects of the 

draft tube downstream the runner. The numerically 

determined amplitudes represented however, only a 

third of the amplitudes obtained experimentally. 

The current paper presents unsteady numerical 

simulations of the flow in the Porjus U9 Kaplan 

turbine model focusing on the sources of 

asymmetric hydraulic loads present in the runner at 

the best efficiency operating point (BEP) and their 

periodicity. Four turbulence models have been 

tested: k-epsilon, RNG k-epsilon SST and SAS-

SST. The curvature corrected SST model (SST-CC) 

proposed by Smirnov & Menter (2009) is also used, 

in the attempt to better predict the complex three 

dimensional rotating flow. The simulations are 

employing the production correction coefficient 

Cscale = 1 and a second value of 1.25 corresponding 

to strong concave curvature and enhanced 

turbulence production. The unsteady SAS-SST 

simulation is performed in order to better resolve 

the turbulent structures. The SAS-SST turbulence 

model allows the formation of a more detailed 

turbulence spectrum and therefore is expected to be 

more accurate than RANS models while remaining 

computationally efficient and fast (Menter & 

Egorov, 2010). The computational domain includes 

the entire distributor, runner and draft tube. The 

numerical values are compared to pressure 

measurements performed on two consecutive blades 

and in the draft tube cone. The draft tube pressure 

recovery coefficient is also presented. The pressure 

fluctuations exerted on the blades of the Kaplan 

turbine model are investigated in order to identify 

potential sources of asymmetric loads on the 

rotating parts of the turbine. 

2. TEST CASE 

The Porjus U9 turbine is the 1:3.1 scaled model of 

the Kaplan prototype located in Porjus, Sweden. A 

detailed description of the test rig and model is 

presented by Mulu et al. (2012). The diameter of 

the model runner is D = 0.5 m. The net head is 7.5 

m and the runner rotational speed is 696.3 rpm. At 

BEP the guide vane angle is 26.5º and the 

corresponding mass flow rate is 690 kgs-1. 

Mulu et al. (2012) performed an extensive 

experimental study of the flow in the draft tube of 

the aforementioned model at the BEP and two off-

design operating points (Jonsson, Mulu & 

Cervantes, 2012). Combining Laser Doppler 

Anemometry (LDA) and flush mounted pressure 

sensors, the authors focused on the influence of the 

swirl leaving the runner. The blade wakes were 

visible only in the upper part of the cone. The 

pressure recovery was high in the draft tube cone 

(70%), decreased near the elbow and increased 

again in the outlet diffuser. 

Twenty equally distanced pressure taps were 

installed on the draft tube cone walls at four angular 

positions a, b, c and d with 90º spacing around the 

circumference. The sensors locations are shown in 

Fig. 1. The accuracy of the pressure transducers was 

reported at 0.1%. In this paper, the pressure monitor 

points are numbered P1-P5 starting from the top. 

 

 
Fig. 1. U9 draft tube and pressure sensors 

locations. (a) Red dots mark the pressure taps 

numbered P1 to P5 starting from the top. (b) 

Circumferential positions for the pressure 

measurements. 

 

Another measurement campaign, involving the 

same Kaplan model was performed by Amiri et al. 

(2015), this time focusing on the turbine runner. At 

BEP, the measurements showed that an asymmetric 

flow was delivered to the guide vanes close to the 

lip entrance junction resulting in flow separation. 

The wakes of the guide vanes were propagating 

downstream, therefore inducing large pressure 

fluctuations on the runner blades. Unsteady pressure 

measurements were also carried out during load 

acceptance and load rejection, on the blades and 

draft tube walls of the Porjus U9 model (Amiri, 

Mulu, Raisee & Cervantes, 2016a). The purpose of 

this experimental investigation was to monitor the 

formation and mitigation process for the rotating 

vortex rope and their influences on the forces 

wielded on the runner blades. 

Twelve pressure sensors were installed on the 

pressure and suction side of two consecutive blades. 

The sensors located on the pressure side of blade 1 

are labelled PS1 to PS6 and the sensors installed on 

the suction side of blade 2, SS1 to SS6. The signals 

from all the sensors were simultaneously recorded 

at a constant sampling frequency of 4 kHz. The 

location of the pressure sensors are presented in Fig. 

2. 

Soltani et al. (2015) discussed the pressure 

measurements performed on the runner blades of 

the model showing that different regions of the 

blade become critical at different operating points. 

As expected, the amplitude of pressure fluctuations 

recorded on the blades was larger during the 

transient operations. 
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Fig. 2. U9 runner and pressure sensors locations. 

(a) Pressure sensors placed on the pressure side 

of blade 1. (b) Pressure sensors placed on the 

suction side of blade 2. 
 

3.  NUMERICAL CASE 

The reported calculations were performed using 

ANSYS CFX 16.2. Unsteady simulations are 

performed for the entire turbine assembly. Transient 

Rotor-Stator interfaces are defined between the 

three domains: guide vanes, runner and draft tube. 

A steady-state simulation using the Frozen Rotor 

interface is used to provide the initial values. 

The computational flow domain included the full 

guide vane composed of 20 identical blades, the 

runner domain with 6 runner blades and the draft 

tube, see Fig. 3. The runner blade was scanned 

using a 3D optical scanning device (ATOS III 

system from GOM) and the geometry included the 

hub and tip clearances of the runner blade. Only one 

blade passage was modelled for the guide vanes and 

the runner. The mesh was then copied and rotated to 

ensure axial symmetry in these two domains. The 

draft tube domain was extended at the outlet with a 

2m straight channel. 

 

 
Fig. 3. Computational domains: 1. Guide vane 

domain. 2. Guide vane-Runner interface. 3. 

Runner domain. 4. Runner-Draft tube interface. 

5. Draft tube domain. 

 

The hexahedral mesh generated for all three 

domains is created in ICEM 16.2 (Fig. 4). The 

lowest value for the minimum orthogonal angle is 

16.8º reached in the runner domain and the 

maximum exponential factor was 48, also in the 

runner. The total number of cells in the entire 

domain is 10.39 × 106. The mesh properties 

evaluated by CFX are presented in Table 1. 

In the guide vane domain, the y+ values are smaller 

than 165 whereas in the runner, they are kept below 

235. In the draft tube domain y+ is smaller than 5. 

Only locally (in the clearances), the y+ values are 

larger than the requirements of the turbulence 

models and the wall functions are employed. In 

order to meet the y+ criteria, a very fine mesh is 

required, considerably increasing the computational 

demands and the total simulation time. A mesh 

sensitivity analysis was presented by Mulu et al. 

(2015). However, the runner mesh created for the 

present numerical model is coarser due to the use of 

the scanned blade geometry. 

 

Table 1 Quality parameters of the mesh 

Domain Minimum angle 

[º] 

Expansion 

factor 

Aspect 

ratio 

Guide vane 19.9 21 84 

Runner 16.8 48 668 

Draft tube 30.5 9 7635 

 

 

 
Fig. 4. Porjus U9 mesh. (a) guide vane. (b) 

runner blade. (c) draft tube. 

 

The specified boundary conditions were the inlet 

mass flow of 690 kg/s at the flow angle of 30º as it 

is provided at the spiral casing outlet, smooth walls 

with the no-slip condition imposed and the outlet 

boundary condition which was set as zero average 

static pressure. 

Several two-equation RANS turbulence models 

have been tested: k-epsilon and RNG k-epsilon, 

using the scalable wall function and SST using the 

automatic wall function. Also, two simulations have 

been run with the curvature corrected SST 

turbulence model, for two different values of the 

production correction coefficient Cscale. RANS 

turbulence models employ a statistical 

representation of the turbulence. The Boussinesq 

hypothesis relating the turbulent stresses to the 

mean flow with the help of the turbulent eddy-

viscosity, characterizes such models. These 

turbulence models are dissipative, because of the 

increased viscosity, and are unable to properly 

capture flow structures generated by normal 

Reynolds stress anisotropies (Alfonsi, 2009). 

The time step or sampling resolution in a time 

dependent simulation is chosen by considering the 

smallest frequency of the system to be resolved. 
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The sampling resolution frequency should be at 

least ten times smaller than the frequency that 

characterizes the phenomena for a good resolution, 

i.e., at 10 points to resolve a sinusoid. If the 

sampling resolution frequency corresponding to the 

time step falls in the turbulence spectrum, the 

unsteady terms of the Reynolds equations will 

resolve part of the turbulence, from the lowest 

frequency to half the resolution sampling frequency 

according to the Nyquist criteria. As part of the 

turbulence is resolved, an overestimation of the 

turbulent viscosity may arise leading to a damping 

of these fluctuations to be resolved (Wilheim, 

2016). Therefore, the diffusive character of RANS 

models may lead to a strong damping of 

fluctuations in the flow parameters. 

Because the pressure fluctuations captured with 

these turbulence models had very small amplitudes, 

the SAS-SST turbulence model has also been used 

in this study. The SAS-SST turbulence model is an 

improved URANS model that can adjust the length 

scale to the resolved turbulence scale. SAS-SST is 

smoothly transitioning from a LES turbulence 

model through several eddy scales to the steady 

RANS modelling. 

All computations were performed using a high 

resolution scheme for the advection term. For the 

unsteady simulation, a second order backward Euler 

scheme was used to solve the time dependent term 

in the Reynolds equations. The transient time step 

was set to 4 × 10-4 s, corresponding to 1.67º of the 

runner revolution. 

The simulations were converged and then run for 

three full rotations for each RANS turbulence 

model investigated: k-epsilon, RNG k-epsilon, SST, 

SST-CC with a correction coefficient Cscale = 1 and 

SST-CC with a correction coefficient Cscale = 1.25. 

Although the SAS-SST simulation was converged 

in the residuals and the value of the maximum 

residual for each equation solved was below 10−4, 

the monitor points showed no periodic variation of 

the recorded variables. 

4. RESULTS AND DISCUSSIONS 

The pressure values are extracted from the CFD 

simulations using 32 monitor points: 12 monitor 

points defined on two consecutive blades and 20 

monitor points defined around the draft tube cone at 

the same locations as the pressure sensors (Figs. 1 

and 2). 

The time averaged pressure values on the runner 

blades are made dimensionless with respect to the 

turbine operational head and compared to the 

experimental values determined by Amiri et al. 

(2015). The amplitude spectra of pressure signals 

from the monitor points located on the suction and 

pressure sides of the runner blades are evaluated for 

all turbulence models The frequencies are made 

dimensionless using the rotating frequency of the 

turbine frunner = 11.61 Hz. 

The draft tube pressure recovery coefficient is 

calculated based on the wall pressure simulated in 

the draft tube cone, as it is determined by Mulu et 

al. (2012): 

 
2

_
2

Q
P Pw w inlet

Ainlet
Cpw

  
  

 
                 (1) 

where Pw is the pressure along the draft tube cone, 

Pw_inlet is the pressure recorded experimentally or 

numerically at position P1 (Fig. 1), Ainlet is the draft 

tube cross-sectional area at the same position and Q 

is the flow rate. 

All geometric dimensions are made dimensionless 

relative to the runner radius R = 0.25 m. 

4.1 Runner Blades 

The time averaged pressure values obtained from 

the numerical simulations show no sensitivity to the 

turbulence models. Comparisons between the 

numerically calculated values and the experimental 

values are presented in Fig. 5. All simulations show 

an underestimation of the pressure on both the 

pressure and the suction sides of the runner blade. 

The only exception is noticed at the location of 

pressure sensor PS1, located on the pressure side of 

the runner blade, near the leading edge. 

 

 
Fig. 5. Experimental and simulated pressure 

values on the runner blade. 

 
Each simulation was performed for three complete 

runner rotations. The pressure values were recorded 

by 32 monitor points defined at the pressure taps 

location. Each monitor point provides pressure 

values )(tp  that can be decomposed into three 

components: the time average p , periodic 

oscillations )(~ tp  and random fluctuations '( )p t . 

Thus, the phase averaged profile ( )p t  is defined 

by: 

( ) ( ) ( ) '( )p t p p t p t p t                              (2) 

Figure 6 presents an example of the phase averaged 

pressure over one runner revolution. Due to the 

chosen time step of 4×10-4 s, the pressure values are 

not calculated at the same location. The time step 

corresponds to a runner rotation of 1.67º therefore 

the calculated pressure values are not identical for 

all runner rotations. The guide vane wakes visible in 

Fig. 6 are changing in amplitude due to different 

harmonics that interfere. The pressure fluctuations 

amplitudes will be discussed individually for each 
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turbulence model. 

 

 
Fig. 6. Phase averaged pressure over one runner 

revolution, ∆θ=1.67°. Results are presented for 

the RNG k-epsilon turbulence model, pressure 

sensor PS2 on the pressure side of the runner 

blade. 

 
As mentioned before, two values of the production 

multiplier Cscale are employed in the present paper 

for the curvature corrected SST turbulence model. 

According to Smirnov & Menter (2009) the larger 

values correspond to a strong concave curvature. In 

the CFX solver, the standard value is Cscale = 1. 

However, when looking at the pressure fluctuations, 

the two corrections show virtually identical results 

with the classical SST model. Therefore, out of the 

three SST simulations, only the results of the latter 

are presented. The SAS-SST simulation did not 

record periodic fluctuations at the monitor point 

locations, although the unsteady solution was 

converged with the value of the root mean square 

(RMS) residuals of 10-4. 

The pressure measurements presented by Amiri et 

al. (2015) showed large pressure oscillations 

corresponding to the runner frequency and the guide 

vane passing frequency. The authors concluded that 

the pressure fluctuation peaks at the runner 

rotational frequency were caused by a perturbation 

in the water supply system, the effects of the draft 

tube elbow downstream the runner, or a mass 

imbalance in the rotating parts of the turbine. 

The inlet boundary condition for the numerical 

model investigated in the current paper is a 

symmetrical, uniformly distributed mass flow rate 

specified upstream the guide vanes. The mesh and 

geometry for all guide vanes are identical. The six 

runner blades are identical as well. Therefore, there 

is no asymmetry expected in the flow provided to 

the runner as shown in Fig. 7. 

Figure 8 presents the amplitude spectra of the 

pressure variation recorded by the monitor points 

located on the pressure and suction sides of the 

runner blades. The figure shows the results at the 

monitor points that correspond to the sensors placed 

near the shroud of the runner. The monitor point 

PS1 is located near the leading edge and PS3, near 

the trailing edge of the pressure side of the blade. 

On the suction side, results are presented for the 

corresponding sensors SS1 and SS3 as seen in Fig. 

2. The other monitor points located near the runner 

hub showed similar results. 

The results are presented for four turbulence 

models: SST, k-epsilon, RNG k-epsilon and SAS-

SST. All models show amplitude peaks at the 

runner rotational frequency frunner, guide vane 

passing frequency, 20 frunner and two small 

amplitude spikes at 12 frunner and 18 frunner. These 

two peaks should correspond to lower harmonics of 

pressure fluctuations given by the runner blades 

passing, 6 frunner. The RNG k-epsilon turbulence 

model captures the highest pressure fluctuations, 

followed by the classical k-epsilon model. The SST 

model provides small amplitude especially at low 

frequencies. As expected, the SAS-SST simulation 

captures very small amplitudes of the fluctuations 

because the monitor points did not record periodic 

pressure variations. 

 

 
Fig. 7. Pressure (a) and velocity (b) contours at 

the runner inlet section. Results are presented 

for the RNG k-epsilon turbulence model. 

 

In all simulations, the dominant frequency of the 

pressure oscillations is the runner rotational 

frequency frunner. The amplitude spectra of the 

numerically obtained pressure signal on the 

pressure side of the blade at the runner frequency 

are shown in Fig. 8a and 8c and present 

significantly smaller pressure amplitudes when 

compared to the spectra calculated for the suction 

side of the blade, Fig. 8b, 8d. This is expected 

because, as stated before, the flow domain upstream 

the runner is axisymmetric and there is no 

perturbation that should cause fluctuations on the 

pressure side of the blades at the runner frequency. 

The only possible cause should be an asymmetry in 

the runner downstream geometry, specifically the 

draft tube elbow since it is also the only asymmetric 

feature of the model. This is confirmed by the 
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amplitude spectra presented in Fig. 8. The highest 

peak is found at the monitor point corresponding to 

pressure sensor SS3, located near the trailing edge 

of the blade and the amplitude is decreasing 

towards the leading edge at monitor point SS1. 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

Fig. 8. Amplitude spectra of the pressure sensor 

signals on the pressure side of the blade: (a) PS1, 

(c) PS3 and on the suction side of the blade: (b) 

SS1, (d) SS3. 

 

For pressure sensors PS1 and SS1, which are closest 

to the leading edge, another peak can be observed at 

the dimensionless frequency 20 frunner corresponding 

to the guide vane wakes. Downstream, the 

amplitude of the pressure fluctuations given by 

guide vanes is rapidly decreasing. As expected, the 

values are smaller on the suction side. Additionally, 

compared to the measurements, the amplitude 

corresponding to the guide vane passing frequencies 

are considerably smaller. This is most probably due 

to the dissipative character of URANS turbulence 

models. The guide vane trailing edge wakes 

propagating downstream are spread out and 

damped. 

 

 
 
 

 
 

 

 

 

 
Fig. 8. Waterfall plots of the pressure signals 

monitored on the runner blade: (a) experimental 

results from Amiri et al. (2015), (b) CFD 

simulations, SST turbulence model, (c) CFD 

simulations, k-epsilon turbulence model and (d) 

CFD simulations, RNG k-epsilon turbulence 

model. 
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

Fig. 9. Wall pressure recovery factor of the draft 

tube conical diffuser, Cpw, obtained 

experimentally and numerically at: (a) angular 

position a, (b) angular position b, (c) angular 

position c, (d) angular position d. (see Fig. 1). 

 

Figure 8 presents waterfall plots of the pressure 

signals obtained from all the monitor points on the 

runner blades from the numerical simulations using 

the SST, k-epsilon and RNG k-epsilon turbulence 

models (Fig. 8b-8d) compared to the experimental 

results obtained by Amiri et al. (2015) (Fig. 8a). 

The dominant dimensionless frequencies are 1 frunner 

and 20 frunner, corresponding to the runner rotation 

and the guide vane passing frequencies. Because all 

the harmonics of frunner are present in the spectrum, 

only the low frequencies are presented in Fig. 8a. 

The results obtained using the SAS-SST turbulence 

model were excluded because, as stated before, the 

simulation provided very small amplitudes 

especially at low frequencies. 

The results show that the frequencies are accurately 

predicted by the numerical simulations as opposed 

to the corresponding amplitudes. The experimental 

amplitude values are larger by a factor of 5 to 6 

depending on the sensor position. 

Both turbulence models show a downstream 

increase of the pressure amplitude peaks at the 

runner rotational frequency. The highest pressure 

fluctuations corresponding to the runner frequency 

are obtained near the trailing edge of the blade 

(monitor points SS3 and SS6) whereas the lowest 

are obtained near the leading edge (monitor points 

SS1 and SS4). The results suggest that the runner 

frequency of frunner is present in the blade pressure 

amplitude spectra due to the draft tube elbow 

downstream the runner. 

The simulated guide vanes passing frequency is 

very small compared to the experimental values 

regardless of the turbulence model. To some extent 

this is an expected outcome given the limitations of 

RANS models. 

4.2 Draft Tube 

The wall pressure recovery coefficient of the 

conical diffuser is calculated according to Eq. 1 

using the numerically predicted pressure values 

recorded at the monitor points (Fig. 1) and the 

experimental data provided by Mulu et al. (2012). 

Figure 9 presents the pressure recovery factor at 

four angular positions, obtained experimentally and 

numerically using three different URANS 

turbulence models and the curvature corrected SST 

model. The draft tube wall pressure recovery is 

defined as the ratio of the pressure difference 

between the section of interest and the draft tube 

inlet to the dynamic pressure based on the mean 

axial velocity at the inlet section. This factor is used 

to evaluate the performance of the draft tube as it 

quantifies the amount of kinetic energy recovered 

along the draft tube. 

As the flow decelerates towards the back of the 

draft tube (outer radius), the static pressure 

increases. The opposite situation is encountered at 

the inner draft tube radius where the flow is 

accelerated and the static pressure decreases. As a 

consequence, the highest pressure recovery is found 

at the angular position (a) both experimentally and 

numerically. At the angular position (c), the lowest 

pressure recovery is predicted. 
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Fig. 10. Pressure contours in the draft tube cone: 

pressure sensors 4-a to 4-d (left) and pressure 

sensors 5-a to 5-d (right). Results of the SST-CC 

simulation. 
 

All turbulence models show good agreement with 

the experimental data. At sections (a) and (d) the 

pressure recovery factor is overestimated near the 

draft tube elbow. The SST turbulence model and the 

SST-CC using the production multiplier Cscale = 1 

show the best results. The curvature correction 

reduces the eddy-viscosity (Smirnov & Menter, 

2009) therefore the model is able to better capture 

the secondary flows at the last two sections, 5 and 

4, just above the draft tube elbow. The k-epsilon 

and RNG k-epsilon turbulence models show a 

slightly larger overestimation of Cpw. 

At the angular positions (b) and (c) the turbulence 

models behave in a similar manner but the pressure 

recovery coefficient is underestimated. The SST 

simulations capture the pressure recovery accurately 

and match the experimental results with very small 

differences. The k-epsilon turbulence models 

provide the largest discrepancies between numerical 

and experimental values. 

The flow downstream the draft tube elbow is 

considered similar to the flow after a 90° pipe bend, 

therefore secondary flow after the draft tube bend is 

induced by centrifugal forces. The measurements 

presented by Amiri et al. (2016b) showed that the 

swirl at the draft tube inlet is influencing the flow in 

the straight diffuser. The numerical simulations 

underestimate the tangential velocity and as a 

consequence, the two counter rotating vortices after 

the draft tube bend are nearly symmetrical. 

However, the experiments show a larger flow 

asymmetry because the vortex co-rotating with the 

upstream swirl is stronger. 

Figure 10 presents the pressure contour plots 

obtained from the simulation using the SST-CC 

turbulence model with the maximum value of the 

production coefficient at the two lowest sections of 

the draft tube cone corresponding to positions P4 

and P5 (before the bend). The pressure distribution 

is axisymmetric in the upper part of the draft tube 

cone where the first three locations of the pressure 

sensors are. Further downstream, in the vicinity of 

the draft tube elbow, the pressure contour plots 

show an asymmetric low pressure area in the front 

part of the draft tube. The pressure distribution is in 

agreement with the predicted pressure variations 

obtained by Liu, Li & Wu (2009). 

5. CONCLUSIONS 

Unsteady simulations were carried to investigate the 

turbulent flow developed inside a Kaplan turbine 

model at BEP. The k-epsilon, RNG k-epsilon and 

SST turbulence models were tested. Simulations 

were also performed for the curvature corrected 

SST turbulence model using the standard 

recommended value of the production correction 

coefficient Cscale = 1, and a higher value, Cscale = 

1.25 corresponding to a strong curvature. 

Additionally, a simulation using the SAS-SST 

turbulence model was performed. The numerical 

domain included the complete guide vanes, the 

runner and the draft tube. 

The time averaged pressure values recorded by the 

monitor points defined on the runner blades were 

compared to the experimental results. The results 

showed that the numerical model is insensitive to 

the turbulence models and in good agreement with 

the measurements. 

The pressure fluctuations on the pressure and 

suction sides of the blades were investigated. The 

frequencies were accurately captured but the 

corresponding amplitudes were underestimated by a 

factor of approximately 5÷6 regardless of the 

turbulence model. 

The largest amplitudes of the pressure fluctuations 

corresponded to the runner rotational frequency of 

frunner and were recorded on the suction sides of the 

blades. The results showed that the maximum 

amplitudes were obtained near the trailing edge of 

the runner blades, closest to the draft tube. 

Therefore, a possible source for the asymmetric 

loads present in the runner at BEP is the draft tube 

elbow and its influence on the upstream flow. Such 

asymmetric loads affect the runner blades, the shaft 

and bearing, reducing their lifetime and the quality 

of their performance. 

The numerical wall pressure recovery results were 

very similar to the experimentally obtained values. 

The best agreement was provided by the SST 

simulation and the SST-CC. 

The SAS-SST simulation was expected to capture 

higher pressure fluctuations at the monitor points 

defined on the blade surface. However, the 
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computations showed poor convergence in the 

monitor points and the pressure signal could not be 

processed like it was done for the RANS 

simulations. 

A mesh sensitivity analysis is required at least for 

the turbulence models that performed best, in order 

to better resolve the boundary layer and to predict 

accurately the pressure fluctuations inside the 

Kaplan model. 
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Abstract: The aim of this study is to develop a reliable numerical model that provides additional
information to experimental measurements and contributes to a better exploitation of hydraulic
turbines during transient operation. The paper presents a numerical analysis of the flow inside a
Kaplan turbine model operated at a fixed runner blade angle during load variation from the best
efficiency point (BEP) to part load (PL) operation. A mesh displacement is defined in order to model
the closure of the guide vanes. Two different types of inlet boundary conditions are tested for the
transient numerical simulations: linear flow rate variation (InletFlow) and constant total pressure
(InletTotalPressure). A time step analysis is performed and the influence of the time discretization
over the fluctuating quantities is discussed. Velocity measurements at the corresponding operating
points are available to validate the simulation. Spectrogram plots of the pressure signals show the
times of appearance of the plunging and rotating modes of the rotating vortex rope (RVR) and the
stagnation region developed around the centerline of the draft tube is captured.

Keywords: Kaplan turbine; transient operation; mesh displacement; rotating vortex rope

1. Introduction

Nowadays, hydropower plants are experiencing frequent off-design operation regimes and load
variations because of the fluctuating energy production requirements. The energy market is becoming
more dynamic due to its deregulation in some countries, as well as the introduction of intermittent
renewable energy sources, such as wind and solar power [1]. Transient operations induce pressure
oscillations and asymmetric loads on the runner blades of hydraulic turbines, affecting their lifetime,
increasing the pressure losses and reducing the efficiency of the power plants [2]. Furthermore,
closing the guide vanes, i.e., reducing the flow entering the turbine, results in a high swirl at the runner
outlet of single-regulated turbines, leading to the formation of the rotating vortex rope (RVR) [3].
In the draft tube of the turbine, the RVR generates large amplitude pressure fluctuations at low
frequencies in the range of 0.2–0.4 × frunner, where frunner represents the runner rotational frequency.
It is therefore necessary to accurately predict the RVR formation in order to avoid the unfavorable
operation of hydraulic turbines. The analysis of the vortex formation and its mitigation may allow
for the development of effective countermeasures. Both experimental and numerical techniques have
been used for such investigations.
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Experimental studies of the pressure fluctuations inside hydraulic machines were carried out for
different operating points during steady and transient operations [4–6]. The measurements showed
that the largest amplitudes of the pressure fluctuations were attained during transient operations,
especially during total or partial load rejection. The formation and mitigation of the RVR in the draft
tubes of hydraulic machines were investigated experimentally during part load (PL) operation [7,8].
The study of a Francis turbine model during load decrease focusing on the RVR formation [3] showed
that at a low guide vane angle, i.e., low flow rate, the runner was unable to extract the high swirl
provided by the guide vanes. As a consequence, a highly swirling flow entered the draft tube and
the axial velocity increased near the draft tube walls. Due to the large pressure gradient in the radial
direction, the radial component of the velocity was negative near the draft tube walls. A recirculation
region was observed behaving as a blockage to the draft tube flow leading to the formation of the RVR.
The rotating vortex was showed to wrap around the high pressure/low velocity areas.

Computational fluid dynamics (CFD) is becoming a powerful tool in modelling turbulent flows and
acquiring information concerning the operation of hydraulic machines [9–11]. Numerical simulations
are now a faster and more cost-efficient alternative to experimental investigations and model testing.
However, there are still limitations in turbulence modelling regarding the space and time discretization,
the definition of boundary conditions and the modelling of the Reynolds Averaged Navier–Stokes
(RANS) equations [12]. Furthermore, in order to model transient flows in hydraulic turbines, a mesh
displacement method should be employed [13], thus increasing the complexity of the numerical model,
and the total simulation time. A good compromise between the accuracy of the simulation and the
limited computational resources is challenging to achieve.

Transient numerical models of load variation in hydraulic turbines require the modelling of the
guide vanes displacement using a time dependent space discretization. In the case of double-regulated
turbines, a moving mesh is required for the runner blades as well. Various moving mesh methods have
been employed for different industrial applications, such as the movement of the junction between
the airplane tail and the fuselage [14] or free surface flows [15]. A transient numerical model of a
pump-turbine was developed using a dynamic mesh method and re-meshing techniques in order
to model the flow during load rejection [16]. Concerning hydraulic turbines, there are only a few
studies available in the literature. An axial turbine was investigated during sudden load rejection [17]
using transient simulations and a moving mesh. Reference [18] presented the results of 3D unsteady
RANS (URANS) simulations of the flow through a Francis turbine during load rejection and runaway
transient operations. A study of load changes and complete shutdown of a Francis turbine model was
presented in [19]. The guide vanes displacement was modelled using a mesh motion procedure and an
automated re-meshing technique.

The inlet boundary conditions were proven to have a strong influence on the accuracy of numerical
simulations regarding hydraulic turbines [20,21]. Different solutions to model the start-up of Francis
turbines were investigated [22], showing the necessity of including the draft tube and the full runner
domains in the numerical model. The authors considered a constant total pressure value as inlet
boundary condition to simulate the flow through a Francis turbine model during start-up. The flow was
underestimated in the numerical simulation due to an overestimation of the losses. URANS simulations
of the flow inside a bulb draft tube were performed [23], discussing the accuracy of the inlet boundary
conditions required in order to correctly capture the flow features. The simulations underestimated
the velocity values in the draft tube domain due to the overestimation of the head losses, especially
near the draft tube walls.

The numerical investigations performed to model the pressure fluctuations exerted on the
runner blades are predominantly URANS simulations of different operating regimes [24–26].
Several researchers carried out numerical simulations attempting to describe and explain the
RVR formation. It was found that the use of the k-epsilon turbulence model for such studies
is not recommended, as the swirl is underestimated and the vortex is strongly damped [27].
The Scale-Adaptive Simulation- Shear Stress Transport (SAS-SST) turbulence model was employed in
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unsteady simulations of the flow inside the draft tube of a Kaplan turbine during PL operation [28].
The authors were able to capture the RVR movement and showed that the turbulence model provides
results in good agreement with the experimental values.

In recent years, a lot of focus has been dedicated to the investigation of the transient operation of
Francis-type turbines. However, the number of studies aiming to investigate Kaplan turbines is limited.

The objective of our research is to create and validate a transient numerical model of a Kaplan
turbine operated on a propeller curve, i.e., at a fixed runner blade angle. The paper is an extension of a
previous study [29], after the improvement of the geometrical accuracy of the model. Transient URANS
simulations of the flow through a Kaplan turbine model are carried out to investigate the flow behavior
during the partial closure of the guide vanes, i.e., load variation from best efficiency point to part
load operation. The guide vanes displacement is modelled using a moving mesh defined as specified
displacement relative to the initial position. Two types of inlet boundary conditions are considered:
a linear flow variation and a constant total pressure. The numerical results are compared to velocity
and pressure measurements in the runner and draft tube. The selection of the boundary conditions
and the influence of the time step definition over the accuracy of the numerical model are discussed.
A time step sensitivity analysis is performed aiming to obtain a good accuracy of the results while
maintaining low computational resources and a relatively short simulation time. The RVR formation
during the guide vane closure is investigated. Spectrograms of the pressure on the runner blades and
on the draft tube cone wall are presented showing the time of appearance of the RVR plunging and
rotating modes.

2. Materials and Methods

2.1. Test Case

The Porjus U9 Kaplan turbine model [30] is numerically investigated. The turbine includes a
spiral casing, a distributor (18 stay vanes and 20 guide vanes), a 6-blade runner, and an elbow draft
tube. The runner diameter is 0.5 m and the rotational speed is 696.3 rpm. The turbine model was
investigated experimentally during steady operation at the best efficiency point (BEP) and off-design
operation points [30–32]. The experimental results are used for the validation of the numerical model.

Velocity and pressure measurements were presented in [3,6,30–32]. Six pressure sensors were
used on the pressure side of one runner blade and six on the suction side of the neighboring runner
blade, as illustrated in Figure 1.
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Figure 1. Pressure sensors location on two consecutive runner blades. (a) PS1 to PS6 on the pressure side.
(b) SS1 to SS6 on the suction side.

In the upper part of the draft tube cone, 20 pressure sensors were used (Figure 2a) located at four
angular positions a, b, c and d (Figure 2b) according to [30].
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where the indexes 1 and 2 represent the inlet of the guide vane domain and the outlet of the draft 
tube, respectively. 

The transient operation of the Porjus U9 turbine from the BEP to PL is modelled. The average 
angular velocity of the guide vane closing is ωGV = 0.859°/s and the total time of the load variation is 
Δt = 7.57 s. The main parameters for the BEP and PL operating points are presented in Table 1. 

Figure 2. Pressure sensors location on the wall of the draft tube cone. (a) The positions are marked by
blue dots. (b) Circumferential positions.

Laser Doppler Anemometry (LDA) measurements were performed in the runner chamber [32]
and in the draft tube cone [30]. The velocity profiles are presented along one radius (direction d,
Figure 2b) as the results are similar in the other directions. The numerically simulated velocity
components are recorded by 20 monitor points defined along the blue lines presented in Figure 3.
The line corresponding to Section I (Figure 3) is extended and the velocity and pressure values are
recorded along the diameter of the draft tube cone in an attempt to capture the asymmetric flow
developed during load rejection and PL operation.
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The transient simulations are validated with the corresponding stationary operating condition
measurements at the BEP and PL.

Transient pressure measurements during load variations on the Porjus U9 model were also carried
out [6]. The load variations were performed on a propeller curve, i.e., at a fixed runner blade angle,
but the total head value was not constant as the experiment was performed in a close loop circuit.
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where the indexes 1 and 2 represent the inlet of the guide vane domain and the outlet of the draft
tube, respectively.

The transient operation of the Porjus U9 turbine from the BEP to PL is modelled. The average
angular velocity of the guide vane closing is ωGV = 0.859◦/s and the total time of the load variation is
∆t = 7.57 s. The main parameters for the BEP and PL operating points are presented in Table 1.

Table 1. Operating condition parameters of the Porjus U9 model. Experimental values.

Operating Point BEP PL

αGV (◦) 26.5 20
Q (m3/s) 0.69 0.62

H (m) 7.5 7.5

2.2. Numerical Model

2.2.1. Analysis Domain

The numerical simulations were performed for the Porjus U9 turbine model using the CFX
Ansys solver. The numerical model includes one moving guide vane, the complete runner with
six runner blades, and the elbow draft tube (Figure 4). The model was developed considering the
results published in [22,33], concerning the influence of the domain selection over the accuracy of
the numerical simulations. The draft tube domain includes the draft tube cone, elbow, and diffuser.
A single guide vane is modelled and a Stage interface is defined between the guide vane domain and
the runner domain. The advantage of such interfaces is that the pitch change is modelled by taking the
circumferential averages over circular bands along the interface. However, the downside of the Stage
interface is that the velocity profile is averaged before entering the downstream component. Therefore,
blade wakes and pressure fluctuations are damped. At the draft tube inlet, a Transient Rotor–Stator
interface is used in order to capture the transient relative motion and the frame change between
the runner and the draft tube. The simulations are performed using the k-ω SST turbulence model.
The k-ω SST turbulence model is selected for providing a reasonable precision at low computational
costs [34]. The computational resources are a particularly important aspect when modelling transient
flows with mesh displacement.
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2.2.2. Mesh

A hexahedral unstructured mesh is created for each computational domain using the software
ICEM 16.2. A single runner blade passage is discretized. The mesh is multiplied and rotated in order
to attain certain axial symmetry of the flow inside the runner domain. The total number of cells in the
Kaplan turbine model is 13.96 × 106. The mesh quality criteria are presented in Table 2.

Table 2. Quality parameters of the mesh used in the transient simulations.

Domain
No. of

Elements
(×106)

Minimum
Angle

(◦)

Expansion
Factor

(–)

Aspect
Ratio

(–)

y+

(min/avg/max)
(–)

Guide vane 0.34 20.2 16 58 2.70/15.6/27.1
Runner 9.96 16.8 48 668 0.90/15.7/67.0

Draft tube 3.66 30.5 9 7635 0.02/1.12/4.40

A mesh sensitivity study for the guide vanes, runner and draft tube of the Porjus U9 turbine
model was carried out [35]. In the current study, the guide vane and runner domains are discretized
similarly, attempting to improve the mesh quality and decrease the y+ values. The size of the guide
vane mesh is comparable to the previous version, but the runner domain mesh is refined.

Using a hexahedral mesh can be rather restrictive in terms of mesh quality. The aim was to create
a good quality mesh instead of a fine mesh with low quality. The y+ values presented in Table 2 are,
in some areas, larger than the recommended value of 1; therefore, the automatic wall function is locally
employed in the CFX simulations [36]. This automatic wall treatment switches between the wall
function approach and the low Re approach (k-ω) depending on the grid spacing near the wall [37].
A very fine mesh, that meets the y+ <1 criterion, considerably increases the mesh size, the computational
demands and the total simulation time.

The mesh displacement is defined for the guide vane computational domain. The guide vane
rotates around the center of rotation C (xc, yc) shown in Figure 5. The location of the guide vane
blade (xt, yt) is calculated at each time step using coordinates relative to the previous mesh position
(xt−1, yt−1):

xt = (xt− 1− xc) cos(dαGV) + (yt− 1− yc) sin(dαGV) + xc (2)

yt = (yt− 1− yc) cos(dαGV) − (xt− 1− xc) sin(dαGV) + yc (3)

where xt and yt are the coordinates of the guide vane blade at the current time step, xt−1 and yt−1 are
the coordinates of the guide vane blade at the previous time step and xc and yc are the coordinates of
the center of rotation.
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The guide vane angle (dαGV), related to the initial position, is calculated at each time step (dt) as:

dαGV = ωGV · dt · n (4)

where n is the current time step.

2.2.3. Boundary Conditions

Concerning the modelling of transient load variations of hydraulic turbines, the inlet boundary
conditions may be provided as velocity (volumetric flow rate, mass flow or velocity profiles) or pressure
(static or dynamic). It was proven that using the linear flow variation as an inlet boundary condition
leads to an inaccurate prediction of the pressure variation [19]. The study concluded that the total
pressure should be defined at the inlet and the flow variation should be obtained from the simulations.
The use of these two types of inlet boundary conditions is investigated in the present paper: the linear
variation of the flow rate (referred to as: InletFlow simulation) and a constant total pressure value during
the load variation (referred to as: InletTotalPressure simulation). In the following sections, the variables
with the index Q or P will refer to the InletFlow and InletTotalPressure simulations, respectively.

It is recommended for the time step (dt) to be selected considering the smallest frequency of the
system to be resolved. Usually, a time step corresponding to 1◦ ÷ 5◦ of the runner angular rotation
is chosen. In the present case, this would correspond to a sampling frequency of 2092 to 836.8 Hz.
With such a time step size, part of the turbulent fluctuations are resolved from the lowest turbulent
frequency, which is about V/D ≈ 8 Hz (where V is the average velocity of the flow at the runner inlet
and D is the characteristic length, in the present case, the runner diameter) up to half of the sampling
frequency. From our experience and the literature [38], the use of small time step values may cause the
simulation to overpredict the pressure/velocity fluctuations. In this case, the overestimations most
likely occur due to the URANS equations resolving part of the turbulence, which they are not designed
for. RANS models are statistical representations of the turbulent flow. They are not designed to resolve
part of the turbulence as the large eddy simulation (LES) model is.

2.2.4. Time Step Sensitivity Analysis

A time step sensitivity analysis is performed for three different time step sizes, as presented in
Table 3. The large time step values corresponding to large angles of the runner rotation (dθ = 61◦

and 121◦) are employed because the flow delivered to the runner is axis-symmetric, all six runner
blades are identical, and the inlet into the draft tube cone is axis-symmetric as well. Considering all
the above, a time step corresponding to 61◦ of the runner rotation should be equivalent to a time step
corresponding to 1◦. The sampling frequencies are 68.6 and 35.6 Hz, and part of the turbulence is
still resolved. The largest time step size allows for resolving the RVR with at least 15 points per RVR
rotation (1 RVR rotation ≈ 5 runner rotations). All simulations are carried out using the high-resolution
scheme for the advection term and the second order backward Euler scheme for the time-dependent
terms in the URANS equations.

Table 3. Time step sensitivity analysis.

Case Time Step
dt [s]

Corresponding Runner Rotation
dθ (◦)

1 0.001195 5
2 0.014579 61
3 0.028919 121

First, a steady-state simulation of the flow in the turbine model operated during BEP operation
is performed in order to obtain the initial conditions for the transient simulations. The mass flow
rate is defined at the inlet of the guide vane domain. The computed total head is further used
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for the InletTotalPressure simulation in order to start with a similar flow rate compared to the
InletFlow simulation.

Secondly, URANS simulations are performed for 15 runner rotations (1.3 s) during BEP operation
followed by the guide vane closure. At the end of the guide vane closure (∆t = 7.57 s), the simulations
continue for another 83 runner rotations (7.2 s) to ensure the convergence and stabilization of the flow
parameters at PL. The total simulated time is approximately 16 s for both types of inlet boundary
conditions, i.e., mass flow rate and constant total pressure.

The inlet boundary condition InletTotalPressure is used to test the hypothesis of axis-symmetric
flow developed in the runner domain and large time steps: 61◦ and 121◦.

3. Results and Discussion

3.1. Validation with Experimental Velocity Profiles

The numerical results are validated using velocity measurements. The results of the steady-state
simulations before (BEP) and after (PL) the transient simulation are compared to experimental profiles.
The results are presented in Figure 6 for Section RB I, in the runner domain and Section I in the draft
tube domain (see Figure 3). All the velocity values are normalized with the bulk velocity calculated
from the flow rate and the area corresponding to the runner diameter. The radii are made dimensionless
relative to the runner radius R = 0.25 m. The positive direction in the runner and draft tube cone for
the axial velocity is vertically downward, along the Z axis as presented in Figure 4.
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The BEP velocity profiles are obtained by averaging the numerical results over 15 runner rotations,
whereas the PL velocity profiles are averaged over 80 ÷ 83 runner rotations (depending on the time
step value). When using the small time step size dθ = 5◦ of the runner rotation, it is possible to
average only over the last period, e.g., the last runner rotation given that enough samples are provided.
Assuming the results are converged, this is the recommended procedure. However, if the large time
step sizes are used, i.e., dθ = 61◦ and 121◦, one runner rotation provides only six or three samples,
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respectively, and it is not enough to calculate a representative mean value. Therefore, the average over
all the runner rotations simulated was chosen to obtain the mean velocity profiles.

In the runner blade channel (Section RB I) at the BEP, the numerical model provides reasonable
results compared to the measurements regardless of the inlet boundary conditions (Figure 6).
The velocity profiles show that the flow is following the geometry of the runner blade with boundary
layers developing on the hub and shroud in the axial and tangential direction. However, below the
runner hub (DT I section), in the center of the draft tube cone (R* < 0.25), the flow is difficult to model
accurately. The axial jets formed in the blade-hub clearances are not captured in the simulations. This is
due to the turbulence model overpredicting the swirl leaving the runner domain, i.e., the tangential
velocity is overestimated near the axis of the draft tube and the axial velocity is underestimated
showing negative values. The overestimation of the tangential velocity is certainly related to the
underestimation of the axial velocity and an inadequate modelling of the clearances (insufficient
number of cells, large y+ values). Therefore, the simulations show a recirculation area formed at the
inlet of the draft tube, even during BEP operation. The different time steps have a marginal effect on
the runner and no effect on the draft tube as the velocity profiles overlap on a single profile.

During PL operation, the flow angle provided by the guide vanes at the inlet of the runner
domain is far from the design conditions. Secondary flows occur, and the turbulent fluctuations are
increasing in amplitude because of the RVR formation in the draft tube of the turbine [23]. Therefore,
numerical simulations have difficulties in matching the experimental results (Figure 7). In the runner
domain, Section RB I, the simulations show a slight sensitivity to the inlet boundary conditions, but no
influence from the time step size. On the other hand, considerable differences are obtained in the draft
tube domain just below the runner hub, between the numerical simulations (influenced by both the
time step size and the initial boundary conditions) and the experimental measurements. For a constant
time step size, the inlet boundary condition has a small influence. However, the InletTotalPressure
simulation predicts considerably different velocity profiles depending on the time step size.
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3.2. Inlet Boundary Conditions

3.2.1. Main Parameters

The influence of the inlet boundary conditions, i.e., linear flow variation (InletFlow simulation)
and constant total pressure (InletTotalPressure simulation), is presented and discussed. The numerical
values of the main parameters (Q and H) obtained from the two transient simulations (InletFlow and
InletTotalPressure) are compared.

First, the BEP operation of the turbine is modelled, i.e., the steady-state initial condition
(approximately 1.3 s). During the load variation (∆t = 7.57 s), the guide vane rotates with ∆αGV = 6.5◦

and PL operation is reached.
Figure 8 presents the time variation of the flow rate (Q) simulated using the two different inlet

boundary conditions. The results of the simulations employing the smallest time step (dt = 0.001195 s
or dθ = 5◦) are presented in order to compare similar set-ups. The flow rate values are normalized
with the numerically obtained flow rate during BEP operation. In the case of the InletFlow simulation,
the value coincides with the flow rate measured by Amiri et al. (2016a). The results of the InletFlow
simulation are considered the reference in Figure 8 since the linear variation of the flow rate (QQ)
is specified at the inlet of the guide vane domain according to the experiment. Using the total
constant pressure as the inlet boundary condition leads to an underestimation of the flow rate (QP)
by approximatively 3% during PL operation. The influence of the different boundary conditions
over the variation of the parameters becomes visible around t = 4 s. The results confirm that the
head losses are overestimated by the turbulence model. The justification for this overestimation is
that the head losses are predominantly due to turbulent kinetic energy dissipation [23], hence being
overestimated by URANS models. Another possible cause may be the wall function used in the
numerical simulations for y+ > 1 [39]. The turbulent fluctuations are overpredicted, and the energy
losses are large, especially near the solid boundaries. However, resolving the boundary layers up to
y+ = 1 would result in a too large number of hexahedral cells to perform calculation in a reasonable
amount of time.
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The time variation of the simulated total head (H) is presented in Figure 9. Like the previous plot,
the values are normalized with the head obtained at the BEP from the simulations. Despite defining a
numerically obtained head value as the inlet boundary condition, the results of the InletTotalPressure
show an underestimation of the flow rate from the middle of the transient at t = 4 s, as seen in Figure 8.
On the other hand, the head is overestimated by the InletFlow simulations at PL, approximately 10%
over the BEP constant value. As expected, the numerical model is over predicting the head required
to maintain the fixed flow rate despite the high pressure losses. The overestimation of the pressure
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losses is due to the turbulence modelling, and the use of wall functions implied by the coarse mesh.
The head solution begins to diverge approximately 4 s after the beginning of the simulations, similar to
the flow rate variation.Energies 2020, 13, x FOR PEER REVIEW 11 of 21 
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The dotted vertical lines represent the start and the end of the guide vane closure.

The simulations were carried out for different time step sizes and it was shown that the time step
size has a marginal influence over the numerical head and flow rate values [40]. It can be concluded that
the main flow parameters of a turbine during transient operation can be modelled using larger time step
values based on the assumption that the flow is axis-symmetric inside the turbine. Both computational
resources and simulation time can thus be reduced using large time steps.

3.2.2. Pressure Oscillations

Figure 10 presents the pressure signal variation recorded numerically at a monitor point located
near the leading edge on the pressure side of the blade (PS1, Figure 3) and the corresponding pressure
measured at the BEP. The influence of the different inlet boundary conditions becomes noticeable.
In the runner domain, the InletFlow simulation predicts a quasi-constant relative pressure during the
load decrease, as opposed to the InletTotalPressure simulation. The measurements carried out during
the transient operation captured a descending trend of the pressure signal [2] similar to the results of
the InletTotalPressure simulation. Such results are expected from the fixed flow rate simulation where
an overestimation of the pressure losses is observed in the analysis of the main parameters (Q and H)
as well. The oscillations resulting from the RVR formation (to be discussed) in the draft tube are also
different; the amplitude is larger for the InletFlow simulation.
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Further downstream, at a monitor point located on the draft tube cone wall (3c, Figure 4),
the influence of the boundary conditions is no longer visible in the average pressure prediction
(Figure 11). However, the amplitude of the pressure fluctuations obtained with the InletTotalPressure
simulation is larger than those obtained with the InletFlow simulation. The time interval between two
consecutive pressure peaks is approximately 0.45 s corresponding to a dimensionless frequency of
0.19 × frunner.
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In order to investigate the RVR formation, the accurate prediction of the velocity profiles and the
pressure fluctuations inside the draft tube cone is necessary [3]. Due to the overestimation to the pressure
losses, the InletTotalPressure simulations underestimate the flow rate and the InletFlow simulations
overestimate the head. Regardless, the velocity profiles seem insensitive to the inlet boundary
conditions. The pressure variation is, however, captured more accurately by the InletTotalPressure
simulation (Figure 10). Therefore, from this section on, only the results of the InletTotalPressure
simulation are discussed.

The amplitude of the pressure fluctuations is strongly influenced by the time step size. As the
time step size decreases, the amplitudes of the simulated pressure fluctuations increase. Small time
steps may induce the prediction of larger amplitudes of the pressure/velocity fluctuations than the
experimental values. On the other hand, when large time steps are used, a larger part of turbulence is
modelled as opposed to it being resolved. In this case, the dissipative RANS turbulence models are
expected to under-predict the fluctuations compared to the experiments.

Figure 12 presents the frequency domain analysis of the simulated pressure monitored at the
locations on the runner blade (PS1) and the draft tube wall (3c) for all time step values. The Fast Fourier
Transform (FFT) is employed. The frequency is normalized using the runner rotational frequency,
frunner = 11.61 Hz. All simulations show amplitude peaks at approximately the same dimensionless
frequencies. Their amplitude is, however, strongly influenced by the time step size.

As presented in [3,6], the RVR can be decomposed into two modes: synchronous and asynchronous.
The simulations capture both the synchronous (f /frunner = 0.19) and the asynchronous mode of the RVR
(f /frunner = 0.81) on the runner, corresponding to the two largest amplitude peaks captured in Figure 12a.
The lower peaks represent the harmonics of the two modes. Figure 12b shows that the monitor point
located on the draft tube wall, in the stationary frame of reference, still captures the same frequency of
0.19 × frunner and its harmonics. The results confirm the experimental values reported in [6,31].

The influence of the time step size is not visible in the average velocity profiles, nor the time
evolution of the main parameters (Q and H), showing that large time step sizes may be used to capture
the main flow features. However, when analysing the pressure fluctuations, this influence becomes
substantial. From this section on, only the results of the InletTotalPressure simulation employing the
smallest time step are discussed.
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Figure 12. Amplitude spectra of the numerical pressure signal recorded throughout the load variation
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3.3. Rotating Vortex Rope

3.3.1. Flow Structure

In this section, the analysis of the load variation is carried out focusing on the RVR developed
inside the Kaplan turbine model.

As the guide vanes close and the turbine operating point shifts from the BEP to PL, in the upper
part of the draft tube the axial velocity distribution becomes asymmetrical (Figure 13). A gradual
decrease of the flow rate leads to low axial velocity and larger tangential velocity at the runner outlet.
The runner is not able to extract the swirl provided by the guide vanes at a low angle. As the flow rate
decreases below a critical value, a low axial velocity region is formed near the centerline of the draft
tube. The tangential component of the velocity becomes dominant and the flow is pulled towards the
draft tube walls. Consequently, the flow is concentrated near the walls of the draft tube as shown in
Figure 13b. The RVR rotates in the draft tube and in the core of the vortex a recirculation area develops.
A circumferential circulation is generated at the draft tube inlet and an eccentric vortex rope is formed,
wrapping around low velocity areas and rotating in the same direction as the runner.Energies 2020, 13, x FOR PEER REVIEW 14 of 21 
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Figure 13. Axial velocity (Vax) in the draft tube at (a) the BEP and (b) PL. Results of the
InletTotalPressure simulation.
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Figure 14 presents the fully developed RVR during PL operation illustrated by means of an
iso-pressure contour. The tangential velocity contours plotted at Sections I to III show how the RVR
leads to the appearance of both a local minimum and a local maximum velocity. In the maximum
velocity area, the tangential velocity is positive. This area represents the bulk swirling flow. In the low
velocity areas near the axis of the draft tube, the tangential velocity becomes negative.
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Figure 14. Iso-pressure contour of the rotating vortex rope (RVR) in the draft tube of a Kaplan turbine
model during PL operation. Tangential velocity contours are presented for Sections I, II and III
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3.3.2. Spectral Analysis

In order to analyse the RVR formation and decomposition, spectrogram plots of the pressure
fluctuations in the draft tube and on the runner blade recorded during the transient operation of the
Kaplan turbine model are presented. The axial velocity distribution in the upper part of the draft tube
is analysed as well.

To obtain the plunging (synchronous) and rotating (asynchronous) modes of the RVR [41],
two pressure signals monitored at locations 3a,c (symmetrical to the draft tube centerline, Figure 2a)
are analysed. The values of the two components presented in Figure 15 are determined according to
Equations (5) and (6).

Ppl =
P3a + P3c

2
(5)

Prot =
P3a − P3c

2
(6)

After subtracting the mean value, the signals are filtered using a second-order Savitzky–Golay
filter to remove the background noise (Figure 15b). The filtered signal is used for the full spectrum
spectrograms. In order to obtain the low frequency spectrograms, a pass band filter was applied to the
signal within the limits of finf = 0.15 × frunner and fsup = 0.25 × frunner (Figure 15c).

Figure 16 presents the spectrogram plot for the pressure signal monitored on the runner blade,
near the leading edge on the pressure side of the blade (monitor point PS1) during the transient
simulation. The other monitor points showed similar pressure variations and therefore are not
presented. All the spectrograms presented in the paper are obtained using Matlab. The function
provides the short-time Fourier transform of the signal. The signal is divided into a number of segments
(windows) that overlap according to the user specifications.
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(b) Low-frequency spectrum. The black solid line represents the guide vanes angle with the y-scale to
the right. The dotted vertical lines represent the start and the end of the guide vane closure.

Before the beginning of the guide vane closure, at t = 1.3 s, the only significant frequency is the one
corresponding to the runner rotational frequency. Decreasing the flow rate leads to the RVR formation
in the draft tube of the turbine. The pressure fluctuations induced by the vortex can be decomposed in
a synchronous mode (or the plunging mode) and an asynchronous mode (or the rotating mode). It was
shown that the plunging mode of the RVR produces pressure fluctuations at a frequency corresponding
to approximately 0.2 × frunner [6]. The pressure fluctuations caused by the RVR rotating mode have a
frequency of 0.8 × frunner in the rotating frame of reference, i.e., the runner.
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Figure 16 shows that the two RVR components are captured by the pressure sensor located on the
pressure side of the runner blade. The plunging mode component appears 4 s after the beginning of
the guide vane closure (approximately t = 5.3 s). The frequency of the pressure fluctuations captured
by the numerical simulation is fpl = 0.2 × frunner. The spectrogram shows that, in the runner rotating
domain, the rotating component appears 1 s later than the plunging component at the dimensionless
frequency of frot = 0.8 × frunner.

Spectrograms of the plunging and rotating modes of the RVR for the pressure sensors located
on the draft tube cone wall (3a,c, Figure 2a) are presented in Figure 17. In the draft tube stationary
domain, the strongest amplitude is obtained at approximately 0.2 × frunner in both cases. However,
the time of appearance is not clear. The resolution of the spectrograms is, of course, influenced by the
total number of samples and the sampling frequency corresponding to the simulation time step.
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3.3.3. Decomposition of the Rotating Vortex Rope

The contour of the normalized axial velocity (Vax*) monitored during the transient simulation is
presented in Figure 18 starting from the beginning of the guide vane closure (t = 1.3 s). The velocity
was recorded using 39 monitor points defined along the diameter of the draft tube cone (Section I
and Iex, Figure 5). The velocity values are normalized with respect to the bulk velocity at this section,
calculated from the flow rate. The contour plot starts at t = 1.3 s, corresponding to the end of the BEP
steady-state simulation (Figure 18a).
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Although it is expected to obtain a uniformly distributed flow at the runner outlet at the BEP,
the numerical simulation shows a small low velocity region under the runner hub (R* = ±0.07)
(Figure 18a). As the flow rate decreases, the stagnation zone becomes wider. The axial velocity shows
a strong negative gradient leading to an increase in the radial velocity component as the flow is pulled
towards the draft tube walls. Approximately 5 s after the transient operation begins, the velocity field
starts to oscillate. The fluctuations are initially formed only at the interface between the stagnation
area and the bulk flow swirling toward the draft tube wall (Figure 18a). At PL, the velocity shows
large period fluctuations along the entire diameter of the draft tube cone (Figure 18b).

Figure 19 presents the axial component of the velocity vectors during the transient simulation.
The formation and the evolution of the RVR are illustrated at different time steps. At t = 4.2 s
(corresponding guide vane angle: αGV = 22.9◦) the stagnation region is developing along the centerline
of the draft tube. Just below the runner hub, the velocity values are negative. The RVR is already
formed at t = 6.6 s and the bulk flow is visibly pushed towards the walls. By the end of the transient
operation, at t = 8.87 s, the RVR is wrapped around the low velocity areas.Energies 2020, 13, x FOR PEER REVIEW 18 of 21 
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4. Conclusions

Transient URANS simulations of the flow through the Porjus U9 Kaplan turbine model were
carried out aiming to investigate the limitations of the CFD modelling of transient phenomena and
evaluate faster simulation strategies. The computational domain included one moving guide vane,
six fixed runner blades and the draft tube. The selected test case was the load variation from BEP to
PL operation.

The influence of two types of inlet boundary conditions (linear flow variation and constant total
pressure) on the precision of transient simulations was discussed. When the linear flow rate variation
was provided as the inlet condition, the simulations overpredicted the head values by approximatively
10% due to the numerical overestimation of the pressure losses. If, however, the total pressure was
provided, the flow rate was underestimated by up to 3%. The velocity profiles were accurately
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predicted in the runner and draft tube compared to the experiments, regardless of the type of inlet
boundary conditions used.

A time step sensitivity analysis was carried out, and the pressure fluctuations recorded on the
runner blade were studied in order to select a time step value that provided the best precision of the
results. A small time step value will lead to larger amplitude fluctuations of the simulated pressure
values. Simulations using very large time steps will, on the other hand, only obtain mean values of the
fluctuating quantities with significantly smaller amplitude. However, the main parameters of the flow
(head and flow rate) are captured accurately regardless of the time step size. The influence of the time
discretization over the prediction of the velocity profiles is also small and inconsistent.

In order to test the validated numerical model, the RVR formation inside the Kaplan turbine draft
tube was investigated. The stagnation region that leads to the vortex breakdown was visible in the axial
velocity contours plotted in the runner and draft tube domains. Spectrograms of the pressure signals
recorded on the runner blades and the draft tube walls were presented. The frequency of the runner
blade passing (6 × frunner) and its harmonics were captured by all monitor points. The plunging and
rotating modes of the pressure fluctuations induced by the RVR were also visible in the spectrograms.
The plunging mode component was captured by the numerical simulation approximately 4 s after the
start of the guide vane closure at fpl = 0.2 × frunner. The spectrogram of the pressure monitored on the
runner blade showed that the rotating component appeared 1 s later at the dimensionless frequency of
frot = 0.8 × frunner. The numerical results were similar to the values determined experimentally [6].

The study explored the limitations of CFD simulation in modelling transient turbulent flows
in hydraulic turbines. The pressure losses are overestimated given the coarse computation of the
near-wall flows with large pressure gradients, complex geometry and strong curvature. Achieving a
good compromise between the computational demands and the accuracy of the numerical simulations
is also a challenge.
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Abstract: The role of hydropower has become increasingly essential following the introduction of 

intermittent renewable energies. Quickly regulating power is needed, and the transient operations 

of hydropower plants have consequently become more frequent. Large pressure fluctuations occur 

during transient operations, leading to the premature fatigue and wear of hydraulic turbines. In‐

vestigations of the transient flow phenomena developed in small‐scale turbine models are useful 

and accessible but  limited. On  the other hand,  experimental and numerical  studies of  full‐scale 

large turbines are challenging due to production losses, large scales, high Reynolds numbers, and 

computational demands. In the present work, the operation of a 10 MW Kaplan prototype turbine 

was modelled for  two operating points on a propeller curve corresponding  to  the best efficiency 

point  and part‐load  conditions.  First,  an  analysis  of  the possible means  of  reducing  the model 

complexity is presented. The influence of the boundary conditions, runner blade clearance, blade 

geometry and mesh size on the numerical results is discussed. Secondly, the results of the numer‐

ical  simulations  are presented  and  compared  to  experimental measurements performed  on  the 

prototype  in order  to validate  the numerical model. The mean  torque and pressure values were 

reasonably predicted at both operating points with the simplified model. An analysis of the pres‐

sure  fluctuations at part  load demonstrated  that  the numerical simulation captured  the  rotating 

vortex rope developed in the draft tube. The frequencies of the rotating and plunging components 

of  the  rotating vortex were accurately  captured, but  the amplitudes were underestimated  com‐

pared to the experimental data. 

Keywords: hydropower; Kaplan turbine; prototype simulation; CFD; rotating vortex rope 

 

1. Introduction 

The introduction of intermittent renewable energy resources such as wind and solar 

power requires additional power to regulate grid frequency. Hydropower is often used 

to regulate grid  frequency because hydraulic  turbines can operate  in a  relatively wide 

range of power outputs and load changes and they are able to start and stop in a matter 

of  seconds  and minutes,  respectively.  Such use  of  hydropower  is  relatively  new  and 

imposes constraints on the hydraulic turbines for which they were not initially designed 

[1,2]. This may  lead  to some premature wear and sometimes  failures because of  large 

pressure fluctuations mainly arising in the draft tube. A lot of research is now dedicated 

to minimizing the effect of operating regimes away from the best efficiency and transient 

operation.  The  flow  phenomena  leading  to  large  pressure  pulsations  need  to  be 

well‐understood to allow for the development of technology capable of mitigating them. 

The  investigations  of  such  new  operating  conditions  and  mitigation  techniques  are 

challenging, as the consequences may be both hydrodynamic and structural. 
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Most studies related to the effect of off‐design operations and transients have been 

performed with model testing and numerical simulations of these model turbines. Model 

testing allows for the investigation of turbines in a wide range of precise and repeatable 

operating conditions. Detailed pressure, strain and velocity measurements can now be 

performed on such turbine models. Extensive measurement campaigns have been carried 

out, predominantly focusing on Francis turbine models [3–6] but also a bulb model [7,8] 

and a Kaplan turbine model [9,10]. 

Ideally,  the  investigation of hydraulic turbines should be performed on  the proto‐

type itself. However, such experiments are challenging because of both the large scales 

involved and the costs, mainly because of the production losses. There are only a handful 

of studies concerning full‐scale turbines available in the literature [11,12]. None of them 

offer the same level of detail as experiments performed on models where optical methods 

may be used for velocity measurements. Usually, full‐scale measurements are limited to 

pressure and  strain measurements  in  the  stationary domain  [13,14]. Performing meas‐

urements on a runner [15,16], presents another level of difficulty available in few studies. 

Numerical simulations can provide additional information otherwise difficult to obtain 

from measurements. Together, both types of investigation can contribute to developing 

data‐driven  control  solutions  that  optimize  the  operation  and  diagnosis  of  hydraulic 

machine  failures  [17,18].  However  numerical  studies  concerning  full‐scale  hydraulic 

turbines are also sparse. Such simulations are challenging because of  the  large dimen‐

sions,  high  Reynolds  numbers,  and  lack  of  experimental  data  to  validate  the  results 

[19,20]. There have been no numerical  studies  referring  to  full‐scale Kaplan prototype 

turbines. 

The  advancement  in  computer  hardware,  hydraulic  numerical  simulations  and 

turbulence modelling may currently allow for the easier handling of prototype simula‐

tions. Nonetheless, there  is a growing need to simplify the numerical models to obtain 

results in a reasonable amount of time with a reasonable accuracy. 

The present work introduces the numerical simulation of a full‐scale 10 MW Kaplan 

turbine prototype at  two operating points on a propeller  curve. The  chosen operating 

conditions are equivalent to the best efficiency point and part‐load operating condition of 

a single regulated turbine, such as Francis and propeller types. The potential to decrease 

model complexity was addressed by investigating several issues such as boundary con‐

ditions, runner blade clearance, blade geometry and mesh size. The different parameters 

were systematically investigated to assess their impact on the numerical accuracy of the 

simulation. The aim was  to optimize  the numerical accuracy, computational demands, 

and simulation time. The reduced model was validated using experimental data meas‐

ured with the corresponding Kaplan prototype. 

2. Experimental Measurements 

2.1. The Porjus U9 Prototype 

An  experimental  investigation was  performed  on  the  Porjus U9  Kaplan  turbine 

prototype by Soltani et al. [1]. This unit is part of the Porjus Hydropower Center, situated 

in the north of Sweden, and it is primarily used for educational and research purposes. 

The  Porjus U9 Kaplan  turbine  presented  in  Figure  1  has  6  runner  blades,  20  equally 

spaced guide vanes, and 18 unequally distributed stay vanes. The runner has a diameter 

of 1.55 m and is located approximately 7 m below the tailwater. Table 1 presents the rated 

parameters of the turbine. 
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(a)  (b) 

Figure 1. The main dimensions of  the Porjus U9 Kaplan  turbine prototype:  (a) complete  turbine 

geometry; (b) stay vanes, guide vanes, runner and draft tube. 

Table 1. Rated parameters of the Porjus U9 prototype Kaplan turbine. 

Parameter [Unit]  Value 

Head  m   55.5 

Power  MW   10 

Discharge  m s   20 

Rotational speed  rpm   600 

2.2. Experimental Setup 

The operating points  investigated  in  this paper were part of a measurement cam‐

paign performed on the Porjus U9 Kaplan turbine to study different load variations and 

steady‐state  operations.  Twelve miniature  piezoresistive  pressure  transducers  (Kulite 

LL‐080 series) were mounted on small capsules (3 mm in diameter and 5 mm in height) 

glued on the pressure side (from PS1 to PS6) and on the suction side (from SS1 to SS6) of 

one runner blade (Figure 2a). An epoxy layer was then added to the blade pressure and 

suction sides to create a smooth surface (Figure 2b). A similar epoxy layer was applied to 

the opposite blade to avoid the hydraulic and mass unbalance resulting from the weight 

of the applied epoxy on the instrumented blade. The pressure transducers were located at 

the intersection of imaginary circles that passed through 1/3 and 2/3 of the blade’s span 

and  1/4,  1/2,  and  3/4  of  the  blade’s  chord  lines.  The  operating  range  of  the  pressure 

transducers was 0–700 kPa, and their natural frequency was 380 kHz. Two torsion strain 

gages  (K‐XY41‐6/350‐3‐2M manufactured by HBM) were  installed on  the  turbine  shaft 

between the turbine guide bearing and the generator guide bearing to measure the shaft 

torsional strain. The resistance and gage  factor of the torsional strain gages were 350 ± 

0.35% and 2.08 ± 1%, respectively. A detailed description of the data‐acquisition system, 

additional  sensors, and operating conditions used  in  this measurement  campaign was 

provided by Soltani et al. [1]. 
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(a)  (b) 

Figure  2.  (a) Pressure  transducers mounted  on  the  runner  blade;  (b)  epoxy  layer  added  to  the 

runner blade. The hydraulic hose was used to protect the cables from the blade to the runner cone. 

The  uncertainty  analysis  for  the  pressure  transducers  and  strain  gages was  con‐

ducted using six nonconsecutive repeated measurements at the best efficiency point. The 

uncertainties of the pressure transducers and torsion strain gage installed on the shaft are 

presented in Soltani et al. [1]. 

2.3. Measuring Program 

In  this study,  two experimentally  investigated operating points,  located on a pro‐

peller  curve  for a  fixed blade angle  β =  −4.2°, were  selected. The  first operating point 

(OP1)  is  located on  the  left  side of  the propeller  curve.  It was  characterized by a  low 

discharge and the presence of a rotating vortex rope (RVR). The second operating point 

(OP2) was closer to the best efficiency point and presented a larger discharge. OP1 and 

OP2 are considered to be the part‐load operating point and best efficiency point, respec‐

tively. The operating parameters are listed in Table 2. 

Table 2. Operating condition parameters. 

Operating Point  Pout (MW) *  Torque (kN∙m) 

OP1  4.9  77.9 

OP2  6.9  109.8 

* Values recorded in the power plant control room. 

The experimental power values  recorded during  the measurement campaign pre‐

sented in [1] were adjusted according to the values recorded in the power plant control 

room. Furthermore, the control room recordings were validated by index measurements. 

3. Numerical Simulations Setup 

Several numerical models were evaluated before performing the final simulations at 

OP1 and OP2. The object was  to minimize  the  computational cost associated with  the 

prototype dimensions and high Reynolds number and to address the uncertainty associ‐

ated with the experimental data used as boundary conditions. This chapter follows the 

investigations performed  in  this  study  to  reduce  the model  complexity  instead of  the 

classical sequence of geometry, mesh, boundary conditions and flow modelling. There‐

fore,  the  flow modelling  is  firstly  presented,  followed  by  a  description  of  the main 

boundary conditions, different geometries used, and the mesh sensitivity analysis. 
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The different issues considered in these numerical models were the boundary con‐

ditions, mesh  sensitivity,  and  numerical  error  and  the  influence  of  the  runner  blade 

clearance, epoxy layer added to two blades, and runner blade angle. 

The influence of the boundary conditions was proven significant in previous studies 

[21–23]  showing  that  specifying a  constant  total pressure at  the  inlet of  the numerical 

domain  improved the accuracy of the numerical results. To have a better estimation of 

the  total pressure at  the  inlet of the  investigated domain, a steady simulation was  first 

carried  out  to  evaluate  the  pressure  losses  in  the  upstream  geometry  comprising  the 

spiral casing and penstock. 

A mesh sensitivity analysis was performed to find a good compromise between the 

spatial discretization,  the numerical error, and  the  computational  resources. The  same 

arguments  led  to  the  investigation of  the runner blade clearance modelling, as  the dis‐

cretization  of  a  very  small  volume  considerably  increases  the mesh  size  and,  conse‐

quently, the simulation time. 

Another  investigation  focused  on  the  importance  of modelling  the  epoxy  layer 

added to two runner blades during the experimental  investigation. Re‐building the ge‐

ometry  of  the  runner  blade  with  an  approximation  of  the  epoxy  layer  is  usually 

time‐consuming, and the potential impact on the numerical results had to be assessed. 

Finally, as the experimental uncertainty of the measured runner blade angle could 

not be quantified because the runner could not be scanned during the measurements, a 

sensitivity analysis was performed on this parameter as well. 

Table 3  summarizes  the different performed  investigations. The  following  section 

presents and discusses the equations, boundary conditions, geometry and mesh used in 

the different setups. 

Table 3. Numerical studies setup summary. The Rayleigh–Plesset cavitation model was employed 

in all unsteady simulations. 

Study  Simulation Type  Numerical Domain 
Domains 

Interfaces 
Blade Clearances  Blade Epoxy 

Blade Angle 

Adjustment [°] 

Boundary condition Steady 
Penstock, 

Spiral Casing 
Stage  ‐  ‐  ‐ 

Clearance  Steady 

1 Stay vane, 

1 Guide vane, 

1 Runner blade, 

Draft tube 

Stage 

No 

No  +0 
Yes (constant) 

Yes (variable) 

Epoxy  Steady 

1 Stay vane, 

1 Guide vane, 

1 Runner blade, 

Draft tube 

Stage  No 

No 

+0 
Yes 

Runner blade angle 

Steady 

1 Stay vane, 

1 Guide vane, 

1 Runner blade, 

Draft tube 

Stage  No  No 

+0 

+2 

+4 

+6 

+8 

Unsteady 

1 Stay vane, 

1 Guide vane, 

1 Runner blade, 

Draft tube 

Stage  No  No 

+0 

+6 

Unsteady 

1 Stay vane, 

1 Guide vane, 

6 Runner blades, 

Draft tube 

Stage, 

Transient Rotor–

Stator 

No  No 

+0 

+6 

Mesh sensitivity  Steady 

1 Stay vane, 

1 Guide vane, 

1 Runner blade, 

Draft tube 

Stage  No  No 
+0 

(β = −4.2°) 
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3.1. Flow Modelling 

The numerical  simulations presented  in  this paper were  carried out using Ansys 

CFX  Solver  v16.2.  The  unsteady  Reynolds‐averaged  Navier–Stokes  equations  were 

solved with an element‐based finite volume method; therefore, the spatial domain was 

discretized  to build  finite volumes. The  computational domain was modelled using  a 

hexahedral mesh built  in  ICEM v16.2  for  the guide vane and draft  tube domains. The 

runner was discretized using TurboGrid v16.2, software optimized for the discretization 

of turbine blade passages. The software allows for the generation of good‐quality hexa‐

hedral mesh for complex blade geometry. 

Combining the advantages of the k‐epsilon model in the free stream and k‐omega 

model for the near‐wall flow, the k‐omega Shear Stress Transport (SST) turbulence model 

provides a good prediction of flow separation and has been proven to perform well un‐

der cavitating conditions [24–26]. The k‐omega SST model was employed in all numerical 

simulations presented  in  this paper. The k‐omega SST models the  transport of the  tur‐

bulent shear stress by solving two transport equations (Equations (1) and (2)): one for the 

turbulent kinetic energy (k) and one for the turbulent frequency (ω). The turbulent vis‐

cosity (𝝂𝒕) is modelled according to Equation (3). 
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max 𝑎 ,𝜔, 𝑆𝐹
  (3) 

where Pk is the production rate of turbulence; Pkb and Pωb represent the influence of the 

buoyancy forces; β, β’, α, σk, σω1 and σω2 are coefficients of the turbulence model; and F1 

and F2 are blending functions that switch from the k‐epsilon model to k‐omega [27]. 

The large domain size and high Reynolds number made the resolution of y+ near the 

value of 1, impossible. However, the average y+ values were kept under 25 because the 

automatic  wall  function  used  for  the  simulations  provides  reasonable  results  when 

compared to the experimental data [28]. In the unsteady simulations, the advection term 

was first discretized using the upwind advection scheme to achieve convergence faster. 

These results were provided as  initial conditions to an unsteady simulation employing 

the high‐resolution advection scheme. The high‐resolution advection scheme automati‐

cally maintained the order of the discretization scheme as close to second order as possi‐

ble to keep the solution robust and bounded. The second‐order backward Euler transient 

scheme was used  in all unsteady simulations. The  transient time step was set  to corre‐

spond to one degree of the runner rotation. The influence of the time step size was pre‐

viously  investigated [23], and other studies showed  that time steps corresponding  to a 

runner  rotation  of  0.5–5°  is  recommended  [2].  Finally,  the Rayleigh–Plesset  cavitation 

model [24,29] was employed  in consideration of the saturation pressure for a  tempera‐

ture of 12.5 °C, as recorded during the measurement campaign. The numerical modelling 

of the cavitation was introduced after obtaining large negative pressure values near the 

leading edge of the runner blade and was expected to improve the modelling of the flow 

[24]. 

All  above‐mentioned  numerical  simulations were  validated  against  experimental 

data measured at the best efficiency point, OP2 (see Table 2). 

3.2. Boundary Conditions 

The constant  total pressure was used as  the  inlet boundary condition of  the com‐

putational domain  based  on  previous  studies  [22,23]. The  outlet was modelled  as  an 

opening with specified pressure and direction. The opening boundary condition allows 
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for  flow recirculation when  the pressure  is  imposed. When  the  flow  is  leaving  the do‐

main,  the pressure  is considered as  the  relative  static pressure as opposed  to  the  total 

pressure that is considered when the flow enters the domain. Such boundary conditions 

allow for a shorter computational domain when the flow direction is not known. 

To decrease the computational time, the domain of the turbine included a single stay 

vane‐guide vane passage, the runner, and the draft tube. For a better approximation of 

the total pressure defined at the inlet of the stay vanes, a steady‐state simulation of the 

flow inside the penstock and spiral casing was performed. A mass flow rate of 13 m3/s 

was specified at the inlet of the penstock (P), and an opening with 0 Pa relative pressure 

was defined at the outlet of the spiral casing (SC). A pressure drop of 7874 Pa was ob‐

tained between the inlet and the outlet of the domain  ∆𝑝 ), corresponding to an ap‐

proximate head difference of 0.8 m. 

Henceforward, the gross head of the turbine, Hgross, was adjusted in the simulations 

to consider the static pressure difference between the inlet and the outlet of the compu‐

tational domain and the pressure losses in the penstock and spiral casing. The total head 

was calculated as: 

𝐻 𝐻
∆𝑝
𝜌𝑔

𝑧 𝑧   (4)

where z is the elevation. 

The boundary conditions for the turbine simulation were defined according to the 

experimental measurements performed in [1]. The total pressure of 6.9 bar was fixed at 

the inlet of the computational domain, and the outlet pressure was set as 2.2 bar. 

3.3. Geometry 

The Porjus U9 Kaplan turbine (Figure 1) includes a penstock, spiral casing, 18 stay 

vanes, 20 guide vanes, a runner composed of 6 runner blades, and a draft tube. The ge‐

ometry was obtained from the scaled model geometry. Several aspects had to be clarified 

before building  the definitive numerical model,  each  concerning  a different geometry 

setup. 

To define the total pressure at the inlet of the stay vanes, a steady‐state simulation of 

the  flow  inside  the penstock  and  spiral  casing was  first  carried out, and  the pressure 

losses throughout this domain were obtained. The computational domain for this inves‐

tigation is presented in Figure 1a. The large inlet pipe corresponds to the penstock of an 

older turbine that had a larger flow rate. The smaller pipe was installed with the Porjus 

U9 turbine. 

The modelling  of  the  runner  blade  clearance  required  a  larger  mesh  size  and, 

therefore, higher computational demands because of the very small scales involved. The 

influence of  the runner blade clearance size on  the numerical results was  investigated. 

Table  4  presents  the  relative  dimensions  of  the  three  clearance  sizes  considered:  no 

clearance, constant clearance near the hub and shroud, and variable clearance from the 

leading edge (LE) towards the trailing edge (TE). 

Table 4. Simulated clearance sizes representing percentages of the runner diameter. 

 
Mesh Size 

[106 Element] 

Hub Clearance [%D] Shroud Clearance [%D] 

LE  TE  LE  TE 

Geometry *  ‐  0.02%  0.55%  0.09%  0.004% 

No clearance (NoClr)  1.12  no clearance 

Constant clearance (CtClr)  3.25  0.08%  0.05% 

Variable clearance (VarClr)  3.96  0.05% **  0.55%  0.09%  0.05% ** 

* The geometry was obtained from the scaled model geometry; ** the smallest modelled clearance 

was 0.05% because the mesh quality criteria could not be satisfied for lower values. 
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A steady numerical simulation was performed to verify whether the layers of epoxy 

added  for  the blade  instrumentation had a significant  impact on  the numerical results. 

The blade geometry was modified to approximate the real blade covered by the epoxy 

layer (Figure 3). Considering the thickness of the epoxy layer, the blade thickness in the 

numerical model was accordingly increased by 5 mm with a decreasing thickness toward 

the edges of the blade. The estimated average width of the inter‐blade channel was 200 

mm at β = −4.2°. Therefore, the added epoxy narrowed the flow channel by a maximum of 

2.5% on each side of the blades. 

   

(a)  (b) 

Figure  3.  (a) Runner blade original geometry;  (b) geometrical  representation of  the  epoxy  layer 

added for blade instrumentation during the measurements. 

As  the blade  angle  (Figure  4) used during  the measurements  contained a  certain 

amount of uncertainty, a sensitivity analysis was performed to assess its influence on the 

numerical results. The obtained results were compared to the measurements. 

 

Figure 4. Runner blade angle variation. 

The results of the steady simulations carried out for the different blade angle values 

provided  the  initial conditions  for  the unsteady simulations performed  for  the  two ex‐

treme runner blade angles, i.e., the unaltered experimental blade angle (β = −4.2°) and +6°; 

see Table 5. In order to accelerate the convergence of the numerical solutions, the upwind 

scheme was first used for the discretization of the advection term before running the un‐

steady  simulations  with  the  high‐resolution  advection  scheme  (CFX  Pre  Modelling 

Guide). 
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Table 5. Simulated runner blade angles. Experimental value β = −4.2 °. 

 
Single Runner Blade Passage  Full Runner 

Steady  Unsteady 

Advection Scheme 

Δβ [°] 

High 

Resolution 
Upwind 

High 

Resolution 

High 

Resolution 

0  yes  yes  yes  yes 

+2  yes  no  no  no 

+4  yes  no  no  no 

+6  yes  yes  yes  yes 

Two configurations of the computational domain were used in the numerical stud‐

ies,  one using  a  single  runner  blade passage  and  the  second using  the  entire  turbine 

runner with  all  six blade passages. The  three domains  (Figure  5)—one  stay vane  and 

guide vane passage, one or six runner blade passages, and the complete draft tube—were 

connected using  stage  interfaces, except  for  the  case  including  the  full  runner domain 

where a transient rotor–stator interface was used. 

Furthermore, the entire runner domain was modelled, thus allowing for the use of a 

transient rotor–stator interface between the runner and draft tube domains. This type of 

interface takes the transient behavior of the flow between domains into account. 

   
 

(a)  (b)  (c) 

Figure  5.  (a) Stay vane and guide vane domain;  (b)  runner domain,  single blade passage  (left), 

complete runner (right); (c) draft tube domain. 

Twelve  pressure monitor  points,  corresponding  to  the  locations  of  the  pressure 

sensors mounted on the blade during the experimental measurements [1], were defined 

on the runner blade: from PS1 to PS6 on the pressure side and from PS1 to PS6 on the 

suction side  (Figure 5b). Additionally,  two diametrically opposed monitor points were 

defined in the draft tube, DTin and DTout (Figure 5c), to capture the pressure fluctuations 

due to the formation of the RVR at the part‐load operating point (OP1 in Table 2) in the 

numerical studies. 

3.4. Mesh Sensitivity Analysis 

Figures 6–8 present the meshes created for each computational domain. The hexa‐

hedral meshes were built in ICEM v16.2 for all the domains, except for the runner blade 

passage domain generated with TurboGrid v16.2. The stay vane and guide vane meshes 

are presented  in Figure 6, along with a detail of  the boundary  layer mesh around  the 

trailing edge of the stay vane and the leading edge of the guide vane. 
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Figure 6. Stay vane and guide vane mesh (left) and zoom at the trailing edge of the stay vane and 

the leading edge of the guide vane (right). 

Similarly, the discretization of the runner domain and the boundary layer mesh are 

presented in Figure 7. The runner (Figure 7) and draft tube mesh (Figure 8) underwent 

mesh sensitivity analyses. The meshes were dimensioned according  to  the conclusions 

presented further in this section. 

 

Figure 7. Runner mesh (left) and zoom at the trailing edge of the stay vane and the leading edge of 

the guide vane (right). 

 

Figure 8. Draft tube mesh. 
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A synthesis of the mesh quality parameters evaluated in Ansys CFX Solver for each 

computational domain mentioned  in  the previous section  is presented  in Table 6. The 

mesh orthogonality angle represents the minimum angle between two adjacent element 

faces. The mesh expansion factor is the ratio of the smallest element volume to the largest 

element volume sharing a node. The mesh aspect ratio is the maximum ratio of the larg‐

est to the smallest face area of all the elements sharing a node. 

Table 6. Mesh size and quality parameters of the different meshes used in the simulations. 

Domain 
Element 

Type 
Size [×106] 

Min. Orthogonality 

Angle 

Max. 

Expansion 

Factor 

Aspect Ratio 

Penstock and spiral casing  hexa  3  20  22  2124 

Stay vane and guide vane  hexa  0.34  18.8  35  629 

Runner  hexa  1.16  48.7  10  3923 

Draft tube  hexa  3.18  30.5  9  7393 

Steady‐state simulations were performed to estimate the numerical error and eval‐

uate the sensitivity of the numerical model to the discretization of the runner and draft 

tube domains. The investigated model consisted of a single guide vane passage including 

a stay vane, one runner blade passage and the draft tube. The guide vane was considered 

to have an insignificant influence on the investigated flow; therefore, a mesh sensitivity 

analysis was not performed on this domain, as previously employed in a study of the U9 

Kaplan model [23]. 

In  the current study, the runner blade angle was modified to fit the prototype ex‐

perimental value, and the discretization was entirely redone. No clearances were mod‐

elled for the mesh sensitivity analysis. Four levels of mesh refinement were investigated, 

and these are henceforth referred to as R1–R4. The main size and quality parameters of 

the runner mesh are presented in Table 7. The global size factor defines the overall mesh 

size and controls the resolution of the mesh  in  the entire domain, and  the edge refine‐

ment factor adjusts the resolution of the mesh in the boundary layer. 

Table 7. Runner mesh size and quality parameters. 

Simulation  R1  R2  R3  R4 

Mesh size [×106] *  0.16  0.43  1.12  2.36 

Global size factor  1.5  2  2.5  3 

Edge refinement factor  2.5  3  4  5 

Min. orthogonality angle  48.7  48.9  48.7  43.9 

Max. expansion factor  13  19  10  13 

Aspect ratio  727  1255  3923  11,677 

y+ (avg/max)  97/2415  51/2234  25/1970  14/1484 

* Hexahedral elements. 

The torque value obtained with an ‘infinite size’ mesh (T∞) was determined using the 

Richardson  extrapolation.  Figure  9  presents  the  numerical  values  obtained  from  the 

simulations with different  levels of mesh refinement of the runner domain. The torque 

was normalized with the ‘infinite size’ mesh value. The deviation in numerical pressure 

values was expected to be less than 4% from coarse to fine discretization [14]. Consider‐

ing that there was no significant difference between the torque results obtained with the 

two most  refined  levels  of discretization,  all  the  simulations presented  following  this 

section employed runner mesh R3, with 1.12 × 106 elements per blade passage. 
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Figure 9. Variation of the normalized torque with the runner mesh size. 

The discretization level of the draft tube domain could influence the numerical re‐

sults obtained in the runner domain, therefore justifying a mesh sensitivity study and the 

need  to  estimate  the numerical  error  induced by  the draft  tube mesh. Three  levels of 

mesh  refinement were  investigated, and  there are henceforth  referred  to as DT1–DT3. 

The draft tube’s primary size and quality parameters are presented in Table 8. 

Table 8. Draft tube mesh size and quality parameters. 

Simulation  DT1  DT2  DT3 

Mesh size [×106] *  1.01  1.89  3.18 

Min. orthogonality angle  30.8  30.6  30.5 

Max. expansion factor  11  10  9 

Aspect ratio  10346  8624  7393 

* Hexahedral elements. 

Similar to the runner mesh sensitivity study, the torque value obtained with an in‐

finite mesh (T∞) was determined using the Richardson extrapolation. Figure 10 presents 

the  numerical  values  obtained  from  the  simulations with different  levels  of mesh  re‐

finement of  the draft  tube domain. The  torque was normalized with  the  infinite mesh 

value. All the simulations presented after this section employed the draft tube mesh DT3, 

with 3.18 × 106 elements per blade passage. A 5% discretization error was assumed to be 

reasonable considering the size of the draft tube mesh. 

 

Figure 10. Variation of the normalized torque with the draft tube mesh size. 
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4. Results and Discussion 

4.1. Runner Clearances 

Using the selected runner mesh, R3, steady‐state simulations were first performed to 

investigate the influence of the runner blade clearance. 

The values were made dimensionless with the result of the ‘no clearance’ simulation. 

Figure 11 presents the variation of the torque obtained from the numerical simulations 

with different types of clearances (Table 4). The ‘constant clearance’ simulation underes‐

timated  the  torque  compared  to  the  other  two  cases  because  the  ‘constant  clearance’ 

values were  the  largest,  thus  allowing  for  a  larger  flow  rate. The  ‘variable  clearance’ 

simulation provided very similar results to the ‘no clearance’ simulation because the real 

and/or approximated dimensions of the variable clearances were very small and did not 

impact  the  torque  results. Modelling  the variable  clearance did not have  enough of  a 

significant impact on the numerical results to justify the added computation time. 

 

Figure 11. Variation of the scaled torque and flow rate with the runner blade clearance size. 

A parameter  found  to  be  significantly  influenced  by modelling  the  runner blade 

clearances was  the pressure monitored on  the  suction  side of  the blade  (SS3),  located 

closer to the shroud and near the trailing edge. The numerical and experimental pressure 

values were  scaled with  the  reference pressure measured by Soltani  et al.  [1] with an 

empty turbine chamber. The results were consistent to the values presented in Table 4. 

The shroud clearance at the trailing edge was very small and could not be modelled, so 

the smallest modelled clearance was 0.05% D. This clearance size was used in both the 

‘constant clearance’ and the’ variable clearance’ simulation, thus explaining  the similar 

pressure values obtained from the two simulations at SS3 (Figure 12). 

 

Figure 12. Variation of the scaled pressure with the runner blade clearance size. 
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Considering the mesh size, the computational resources required to model the small 

variable  clearances,  and  the  influence of  the  runner blade  clearance on  the numerical 

results, the runner blade clearance was not modelled in further simulations. 

4.2. Epoxy Study 

An epoxy layer was added to one runner blade to hold the pressure sensors and to a 

second (opposite) runner blade to balance the runner. The influence of the thickness of 

the epoxy layer was analyzed. The adjustment of the geometry did not have a significant 

impact  on  the  numerical  results. Regarding  the pressure  values provided  by  the  two 

simulations, the change in the geometry was noticeable at the SS3 and SS6 monitor points 

located on the suction side closest to the trailing edge (Figure 13). The torque decreased 

by 1.8% in the simulation with the modified blade geometry (Figure 14), and the flow rate 

decreased by 2.5%. The numerical simulations were continued with  the original blade 

geometry without considering the epoxy layer. 

 

Figure 13. Numerical pressure on the blade with and without epoxy. 

 

Figure 14. Numerical scaled mean  torque values at different runner blade positions and  the ex‐

perimental value. Results of the simulations at OP2. − experimental results; ‐x‐ steady‐state simu‐

lations results; □ added epoxy simulation result; x unsteady upwind simulation results; ● unsteady 

high‐resolution  simulation  results;  and  o unsteady high‐resolution  simulation  results  (complete 

runner domain). 

4.3. Runner Blade Angle 

The uncertainty of the experimental measurement on the runner blade angle could 

not be assessed. Therefore, a sensitivity analysis was performed to quantify the influence 

of the angle on the accuracy of the numerical simulations. 

Figure  14  presents  the  variation  of  the  non‐dimensionalized  torque  values  as  a 

function of  the  runner blade angle  increment. The steady  simulations showed a  linear 

increase of the torque as the runner was opened. The blade angle increased (see Figure 4), 
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allowing  for a  larger  lift and  thus  torque. The results of  the unsteady simulations  that 

included  a  single  runner blade passage  and  employed  the upwind  advection  scheme 

were similar to the results provided by the steady‐state simulations. However, when the 

high‐resolution advection scheme was used, the simulations showed a poor convergence 

of the monitored variables and the numerical torque values were strongly overestimated. 

The reason for the poor convergence is unclear but may be attributed to the periodic in‐

terfaces defined between the runner blade passages not accurately modelling the influ‐

ence of  the  runner blade wakes  in  the  turbulent  flow.  Including  the  complete  runner 

geometry in the simulations lead to an improvement of the results of the simulation em‐

ploying the experimental runner blade angle (Figure 14), and the numerical torque value 

matched surprisingly well the experimental value. However, at the larger runner blade 

angle, 6° more than the experimental value, the convergence of the monitored variables 

was impossible to achieve. The use of a very large blade angle while keeping the same 

total pressure at the inlet led to incoherent flow structures, large recirculation areas, and a 

negative flow rate. 

Figure 15 presents the non‐dimensionalized mean absolute pressure variation func‐

tion of the runner blade angle. The pressure was monitored on both the pressure (from 

PS1 to PS6) and the suction side (from PS1 to PS6) of the same runner blade. The numer‐

ical and experimental pressure values were scaled with the reference pressure that was 

measured by Soltani et al. [1]. As the runner blade angle increased, i.e., the runner was 

opened,  the absolute pressure monitored on  the blade decreased. At  the  largest blade 

angle values, +4° and +6°,  the pressure was  strongly underestimated near  the  leading 

edge  (PS4) and  in  the middle  section  (PS2) of  the blade pressure  side. The differences 

between  the  numerical  results  and  the  experimental  data were  reduced  towards  the 

trailing  edge  (PS3  and PS6). On  the other hand, when using  the  experimental  runner 

blade angle (Δβ = 0°), the numerical pressure values were in better agreement with the 

experimental values. The pressure was underestimated in the center area of the pressure 

side and near the leading edge (PS2 and PS4) but reasonably predicted near the trailing 

edge (PS3 and PS6). On the suction side of the blade, at the middle section, and near the 

trailing edge, the absolute pressure was overpredicted as the numerical simulation un‐

derestimated the hydraulic energy transferred to the runner. 

 

Figure 15. Numerical scaled mean absolute pressure values at different runner blade positions for 

the steady‐state simulations at OP2. The dashed lines represent the experimental values measured 

at β = −4.2° (Δβ = 0°). 

The experimentally determined runner blade angle, −4.2°, was employed in the de‐

finitive  studies  presented  in  the  paper  because  the  pressure measurements  and  the 

torque measurements best matched the experimental results. 
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4.4. Best Efficiency Point (OP2) 

The numerical simulations presented in the following sections were unsteady sim‐

ulations  that  included a single stay vane‐guide vane passage,  the complete runner do‐

main and  the draft  tube. The cavitation model was employed. The  runner blade angle 

was set at the experimental value, −4.2°, no clearances were considered, and the epoxy 

layer was not modelled. 

4.4.1. Mean Values 

The numerical mean torque value obtained was 109.7 kN∙m, only 0.1% smaller than 

the experimental mean value of 109.8 kN∙m. This result was presented  in the previous 

section with the sensitivity analysis of the runner blade angle. 

Figure 16 presents the experimental mean absolute pressure data measured on the 

runner blade and the pressure values obtained from the unsteady numerical simulation. 

The results were non‐dimensionalized with the pressure value experimentally measured 

in the empty turbine chamber. The pressure variation was similar to the results provided 

by the steady‐state simulations (Figure 15). 

 

Figure 16. Scaled mean absolute pressure values at OP2. 

On the pressure side of the blade, the pressure was underestimated near the leading 

edge (PS4) and in the middle area (PS2). Towards the trailing edge, the numerical results 

showed  a  better match  to  the  experimental  data  (PS3  and  PS6),  underestimating  the 

pressure by less than 6%. The simulation overpredicted the pressure on the suction side 

near  the  trailing  edge  (SS3).  Figures  17  and  18 present  iso‐surfaces  of  the  20%  vapor 

volume fraction captured at the end of the unsteady simulation after approximately three 

runner rotations. Towards the periphery of the runner blade suction side, the flow was 

accelerated and cavitation developed as pressure decreases. The  flow was not axisym‐

metric, leading to larger cavitation areas near some blades and not others; see Figure 18. 

 

Figure 17. Iso‐surface of 20% vapor volume fraction at OP2 in the runner domain. 
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Figure 18. Liquid water velocity in stationary frame and iso‐surface of 20% vapor volume fraction 

at OP2 in the runner domain. 

Figure 19 presents the wall shear stress variation on the suction side of the runner 

blades at OP2. The asymmetric flow was once again confirmed, leading to non‐uniform 

flow separation on the suction side of the runner blades. The OP2 operating point was 

close to but not exactly the best efficiency point; therefore, it is possible that a vortex was 

beginning to form in the draft tube cone. 

 

Figure 19. Wall shear stress on the suction side of the runner blades at OP2. 

4.4.2. Amplitude Spectrum Analysis 

A  fast Fourier  transform  (FFT) analysis was  carried out  to  identify  the  frequency 

content of  the numerical  torque and pressure  signals and  to  compare  them  to  the  ex‐

perimental results. A single smooth area of the signal corresponding to one runner rota‐

tion was selected and added to itself to obtain a better resolution of the FFT. The torque 

was  scaled by  the mean  torque value  recorded at OP2 during  the experimental meas‐

urements. The pressure was  scaled by  the  reference pressure  that was  experimentally 

measured [1]. The mean values were subtracted from the numerical and the experimental 

signals. The  lengths of  the original signal and  the analyzed signal were 0.1 and 110 s, 

respectively. The frequencies were non‐dimensionalized (f*) using the runner frequency 

(fr) of 10 Hz. 
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Figure 20 presents  the amplitude spectrum of  the scaled  torque  for  the numerical 

and experimental data. A factor of 5 was obtained between the amplitudes. The dimen‐

sionless frequency of 1, visible in the experimental data and corresponding to the runner 

frequency, was considered to be caused by the wake of the spiral casing lip junction [30]. 

In the numerical simulation, the spiral casing was not modelled but the same frequency 

was captured due  to  the multiplication of  the signal  corresponding  to a  single  runner 

rotation. A  second  frequency peak  at  f*  =  2 was  captured  in  the  experimental  signal, 

though with a larger amplitude than the amplitude of the runner frequency, because two 

of the six runner blades were covered in epoxy. However, the peak at f* = 2 was visible in 

the simulations despite the epoxy layers not being modelled due to the selection of the 

signal to be analyzed (one runner rotation added to itself). The frequency peak at f* = 3.16 

found  in  the  experimental  signals  could  represent  a  shaft  torsional natural  frequency. 

This may explain why the frequency was not present  in the pressure measurements or 

the numerical torque. 

 

Figure 20. Amplitude spectrum of the scaled torque at OP2. Two vertical axis are used, one for the 

experiments and one for the numerical results. 

The dimensionless frequency of 2 was also visible in the amplitude spectrum of the 

experimental pressure  signal  (Figure  21). An  additional peak was  captured  in  the  ex‐

periment at f* = 20, corresponding to the number of guide vanes, and not in the numerical 

results because only one guide vane‐stay vane passage was modelled (Figure 5) with a 

stage interface. 
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Figure 21. Amplitude spectrum of  the scaled pressure PS2  (top) and SS4  (bottom) at OP2. Two 

vertical axis are used, one for the experiments and one for the numerical results. 

The  numerical  simulation  could  not  capture  all  the  experimental  fluctuations, 

mainly because of the axial symmetry of the computational domain that did not include 

the spiral casing lip junction and the epoxy on the blade. However, the runner frequency 

and  its harmonics were visible  in  the amplitude spectrum of  the numerical torque and 

pressure, most likely because of the selection of a single runner rotation from the signal. 

4.5. Part‐Load Operation (OP1) 

4.5.1. Mean Values 

The numerical mean  torque value obtained at OP1 was 71.5 kN∙m. The numerical 

value was 8.3% smaller than the experimental mean value of 77.9 kN∙m. 

The dimensionless mean absolute pressure values obtained from the part‐load (OP1) 

unsteady  numerical  simulation were  compared  to  the  experimental  values  shown  in 

Figure  22. The numerical  results  followed  the  trend of  the measured values  and pre‐

sented a good prediction of the pressure on the pressure side of the runner blade, with 

from 2.9 to 6.1% discrepancy compared with the experiment. The pressure was overes‐

timated on  the suction side along  the blade span  (SS4 and SS3) because  the numerical 

simulation underestimated the fluid angular momentum transformed into torque. 

 

Figure 22. Scaled mean absolute pressure values at OP1. 

4.5.2. Amplitude Spectrum Analysis 

At the part‐load operation (OP1), the flow provided by the guide vanes has a high 

swirl. As a  consequence,  the  tangential  component of  the velocity  at  the outlet of  the 

Kaplan runner  is  larger, while the axial velocity  is reduced  [31]. The  flow  is pulled to‐

wards the draft tube walls, creating a low‐pressure region below the runner cone in the 
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center of the draft tube and leading to the formation of the RVR [32]. One complete RVR 

rotation corresponded to about six runner rotations in the present case. The dimension‐

less frequency of the RVR was found to be 0.17. 

The pressure distribution and the velocity vectors in the runner and draft tube do‐

mains are presented in Figure 23. Low‐pressure regions are visible below the runner cone 

(Figure 23a), and the corresponding recirculation zones were captured as the  flow was 

concentrated near the draft tube walls (Figure 23b). 

(a)  (b) 

Figure 23. (a) Mid‐section pressure contour at OP1. (b) Velocity vectors   

Figure  24  presents  iso‐surfaces  of  the  pressure  in  the  draft  tube. A  double‐helix 

vortex  rope  (left) was  initially  formed 3  s before  the end of  the numerical  simulation. 

After 1.5 s, or 15 runner rotations, a single RVR was captured (middle) and remained so 

until the last time step (right). 

 

Figure 24. Iso‐surface at a constant pressure of 2 bar at OP1. Evolution of the RVR at 1.5 s intervals. 

In the stationary reference frame of the draft tube, the RVR can be decomposed into 

two components [33] from two pressure measurements obtained at the same height and 

opposite to each other: the plunging and rotating modes. The plunging mode is associ‐

ated with synchronous pressure pulsations recorded throughout the turbine. The rotat‐

ing mode leads to pressure oscillations with the same frequency as the plunging mode. 

Figure  25  presents  the  frequency  spectrum  of  the  numerical  and  experimental 

torque signals. The numerical data analyzed in the following section were obtained from 

the last 30 simulated runner rotations (10,800 time steps after convergence, or 3 s), i.e., 6 

RVR rotations. The numerical simulation captured a frequency peak at f* = 0.17 matching 

the RVR dimensionless  experimental  frequency value of 0.17. Similar values were ob‐

tained during the measurement campaign of the Porjus U9 model and numerical studies 
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investigating the Kaplan turbine model [10,23]. As the experimental and numerical data 

were obtained  in  the  rotating domain,  the  amplitude  at  this  frequency  represents  the 

plunging component. The RVR  frequency  is expected  to show a slight variation at dif‐

ferent part‐load operating regimes [1]. The dimensionless frequency value of 0.83 corre‐

sponded to the rotating component of the RVR. It is visible in the experimental data be‐

cause the blades were not identical and it was not captured by the numerical simulation. 

 

Figure 25. Amplitude spectrum of the scaled torque at OP1. 

On the pressure side of the runner blade, at PS4 near the leading edge and PS3 near 

the trailing edge, the plunging mode of the RVR represented by the peak at f* = 0.17 in the 

experimental data could also be found in the numerical results at the dimensionless fre‐

quency of 0.17 (Figure 26), similar to the torque FFT analysis. The amplitude was under‐

estimated by the numerical model, especially closer to the leading edge (PS4). The rotat‐

ing component of  the RVR, 0.83 dimensionless  frequency  in  the experiments, was cap‐

tured in the numerical simulation at both locations of the pressure monitor points. 

   

(a)  (b) 

Figure 26. Amplitude spectrum of the scaled pressure at OP1: (a) PS4 and (b) PS3. 

Despite  the overestimation of  the mean absolute pressure values  in  the numerical 

studies on the suction side of the blade (Figure 22), the amplitude of the pressure fluctu‐

ations was in a better agreement with the experimental data (Figure 27). The numerical 

dimensionless frequencies of the plunging and rotating components of the RVR on the 

blade suction side were coherent with the values obtained in the experiment. 
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(a)  (b) 

Figure 27. Amplitude spectrum of the scaled pressure at OP1: (a) SS4 and (b) SS3. 

4.6. RVR Decomposition 

Two pressure monitor points diametrically opposed  (Figure 5), DTin on  the  inner 

radius of the draft tube and DTout on the outer radius of the draft tube defined just below 

the runner cone in the numerical model, were selected for the decomposition of the RVR 

[33]. The amplitude of the plunging (Ppl) and rotating (Prot) modes was calculated as: 

𝑃
𝐷𝑇 𝐷𝑇

2
  (5) 

𝑃
𝐷𝑇 𝐷𝑇

2
  (6) 

The two peaks were identified at the dimensionless frequency of 0.17, which was in 

good agreement with the FFT analysis of the torque and pressure signals (Figure 28). The 

amplitude of  the pressure  fluctuations due  to  the  rotating component of  the RVR was 

30% smaller than the amplitude of the plunging mode. In the frequency spectrum of the 

plunging component, there were two additional frequency peaks at 0.1 and 0.23m while 

in the frequency spectrum of the rotating component there are two peaks at 0.23 and 0.4 

dimensionless  frequencies. A possible  explanation  for  these  frequency peaks  could be 

spectral leaking [34]. As the first and last values of the signal chosen for the analysis were 

not identical, high frequencies that were aliased between 0 and half of the sampling fre‐

quency may have “leaked” their energy into the other frequencies. 

 

Figure 28. RVR decomposition: plunging and rotating mode. 

5. Conclusions 

A numerical study of the Porjus U9 Kaplan prototype was carried out. Two operat‐

ing points on a propeller curve, corresponding to the best efficiency point and part‐load 

operating  conditions, were modelled.  The  effects  of  the  boundary  conditions,  runner 

blade clearance, blade geometry and mesh size on the numerical results were first inves‐
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tigated at the best efficiency point to minimize the computational efforts. Then, experi‐

mental pressure  and  torque measurements performed  on  the prototype were used  to 

validate the numerical results. 

Modelling  the  runner  blade  clearances  and  the  epoxy  layer  added  to  the  instru‐

mented runner blade had no significant  influence on  the numerical results considering 

the increased mesh size and simulation time, so these parameters could be neglected. 

The runner blade angle is a parameter that  is challenging to measure on a turbine 

prototype. However, a parametric  study  showed  that  the  runner blade angle  strongly 

influences both the convergence and accuracy of numerical results. 

The simplified model reasonably predicted the mean torque and pressure values at 

both operating points. 

The steady simulations with a single runner passage and unsteady simulations at 

BEP provided similar results. Modelling the complete runner domain and including the 

cavitation model  improved  the  convergence  of  the  simulations  and  the mean  torque 

prediction. However, the mean unsteady numerical pressure values were similar to the 

values obtained  from  the  steady  simulations. Therefore,  steady  single‐passage  simula‐

tions at BEP are an excellent first approximation. 

At  part‐load  operation,  the  numerical  simulations  captured  the  variation  in  the 

pressure  due  to  the RVR  observed  in  the  experiment.  The  frequency  of  the  pressure 

fluctuations was well‐predicted both  in  the  runner and  the draft  tube  considering  the 

simplified, axisymmetric computational domain. In the runner domain, the frequencies 

of the plunging and rotating components of the RVR were accurately determined by the 

simulation, except for the torque missing the RVR rotating component. The amplitudes 

of these pressure fluctuations were also reasonably predicted, especially on the suction 

side of the runner blade. 

The spectral analysis of the numerical signals was strongly  influenced by the con‐

vergence of the monitored numerical values and the signal selection to be analyzed. Due 

to  the  signal  selection,  the  FFT  analysis  could  have  been  altered  by  spectral  leakage, 

leading to pressure peaks with no experimental correspondents. 
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Abbreviations 

CtClr  constant clearance 

DTin  numerical pressure recorded on the draft tube wall (inner radius) 

DTout  numerical pressure recorded on the draft tube wall (outer radius) 

f*  dimensionless frequency 

FFT  Fast Fourier transform 

fr  runner frequency 

Hgross  gross head of the turbine 

k  kinetic energy 

LE  leading edge 

NoClr  no clearance 

OP1 and OP2  operating points 

Pout  power output 

Ppl  plunging mode pressure 

Prot  rotating mode pressure 

RVR  rotating vortex rope 

SST  Shear Stress Transport 

TE  trailing edge 

VarClr  variable clearance 

y+  dimensionless distance from the wall 

z  elevation 

β  runner blade angle 

∆𝑝     pressure drop obtained between the inlet and the outlet of the numerical domain 

νt  turbulent viscosity 

ω  turbulent frequency 
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Abstract: Hydropower plants often work in off-design conditions to regulate the power grid fre-
quency. Frequent transient operation of hydraulic turbines leads to premature failure, fatigue and
damage to the turbine components. The speed-no-load (SNL) operating condition is the last part of the
start-up cycle and one of the most damaging operation conditions of hydraulic turbines. Hydraulic
instabilities and high-stress pressure fluctuations occur due to the low flow rate and unsteady load
on the runner blades. Numerical simulations can provide useful insight concerning the complex flow
structures that develop inside hydraulic turbines during SNL operation. Together with experimental
investigations, the numerical simulations can help diagnose failures and optimize the exploitation of
hydraulic turbines. This paper introduces the numerical model of a full-scale 10 MW Kaplan turbine
prototype operated at SNL. The geometry was obtained by scaling the geometry of the correspond-
ing model turbine as the model and prototype are geometrically similar. The numerical model is
simplified and designed to optimize the numerical precision and computational costs. The guide
vane and runner domains are asymmetrical, the epoxy layer applied to two runner blades during the
experimental measurements is not modelled and a constant runner blade clearance is employed. The
unsteady simulation was performed using the SAS–SST turbulence model. The numerical results
were validated with torque and pressure experimental data. The mean quantities obtained from the
numerical simulation were in good agreement with the experiment. The mean pressure values were
better captured on the pressure side of the runner blade compared to the suction side. However,
the amplitude of the pressure fluctuations was more accurately predicted on the suction side of the
runner blade. The amplitude of the torque fluctuations was considerably underestimated.

Keywords: hydropower; Kaplan prototype; speed-no-load; CFD modelling

1. Introduction

The energy demand is steadily increasing together with the commitment to reduce
global warming. In this sense, the exploitation of renewable energy resources such as solar,
wave and wind power is heavily encouraged. However, to compensate for the intermittent
character of renewable resources, the role of hydropower in regulating the power grid
frequency is becoming as challenging and problematic as it is essential. Hydropower plants
are now frequently working in off-design conditions to maintain the balance in the electrical
grid. As the recurring transient operations of the hydropower plants become more frequent,
hydraulic turbines experience early fatigue and damage.

Hydraulic turbines operate at a constant synchronous rotational speed. The main
operating parameters are the net head and discharge. During a startup sequence, the
guide vanes open progressively. Consequently, the flow rate increases, setting the runner
in motion until it reaches the rated rotational speed. The speed-no-load (SNL) operating
condition is the last part of the startup. At this stage, the turbine rotates at a synchronous
speed, but the generator produces no electricity. The runner blade and guide vane angles
are constant. The hydraulic efficiency is null.
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Strongly stochastic recirculating flow, low-frequency pressure fluctuations and sig-
nificant vibration characterize SNL operation. Such flows lead to premature wear of the
hydraulic machines [1]. SNL operation is considered and has been proven to be the most
dangerous operation of hydraulic turbines [2]. The turbine does not extract any energy from
the fluid. Therefore, the fluid dissipates its energy mainly through turbulent recirculations
in the runner and draft tube. However, studies demonstrated also the presence of coherent
flow structures such as inter-blade vortices and rotating stall at SNL [3,4]. Experimental and
numerical investigations have been performed to understand better the flow phenomena
occurring at SNL and mitigate the damages caused by this operating regime.

The effects of SNL operation on radial–axial Francis turbines have been extensively
studied, especially numerically [5–7] showing that standard two-equation turbulence
models are limited in predicting the flow structures and pressure fluctuations that occur
during SNL. The mean global parameters are reasonably captured with accuracy below 5%
while the flow dynamics and the turbulent flow structures were not. Different turbulence
models were employed, from the most robust k-epsilon [8] to the more complex Scale-
Adaptive Simulation–Shear-Stress Transport (SAS-SST) turbulence model [2] and Large
Eddy Simulation (LES) [9]. The SAS–SST model was recommended as a good compromise
between the limitations of Reynolds-Averaged Navier-Stokes (RANS) turbulence models
and the high mesh requirements of the LES model.

The SNL operation of pump-turbines was also investigated [10,11] showing that
pumping flows develop in the runner blade channels and extend to the draft tube with
pressure fluctuation amplitudes that can be 3.8 to 8 times larger compared to a full-load
operation [12].

Concerning axial turbines, the studies focused on the SNL operation are sparse and
present only a preliminary analysis of the flow field instability and structure [13,14]. One
of the first detailed studies on the part-load and SNL flow dynamics in a model propeller
turbine was carried out by Houde [15]. Numerical simulations were performed without
including the runner blades in the computational domain thus showing that the formation
of the rotating stall is linked to the unstable shear layer developed in the draft tube of the
turbine and not to the runner blades themselves [15]. Another numerical investigation
concerning the same model propeller turbine captured twin vortex structures rotating below
the runner hub [16]. The authors showed that the twin structures are rotating at a smaller
frequency than the runner rotational frequency leading to strog pressure fluctuations in the
draft tube and runner.

A detailed experimental investigation of a Kaplan turbine prototype operated at SNL
was presented by Soltani et al. [17]. Pressure and strain measurements were performed on
a runner blade capturing low-frequency pulsations. Additionally, torsion strain measure-
ments on the shaft showed peak-to-peak values 12 times larger than the corresponding
values recorded at the best efficiency point.

There are a limited number of studies regarding the SNL operation of prototype tur-
bines. In addition to the large flow scales and high Reynolds number, the main reason is
that the complex flow phenomena are challenging to capture experimentally and numeri-
cally. The numerical simulations describe more flow details and can support experimental
investigations in explaining and reducing SNL’s harmful effects on hydraulic machines.
However, the complexity of the flow implies high computational demands and an extended
simulation time. Therefore possible simplifications of the numerical model should be
explored and implemented to attain a reasonable compromise between numerical accuracy,
computational costs and time.

The present paper introduces the first numerical investigation of the flow in a full-scale
10 MW Kaplan turbine prototype operated at SNL. The objective is to develop a numerical
model that correlates with experimental data provided by Soltani et al. [18]. Furthermore,
the numerical model is simplified and designed to optimize the numerical precision and
computational costs.
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2. Experimental Data

The Porjus U9 Kaplan turbine prototype operates at the Porjus hydropower plant
situated along the Lule River in the north of Sweden. The turbine includes a distributor, a
runner with six blades and a draft tube. The distributor has 18 unequally distributed stay
vanes and 20 equally spaced guide vanes. The Kaplan runner is installed approximately
7 m below the tailwater and has a rotational speed of 600 rpm. The runner diameter is
D = 1.55 m and the draft tube length is about 11 m. The turbine’s rated net head and
discharge are 55.5 m and 20 m3s−1, respectively. The output rated power of the Porjus U9
Kaplan prototype is 10 MW.

Pressure and torque measurements were performed by Soltani et al. [17] under dif-
ferent operating conditons. Miniature piezo-resistive pressure transducers (Kulite LL-080
series) were mounted on one runner blade; six transducers on each side of the blade. The
sensors were installed on two rows at 1/3 and 2/3 of the blade’s span and 1/4, 1/2 and
3/4 of the blade’s chord lines. An epoxy layer was applied to make the pressure sensor
flush with the runner blade surface. Therefore, the diametrically opposed blade was also
covered with an epoxy layer to avoid a mass unbalance of the runner. The uncertainty of
the pressure sensors ranged from 0.7% to 1.11%. Additionally, two torsion strain gauges
(K-XY41-6/350-3-2M manufactured by HBM, Darmstadt, Germany) were mounted on the
shaft with a 180◦ spacing. The maximum uncertainty of the torque measurements was
3.42%. Soltani [18] presents a detailed description of the experimental setup, methods,
uncertainty, and results.

In this study, the experimentally investigated operating point SNL is selected, and the
measurements are employed to validate the numerical simulation. The chosen operating
point is characterized by a low discharge leading to low-frequency load fluctuations and
stochastic flow structures. The guide vane angle, in this case, corresponds to approximately
9% of the maximum guide vane opening. The operating parameters are listed in Table 1.

Table 1. Operating parameters of the Porjus U9 Kaplan prototype at SNL.

Operating Point Guide Vane Angle (◦) Runner Blade Angle β (◦)

SNL 3.08 −15.23

3. Numerical Simulations Set-Up
3.1. Geometry

The computational domain used in the numerical simulations presented in this paper
included the distributor (stay vanes and guide vanes), runner and draft tube (Figure 1).
The Kaplan prototype geometry was obtained by scaling the turbine model geometry.

According to previous numerical studies concerning the part-load operation of the
Porjus U9 prototype [19], the complete guide vane and runner domain were modelled to
capture the complex flow structures developed during SNL operation. The distributor
domain was built axisymmetric and comprised 20 similar stay vane and guide vane
passages to simplify the geometry and mesh. In comparison, the actual prototype geometry
includes 18 unequally spaced stay vanes. The runner domain was built similarly by
multiplying a single runner blade passage six times. Transient rotor-stator interfaces were
defined between the three domains to capture the transient fluctuations when switching
from a stationary reference frame to a rotating reference frame and vice versa.

The numerical model did not include the epoxy layer added to the instrumented
runner blades considering the previous study exploring modelling a prototype turbine [19].
The same work showed that the clearance size has a negligible influence on the numerical
results when modelling large scale prototype turbines. Therefore, to model the flow
through a Kaplan turbine prototype operated at the best efficiency point or part-load,
modelling the runner blade clearances is not mandatory. However, the clearance flow may
substantially influence both the downstream flow and the flow in the vaneless space at
SNL because of the large recirculation region extending from the draft tube to the vaneless



Energies 2022, 15, 5072 4 of 18

space [15]. Therefore, a constant clearance of 0.08% D and 0.05% D was defined at the
hub and shroud, respectively, in the present study. The size of the clearances is chosen
based on the approximate average of the actual clearance values measured on the scanned
runner of the scaled turbine model. The variable hub clearance of the scanned model
blade is presented in Figure 2a. The constant hub clearance built for the prototype blade is
presented in Figure 2b.
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Twelve monitor points (P-PS-1 to P-PS-6 and P-SS-1 to P-SS-6) were defined on a
runner blade to monitor the pressure variation, in a similar way to the experimental
measurements [17], see Figure 3. Additionally, an identical configuration of monitor points
was defined on the opposite runner blade for the simulation to investigate possible flow
asymmetry reported by other authors [15,20].
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3.2. Mesh

Hexahedral meshes were designed in ICEM v16.2 to discretize the guide vanes and
draft tube domains. The hexahedral runner mesh was generated in Turbogrid v16.2, with
the software optimized for blade passage discretization. Hexahedral elements are recom-
mended as they can be better aligned to capture flow features and provide more accurate
numerical results than tetrahedral elements. Additionally, the mesh size is considerably
reduced when using hexahedral elements, a factor of 4 to 8 for a similar result, and con-
sequently, the computational time is shorter. The refinement of the spatial discretization
was chosen according to the mesh sensitivity studies carried out previously [19,21,22]. The
numerical error was computed using the Richardson extrapolation. The influence of the
runner mesh size on the torque value was less than 1%, while the draft tube discretization
led to a 5% numerical error. The mesh quality parameters evaluated in Ansys CFX Solver
are presented in Table 2 for each computational domain.

Table 2. Mesh size and quality parameters of the mesh used in the simulation.

Domain Name Mesh Size
(106 Elements)

Minimum
Orthogonality

Angle (◦)

Maximum
Expansion
Factor [-]

Aspect Ratio [-]

Guide vane 3.64 5.8 34 1369
Runner 12.9 40.9 10 1481

Draft tube 3.18 30.5 9 7393

Figure 4 presents the discretization of the guide vanes and stay vanes and a detail
of the boundary layer refinement near the leading and trailing edges of the guide vane
(Figure 4b). Similarly, the runner discretization is presented in Figure 5. The average y+

value was kept below 30 on the guide vane and runner blade. The average y+ was 12.2 in
the draft tube domain.
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Figure 5. (a) Runner mesh. (b) Zoom on the inter-blade mesh.

The slight guide vane angle at the SNL operation point creates a narrow flow channel,
see Figures 4a and 6a. Consequently, the guide vane domain’s mesh size must be con-
siderably increasedcompared to the best efficiency and part-load simulations to maintain
good values of the mesh quality parameters. Similarly, the runner mesh was tripled in size
compared to the best efficiency point simulations as the small blade angle also leads to
a narrow flow channel; see Figures 5b and 6b. Additionally, the modelling of the runner
blade clearances was included.
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Given the geometrical and physical complexity of SNL simulation, the complete nu-
merical model used in this study contained 19.72 million elements. The unsteady simulation
ran for 45 runner rotations during approximately 49 days on four identical computers with
94 cores. Further refining the mesh was prohibited by the limited computational power.
However, extensive mesh studies showed that the deviation in numerical pressure values
could be less than 4% from coarse to fine discretization [23].

3.3. Boundary Conditions

The inlet of the computational domain was modelled as an opening to allow backflow.
A total pressure of 695 kPa was prescribed for the inlet boundary condition. This value
was obtained by subtracting the pressure losses that occur upstream from the inlet of the
stay vanes from the gross head of the prototype turbine. A steady-state simulation was
previously carried out to estimate the pressure losses in the penstock and spiral casing of
the prototype turbine [19]. The static pressure difference between the inlet of the stay vanes
and the outlet of the draft tube was also subtracted from the gross head.

The outlet of the computational domain was also modelled as an opening considering
a static pressure of 218 kPa, similar to the experimental measurements.

The runner was defined as a rotating domain and the angular velocity was set as
600 rpm. The runner hub and shroud and the draft tube were defined as no slip walls. The
experimental parameters used as boundary conditions in the simulation are presented in
Table 3.

Table 3. Experimental parameters used as boundary conditions in the simulation.

Parameter Boundary Condition

Inlet total pressure 695 kPa
Outlet static pressure 218 kPa

Rotational speed 600 rpm

3.4. Flow Modelling and Numerical Setup

The numerical results presented in the following sections were obtained from an
unsteady simulation performed with the Ansys CFX Solver v20.2. A steady-state simulation
was first performed to provide the initial conditions. In the steady-state simulation, the
k-epsilon turbulence model was used, the advection scheme was set as Upwind, and
cavitation was modelled using the Rayleigh–Plesset model [24].

The SAS–SST turbulence model [2,25,26] was employed in the unsteady simulation.
The SAS–SST turbulence model is recommended to capture strong flow instabilities. When
modelling highly unsteady flow regions, the modelled dissipation rate is controlled and
adapted to employ LES-like capabilities.

The time step size was set to one degree of the runner rotation (2.78 × 10−4 s). The
time step value was selected according to previous studies on the influence of the time
step size on the numerical accuracy [21,27] that recommended time steps corresponding to
a runner rotation of 0.5–5◦. The time derivative was discretized using the Second Order
Backward Euler transient scheme. The advection term was computed using the Upwind
discretization scheme. The turbulence kinetic energy and eddy frequency equations were
modelled using the Upwind scheme for the advection term and the First Order Backward
Euler transient scheme.

The unsteady simulation was considered converged when the value of the root-mean-
square (RMS) solution differences obtained for each solved equation was less than 10−4.
The unsteady simulation was carried out for approximately 45 runner rotations after
reaching convergence.

In the attempt to reduce the computational time, using a single stay vane–guide vane
passage and a single runner blade passage was first tested. Unfortunately, the steady-state
simulation crashed after only a few iterations. The second unsuccessful attempt employed
the same computational domain (a single stay vane–guide vane passage and a single runner
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blade passage) in an unsteady simulation. Such a setup failed as the flow is asymmetrical
at the guide vanes. Furthermore, adding the cavitational model to the numerical setup did
not bring any improvements at this stage.

The same attempts were made using a single stay vane–guide vane passage and
the complete runner (six runner blades). It was concluded that the complete stay vane–
guide vane passage and the runner is mandatory despite the considerable duration of one
numerical simulation.

4. Results

The pressure values presented in the following sections are normalized with the
reference pressure value recorded in the turbine chamber before filling the waterway [17].

4.1. Mean Quantities

Figure 7 presents the scaled mean absolute pressure values obtained from the unsteady
numerical simulation and the experiment at the locations presented in Figure 3. The mean
pressure values are synthesised in Table 4. The numerical results are reasonably similar to
the experimental values and show a good prediction of the pressure on the pressure side of
the runner blade (P-PS). The deviation is 1 to 8.5% in the numerical results (Table 4), with
the exception P-PS-6 location, where the mean pressure is overestimated in the numerical
simulation by 14.6%. However, the numerical pressure monitored at the periphery of the
runner (P-PS-1 to P-PS-3) increases slightly from the leading edge to the trailing edge as
opposed to the experimental pressure values decreasing towards the trailing edge. Closer
to the runner hub (P-PS-4 to P-PS-6), the numerical pressure is quasi-constant, while the
experimental values maintain a decreasing trend towards the trailing edge. Considering the
sizeable negative blade angle at SNL, see Figure 6, a quasi-constant pressure distribution is
expected near the shroud of the runner, and the pressure is expected to decrease slightly
closer to the runner hub. This suggests that there could be a minor difference between the
runner blade angle used in the simulation and the experimental runner blade angle.
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The numerical simulation overestimates the pressure on the suction side of the run-
ner blade along the entire blade span (P-SS-4 and P-SS-3) by 37–46% (Table 4). Similar
differences were obtained when simulating the part-load and best efficiency operation [19],
showing that the flow behavior on the suction side of the runner blade is challenging to
capture numerically, regardless of the operating conditions. The overestimation of the
numerical pressure values can also be related to the larger size of the pressure sensors used
in the experiment compared to the monitor points defined in the simulations [15].

Figure 8 presents the absolute pressure recorded during the numerical simulation by
two monitor points located on the pressure side (P-PS-2) of two opposite runner blades.
Although the upstream guide vane and runner domains are axisymmetric, the pressure
fluctuations monitored on the runner blades are not identical. However, the differences
are minimal, and the axial symmetry of the flow in the runner domain is confirmed by
the pressure contour plot presented in Figure 9. The minor differences in the pressure
distribution on and around each runner blade are most likely due to turbulent fluctuations.
No inter-blade vortices were captured in this prototype numerical simulation, as opposed
to Houde’s observations on a model propeller turbine [15].
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The numerical mean torque value obtained from the simulation was 1856.7 N, corre-
sponding to 0.12 MW or 1.2% of the nominal power output. The bearing and ventilation
losses were measured for Porjus U9. The energy lost in the bearings ranged between 1–1.5%
of the nominal power output.

4.2. Frequency Analysis

The length of the numerical signal selected for the frequency analysis corresponded to
45 runner rotations. The mean value was subtracted from the numerical and the experi-
mental signals to calculate and compare their amplitude spectra. Next, the pressure results
were scaled by the reference pressure. Finally, the runner frequency (fr) normalized all the
frequency values.

Figure 10 presents the amplitude spectrum of the numerical and experimental torque
values. A factor of approximately 30 is obtained between the amplitudes of the two signals
when considering the largest frequency peak, Figure 10a. The numerical simulation is
strongly underestimating the torque fluctuations. The measurements capture two frequency
peaks at the dimensionless frequency (f*) of 0.92 and 1, whereas in the numerical simulation,
these peaks are found at f* = 0.88 and f* = 1.06 (Figure 10b). A third peak is visible in the
analysis of the experimental torque signal, at f* = 3.2. A similar peak (f* = 3.16) was also
present in the experimental investigation carried out at best efficiency operation but not
visible in the numerical results [19]. For this reason, the f* = 3.16 peak was considered a shaft
torsional natural frequency. However, as opposed to the numerical simulation performed
at the best efficiency point, in the SNL numerical results, a at f* = 2.78 is captured, most
likely corresponding to the f* = 3.2 seen in the spectrum of the experimental torque signal.
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Figures 11–16 present the amplitude spectra of the numerical and experimental pres-
sure signals obtained at four locations on the pressure side of one runner blade and two
on the suction side. The amplitude of the pressure fluctuations on the runner blades is
very difficult to capture on the pressure side of the blade. The simulation provides smaller
amplitude–frequency fluctuations compared to the experiment. A factor of 10 is obtained
between the amplitudes of the numerical and experimental signals at most locations on
the pressure side of the runner blade (Figures 11–13). The only exception is the pressure
sensor P-PS-6 (Figure 14), near the trailing edge towards the hub, where a factor of 5 is
obtained. This order of magnitude is comparable to the one obtained for the low-frequency
torque fluctuations. However, there are no significant amplitude differences between the
numerical simulation and the experiment (Figures 15 and 16) on the suction side of the
runner blade as opposed to the mean values presented before.
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Like the experimental torque spectrum, the pressure measurements capture two
frequency peaks at f* = 0.92 and f* = 1 regardless of the pressure sensors’ location on
the blade, indicating that a coherent structure is causing these fluctuations. Towards the
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leading edge of the runner blade at P-PS-4, both pressure frequency peaks are visible
in the numerical results at f* = 0.92 and f* = 0.99 (Figure 11). The numerical simulation
underestimates the amplitude of the first peak by a factor of 5; two different vertical axes
are used. The frequency peak at f* = 0.04 is seen in the spectrum analysis of the numerical
pressure, together with its second harmonic at f* = 0.08. These two low-frequency peaks
may be due to the signal length selection and spectral leakage [28]. Another group of
frequency peaks is visible in the numerical results, the first being the f* = 1.86, which is the
second harmonic of the f* = 0.92 peak. In the experimental signal, this second harmonic is
f* = 1.92. The second harmonic of the runner frequency is also visible in the experiment and
the numerical simulation at f* = 2 and f* = 1.98, respectively. There is another frequency peak
found at f* = 2.04, showing that the pressure fluctuations are modulated by fluctuations
from other sources.

In the center area of the runner blade pressure side (P-PS-2), the numerical simulation
shows a frequency peak at f* = 0.92, nearly three times smaller in amplitude than the
experimental peak (Figure 12). The runner frequency is poorly captured in the simulation
at this location, being the only monitor point where the amplitude of the runner frequency,
f* = 1.03 is this strongly underestimated. The second harmonics of these two signals are
smaller in amplitude and show frequency values identical to those presented at the previous
location (P-PS-4, Figure 10). Similar to the last spectrum amplitude, the frequency peak at
f* = 0.04 and its second harmonic at f* = 0.08 are present.

Close to the trailing edge, at P-PS-3, (Figure 13), the pressure frequency peak found at
f* = 0.92 in the experimental signal is slightly shifted towards the right in the numerical
results, at a larger value of f* = 0.94. The second harmonic of this peak (f* = 0.92 in the
experiment) is not visible in the experimental pressure signal at this location. Still, it
remains visible in the numerical results at f* = 1.86. The amplitude of the experimental
values decreases from the leading to the trailing edge. In the numerical results, on the
other hand, this trend is not so clear mainly due to the pressure fluctuations recorded in
the center area of the blade (Figure 12) despite not showing any flow separation or other
flow particularities in that region.

The P-PS-6 monitor point is located near the trailing edge of the runner blade but
closer to the runner hub than the P-PS-3 monitor point, which is closer to the runner shroud.
As mentioned before, at this location, the amplitude of the pressure fluctuations captured
in the numerical simulation is better predicted than at the other locations from the pressure
side of the runner blade presented so far (Figure 14). The numerically obtained frequency
values are similar to the previous monitor points and reasonably predicted compared to
the experimental values.

On the suction side of the runner blade, the prediction of the frequency and amplitude
of the pressure fluctuations matches the experimental values better, especially regarding
the magnitude of the fluctuations. The less accurate modelling of the pressure pulsations on
the pressure side of the runner blades could be explained by the numerical simplification
of the guide vane domain, including the stay vanes and the guide vanes upstream of the
runner, which is not axisymmetric in reality and influences the pressure distribution.

Figure 15 presents the amplitude spectrum of the pressure at P-SS-4 located near the
blade leading edge on the suction side. The experimental signal recorded on the suction
side of the blade is much noisier. The first pressure peak found at f* = 0.92 in the previously
presented experimental pressure signals is not visible anymore. If present, this peak has
amplitude comparable to the noise in the signal. The runner frequency is at the highest
amplitude in the experimental pressure spectrum. In the numerical results, both peaks
are visible at f* = 0.94 and f* = 0.99, similarly to the previous results. Because there is less
noise in the numerical pressure signals, the second harmonics of the two peaks frequency
mentioned above are visible in the numerical results at f* = 1.86 and f* = 1.98, similarly to
the previous results.

The amplitude spectrum of the pressure at P-SS-3 located on the suction side of the
runner blade near the trailing edge is presented in Figure 16. In the experimental pressure
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signal, two peaks are identified at f* = 0.08 and f* = 0.92, possibly corresponding to the
plunging and rotating components of the vortical structure. In the vicinity of these two
peaks, the numerical simulation captures similar frequency peaks at f* = 0.04 and f* = 0.92.

The frequencies of the presure peaks obtained numerically and experimentally are
summarized for comparison in Table 5.

Table 5. Numerical and experimental normalized frequency values corresponding to the pressure
peaks captured on the runner blades.

Sensor Location Experimental
Values [-]

Numerical
Values [-]

Experimental
Values [-]

Numerical
Values [-]

1st Pressure Peak 2nd Pressure Peak

P-PS-2 0.92 0.92 1 1.03
P-PS-3 0.92 0.94 1 0.99
P-PS-4 0.92 0.92 1 0.99
P-PS-6 0.92 0.92 1 0.99
P-SS-3 0.92 0.92 1 0.99
P-SS-4 - 0.94 1 0.99

4.3. Flow Visualization

Figure 17 presents the evolution of a pressure iso-surface at 205 kPa towards the end
of the simulated time, the final 200 ms, equivalent to two runner rotations. The first three
captions are taken at approximately 83 ms from each other, and the fourth caption is the
final stage at the end of the simulation. Given the very low flow rate and large runner
rotational speed, the flow field is far from the design conditions. With the exception of
the rotating stall, mainly stochastic fluctuations occur at SNL. The fluid energy dissipates
predominantly in strongly turbulent flow structures. The fluid is drawn to the draft tube
walls leaving a large recirculation area in the center of the draft tube. A strong shear layer
is developing in the runner and draft tube. Initially, only three vortexes are visible in the
numerical simulation, and the low-pressure area created in the center of the draft tube is
the largest. The formation of a fourth vortex is captured in the following two images. The
four vortexes are joined in pairs at the end of the simulation (Figure 18). The merge of the
vortexes occurs below the runner-draft tube interface, confirming that the transient rotor-
stator has a minimal influence on the flow structures captured by the numerical simulation.
Other numerical studies concerning the SNL operation of a bulb turbine model showed
the formation of three rotating vortexes [15] and a twin vortex structure [16]. Therefore,
the total simulated time seems critical when modelling the flow in a hydraulic turbine
operating at SNL.
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The axial velocity is positive only on the periphery of the numerical domain (Figure 19).
The velocity contour plotted on the mid-section plane shows a large recirculating area in the
center of the draft tube. A stagnation area with very low but positive velocity is present in
the draft tube diffuser near the outlet of the domain. The backflow regions extend upstream
from the runner blades near the hub, but also near the shroud towards the outlet of the
guide vane domain.
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Figure 19. Contour plot of the liquid water axial velocity. (a) Complete computational domain.
(b) Zoom on the runner domain.

The streamlines plotted in the forward direction from the runner blades (in blue,
Figure 20) are concentrated near the draft tube walls, especially in the draft tube cone and
elbow. Towards the draft tube axes, the streamlines plotted in the backward direction from
the runner blades (in red, Figure 20) are predominant. The velocity contour plot (Figure 19)
shows that the velocity becomes mostly positive in the draft tube diffuser, leaving the
computational domain.
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5. Conclusions

The present paper introduces the numerical investigation of the flow in a full-scale
10 MW Kaplan turbine prototype operated at SNL. A numerical model was developed start-
ing from the scaled geometry of the turbine model, and potential simplifications that can
optimize the numerical accuracy and computational costs were explored. The experimental
data provided by Soltani et al. [17] was employed to validate the numerical simulation.

To decrease the meshing time and the model complexity, the stay vane–guide vane
domain was defined as axisymmetric. At the same time, the distributor of the actual
turbine prototype has 18 unequally distributed stay vanes. The epoxy layer applied to the
instrumented blade and a second, opposite runner blade was not included in the numerical
model. Despite the considerable increase in the runner mesh size, constant clearances were
defined between the runner blades and runner hub and shroud because the influence of the
clearance flow on the upstream and downstream flow field is considered significant at SNL.
The mesh size increased substantially due to small runner blade and guide vane angles
leading to higher computational demands and larger simulation time. The simulation ran
for 49 days to obtain 45 runner rotations after achieving convergence using 94 cores.

The mean quantities were reasonably predicted in the numerical simulation. The
pressure values were better captured on the pressure side of the runner blade (1–14.6%)
compared to the suction side (37.2–46%). The numerical mean torque value obtained from
the simulation corresponded to 1.2% of the nominal torque while the measured values
ranged between 1–1.5% of the nominal torque. However, the amplitude of the torque
fluctuations was underestimated by a factor of 30.

The frequencies of the numerical pressure fluctuations were in very good agreement
with the experimental values, especially at the locations defined on the suction side of the
runner blade. The amplitudes of the pressure peaks were underestimated on the pressure
side of the runner blade, by a factor of 5−10.

The total simulation time corresponded to 45 runner rotations. Four vortex structures
were captured at the end of the numerical simulation. However, the intermediate results
capture initially only two vortex structures followed by the formation of a third and fourth
vortex showing that the selection of the total simulation time has a strong influence on the
conclusions of a numerical study.
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Abbreviations

SNL Speed-no-load
SAS-SST Scale-Adaptive Simulation–Shear-Stress Transport
LES Large Eddy Simulation
RANS Reynolds-Averaged Navier-Stokes
D runner diameter
β runner blade angle
y+ dimensionless distance from the wall
fr runner frequency
f* dimensionless frequency
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