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1. Introduction 

 

Energy and its access are vital to the society. Demands and expectations concerning the 

functions and development of the energy system changed over the years. Between pursuing 

the lowest production costs, providing reliable and stable services and protecting the 

environment and climate, the perfect balance is hard to attain [1]. 

Ever since the oil crisis in the early 1970’s, Sweden has invested heavily in the search 

for alternative energy sources. Measures to reduce the use of oil have been steadily taken. 

More than 75% of Swedish energy supplies were relying on oil in 1970, as opposed to only 

21.5% in 2012. The main decision taken in this direction was the refuse to use oil for 

residential heating [2].  

As a result of an intensive use of heat pumps, biomass, nuclear and hydropower, both 

the Swedish heating and electricity sectors are now nearly fossil fuel free. Wind power is also 

fast developing. Greenhouse gases emissions have decreased by 9% since 1990. 

A sustainable energy and climate policy has been agreed upon by the Swedish 

Government in 2009. The agreement presents an alternative for fossil energy dependence. The 

measures taken in order to promote renewable energy and of course more efficient energy use 

are expected to strengthen the energy supply security of the country.  

The Swedish energy policy is based on the same three principles as the energy 

cooperation in the EU - ecological sustainability, competitiveness and security of energy 

supply. 

The targets Sweden has set are concentrated around the reduction of greenhouse gases, 

to be more precise, a cut of 40% compared to 1990. The share of 50% renewable energy in 

the energy mix and 10% in the transport sector are also goals to be achieved by 2020. 

Compared to 2008, Sweden attempts to accomplish a 20% more efficient use of energy. 

Concerning long-term priorities, the trend remains the same. It is expected that by 2030, 

Sweden will be completely independent of fossil fuels. Because electricity production is at the 

moment based on nuclear and hydropower, a third solution that would slowly replace nuclear 

power is to be elaborated. This way, the security of the energy supply will be increased and 

vulnerability will be reduced. In order to achieve this goal, wind power, cogeneration and 

other renewable solutions must be developed [3].  

The amount of electricity consumed per capita in Sweden is substantial, reaching up to 

15000 kWh per person in one year. Although there are not many countries that consume as 

much or more energy, Swedish carbon emissions are lower than average. The typical Swede 

produces 5.2 tons of carbon each year, while the average EU members 7.9 and the US, 19.1. 

The explanation for the low emission rate is that 44.1% of the electricity in Sweden 

comes from hydropower and another 40.5% from nuclear power, neither of them generating 

significant carbon emissions. Biofuels and waste cover for another 8.5% of the electricity 

output [4]. 
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 1.1. Hydropower 

 

One of the first uses of the water energy was the grinding of the wheat in the ancient 

Greece. Water wheels placed in rivers converted the kinetic energy of the flowing river into 

the mechanical energy needed to run the mill. The same water wheels were used in India, 

China and Rome to operate mills and timber saws.  

In the early industrial era, hydro energy was used to power the spinning machines and 

looms in textile factories in England. The first hydroelectric power plant was built in 1882 in 

the United States in Appleton, Wisconsin [5]. 

Hydropower is a renewable source of energy which produces almost no emissions that 

can have a negative impact on the climate or the environment. However, hydropower plants 

have a considerable effect on the river ecosystems and the landscape.  

The main advantage of hydropower is that at the moment it is a financially viable 

energy technology. Not only that the amount of greenhouse gases produced is negligible, but 

also, water as energy source is renewable. Storing large amounts of electricity it is very 

expensive. Also, hydropower facilities are the only ones able to provide power to the grid 

almost instantly, making them effective at meeting rapidly changing demands for electricity 

throughout the day.  

On the other hand, the high costs of the initial investment, the lack of control over the 

amount of available water, the flooding of inhabited land and wildlife habitat when creating 

the reservoir are disadvantages that should be taken into consideration. 

The two parameters required by hydropower plants are a constant inflow of water and a 

hydraulic head. In order to create the necessary head, several solutions have been found. The 

most common method is building a dam which creates a reservoir capable of storing water 

and providing it when needed.  

 

 
Figure 1.1. Classical hydropower plant [6] 

 

A classical hydropower plant includes a reservoir, dam, control gate, penstock, turbine, 

generator and a transformer. The water stored in the reservoir is transported to a lower level 

through the turbine. The generator converts the rotating movement of the turbine, i.e., 

mechanical energy, into electrical energy. The transformer then regulates the voltage so it is 

adequate for the power grid. 
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1.2. Kaplan turbines 

 

Kaplan turbines are propeller-type turbines generally used for heads lower than 50 m 

and large discharges. The power output provided by this kind of turbines ranges from 5 to 200 

MW. 

Combining the regulated guide vanes with the adjusted runner blades, these turbines are 

able to achieve a good efficiency over a wide range of discharges and heads. Therefore 

Kaplan runners have the ability of overloading and offer high efficiencies for part loads as 

well compared to turbines with fixed blades such as Francis and propeller. 

 

1.2.1. Main components and their functions 

 
 

Figure 1.2.1. Kaplan turbine - components 

 

The role of spiral casing is to convert pressure energy to momentum energy. The water 

is directed towards the stay vanes at a constant flow rate due to the uniform cross-sectional 

area decrease of the spiral case. For heads lower than 25-30 meters the spiral casing is made 

of concrete whereas for higher heads, steel plates are also used because of the higher 

hydraulic pressure. 

The stay vanes direct the flow towards the guide vanes and absorb the hydraulic forces 

thus reinforcing the spiral case. The guide vanes are operated by a regulating system in order 

to adjust the turbine load. They are designed to obtain the optimal hydraulic flow conditions. 

 Kaplan runners usually have four to seven blades radial oriented to the hub. The water 

flows axially. The head and the runner location relative to the downstream water level are the 
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factors that influence the number, the length and the shape of the blades. The hub diameter is 

also influenced by the available head, ranging from 40% to 60-70% of the runner diameter. 

The draft tube connects the runner exit to the tail race and consists of a tube cone, an 

elbow and a straight diffuser. The main role of the draft tube is to decrease the kinetic energy 

of water that leaves the runner into pressure, in order to increase the effective head of the 

turbine. 

 

1.2.2. Cam characteristic 

 

Since the blades are also adjustable for Kaplan turbines, there is an optimum blade 

angle for each guide vane angle. Their peak efficiency can be achieved over a wide range of 

flow conditions. The curve showing the dependency between the flow and the efficiency is 

named the cam characteristic or the combination line. The BEP (best efficiency point) is the 

exact point where both the blade and guide vane angles have optimum values 

 

η 
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Figure 1.2.2. Kaplan turbine cam characteristic 

 

The performance of Kaplan turbines is revised periodically and the cam characteristic is 

adjusted. In order to measure the discharge, the Winter-Kennedy method is used. This method 

uses the static pressure difference between two points inside the spiral case. The difference is 

due to the centrifugal force acting on the flow streams. 

 

        

(1.2) 

where:   is the Winter Kennedy constant and   is the power exponent. In theory this 

exponent is 0.5 but it is recommended to determine experimentally the values for both 

constants [7]. 

This is still a good method of determining the cam characteristic, but it is time and 

resources consuming. Because combination line loses its accuracy over time it must be 
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evaluated periodically. This is why a continuous online optimization of the cam characteristic 

would improve the power output of Kaplan units. 

 

1.3. Draft tube 

 

A lot of research has been carried out in attempts to predict the flow in a draft tube; both 

experimentally and the numerically. 

The velocity of the water at the runner outlet is high. By employing a diffuser, the 

velocity decreases along it. Most of the kinetic energy leaving the runner is recovered as 

pressure head, increasing the efficiency of the turbine.  

There are several types of draft tubes. The elbow draft tube investigated in this paper is 

common for large turbines, i.e., a power output higher then 10 MW. It is composed of a 

conical diffuser, an elbow and a straight diffuser. Because of the continuous and large 

increase of the cross sectional area conical diffuser, the major part of the kinetic energy is 

recovered here. 

  

 

 

 

 

 

 

 

 

 

Figure 1.3. Elbow draft tube 

 

According to Jonsson et al. [8], 70% of the pressure recovery occurs in the first 10% of 

the draft tube. Therefore the flow near the hub and in the expansion cone must be simulated 

accurately. 

 

1.4. The object of the thesis 

 

Over the last years the role of hydropower has changed due to the introduction of 

renewable sources. The increase in the load variations and the recurrent start-stops must be 

taken into consideration when designing turbines or optimizing their efficiency. 

A numerical model was developed and validated in the present paper. The aim is to 

evaluate different turbulence models and boundary conditions in order to simulate accurately 

the flow in a draft tube at BEP.  

The object of the thesis is to find a correlation between the pressure measured below the 

runner in the conical part of the draft tube, and the optimal guide vane angle. Such correlation 

may allow the optimization of the cam characteristic online. 

For this purpose, the influence of the tangential velocity over the draft tube pressure was 

specifically investigated. 
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2. Theory 

 

2.1. Governing equations 

 

The Navier-Stokes equations describe the fluid motion. Based on the fact that mass, 

energy and momentum are conserved, the equations are derived from elementary mechanics. 

The mass-conservation or continuity equation states that inside a control volume, the 

mass flow that enters or exits the surface is equal to the change in density: 

 

  

  
   (  )    

       (2.1.1) 

 

where:   is the fluid density and U is the velocity. The dilatation    gives the rate of increase 

of the volume of an infinitesimal material volume. 

This paper deals with a constant density flow (i.e.   is independent of both x and t). 

Because water is considered incompressible, the material derivative is zero. Therefore the 

continuity equation, Eq. (2.2.1) leads to the condition that the velocity field is solenoidal or 

divergence-free: 

 

            (2.1.2) 

 

The momentum equation is based on Newton’s second law and relates the fluid particle 

acceleration       to the surface forces and body forces that act on the fluid. The surface 

forces are described by the stress tensor    (   )      (   )  and the body force of interest is 

gravity. 

According to the momentum equation, these forces cause the fluid to accelerate: 

 

 
   

  
 

    

   
  

  

   
 

   (2.1.3)  

 

where:         is the gravitational potential (i.e. the potential energy per unit mass 

associated with the gravity). 

For the particular case of constant property Newtonian fluid, the stress tensor is: 

 

            (
   

   
 

   

   
) 

  (2.1.4) 

 

where: P is the pressure and   is the constant coefficient of viscosity.  

By substituting Eq. (2.2.4) into Eq. (2.2.3) and taking into consideration the fact that   

and   are constant, the Navier-Stokes equations are obtained: 
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  (2.1.5) 

 

A simplified form of the equation is given by defining the modified pressure,  

          : 

 

  

  
  

 

 
        

  (2.1.6)  

 

where:     
 

 
  is the kinematic viscosity. 

 

2.2. Numerical method 

 

There are three different approaches to discretizing spatial volumes: finite difference, 

finite volume, and finite element. 

The finite difference method (FDM) is the easiest to program even for complicated 

equations. It is currently only used in few specialized codes, but it is more adequate for 

complex geometry with high accuracy and efficiency. 

Finite element method (FEM) programming is more difficult and it is used in structural 

analysis of solids, but is also applicable to fluids. However, the FEM formulation requires 

special care to ensure a conservative solution and encounters problems with strong gradients. 

Another disadvantage is that FEM can require more memory and has slower solution times 

than the other two methods. 

 The finite volume method (FVM) is the most common approach used in CFD codes. 

The main advantages of this method are the memory usage and the solution speed, even when 

dealing with large problems and high Reynolds number flows. The governing PDE equations 

are remodeled in a conservative form and then solved over discrete control volumes. Thus, the 

conservation of fluxes through a particular control volume is guaranteed meaning that at any 

mesh density level, transported quantities are preserved. 

 

2.3. Turbulence and turbulence modeling 

 

Turbulent flows are unsteady motions in which quantities vary in time and space. 

Turbulent flows are irregular and hard to predict. Reynolds stresses are imposed by high 

levels of fluctuating vorticity, therefore turbulence is characterized by a rapid rate of 

momentum diffusion. 

The turbulent motions have a wide range of scales that become smaller as the Reynolds 

number increases. The Reynolds number is a measure of the relative importance of inertial 

forces over viscous forces. 

Introduced by Richardson in 1922, the idea of the energy cascade is that kinetic energy 

enters the turbulence at the largest scales of motion and is then transferred to smaller scales 

until it is dissipated by viscous action at the smallest scales.  
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This concept assumes that the turbulence is composed of eddies of different sizes 

having a characteristic length   , a characteristic velocity   and a time scale  ( )     ( ). It 

is important to know that a region occupied by a larger eddy can also contain smaller eddies. 

Of course questions concerning this theory, rise as the size of the smallest eddy 

responsible for dissipating energy remains undetermined. Also the dependency between the 

characteristic length and the characteristic velocity and timescale is just an assumption. 

Kolmogorov’s hypotheses (1941) seek to answer these questions and others more, 

stating that both the velocity and the timescales decrease as the characteristic length 

decreases. The first hypothesis (Kolmogorov’s hypothesis of local isotropy) states that at a 

sufficiently high Reynolds number, the small-scale turbulent motions are statistically isotropic 

[9]. 

However, when analyzing turbulent flows at realistic Reynolds numbers, the range of 

turbulent length and time scales is very wide. Most often the length scales are much smaller 

than the smallest finite volume mesh that can be used in a numerical simulation. 

 

2.3.1. Reynolds Averaged Navier-Stokes equations 

 

Introducing the Reynolds decomposition i.e. averaged and fluctuating quantities, the 

unsteadiness is averaged out and considered a part of the turbulence. The Reynolds Averaged 

Navier-Stokes (RANS) equations employ only the mean flow quantities and model turbulence 

effects without analyzing separately the turbulent fluctuations.  

The decomposition of the velocity  (   ) into its mean  ̅(   ) and the fluctuation 

 (   ) is known as the Reynolds decomposition. 

 

 (   )   ̅(   )   (   )          (2.3.1.1) 

 

Replacing the time averaged quantities into the initial equations Eq.2.2.1.2 and 

Eq.2.2.2.4. the Reynolds averaged equations are obtained. 

 

   ̅       (2.3.1.2) 

 

  ̅

  
  

 

 

  ̅

   
     ̅  

     ̅̅ ̅̅ ̅

   
 

(2.3.1.3) 

The detailed substitution is presented in [9]. 

 

2.3.2. Near wall flow 

 

The boundary layer is the region closest to the wall where the fluid velocity is smaller 

than the free-stream flow due to the no slip boundary condition at the wall. 

In turbulent thin shear layer flows the Reynolds number based on a length scale in the 

flow direction is always large implying that the inertia forces are dominating the flow being 

considerably larger than the viscous forces at these length scales. 
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Defining a Reynolds number based on the distance   from the wall, it is noticeable that 

as   decreases to 0 so will the Reynolds number based on  . 

 

    
   

 
 

(2.3.2) 

Right near the wall there is a range of values of   for which the value of     is 1, 

meaning that the viscous forces are of equal importance as the inertia forces. In flows along 

solid boundaries there is a major region of inertia dominated flow away from the wall and a 

thin layer within which viscous forces are dominant, not being influenced by the free stream 

parameters [10]. 

Farther away from the wall the velocity becomes logarithmically dependent on   , the 

dimensionless distance from the wall, as opposed to the layer closest to the wall. 

The near wall region is divided into three regions: 

 

 linear sub-layer – the viscous shear is governing the flow. This is the fluid 

layer that comes into contact with the wall. 

 

 log-law layer – both viscous and turbulent effects are important. This is the 

turbulent region near the wall. 

 

 outer layer – the region far from the wall which is dominated by inertia forces. 

 

 
Figure 2.3.2. Velocity profile near the wall 
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2.3.3. Near wall modeling  

 

In the matter of near wall flow modeling the most commonly used approaches are the 

wall-function method and the low-Reynolds-number method. 

The low-Reynolds method regards the numerical analysis of the viscous sub-layer. 

Basically this method implies that the transport models are integrated across the low-

Reynolds quasi laminar part of the boundary layer. This option does not involve any 

assumptions about the variation of velocity in the vicinity of the wall and requires the use of a 

fine mesh near the boundary.  

When working with low turbulence Reynolds number, the first solution are epsilon 

based models that have a complex damping function and a very highly refined grid near the 

wall (y  0.2). The problem is that they most often lead to numerical instability. The 

alternative is to use omega based models because they extend through the viscous sub-layer 

and allow laminar flow boundary conditions. Generally the low-Reynolds method is suitable 

for the turbulence models which are based on the omega equation, such as the Shear Stress 

Transport (SST) model. 

The analytical expression for   in the viscous sub-layer is: 

 

     
 

 

  

    
                 

  (2.3.3.1) 

where:     is the friction velocity. 

In this case the grid resolution near the solid boundary should be at least (y  2). 

Besides the fact that such fine mesh cannot be guaranteed in most applications, the main 

disadvantage of these models is that they request very fine near-wall resolution. Therefore the 

running time of the simulation and the computational costs are quite large. 

The wall-function method is using empirical formulas that set adequate conditions near 

the wall without literally resolving the boundary layer. Wall functions can provide boundary 

conditions for the momentum and turbulence transport equations assuming that the flow near 

the walls behaves like a fully developed turbulent layer. 

CFX-5 introduces three different approaches in the matter of wall functions: the 

standard wall function, the scalable wall function and automatic near-wall treatment. 

The standard wall functions are a set of empirical formulas founded on the premise that 

near-wall cells lie within the logarithmic zone of the boundary layer. The mean velocity 

profile is given by: 

 

   
  

  
 

 

 
  (  )    

(2.3.3.2) 

with:      
  

 
 ,      (

|  |

 
)
   

 

where:    is the simulation velocity,    is the velocity tangent to the wall at a distance   from 

the wall,    is the friction velocity,     is the dimensionless distance from the wall, κ is the 

von-Kármán constant and   is a log-layer constant depending on wall roughness,   is the 

kinematic viscosity of the fluid flow and     is the wall shear stress. 
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Assuming that turbulent kinetic energy production equals dissipations in the log-layer,   

and   can be determined for each wall-adjacent cell: 

  
  

 

  
   

 

(2.3.3.3) 

 

  
  

 

  
 

(2.3.3.4) 

This method is less reliable when the cells are down to the viscous sub-layer because 

here, the energy production is a lot smaller than the dissipation. 

The scalable wall functions introduce a limiter in the   calculations but reduce the grid 

sensitivity (or the    dependency). In this case, the dimensionless distance from the wall will 

be y   min(y , 11.0 7). These functions are used as default for the epsilon-based models i.e. 

LRR, QI, SSG Reynolds Stress, k-ε, RNG k-ε. 

For the SST turbulent model, automatic near wall treatment is the default option. As the 

mesh is refined, this method shifts from wall-functions to the low-Reynolds formulation. The 

wall values for   and    are blended between the two formulations: 

 

       
      

  

(2.3.3.5) 

where:      
 

 

  
 

         and         
 

√   

  
 

    

 

  
  (  

   )
 
 (  

   
)
 
 

(2.3.3.6) 

where:   
    

 

       and      
   

 
 

 
 ⁄     (  )  

  [11] 

 

2.3.4. Turbulence models 

 

For the majority of the engineering applications solving the details of the turbulent 

motion is not mandatory. Based on assumptions about the turbulent fluctuations, the 

turbulence models have and empirical side consisting of functions or constants and 

coefficients. These models are calculating the mean flow without needing to determine the 

full time dependent flow field first. 

In order to be effective, a turbulence model must be simple, exact and applicable to a 

wide range of phenomena. 

The classical models are based on the time averaged Reynolds Averaged Navier-Stokes 

equations. These may imply zero, one two or even seven partial differential equations (PDE) 

but the most used computational models are those using two or more transport equations. 

In this paper two different turbulence models are employed, the     model is using a 

scalable near wall function and the Shear Stress Transport (SST), the automatic near wall 

treatment. 
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The     model 

 

The standard     model was first developed by Jones and Launder (1972), with 

Launder and Sharma (1974) providing improved values of the model constants. 

Being used for the simulation of both incompressible and compressible flows, this 

turbulence model is focused on the mechanisms that affect the mean kinetic energy per unit 

mass associated with eddies in turbulent flow,  . The turbulent eddy dissipation   is the rate at 

which the kinetic energy is converted to thermal internal energy. The transport equations for 

the turbulent kinetic energy   and its dissipation rate  , are solved and the Reynolds stresses 

are modelled in terms of   and  . 

The instantaneous kinetic energy of a turbulent flow has two components, the mean 

kinetic energy    and the turbulent kinetic    energy: 

  
 

 
(        ) 

(2.3.4.1) 

  
 

 
(   ̅̅ ̅̅     ̅̅ ̅̅     ) 

(2.3.4.2) 

 ( )      

(2.3.4.3) 

The rate of dissipation per unit mass describes the dissipation of   due to the work done 

by the smallest eddies against the viscous stresses and is defined as: 

 

       
    

 ̅̅ ̅̅ ̅̅ ̅ 

(2.3.4.4) 

The simplified model transport equations used for   and  : 

 

 (  )

  
    (   ̅)     [(  

  

  
)      ]                

 

(2.3.4.5) 

 

 (  )

  
    (   ̅)     [(  

  

  
)      ]     

 

 
               

  

 
 

(2.3.4.6) 

 

where:      - the mean rate of the fluid flow deformation 

                 - the eddy viscosity: 

       

  

 
 

(2.3.4.7) 

               and    – Prandtl numbers 

The equations include five constants which in the standard     model have the 

following values, valid for high Reynolds number flows: 
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0.09 1 1.3 1.44 1.92 

 

The first terms of the two equations represent the rate of increase for   and    while the 

second terms, the convective transport. The right side of the equations contains the 

expressions of the diffusive transport, rates of production and rates of destruction. 

The Reynolds stresses are calculated as follows: 

    
   

 ̅̅ ̅̅ ̅̅    (
   

   
 

   

   
)  

 

 
             

 

 
      

(2.3.4.8) 

where:        if      and        if      

The term  
 

 
      ensures that all the normal stresses sum to   [12]. 

 

The     model 

 

The SST model was developed by Menter (1994) and it is also a two equations eddy 

viscosity model. The improvements brought by this model are a limitation of the shear stress 

in adverse pressure gradients and the fact that it is actually a combination of the     model 

(for the outer region) and the     model (for the boundary layer). 

The     model created by Wilcox (1988) solves two transport equations: a modified 

version of the   equation used in the     model and one for the turbulent frequency   . 

  is the specific dissipation rate and represents the rate at which turbulent kinetic 

energy   is converted to thermal energy per unit volume. 

  
 

   
 

(2.3.4.9) 

Turbulent viscosity is considered isotropic, this being a major drawback for this model 

and its value is given by the formula: 

    
 

 
 

(2.3.4.10) 

The transport equations for the turbulent kinetic energy and the specific dissipation rate 

are: 

 (  )

  
    (   ̅)     [(  

  

  
)       ]                   

(2.3.4.11) 

 (  )

  
    (   ̅)     [(  

  

  
)      ]   

 

 
                

(2.3.4.12) 

The model constants have the following values: 

 

             

0.09 1 1.3 2 2 
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Both      and      models are applicable for a wide range of practical engineering 

problems and different flow situations. The disadvantages of the     model  are that it over 

evaluates the shear stress values in adverse pressure gradient flows and it performs poorly 

when it comes to geometries with high curvature or strong swirling flows. On the other hand 

the     model is better at predicting the shear stress and does not use damping functions. 

However, the problem is that this model is sensitive to free stream conditions. An improved 

model is developed by Menter (1994) combining the two aforementioned.  

In order to preserve the accuracy of the      model in the near wall region and 

maintain the independence that the      model shows in the outer part of the boundary 

layers the SST model has been created by blending the other two. 

The transport equations are as follows: 

 

 (  )

  
    (   ̅)     [(  

  

  ̃
)       ]                   

(2.3.4.13) 

 (  )

  
    (   ̅)     [(  

  

  ̃
)      ]  (    )

  

   
            ̃

 

 
            ̃    

(2.3.4.14) 

where all the coefficients           
⁄     

⁄  are a function of the blending function   : 

 

 ̃           (    ) 

 (2.3.4.15) 

 

For the inner layer      and towards the outer layer,      . 

The constants: 

 

                               

0.09 0.075 0.0828 5/9 0.44 2 1/0.856 2 1 

 

The advantages of the SST models are that it combines all the good parts of        and 

    models and it provides an accurate prediction of flow separation problems. The 

disadvantages would be that due to its increased complexity, the requirement for 

computational resources is higher. 

 

2.4. Mesh quality 

 

The software chosen to create the mesh for this study is ANSYS-ICEM CFD. It is a 

highly recommended program as it can mesh large and complex models effectively and 

provide an advanced control of the mesh. ANSYS-ICEM CFD is used to mesh a geometry 

which is already created in another CAD software. 

There are two different ways of creating a computational mesh, the automatically 

produced unstructured mesh, or the manually created structured mesh. The structured mesh is 

known to be better regarding the numerical error but it is also more difficult to make. The 

unstructured mesh is quicker to make but the elements have sharper angles and the size 

difference between two adjacent elements can be large. 
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Both a structured and an unstructured mesh can be generated in ICEM and both have, of 

course, advantages and disadvantages. The structured mesh can support a high amount of 

skewness or stretching without affecting the solution. It permits a higher level of control 

allowing the mesh to better meet the requirements of the user. Because the grid is flow 

aligned, the solver converges faster and post-processing is easier. On the other hand, creating 

a structured mesh is more time-consuming than the unstructured option which is more 

adequate for inexperienced users. When creating a structured mesh, the correlation between 

node or element indices is defined by i, j, k index and not by node numbers, as it would be in 

an unstructured format. 

Once the CAD model is imported, a block is created around the entire geometry. This 

block, also called the 3D bounding box is then divided into smaller blocks. The splitting 

process allows block edges to be associated to the geometry. Parameters such as the number 

of nodes, the node spacing and the different bunching laws can be set for each edge 

separately, thus giving the user a better control over the mesh. The solver used to obtain the 

solution in the present paper is CFX-Solver. CFX is an unstructured solver, therefore it does 

not require the mesh to follow any node or element connectivity conventions 

After the structured grid is created in ICEM, it is converted to an unstructured one. It 

still holds the advantages of a flow aligned hexahedral mesh but it is unstructured when 

considering node connectivity. 

Creating a mesh of adequate quality is an important part of controlling discretization 

error. When solving the linear equations produced in the discretization procedure it is 

mandatory to meet the quality criteria in order to avoid round-off errors. Significant measures 

of mesh quality may be broadly categorized as measures of mesh orthogonality, expansion 

and aspect ratio (or stretching) as shown in the CFX-Solver Theory Guide: 

 mesh orthogonality - a concept that relates to how close the angles between 

adjacent element faces or adjacent element edges are to some optimal angle (for example, 90º 

for quadrilateral faced elements and 60º for triangular faces elements); 

 mesh expansion - the rate of change in the magnitude of adjacent element face 

areas or volumes; 

 mesh aspect ratio - the degree to which mesh elements are stretched [11]. 

For each criterion there is a suggested acceptable range in order to decrease 

discretization errors and ensure convergence and precision. The corresponding criteria 

available in ANSYS-ICEM and the suggested values are presented below as defined in the 

Help Manual: 

 maximum dihedral angle - the maximum angular space contained between 

planes which intersect. The acceptable range as it is presented in the CFX-Solver Theory 

guide is less than 170. The actual value used for the present mesh was less than 155; 

 minimum angle - the internal angle deviation from 90 degrees for each element. 

If the elements are distorted and the internal angles are small, the accuracy of the solution will 

decrease. Preferably, the minimum angle should be greater than 18°, but it is mandatory that it 

is greater than 9°; 

 volume change - is calculated for each element by finding the maximum volume 

of all its neighboring elements and dividing it by the volume of the element itself. The 
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element volume ratio requested by CFX-Solver should be less than 20. Even so, in order to 

satisfy this criterion, the volume change value for ICEM was less than 15; 

 aspect ratio - is determined by the size of the minimum element edge divided by 

the size of the maximum element edge. Experts recommend a value below 1000 if running 

double precision. However, when modeling turbulent flows and generating boundary layer 

meshes, the aspect ratio value can go up to 10000 [11]. 

2.5. Steady - state VS transient state 

The flow may be simulated as steady or unsteady in ANSYS CFX. The main difference 

between the two approaches is the time step used by CFX Solver. In order to solve steady-

state problems, a false timescale or time step is used so as to reduce the variation of the 

quantities during each iteration, this way improving convergence. Regular time intervals or 

time steps are used to solve the governing equations in transient simulations. A fixed number 

of iterations are performed to achieve convergence at each time step. 

 

3. Test case 

 

The model of the Porjus U9 Kaplan turbine was investigated both experimentally [13], 

[14] and numerically [13]. The prototype turbine is located at the Lule River in northern 

Sweden. Measurements have been performed at the Vattenfall Research and Development test 

facility in Älvkarleby, Sweden. 

Being quite close to the upper limit for Kaplan turbines, the operational head is 55 m 

and the maximum discharge capacity is 20 m
3
/s, for the power of 10 MW. The turbine has 18 

stay vanes, 20 guide vanes and 6 runner blades. 

The draft tube was built at a 1:3.1 scale model of the prototype turbine. The turbine 

model has a runner diameter of 0.5 m and the runner of the prototype turbine, 1.55 m. During 

the measurements period, the operational net head was H = 7.5 m and the runner rotational 

speed was N = 696.3 rpm. 

The model was investigated at BEP having a guide vane angle of 26º and the 

corresponding volume flow rate Q = 0.71 m
3
/s. 

 

3.1. Experimental investigation 

 

Velocity and pressure measurements were carried out by Mulu B. et al. (2012). The 

velocity measurements were performed using the Laser Doppler Anemometry (LDA) 

technique at four different windows. The windows were placed at angular positions a, b, c and 

d with 90º around the cone circumference. For each angular position, three different locations 

have been investigated: section I, II and III (Table 1). The first section is situated just below 

the runner in the upper part of the conical diffuser and the other two were in the middle and 

near the end of the draft tube cone, respectively. The cone angle is 6.1º. 

The exact location of the three profiles as described in Mulu and Cervantes [15]: 
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Profile 

Location (mm) 

a(0º) b(90º) c(180º) d(270º) 

I 334.3 334.3 334.3 334.3 

II 492.6 492.6 492.6 492.6 

III 716.2 691.3 716.2 691.3 

 

Table 1. Locations of the three profiles from the hub 

 

The pressure measurements were performed with the help of twenty pressure taps 

placed in the conical diffuser along the inner and outer radius of the draft tube (Figure 3.1.1). 

Five taps were mounted equally spaced in the vertical direction at four positions (profiles 

P_1to P_5) around the circumference cone, following the exact same positions used for the 

LDA measurements. The pressure measurement locations in the draft tube as described in 

Mulu el al. [15]: 

 

 

Profile 

Location 

(mm) 

P_1 249.39 

P_2 376.39 

P_3 503.39 

P_4 630.39 

P_5 757.39 

 

Table 2. Locations of the five profiles from the hub 

 
Figure 3.1.1. Pressure taps positions, marked with blue dots and LDA sections I, II and III 
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Figure 3.1.2. Draft tube cone positions for the pressure and velocity measurements  

 

3.2. Geometry 

 

This paper analyses numerically the flow through the draft tube of the Kaplan turbine 

model, Porjus U9. The geometry is a 1:3.1 scaled model of the elbow draft tube installed 

downstream of the runner in order to recover pressure.  

 

 
 

Figure 3.2.1. The CAD model of the Porjus U9 model 

Inlet 

Outlet 
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(a) 

 
(b) 

 

Figure 3.2.2. Main dimensions of the draft tube: (a) view from Y-axis, (b) view from the Z-axis 

 

  



20          Raluca Gabriela Iovănel 

 

3.3. Mesh  

 

Two different turbulence models were studied in this thesis,       and the SST model. 

As stated before, the meshing process differs for the two as the SST model requires a finer 

mesh near the wall.  

 
 

                        
       inlet    outlet 

 

Figure 3.3.1. Mesh model       

 

                        
       inlet    outlet 

 

Figure 3.3.2. Mesh model SST 
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3.4. Boundary conditions 

 

For this study the inlet boundary condition was the velocity specified in a local 

cylindrical coordinate system. The axial and tangential velocities were measured by Amiri K. 

in his experimental investigation [16]. The values for the radial component were obtained 

from a CFD simulation done by Mulu B. [13]. 

The wall boundary is a solid impenetrable boundary to fluid flow. The no slip boundary 

condition implies that the fluid near the wall boundary moves at the same velocity as the wall. 

For the walls of the draft tube, the fluid velocity is zero. However the hub is part of the 

Kaplan runner and is therefore a rotating wall. The angular velocity specified is the rotational 

speed of the runner: 

 

            

(3.4.1) 

The opening boundary allows fluid to flow simultaneously in and out of the domain 

crossing the boundary surface in either direction. A region is defined as an opening when the 

information at the location is not entirely available, for example when the pressure value is 

known but not the direction of the flow. In this situation, the opening boundary condition was 

specified as a Relative Pressure value: 

 

              

(3.4.2) 

CFX-Solver treats the specified value of the pressure differently according to the 

direction of the flow. On that account, if the flow is directed out of the domain then the value 

is considered static pressure, otherwise if the flow is entering the domain, the value is taken as 

total pressure and the static value is calculated [11]. 

 

4. Results and discussions 

 

4.1. Discretization error 

 

A mesh sensitivity analysis was performed in order to choose an adequate level of 

refinement that is also efficient considering the computer resources. 

Three different meshes were made with sizes of 1.7, 3.4 and 7 million elements, and 

were studied in both steady-state and transient mode.  

The parameter selected to evaluate if the model is mesh independent is the standard 

deviation S. This is calculated as the average of the squared difference between the measured 

and simulated values for each measuring section: 

   √
 

 
∑(     ) 

 

   

 

(4.1.1) 
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where:    is the measured pressure,     is the simulated pressure, i = 1..5 for each measuring 

section. This parameter is plotted versus   , a variable dependent on the number of elements: 

  
 

√ 
  

(4.1.2) 

where:   is the number of elements for each mesh. 

 
 

Figure 4.1. Mesh sensitivity analysis 

 

The optimal value for the S parameter is expected for “the infinite size mesh”. In other 

words, when n = 0 the simulation is independent of the error due to the space discretization, 

i.e., the mesh. 

According to the Journal of Fluid Mechanics [17], this optimal value is extrapolated in 

order to estimate the discretization error: 
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The discretization error is calculated as follows: 

  
|       |

    
     

where:      is the standard deviation calculated for the infinite size mesh (n = 0); 

    is the same parameter calculated for each size of mesh. 

The mesh with 1.7 million provides very similar results for the steady and transient 

case. The relative discretization error is 18.33% in the steady case and 6.5% in the transient 

case. 

In the 3.4 million case, the steady case performs better with 0% discretization error, 

compared to 22.25% estimate for the transient simulation. 

The 7 million mesh behaves oddly. The steady state gives the exact results as the 3.4 

million mesh, thus leading to the 0% discretization error. The transient simulation is even 

more peculiar. Instead of constantly decreasing, the standard deviation reaches a minimum for 

the 3.4 million mesh and then increases up to 17.49% for the 7 million mesh. This may be a 

sign that the transient mesh do not allow results in the asymptotic region, i.e., monotone 

gradient of the result. 

Considering this analysis, and the limited computational resources, the model with 3.4 

million elements was selected for further analyses. 

 

4.2. Turbulence models 

 

In order to investigate in detail the boundary layer, another model was created. This 

model is using the SST turbulence model instead of the    . As opposed to the     model 

which had       , the SST model had a smaller dimensionless distance from the wall    

 . The mesh had approximately 9 million elements and was finer according to the quality 

criteria specified in chapter 2.3. 

In Kaplan turbines, a hub clearance jet should be present at the runner outlet section in 

order to  avoid flow separation. The inlet boundary conditions defined in this paper, are 
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stationary, while in reality they should be rotating. In consequence, the simulation shows an 

early separation (Figure 4.2.1) even though the operating point analyzed was BEP. In the 

steady-state simulation, the separation is more visible, justifying the poor results in the upper 

part of the draft tube cone. 

 
(a) 

 
(b) 

Figure 4.2.1. Flow separation near the hub: (a) steady-state simulation, (b) transient simulation. 
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For each of the two turbulence models, the simulation was run in the steady-state and 

transient mode. The pressure values and both the tangential and the axial velocity values, 

obtained from the simulations were compared to the measurements (Figures 4.2.2 - 4.2.7). 

For the       model, the relative errors between the measured and simulated pressure 

values decrease in size from profile P_1 (closest to the hub) to P_5 (Figure 4.2.2). The errors 

range from approximately 0.1% in the first section below the runner, to 0.02% in the last 

section. 

The differences between the results given by the steady-state and the transient 

simulations are small. Comparing all the five measuring sections, the largest difference is 

0.005% and it is obtained in the first measuring section. 

 

 
 

Figure 4.2.2. Pressure simulated with the      model (steady and transient state) and 

measured values: sections P_1 to P_5 

 

The errors for the SST model are larger but have the same variation, decreasing from 

profile P_1 to profile P_5. In this case, the absolute errors range from 461 Pa in the section 

closer to the inlet (11% of the measured value), to 80 Pa in the fifth section (5.6%). The 

largest value is 62 Pa in the first section, because of the hub influence (with the stationary 

boundary condition).  

 
 

Figure 4.2.3. Pressure simulated with the SST model (steady and transient state) and measured 

values: sections P_1 to P_5. 
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Both turbulence models have large errors when predicting the axial velocity near the runner 

axis. In measuring section I, the peak value given by the       model is 3.5 m/s and it occurs at 

100 mm from the axis. The measured axial velocity reaches the maximum value of 3.6 m/s closer to 

the centre at 50 mm from the axis (fig. 4.2.4 a). This shifted velocity peak can be noticed for both the 

steady-state simulation and the transient one. It is attributed to the inlet boundary conditions which 

promote an earlier separation on the runner cone and create a recirculation below it. 
The steady – state simulation over estimates the values for the axial velocity near the 

centre of the draft tube cone with nearly 250% for the      simulation. On the other hand, 

the transient model calculates a negative axial velocity showing that the flow is recirculated in 

the vicinity of the hub. 

Closer to the shroud, the steady-state and the transient values align and for section I, 

the errors being smaller. However, the differences between the measurements and the 

simulations are larger in the third section (fig. 4.2.4 b). 

 
(a)                                                                 (b) 

Figure 4.2.4. Axial velocity simulated with the       model (steady and transient state) and 

measured values: (a) - section I, (b) - section III. 

The two turbulence models give similar results in the measuring section closest to the 

runner. The maximum value for the axial velocity is also shifted towards the shroud.  

When using the SST model, the steady-state simulation over predicts the velocity 

values near the axis by 300%. The errors are larger than in the     case. The transient 

simulation also gives negative results in the centre of the section (fig. 4.2.5 a). 

As opposed to the      model, the SST has larger errors when computing the axial 

velocity further from the runner, in the third measuring section (fig. 4.2.5 b). 

 
(a)         (b) 

Figure 4.2.5. Axial velocity simulated with the SST model (steady and transient state) and 

measured values: (a) - section I, (b) - section III. 
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The errors are smaller when it comes to the tangential velocity. The steady-state     

model gives a maximum value of 2.6 m/s in the first measuring section at 50 mm from the 

runner axis (fig. 4.2.6 a). The transient simulation overestimates the peak velocity at 3.4 m/s 

while the measured value is 2.9 at 30 mm from the axis (fig. 4.2.4 a). Closer to the shroud the 

differences between the steady-state and the transient mode are very small and the values 

follow the measured values. 

In the third section, the errors increase closer to the shroud (fig. 4.2.6 b). As in the first 

section, the steady-state values differ from the transient ones near the centre of the section but 

further from the axis, they resemble the measurements.  

  

(a)         (b) 

Figure 4.2.6. Tangential velocity simulated with the       model (steady and transient state) 

and measured values: (a) - section I, (b) - section III. 

 

The SST model seems more accurate when calculating the velocity near the runner axis 

in the first section. The peak velocity is 2.8 m/s given by the transient simulation and 2.4 m/s 

in the steady-state simulation. Both peaks are found at 50 mm from the runner axis as 

opposed to the measured maximum value which is closer to the axis. 

In the third section the errors are larger than in the first. The maximum tangential 

velocity is now obtained near the shroud. Both the steady-state and the transient state 

simulation over estimate the peak values. The maximum measured value is 1.14 m/s, whereas 

the steady-state value is 1.66 m/s and the transient state, 1.4 m/s. 

 

(a)         (b) 

Figure 4.2.7. Tangential velocity simulated with the SST  model (steady and transient state) 

and measured values: (a) - section I, (b) - section III. 
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4.3. Swirl influence 

 

In order to find a possible correlation between the pressure measured below the runner 

in the conical part of the draft tube, and the optimal guide vane angle, the influence of the 

tangential velocity was investigated. 

The inlet boundary condition was modified and several simulations were run for 

different tangential velocity values ranging from 95 to 105% out of the BEP value. 

 

 
 

Figure 4.3.1. Swirl influence – steady state 

 

 
 

Figure 4.3.2. Swirl influence – transient state 

 

If the tangential velocity at the inlet boundary of the draft tube cone is different from the 

BEP value, the pressure below the runner is expected to be larger. However, the pressure 

values obtained in the 95% of the tangential velocity case are the closest to the values 
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corresponding the 100% case. The simulations using 99 and 101% of the tangential velocities 

show the largest difference when compared to the original case. 

The fact that the curves intersect (Figure 4.3.1 - 4.3.2) shows that the same pressure 

values are expected to be obtained for different percentages of the tangential velocity. This 

problem is more obvious in the steady-state simulation. 

In consequence, a correlation between the tangential velocity and the pressure values 

below the runner can not be clearly determined. A transient simulation with a more accurate 

model and better boundary conditions might provide more information concerning this 

hypothesis. Therefore further investigations should be done, before drawing a conclusion 

considering this aspect. 

 

5. Conclusions 

 

In this thesis, the flow in the draft tube of a Kaplan turbine was investigated at the best 

efficiency point using numerical simulations. 

The numerical model was developed and validated using pressure and velocity 

measurements performed in the draft tube cone. Two different turbulence models:        and 

SST, were evaluated and different boundary conditions were tested. For each model, different 

sizes of mesh were created. The influence of the mesh discretization was also investigated.  

Simulated pressure and velocity values are presented together with the measurements 

and compared in order to validate the model. According to the mesh sensitivity analysis and 

discretization errors, two numerical models were selected: one       model with 3.4 million 

elements and one SST model with 9 million elements. 

The     turbulence model performs better than the SST model. Both the pressure and 

the axial and tangential velocity values are closer to the measured values in the      case. 

The influence of the tangential velocity over the draft tube pressure was studied so as to 

determine if an online optimization of the cam characteristic is possible. A conclusion can not 

be drawn at this stage of the research.  

Further research is recommended in order to better investigate this theory. A stage 

simulation could give more accurate results and show a more clear correlation between the 

tangential velocity at the runner outlet and the pressure measured in the draft tube cone. 
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