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Abstract 
The Norwegian company Rainpower ASA has decided to develop turbines for 

rivers with low vertical drop (head) called Kaplan turbines. The development 

requires many steps and an important one is to find a model to make a trust-

worthy prediction of the pressure recovery in the draft tube with the help of 

computational fluid dynamics (CFD) since the influence of the draft tube is 

large for low heads.  

This thesis describes the investigation of steady-state CFD-simulations of the 

flow in a Kaplan draft tube; different boundary conditions and setups were 

investigated. The simulations are compared with experiments made on the 

Hölleforsen draft tube [1]. The main work for the thesis was performed using 

ANSYS CFX at Rainpower ASA.  

The investigation indicates that a steady-state simulation works as fine as a 

transient to predict the flow. An unstructured mesh with a maximum y+ of less 

than 500 is best with respect to numerical stability and accuracy. The k-ε 

turbulence model seems to predict the flow more accurately than the SST 

turbulence model. The RSM turbulence model was numerically unstable and 

slow. When using physically realistic turbulence intensity as a function of the 

radius, the simulations were much more stable than if only using constant 

turbulence intensity. The boundary layer thickness, shape and even presence 

do not seem to influence the flow significantly.   
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Nomenclature 
 

Quantities Explanation Dimension 

   Potential energy     

  Mass      

  Gravity  
 

    

  Head     

   Hydraulic pressure      

  Density 
 
  

    

     Net head     

   Static head     

      Head losses     

  Gravity  
 

    

  Flow rate 
 
  

 
  

  Runner diameter     

    Unit flow     
 

     
     

   Efficiency     

   Mass flow rate 
 
  

 
  

  Area      

    Velocity  
 

 
  

       Total pressure (static + dynamic)      

        Static pressure      

      Free stream velocity  
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  Kinematic viscosity 
 
  

 
  

  Distance from leading edge     

  Distance from wall     

  Dimensionless distance from wall     

  Dynamic viscosity        

  Characteristic lengh     

   Hydraulic diameter     

  (Wetted) perimeter     

   Wall shear stress 
 
 

    

   Friction velocity  
 

 
  

   Dimensionless distance from wall     

  Boundary layer thickness     

  Boundary layer exponent     

   Reynolds number     

   Displacement thickness     

  Swirl number     

   Mean velocity  
 

 
  

   Deviation/fluctuation of velocity  
 

 
  

  Temperature     

   Initial temperature     

  Thermal expansion coefficent       

    Kronecker’s delta     

  Kinetic energy 
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  Viscous eddy dissipation 
 
  

  
  

ω Frequency of viscous eddy dissipation 
 
   

 
  

   Tangential velocity  
 

 
  

   Axial velocity  
 

 
  

   Radial velocity  
 

 
  

  Length scale of eddies     

    Inlet bulk velocity  
 

 
  

    Area of inlet      

   Pressure recovery coefficient     

  Radius, distance from center of draft tube     

 

Abbreviations Explanation 

CFD Computational fluid dynamics 

BEP Best efficiency point 

HL High load 

LL Part load 

RANS Reynolds average Navier-Stokes 

LES Large eddy simulation 

DNS Direct numeric simulation 

CV Control volume 

CS Control surface (surrounding CV) 
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1 Introduction 
The political desire to reduce nuclear power and fossil fuel in many parts of 

Europe and the rest of the world will probably cause a lack of electricity. This 

lack may be compensated with power sources that are considered renewable, 

such as wind, solar and water power. When increasing solar and wind power, 

water power is needed as a backup for cloudy and calm days but also as a 

phase compensator and it can be concluded that water power has become an 

indispensible electricity supplier.  

Many power plants, especially in Scandinavia, are getting old and needs to be 

upgraded. Most of them are of Kaplan type. An upgrade often implies a new 

runner design and since there is a strong interaction between the flow in the 

runner and the draft tube in Kaplan turbines, there is a need to understand 

how water flows in the draft tube to design an efficient runner.   

Rainpower ASA has its headquarters and research and development 

department in Kjeller close to Oslo. It originates from Kværner and later 

General Electrics from which it was bought in 2007. Rainpower has produced 

Francis and Pelton turbines and is now in progress of developing Kaplan 

turbines. Such development requires many steps and one is to find a model to 

make trust-worthy predictions of the pressure recovery in the draft tube 

through steady-state CFD-simulations. A trust-worthy prediction is a 

simulation which is numerically stable (well converged) and shows a flow 

pattern similar to the one found from experiments.   

This thesis presents an investigation of CFD-simulations to predict the flow in 

a Kaplan draft tube. The main purpose was to evaluate how well CFD-

simulations agree to experiments and how different boundary conditions affect 

the simulations and the predicted pressure recovery of the draft tube. 

Simulations were made using the commercial software ANSYS CFX on the 

Hölleforsen draft tube [1] and a new draft tube designed at Rainpower ASA. 

The work was made at the research and development department at 

Rainpower ASA in Kjeller close to Oslo, Norway.  

1.1 Approach 

1. A literature study was made to understand the difficulties of CFD-

simulations for Kaplan draft tubes and to find a general pattern for the 

inlet velocity profile.  
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2. CFD-simulations were performed with different meshes and boundary 

conditions to achieve good convergence.  

 

3. CFD-simulations were performed with different parameters, such as 

turbulence models, turbulence intensity, boundary layers and 

computational domain and then compared to experiments.  

  



CFD model for Kaplan Turbine Draft Tube 2012-03-18 

Nomenclature 

 

 

 

s. 15 (67)  

2 Literature review 
Much research has been made to predict the flow in a draft tube. The research 

can be divided into two parts; experimental using different techniques and 

numerical where experimental results are used for validation. 

A major part of the research has been connected to the Turbine 99 seminars I, II 

and III where CFD-simulations were compared with experiments made on the 

Hölleforsen draft tube [2].  

The results have been of great use for the thesis but have not constrained the 

work particularly since many conclusions from different articles are 

contradictory.  

The efficiency of the draft tube is important for the efficiency of the entire 

power plant and especially for a Kaplan turbine since the relative loss is 

inversely proportional to the head. 50% of all losses in a Kaplan power plant 

may occur in the draft tube according to Andersson[3].  

The flow around the hub and in the expansion cone is important to simulate 

accurately since up to 70% of the pressure recovery may occur in this region 

according to Jonsson[3]  

A similar conclusion was drawn in Andersson[4], where it reads that 80% of 

the total pressure recovery in a Kaplan draft tube happens in the first 10% of 

the draft tube.  

2.1 CFD simulations 

Simulation of flow in Kaplan draft tubes has been a subject of interest for 

several years.  

2.1.1 Turbulence model 

A thorough study was made by Mulu[5] to validate CFD-simulations with 

experiments made on the Porjus U9 draft tube. RSM (SSG and BSL), RNG k-ε, 

SST and standard k-ε were compared. RSM was best to capture the flow but 

costly in terms of CPU time. SST and k-ε gave similar results in Mulu[6] but 

Hellström[7] finds difficulties to get simulations with SST to converge.  

Andersson[4] draws a similar conclusion. It is important to catch flow 

separations in the draft tube to predict losses. The k-ε turbulence model was 

not considered sufficient as it seems to under-predict flow separation. The SST 

model is slightly better than the k-ε model. However, it is suggested to use the 
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RSM model for draft tube calculations since the Reynolds number is high; the 

SSG RSM is suggested. A higher order scheme is suggested for the spatial 

discretization and second order accuracy for the momentum to make good 

simulations.  

The conclusion that the k-ε turbulence model is not sufficient for draft tube 

calculations was confirmed by Staubli[8], where simulations of the Hölleforsen 

draft tube were made. The SST model was used instead of the k-ε model by de 

Henau[9] due to the same reason.  

Gehrer[10], investigated a bulb turbine using the k-ω and och the k-ε model. 

No significant difference between the results was found.  

Gyllenram[11] suggests that the Boussinesq approximation give incorrect 

results when simulating the flow in a conical diffuer, such as a draft tube. This 

would imply that all turbulence models using Reynolds average Navier-Stokes 

(RANS), including k-ε, k-ω, SST and RSM, are insufficient. 

2.1.2 Inlet turbulence intensity 

There is no consensus for the choice of inlet turbulence intensity. According to 

Mulu[5] an inlet turbulence intensity of 1% or an experimentally determined 

work both fine but the results of de Henau[9] and Hellström[7] indicate that 

the choice of the inlet turbulence intensity is very crucial for the out coming 

results and convergence.  

2.1.3 Computational domain 

Mulu[5] found that a stage calculation, including 1/6th of the runner into the 

domain, over-predicts flow separation close to the hub and simulating the 

draft tube alone with experimental inlet velocity profiles give better agreement 

to experiments when using the RSM turbulence model.  

de Henau[9], Gehrer[10] and Hellström[7] conclude that a well performed 

steady-state stage simulation works as well as time-dependent rotor-stator 

simulations. 

According to Gyllenram[11] the mesh close to the wall, called inflation layers, 

is crucial to make a good simulation and a good mesh is important in general 

since many unwanted phenomena can occur, such as unphysical pressure 

fluctuations, Cervantes[12].  
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Andersson[4] concludes that a mesh of 700,000 cells is not enough to simulate 

the flow in a draft tube, but a mesh with around 2 million cells should be 

sufficient according to Cervantes[12].  

2.1.4 Inlet velocity profile 

The inlet velocity profile is important for the behavior of the flow in the draft 

tube.  

The flow in a draft tube is non-axis-symmetric, due to the runner blades. 

Mulu[5] wanted to investigate if an axis-symmetric inlet velocity profile is 

appropriate. When it comes to the profile though, an experimentally 

determined is necessary according to Cervantes[12] and Motycak[13]. A 

calculated radial velocity which makes the flow follow the wall at the inlet is 

desirable for the simulation to converge and avoid to separations in the first 

expansion cone of the draft tube, Andersson[4].  

2.2 Experiments 

In order to understand how a draft tube works, velocity profiles from 

experiments were collected and analyzed. The velocity profiles were compared 

at several cross sections, one just below the blades,      , one just below the 

cone,       ,      ,       and      , see Figure 1 and Figure 2. 

 

Figure 1. Sketch of Hölleforsen draft tube [1] 
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Figure 2. Cross sections 

2.2.1 Evaluation at BEP 

Experimental data from Hölleforsen were found in Engström[14] and 

Andersson[2], from Laval Uni in de Henau[9] and from CKD Blansko in 

Motycak[13]. Laval Uni has a unit flow rate         , Hölleforsen       

and CKD Blansko         .     is called the unit flow rate and is defined as 

    
 

     

  
(2.1) 

where   is the actual flow rate,   is the runner diameter and    the static head. 

 

Figure 3a, b. Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ia at BEP 

In the cases where the bulk velocity       was unknown (Hölleforsen and CKD 

Blansko), it was approximated as the mean axial velocity.   is not necessarily 

the radius of the draft tube but the distance to the shroud from the center and 

does not have to be the same for the different cases.  

In general, the tangential velocity    in Figure 3a increases linearly, as for a 

solid body, Cohen[15]. The flow rotates as expected since it is desirable to have 

some rotation energy in the flowing water so it sticks to the wall and does not 

separate. The quick drop close to the wall is probably caused by the fact that 

the outermost measure points are within the boundary layer which constraints 

the flow to become zero close to the wall due to viscosity. The slope is about 

the same for all experiments, around 1. For the other two though, it seems that 

   is positive in the whole range except for the draft tube of CKD Blansko. The 
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draft tube turns out to be ill-functioning with a vertical and a horizontal pier 

and is not representative. 

The axial velocity    in Figure 3b is almost constant in the whole range.  

A little down the draft tube, data from Hölleforsen in [2] again shows that    

in Figure 4a looks like a straight line from around a third of the draft tube 

radius to the wall, as for a solid body, Cohen[15], with a slope of around 1/2 

compared to 1 in     .    seems to rise again towards the center before it 

drops to zero in the exact center.  

 

Figure 4a, b. Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ib* at BEP 

The axial velocity    in Figure 4b is almost constant in the whole range, but a 

bit larger closer to the wall. The boundary layers close to the wall and the hub 

are visible and in the center a recirculation seems to occur below the hub in the 

Laval Uni case.  

The velocity profiles at     , seen in Figure 5, are similar to the ones in       

in Figure 4. There seems to be a recirculation below the hub in the Hölleforsen 

case. In the Porjus case, the axial velocity seems to be larger close to the hub, as 

opposed to the Hölleforsen case.  

 

Figure 5a, b. Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ib at BEP 

The velocity profiles at     , seen in Figure 5, are similar to the ones in       

and     , see Figure 4 and Figure 5. The swirl of the flow does not seem to 

decrease significantly, but the velocity profile seems to be rather similar 

between      and     .  
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Figure 6a, b.  Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ic at BEP 

2.2.2 Evaluation at off design points 

To understand how the flow in a draft tube behaves at off design condition, 

data were collected from other operating points than BEP, but still along the 

same propeller curve, (see Figure 19).  

At high load (HL)          and at BEP      .  

 

Figure 7a, b. Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ia 

From Figure 7a, it seems that the slope of the tangential velocity at high load is 

around twice as high as the one at BEP. The axial velocity, Figure 7b, is slightly 

larger in the case of high load, but the patterns are the same.  

Measurements made on the draft tube of Porjus at high load (HL)         , 

at BEP          and at part load (LL)          were gathered from Mulu 

[6]. The geometry can be seen in Figure 8.  
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Figure 8. Porjus draft tube, Jonsson[3] 

 

Figure 9a, b. Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ib 

As for the Hölleforsen draft tube, it seems that the slope of the tangential 

velocity is twice as high at high load (HL) and at part load (LL) the slope is 

almost zero, see Figure 9a. The shapes of the axial velocities versus the radius 

are the same at high load and at BEP, almost constant. It is completely different 

at part load though, and behaves almost like a straight line with most of the 

flow close to the wall. This is due to vortex breakdown.  

 

Figure 10a, b. Normalized tangential and axial velocity as a function of the normalized 

radius at CS Ic 

The velocity profiles at     , seen in Figure 10, differ from the ones at     , see 

Figure 9. The swirl of the flow does not seem to decrease significantly, but the 
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axial velocity seems to decrease close to the wall and the tangential velocity 

seems to decrease close to the hub.  

 

Figure 11a, b, c. Picture of flow at different loads along propeller line; part load, BEP 

and high load [4] 

2.2.3 Axis-symmetry 

A question of interest is whether the flow in a draft tube can be considered as 

axis-symmetric or not. Therefore, data was collected from [2] to compare the 

flow at       between two randomly chosen angles and the angular average.  

 

Figure 12a,b. Tangential and axial velocity as a function the radius at CS Ia 

 

Figure 13a, b. Axial and tangential velocity profiles at CS Ia 

   and    are the tangential and axial velocities respectively and Figure 12 and 

Figure 13 indicate that the flow is non-axis-symmetric.  
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3 Theory 

3.1 Water power 

Since many centuries, the power of flowing water has been used to run 

machines, such as saw mills, grinders or even lifts for the mining industry.  

After the introduction of electricity, water power is no longer purely 

mechanical but the kinetic energy is transformed to electricity as the turbine is 

linked with a shaft to a generator that rotates at the same speed. From 

elementary physics, it is known that the potential energy is describes as 

      , (3.1) 

or per unit volume as a hydraulic pressure 

      , (3.2) 

where   is the mass,   is the density,   is the gravity and   is the height 

difference from head water to tail water simply called head, Krivchenko[16], 

see Figure 14.  

 

Figure 14. Sketch of water power plant 

The head can be written as 

  
  

  
  

(3.3) 

This is called the static head,   , but in reality there are losses,      , due to 

friction and the net head,      , is therefore 

              (3.4) 
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3.2 Turbines 

Depending on how high the static head is,   , different types of turbines are 

favorable. There are two main categories of turbines; reaction and active 

turbines. Within this classification, the three most common turbines are 

Kaplan, Francis and Pelton, see Figure 15.  

 

Figure 15. Kinds of turbines, Krivchenko[16] 

The difference between active turbines (also called impulse turbines) and 

reaction turbines is that reaction turbines have a pressure chamber (airtight 

housing) and therefore also needs a draft tube, which will be explained later.  

3.2.1 Pelton 

The Pelton turbine (see Figure 16) operates at a head of around 400 m and up. 

The principle is the same as for a regular water mill, but the design has of 

course been refined over the years.  

 

Figure 16. Pelton turbine, Wikipedia[17] 



CFD model for Kaplan Turbine Draft Tube 2012-03-18 

Nomenclature 

 

 

 

s. 25 (67)  

Pelton turbines can be mounted both horizontally and vertically, but the 

branches are mounted differently in the cases.  

3.2.2 Francis 

The Francis turbine (see Figure 17) is also called radial-axial-flow turbine, 

which implies that water enters in radial direction towards the runner center 

and leave the runner in the axial direction (see Figure 15).  

 

Figure 17. Francis turbine, Wikipedia [18] 

3.2.3 Kaplan 

The Kaplan turbine (see Figure 18) is an axial flow turbine (see Figure 15) and 

it has adjustable blades.  

 

Figure 18. Kaplan turbine, Wikipedia [19] 

For a Francis turbine, there is an optimum flow rate given by the guide vane 

angle. But as the blades are also adjustable for a Kaplan turbine, there is also an 

optimum blade angle for each guide vane angle. The curve of efficiency as a 

function of the flow is called combination line. BEP occurs when the optimal 

blade and guide vane angles is set.  
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Figure 19. Combination line for a Kaplan turbine 

  is the efficiency and is measured in %. A typical efficiency of a full scale 

prototype water power plant is around 95% at BEP.  

3.3 Draft tube 

A draft tube is used for turbines with pressure chambers (airtight housings) as 

the flow leaving the runner still contains energy.   

The main idea of a draft tube is to convert kinetic energy to static pressure.  

If water were to leave the water power plant at a high speed called V, it would 

imply that the flow had much kinetic energy. If the speed of the flow were low 

on the other hand, it would imply that the water had less kinetic energy.  

If the kinetic energy is minimized at the outlet then where does it go, energy 

must be conserved? The major part is absorbed by the turbine and transformed 

into power!  

Draft tubes are of special interest for low head machines (e.g. Kaplan turbines) 

since the relative influence of the draft tube increases with decreasing head, 

Cervantes[12].  

The theory of the draft tubes can be explained from elementary fluid 

mechanics.  

A way of decreasing the speed of a flow in a pipe is to increase the cross 

sectional area of the pipe. From the law of mass conservation it is known that 

the mass flow rate is constant, Cohen[15] 

      , (3.5) 
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where   is the density,   is the cross sectional area and   is the average speed 

of the flow.  

The total pressure in a pipe flow can be divided into two terms, the static 

pressure and the dynamic pressure 

               
 

 
     

(3.6) 

The total pressure is also called stagnation pressure and is the value that the 

local static pressure would have if a flow was slowed down to zero velocity 

without friction, Cohen[15], i.e.    .  

From Bernoulli’s equation it is known that if gravity is neglected, the 

stagnation pressure is constant along a stream line. This means that if the flow 

was to be slowed down without friction the gain would be total.   

To measure the pressure recovered in the draft tube, the dimensionless 

pressure recovery coefficient    was used.    determines the difference in 

static pressure between the inlet and outlet compared to the inlet dynamic 

pressure. Ideally    would be 1 at the outlet, implying that the total pressure 

would be purely static at the outlet and stagnation would have been achieved.  

   
        

 
     

 
  (3.7) 

The inlet velocity     was defined as the bulk velocity 

    
 

   
  

(3.8) 

where   is the flow rate and   is the total area of the inlet.  

The swirl at the inlet is another important parameter. The swirl is the ratio of 

angular momentum to axial momentum defined as: 

  
      

     

 
    

         
    

     

 

  
(3.9) 

3.4 Basic fluid mechanics 

3.4.1 Governing equations 

The equation for describing the motion of fluids is named the Navier-Stokes 

equation from the great physicists Claude-Louise Navier and George Gabriel 

Stokes.  



CFD model for Kaplan Turbine Draft Tube 2012-03-18 

Nomenclature 

 

 

 

s. 28 (67)  

The governing equations behind it are derived from elementary mechanics and 

assumptions concerning fluid motions and are based on the idea that mass, 

momentum and energy are conserved, Çengel[20].  

3.4.2 Conservation of mass 

The mass conservation equation, also called continuity equation, assumes that 

within a control volume, the mass flux of the fluid that enters and exits the 

surrounding surface plus the change in density must equal zero.  

   
  

  
  

  

           
  

  
(3.10) 

where the mass flux is defined as 

 
  

  
      

  

    

     

  
(3.11) 

Using Gauss’ theorem to transform a surface integral to a volume integral, we 

get 

    
  

  
            

  

  
(3.12) 

Since the integral becomes zero in the entire domain, the expression inside the 

integral must become zero, i.e. 

  

  
          

  

  
                 

(3.13) 

The first two terms are called the material/substantial derivative and the 

equation can be rewritten as  

 

 

  

  
         

(3.14) 

and this is the equation for conservation of mass called the continuity 

equation. But since the flow in a water power plant can be regarded as 

incompressible, the material derivative is zero and left is:  

        (3.15) 

The divergence of the flow is zero which is a mathematical way of saying that 

no matter is created nor destroyed and the density stays the same.  
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3.4.3 Conservation of momentum 

From Reynold’s transport theorem, Çengel[20], the following equation for 

momentum is given,  

                     
    

 
 

  
       

  

              
  

  

(3.16) 

The conservation of momentum implies that all forces must add up and when 

applying the divergence theorem it gives that 

  
 

  
                                

  

  
(3.17) 

Again since the integral is zero, the expression inside the intregral must also 

equal zero and the equation for conservation of momentum also called 

Cauchy’s equation is derived to 

 

  
                               

(3.18) 

The second term can be written using the chain rule as  

                                , (3.19) 

giving that 

  
   

  
               

  

  
                       

(3.20) 

and the continuity equation gives that the expression within the square 

brackets is zero and the expression within the brackets is recognized as the 

material derivative so 

 
   

  
             

(3.21) 

3.4.4 Conservation of energy 

For the mathematical description of turbulence it is necessary to consider also 

the conservation of energy for a fluid. The energy equation for fluid mechanics 

comes from the laws of thermodynamics and the assumption that the fluid is 

calorically perfect. The conservation of mass and momentum give the equation 

of motion and written in tensor notation it becomes, according to Cohen[15], 
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(3.22) 

When multiplied with    it becomes 

 
 

  
 
 

 
  

           

    

   
  

(3.23) 

Combining the conservation of mass and the relation for the material 

derivative give; 

 

  
 
 

 
   

   
 

   
   

 

 
   

           

    

   
  

(3.24) 

The kinetic energy per unit mass is 

  
 

 
   

  
(3.25) 

and combining this with equation (3.24) give the equation for the energy 

written in vector notation as  

  

  
                            

(3.26) 

Assuming that the fluid is Newtonian (a linear relationship between stress and 

the strain rate) the energy equation can according to Cohen[15] be rewritten as 

 
  

  
        

 

   
                    

(3.27) 

where the first term after the equal sign can be regarded as the body forces 

acting on a fluid element, the second term is the total rate of work from stress 

and the third term is the rate of work from volume expansion. The last term is 

the rate of viscous dissipation and is very important in the mathematical 

description of turbulence which will be discussed later in this report.  

3.4.5 Navier-Stokes equation 

When a fluid is at rest, only the hydrostatic pressure acts on a fluid element 

and since the hydrostatic pressure only acts normal to a surface, the stress 

tensor becomes a diagonal matrix.  

           (3.28) 

where   is Kronecker’s delta, which is the unit matrix, and   is assumed to be 
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       (3.29) 

from the assumption that the fluid is an ideal gas and calorically perfect. 

If regarding an incompressible, isothermal (viscosity,  , is constant) and 

Newtonian fluid (Boussinesq approximation), then the viscous stress tensor 

according to Cohen[15] becomes 

            (3.30) 

where   is the strain rate tensor. Altogether the stress tensor according to 

Çengel[20] becomes 

          

 

 
 
 
 

  
  

  
  

  

  
 

  

  
   

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
  

  

  
 

  

  
 

  
  

  
 

  

  
   

  

  
 

  

  
   

  

   

 
 
 
 

   

(3.31) 

When applying this to the conservation of momentum, eq. (3.21) and using the 

relationship 

 
 

  
 
  

  
   

 

  
 
  

  
    

(3.32) 

the Navier-Stokes equation for an incompressible fluid with constant viscosity 

according to Çengel[20] becomes 

 
   

  
                 

(3.33) 

3.5 Turbulence 

The great physicist Werner Heisenberg once said: “When I meet God, I am 

going to ask him two questions: Why relativity? And why turbulence? I really 

believe he will have an answer for the first“, Wikipedia[21].  

This citation elucidates how badly mankind actually understands the physics 

of turbulence. A way of figuring out if a flow is turbulent is to measure the 

Reynolds number. The Reynolds number is a dimensionless quantity which 

can be derived using dimensional analysis and yields 

   
   

 
  

(3.34) 
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where   is the density of the flowing medium,   is its velocity,   the dynamic 

viscosity and   a characteristic length of the problem.  

The higher the Reynolds number, the more likely it is that the flow is 

turbulent. This implies that for a certain medium, the faster the flow is, the 

more likely it is to be turbulent. The distance also plays in meaning that the 

farther away the flowing medium is from the source (a cigarette for instance), 

the more likely it is for the flow to be turbulent, see Figure 20.  

 

Figure 20. Smoke, first laminar and then turbulent higher up, Wikipedia[22] 

But to talk about turbulence, it has to be sorted out how turbulence really is 

defined:  

1. Turbulent flow seems irregular, chaotic, and unpredictable.  

2. Turbulent flow is highly nonlinear and sensitive to small disturbances.  

3. Turbulent flow is characterized by a rapid rate of diffusion of 

momentum and heat.  

4. Turbulent flow is characterized by high levels of fluctuating vorticity 

imposing what is called Reynolds stresses.  

5. In turbulent flow, energy dissipates by viscosity in the flow.  

Some flows that may appear turbulent, such as gravity waves in the ocean or 

atmosphere, are not because they are not dissipative, vortical and nonlinear, 

Cohen[15].  
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However, it is certain that the flow in a water power plant can be regarded as 

fully turbulent because the Reynolds number for pipe flow,     , based on the 

hydraulic diameter,   , as the characteristic length, is well above the critical 

number of around 2300, Krivchenko[16]. And therefore, it is expected to 

appear losses due to the enumerated phenomena above.  

The hydraulic diameter is defined as  

   
  

 
  

(3.35) 

where   is the area of the duct and   is the perimeter. For a circular duct, the 

diameter is the same as the hydraulic.  

3.6 Boundary layers 

A boundary layer is the region close to the wall where the fluid flows with a 

different speed than the free-stream flow due to viscosity. The boundary layer 

is laminar initially but undergoes a transition at a critical distance and becomes 

turbulent, see Figure 21.  

 

Figure 21. Boundary layer, Cohen[15] 

Turbulent boundary layers differ from laminar in the way that they are thicker 

and the velocity gradient is steeper (sharper curve), see Figure 22.  
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Figure 22. Velocity profile for laminar and turbulent flow, Anderson[23] 

The turbulent boundary layer can be divided into two regions, one linear 

(viscous sublayer) and one logarithmic, see Figure 23.  

 

Figure 23. Velocity profile of a turbulent flow, Cohen[15] 

The velocity,  , close to the wall is assumed to be a function of four variables 

               (3.36) 

where   is the density,    is the shear stress at the wall,   is the kinematic 

viscosity and   is the distance from the wall (see Figure 23). The friction 

velocity, is defined 

    
  

 
  

(3.37) 
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The new relationship for   is: 

             (3.38) 

In accordance to the Buckingham  -theoerem, the rank of the dimensional 

matrix is 2 and there are 4 depending variables, so the velocity depends on two 

 -groups, 
 

  
 and 

   

 
. The later is shortened and called y+ and is the 

dimensionless distance from the wall. The conclusion is that the velocity in the 

viscous sublayer is linearly dependent on y+.  

Farther away from the wall, without going into the details, the velocity turns 

out to be logarithmically dependent on y+ and the constants have been found 

empirically. Notice that Figure 24 is a lin-log graph and compare it with Figure 

23. 

 

Figure 24. Velocity as a function of the distance from the wall, Cohen[15] 

The viscous sublayer is below a y+ of 5 and the logarithmic layer is said to start 

at 11.06  and holds up to around 500. After y+=500 starts what is called the 

defect layer.  

3.6.1 Boundary layer profile 

Approximations of the boundary layer profiles can be made from fitting curves 

to experimental data.  

     
 

 
 
   

, (3.39) 
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where   is the velocity,    is the free stream velocity,   is the distance from 

the wall and   is the boundary layer thickness, i.e. when         , see 

Figure 25.  

 

Figure 25. Boundary layer velocity profile 

According to Schlichting [24],     for       ,       for         ,     

for         ,       for         ,      for        and      for 

        .  

3.6.2 Boundary layer thickness 

The thickness of the boundary layer can be found from an empirical relation, 

Schlichting [24] as 

    

 
            

       
(3.40) 

Where    is the displacement thickness, i.e. the distance a wall would have to 

be displaced inward in a hypothetical frictionless flow to maintain the same 

mass flux as in the actual flow,    the free stream velocity,   the kinematic 

viscosity and     the Reynolds number based on the distance as the 

characteristic length.  
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Figure 26. Visualization of displacement thickness, Cohen[15] 

The boundary layer thickness can be calculated from the relation  

  

 
 

 

   
  

(3.41) 

where   is the boundary layer thickness and   is the same as in equation (3.39) 

and depends on   , Schlichting[24]. 

3.7 Losses 

From Bernoulli’s equation it is possible to get a guess on the pressure at a 

certain point in a draft tube. But Bernoulli’s equations works only for ideal, 

inviscid, non-turbulent flows and the flow in a water power plant is turbulent. 

There will always be losses in a draft tube, which depend on the velocity, the 

shape, the length etcetera and there will always be a trade-off when designing 

one between gain in static pressure and losses.   

3.7.1 Separation 

The velocity profile close to the wall in a laminar flow over a flat plate is 

assumed to be self-similar (see Figure 27) from Blasius solution when 

introducing the dimensionless distance from the wall  

    
  
  

  
(3.42) 

where   is the actual distance from the wall,    is the free stream velocity,   is 

the kinematic viscosity and   is the distance from the leading edge, 

Anderson[23].  
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Figure 27. Self-similar velocity profile Anderson[23] 

The velocity approaches zero close to the wall in the same manner along  . 

However, this is not the case when an adverse pressure gradient occurs close 

to the wall in the flow, i.e., when the pressure increases with the distance from 

the leading edge, see Figure 28.  

 

Figure 28. Adverse pressure gradient, Anderson[23] 

This is often the case in expanding or bent geometries such as in a draft tube. 

Therefore, the self-similarity is broken and the flow close to the wall goes in 

reversed direction from the free stream since flow wants to go from higher to 

lower pressure, see Figure 29.  
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Figure 29. Visualization of reversed flow, Anderson[23] 

The reversed flow causes the flow to detach/separate and a 

separation/recirculation occurs, see Figure 30.  

 

Figure 30. Visualization of separation/recirculation, Anderson[23] 

Since the effective body after the separation becomes larger the effective area 

becomes smaller, see Figure 31.  

 

Figure 31. Flow in an expanding duct with separation, Cohen[15] 
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Therefore, the pressure does not recover in the way it would if the flow was 

attached all the way, see Figure 32. 

 

Figure 32. Visualization of pressure recovery attached vs. separated flow, 

Anderson[23] 

The conclusion is that separation is bad to get in a draft tube since a high 

pressure recovery is desired.  

3.7.2 Secondary flows 

Secondary flow is a 3-dimensional phenomenon. The flow in Figure 33, shows 

for instance a tea cup with some tea leaves inside. The main flow is the rotation 

around the x-axis, but it causes tea to flow from the wall towards the center of 

the cup which is the secondary flow, Cohen[15].  

 

Figure 33. Visualization of secondary flow, Cohen[15] 

Secondary flow is expected in the bend/elbow of the draft tube and can be seen 

in Figure 34.  
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Figure 34. Visualization of flow in a bend, ANSYS[25] 

The centrifugal force forces the flow to curl and increases the pressure at the 

bottom of the bend. The secondary flow contains energy which does not help 

the flow forward and causes a loss.  

3.8 CFD 

CFD is an abbreviation for Computational Fluid Dynamics, and includes all 

ways to solve fluid dynamics problems numerically.  

3.8.1 The finite volume method 

The finite volume method is used in ANSYS CFX to solve the Navier-Stokes 

equation. It is based on the idea of dividing a continuum into finite control 

volumes.  

The generic conservation equation for a quantity, let say  , used in the finite 

volume formulation, Ferziger [26], is given as 

    
  

                  
  

          
  

     
(3.43) 

The first term describes the convection of   in a control volume and it equals 

the rate of increase of   due to diffusion plus the rate of   due to sources, 

Versteeg[27].  

The idea is then to approximate the net flux through the CV boundaries as the 

sum of integrals over all surfaces as  
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(3.44) 

where the index   represents the surfaces. In a cartesian 2D cell, there will be 4 

surfaces, n (north), s (south), e (east) and w (west), see Figure 35.  

 

Figure 35. A cartesian 2D mesh, Ferziger[26] 

To calculate the value for node E from node P, an approximation is used for 

the integration of the control surface, for instance the mid-point rule where the 

integrating factor is given as 

     
  

          
(3.45) 

The approximation is of first order. If a second order approximation is used, 

the trapezoidal method can be used given as 

     
  

    
  

 
           

(3.46) 

For even higher order approximations, the Simpson’s rule can be used given as 

     
  

    
  

 
               

(3.47) 

An interpolation is used between the nodes to get a continuous solution.  

For the integration of a Cartesian control volume, a similar approach is made 

as for the surface integration using the mid-point rule given as  
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(3.48) 

For a higher order approximation, q has to be known at many points to start 

with and is given as 

   
    

  
                               

             

(3.49) 

The same idea is used when summing for a 3D but there will be 6 sides instead 

of 4 adding t (top) and b (bottom), see Figure 36.  

 

Figure 36. A catesian 3D cell, Ferziger[26] 

3.8.2 Turbulence modeling 

There are several numerical models for resolving turbulent flow. The most 

accurate one is called Direct Numerical Simulation (DNS). It resolves even the 

smallest eddies which are in the Kolmogorov scale, the theoretically smallest 

length scale in a flow. DNS is far too expensive in terms of computational time 

for practical use, Ferziger[26].  

Because the large scale motions are usually what carries the most energy and 

are the once that are the most important, a way of approximating DNS is to 

resolve only the large eddies in a flow up to the largest theoretical length scale, 

the Taylor scale. The method is called Large Eddy Simulation (LES) and assume 

the large eddies to dissipate energy to the small eddies in a predestined 

manner depending on the eddy viscosity, see Figure 37.  
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Figure 37. Visualization of Large Eddy Simulation, Ferziger[26] 

Another way of approximating a flow is to solve the Reynolds-averaged Navier-

Stokes (RANS). The idea is to consider the instantaneous velocity of a particle, 

 , as the sum of the mean velocity,   , and the deviation,   ,  

         (3.50) 

The mean fluctuation over time is regarded to be zero, see Figure 38.  

 

Figure 38. Visualization of RANS, Ferziger[26] 

Assuming an isothermal flow, where viscosity and specific heat can be treated 

as constants, the Navier-Stokes momentum equation is given by 

   

  
   

   

   
  

 

 

  

   
  

    

      
  

(3.51) 

Where    is the velocity in i-th direction,   is the density,   is the gravity and   

the kinematic viscosity.  

When averaging the equation following equation appears 
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(3.52) 

where 
   

  
 is the substantial/material/Lagrangian derivative and     is the stress 

tensor and is divided into 3 terms 

            
   

   
 

   

   
     

   
          

(3.53) 

The first term is the pressure, the second is the viscosity term but the third 

term is a new one. It is called the Reynolds stress tensor and is the correlation 

between flows in i-th and j-th direction. To visualize this, one can think of a 

particle in a flow traveling in positive y-direction, because the fluid flows 

faster there, the particle will speed up and the flow will slow down, just like in 

elementary mechanics when two particles collide, i.e., it is the stress within the 

flow itself, see Figure 39.  

 

Figure 39. Visualization of Reynolds stress, Cohen[15] 

In a turbulent flow, the Reynolds stresses are expected to be very high because 

the difference in velocity is expected to be large in the flow, see Figure 40.  

 

Figure 40. Visualization of turbulence, Cohen[15] 

The Reynolds stress tensor is symmetric and can be written as 
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(3.54) 

If the Reynolds stress tensor only contains the diagonal elements where i and j 

are the same then                         , the turbulence is called isotropic. However, 

complex flows are usually not subject to isotropic turbulence, Cohen[15].  

In the k-ε model, the Reynolds stress tensor is approximated as isotropic and 

the kinetic energy   is calculated as 
 

 
                          .   is the viscous eddy 

dissipation, i.e., the dissipation of kinetic energy   due to Reynolds stresses. 

Observations suggest that it can be expressed as  

    
 

 
 

 
  

(3.55) 

where   is a constant usually set to 0.09,   is the length scale of the eddies, i.e., 

the diameter of the large eddies for instance, Wilcox[28].  

The Shear-Stress Transport (SST) model is actually a mix of two turbulence 

models. Next to the wall the Wilcox k-ω model is used where   is the inverse 

time scale, Wilcox[28] , i.e., the time it takes for large eddies to dissipate to 

smaller defined as  

    
 

 
 

 
  

(3.56) 

where   again is a constant. The inverse just indicates that it can be regarded as 

a frequency 

  
 

 
  

(3.57) 

and is just a way of avoiding secular terms, Logan[29]. For a y+-value larger 

than 11.06 (the logarithmic region), the k-ε model is used. The isotropic 

assumption will make the k-ε and the SST model over predict eddy viscosity, 

ANSYS[25].  

In the Reynolds Stress Model (RSM), also the deviatoric (non-diagonal) Reynolds 

stresses are computed and the flow is therefore assumed to be non-isotropic, 

CFD online[30]. The drawback is that it takes about twice the computational 

time compared to the k-ε and the SST model to perform a simulation.   
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3.8.3 Wall functions 

Wall functions are used to minimize the size of the mesh. Since a very fine 

mesh is needed to resolve the boundary layers for high speed flows, the 

simulations would be tedious with out the use of a wall function.  

From the law of the wall, discussed earlier, it is possible to compute the 

velocity profile in the viscous sublayer and in the logarithmic layer. The k-ε 

model only simulates the flow in the logarithmic layer and predicts the flow in 

the viscous sublayer with a wall function.  

A scalable wall function was used for the k-ε model for the work in this thesis. 

The centroid of the cell closest to the wall defines the “matching point” and the 

scalable wall function practically ingores all cells within a y+-value of 11.06. It 

then moves the matching point to always lie in the logarithmic layer and 

computes the flow in the viscous sublayer using the linear relationship, see 

Figure 41. 

 

Figure 41. Boundary layer profile, y+=11.06 at the red line 

The advantage of using the scalable wall function instead of the standard wall 

function is that the mesh can have smaller y+-values than 11.06 and still work 

properly. 

The drawback of the wall function approach is that the numerical solution is 

sensitive to the element above where the wall function is used, Wilcox[28].  

For the SST model, no wall function has to be used as the k-ω model is used in 

the viscous sublayer and the k-ε model in the logarithmic layer and a wall scale 

is used to calculate where y+=11.06 where the switch should be, ANSYS[25].   



CFD model for Kaplan Turbine Draft Tube 2012-03-18 

Nomenclature 

 

 

 

s. 48 (67)  

4 Implementation 

4.1 Geometry 

The dimensions of the Hölleforsen draft tube was gathered from [1] and 

recomposed using the software NX UGS and exported as a parasolid.  

 

Figure 42. Geometry 

4.2 CFD mesh 

There are basically two ways of making a computational mesh. One is to use a 

software that produces an unstructured mesh automatically and the other is to 

use a software with which it is possible to make a structured mesh manually. 

The advantage of the unstructured mesh is that it is quick to make but on the 

other hand, many elements may have sharp corners and the size difference 

between neighboring elements may be large which is bad with respect to 

numerical error. A structured mesh is assumed to be better with respect to 

numerical error but is on the other hand tedious to make.  

4.2.1 Unstructured mesh 

The unstructured mesh was made using the ANSYS Workbench meshing 

feature. For the main part, the CFX mode was used making tetrahedrons and 

the part was divided into three parts with different elements sizes.  
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Figure 43. Unstructured mesh 

For the boundary layers, an inflation layer was made containing prisms, see 

Figure 44. Different numbers and growth rates were used for the inflation 

layers and compared.  

 

Figure 44. Inflation layers in unstructured mesh 

4.2.2 Structured mesh 

The structured mesh made with ANSYS ICEM was given from Professor 

Michel Cervantes and can be seen in Figure 45.  
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Figure 45. Structured mesh 

When comparing the structured mesh to the unstructured it is obvious that the 

size difference between neighboring elements is not as large, but the elements 

close to the walls are fewer. The total inflation layer thickness is smaller, see 

Figure 46.  

 

Figure 46. Close-up of structured mesh 

4.3 Pre-processing in ANSYS CFX 

The pre-processing was made using ANSYS CFX and three different 

turbulence models were used; k-ε with scalable wall function, SST and Speziale 

Sarkar Gatski (SSG) RSM.  

A constant turbulence intensity of 1% and a constant   0.05 m2/s2 with an eddy 

viscosity ratio of 100 were compared to using an experimentally determined 
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kinetic energy,   
 

 
                    , assuming              due to lack of data. 

Two length scales were compared, 0.05 m and 0.1 m.  

A transient simulation was done using a time step of 1e-3 s and was compared 

with steady-state simulations. A surface roughness of 10 μm was implemented 

on the walls and a hub velocity of 595 rev/min. The medium was set to water 

and the temperature to 15°C. The second order advection scheme was used for 

the momentum equation. First order scheme was used for the turbulence 

equation. Auto timescale was used and the conservative length scale option 

with 1 as the timescale factor.  

For the outflow boundary two boundary conditions were compared; one called 

outlet and one called opening which allows back flow. An average static 

pressure of 0 and a profile of 0.05 Pa was used for the outlet boundary 

condition. For the opening boundary condition a pressure, direction of 0 normal 

to the boundary condition and with a maximum turbulence intensity of 5%.  

If an imitation was used, the default was 7 mm boundary layer thickness and 

an exponent of 10.  

4.3.1 Stage simulation 

A stage simulation on a draft tube design at Rainpower ASA was performed 

from the guide vanes until a small distance down the draft tube. The velocity 

profile and turbulence profile were then exported and used as inlet profiles for 

draft tube simulations.  

Another stage simulation on the same draft tube was performed from the 

guide vanes all the way through the draft tube, see Figure 47 and the two stage 

simulations were compared.  
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Figure 47. Computational domain for stage simulation 

4.4 Imitation 

4.4.1 Guess 

In order to make a generic velocity profile for BEP, axis-symmetric imitations 

of the T99 inlet velocity profile were made, see Figure 48.    and   are guessed 

to be increasing linearly from a certain minimum to a maximum value and 

boundary layers are imposed on each side. The velocities are zero on each side 

for the axial velocity. For the tangential velocity called “hub tan”, the velocity 

next to the hub has the same velocity as the hub in but is zero on the side next 

to the wall.  

 

Figure 48a, b. Tangential velocities, “hub tan” (left) and “0 tan” (right) 
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Figure 49a, b. Axial velocities, “ax slope” (left) and “ax flat” (right) 

Different exponents (n-values), 7, 8.8 and 10, were used and different 

thicknesses, 0 (no BL), 4 mm, 7 mm and 10 mm.  

4.4.2 Radial component  

The radial velocity    was both in the experimental case and the imitation case 

set in accordance to [1] as  

             (4.1) 

where  

        
           

           

           
(4.2) 

             ,               ,             ,           .  

The purpose of the radial velocity is to ensure that the flow is attached to the 

walls.  

The imitated axis-symmetric dimensional velocity profile is shown in Figure 

50.  

 

Figure 50. Velocity profile from imitation 

Tangential velocity    is blue, axial velocity    is red and radial velocity    is 

green.   
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5 Results and discussion 
By default, if nothing else is noted, the simulations were run with an 

unstructured mesh of a highest y+-value of 350, k-ε turbulence model, with an 

experimental inlet turbulence,   
        

 
 

   
 and opening for the outlet boundary 

condition.  

5.1 Investigation of meshes 

5.1.1 Mesh convergence 

Three different meshes were made, one with 1.6 million elements, one with 2.5 

million elements and one with 4.3 million elements. Already the mesh with 1.6 

million elements is enough to capture reasonable results, but the one with 2.5 

million elements was used to get better results.  

 

Figure 51. Mesh convergence test 

5.1.2 Matching inflation layers 

Four different meshes were tested, one structured with a highest y+-value of 

70, one unstructured with a highest y+-value of 350 (seen in Figure 52), one 

unstructured with a highest y+-value of 515 and one unstructured with a 

highest y+-value of 620.  
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Figure 52. Visualization of y+-values for a mesh with y+-max of 350 

The mesh with a highest y+-value of 620 does not capture the flow close to the 

hub. The bump in the tangential velocity is missing and the recirculation seen 

in the axial velocity is lower. The mesh with a highest y+-value of 515 seems to 

be enough though.  

 

Figure 53a, b. Visualizing different y+-meshes at CSIb 

Anyhow, the mesh with a highest y+-value of 350 was used.  

The unstructured mesh gave better convergence than the structured, but they 

yielded the same    87.3%.    was fluctuating a bit for the simulation with the 

structured mesh.   

5.2 Influence of axis-symmetry 

The use of an axis-symmetric velocity profile gave similar results as an angular 

resolved inlet boundary condition. See Figure 54.  
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Figure 54a, b. Tangential and axial velocity as a function of the radius at CSIb 

Since the bulk velocity was unknown, it was guessed to match the 

experimental results, but identical for the angular resolved and the axis-

symmetric velocity profile.  

The axis-symmetric velocity profile yields the same result and flow field as the 

angular resolved.    was about the same for both cases; 87.3% for the axis-

symmetric case and 87.6% for the angular resolved. There was no difference in 

convergence between axis-symmetric and angular resolved simulation. 

5.3 Evaluation of steady-state simulation 

The transient simulation gave about the same result; a    of 85%, as for the 

steady-state simulation; a    of 87.3% and it seemed that a steady-state 

simulation with good convergence (good mesh and boundary conditions) 

worked as well as a transient simulation.  

5.4 Outlet boundary condition 

When using outlet boundary condition, some simulations break down, due to 

backflow and the opening boundary condition is to prefer.  

5.5 Inlet turbulence intensity 

A constant inlet turbulence intensity of 1%, yielded a poor convergence, 

compare Figure 55.  
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Figure 55a, b. Convergence plot for constant TI=1% k-ε, RMS mass and momentum 

(left) and Cp (green graph in right) 

The convergence was even worse when using SST with an inlet turbulence 

intensity of 1%, see Figure 56.  

 

Figure 56a, b. Convergence plot for constant TI=1% SST, RMS mass and momentum 

(left) and Cp (green graph in right) 

The same pattern was found using a kinetic energy   of 0.05 m2/s2 and an eddy 

viscosity ratio of 100.  
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Figure 57a, b. Convergence plot for constant k=0.01%, I=100, k-ε (left) SST (right), 

Cp (green graph) 

The convergence was better when using inlet turbulence intensity from runner 

simulation depending on the radius   than using a constant inlet turbulence 

intensity.  

 

Figure 58a, b. Convergence plot RMS values for mass and momentum, k(r) (left), 

constant k=0.01%, I=100 (right) 

The high residuals were mainly found in the end of the draft tube, after the 

bend, which is in fact not expected since the flow is assumed to be more 

complex close to the hub, see Figure 59. An extension of 1.5 m was used in this 

case.  
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Figure 59. Visualization of RMS-values of residuals in the domain 

When setting the kinetic energy,     , and the viscous eddy dissipation 

  
        

 
 

   
 on the other hand, a better convergence was achieved, see Figure 

60.  

 

Figure 60a, b. Convergence plot for radial dependent k, RMS mass and momentum 

(left) and Cp (green graph in right) 

A length scale of 0.05 was tried and compared to a length scale of 0.1. No 

difference could be seen.  

5.6 Evaluation of turbulence models 

The turbulence model SSG RSM gives poor convergence, with root-mean-

square (RSM) residuals for mass of about 1e-4 and a fluctuating    of around 

70%. The SSG RSM was therefore disregarded in the analysis.  
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Figure 61a, b. Convergence plot for SSG RSM, mass and momentum (left) and Cp 

(green graph in right) 

Both k-ε and SST gave good convergence and yielded about the same   ; 

87.3% for k-ε and 86.7% for SST.  

SST seems to over-predict separation and boundary layer thickness, compared 

to k-ε and experiments, see Figure 62. k-ε seems to be a better turbulence 

model for the present case.  

 

Figure 62a, b. Comparison of turbulence models, tangential and axial velocity as a 

function of the radius at CSIb 

Usually, one would expect the SST model to predict separation better, [25]. The 

reason why the k-ε happens to be better in this case is unclear. Different flow 

phenomena may cancel each other due to poorly specified inlet boundary, 

such as the inlet radial velocity which is not given from experiments, and may 

make correct prediction of separation difficult.  

5.7 Evaluation of imitation 

The imitation “ax slope” gave similar results to the real T99 boundary 

condition, a    of 87%, and a similar flow field.  
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Figure 63a, b. Comparison of axial inlet velocity profiles, tangential and axial velocity 

as a function of the rad 

ius at CSIb 

5.8 Boundary layer influence 

When comparing boundary layer thickness,  , it seems that the smaller the 

thickness, the better the fit to experiments, even though the difference is small.  

 

Figure 64a, b. Comparison of boundary layer thickness, tangential and axial velocity as 

a function of the radius at CSIb 

The results point out that the higher the exponent,  , the better the simulations 

fits to experiments, but the change is almost insignificant.  

 

Figure 65a, b. Comparison of boundary layer exponent, tangential and axial velocity as 

a function of the radius at CSIb 
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The reason why the boundary layer does not seem to influence the results 

particularly may be attributed to the wall function in the CFD software. Even 

though the velocity close to the wall might be set to a certain value, the grid 

may not be fine enough to take into account the changes. Furthermore, the 

flow may be assumed nearly inviscid and and viscosity should not be an 

important issue.  

5.9 Stage simulations 

A full stage simulation was compared to something in this thesis called split stage 

calculation.  

The full stage simulation included the geometry all the way from the guide 

vanes down through the draft tube in the computational domain.  

The split stage calculation included the same geometry but the simulation was 

split in two. The first simulation included only the geometry above the draft 

tube in the computational domain. The output velocity profile and turbulence 

intensity were then exported and used as inlet velocity profile and turbulence 

intensity for the draft tube simulation.  

The full stage simulation gave worse convergence than the split stage 

simulation, see Figure 66.  

 

Figure 66a, b. Convergence plot RMS values for mass and momentum, full stage 

simulation (left), split stage simulation (right) 

The velocities and turbulences were compared at the cross section just below 

the runner at the draft tube inlet, see Figure 67 and Figure 68.  
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Figure 67a, b. Comparison of split stage simulation (blue) and full stage simulation 

(red) for kinetic energy k and viscous eddy dissipation ε 

 

 

Figure 68a, b, c. Comparison of split stage simulation (blue) and full stage simulation 

(red) for axial velocity Ua, tangential velocity Ut and radial velocity Ur 

When using the velocity profiles from the cross section of the draft tube inlet 

from the full stage simulation as input for a draft tube simulation, poor 

convergence was achieved. When changing the axial velocity profile to that of 

the split stage simulation instead, better convergence was achieved.   

The calculated pressure recovery for the full stage simulation and the split 

stage simulation differed about 4 percentages.  

It can be seen that the axial velocity profile of the full stage simulation has a 

large recirculation just below the hub and a much smaller boundary layer close 

to the hub, see Figure 68a.  
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Tests were made to change the other parameters, but it seemed to be the axial 

velocity that caused the poor convergence.  

The comparison shows that there is a strong interaction between the runner 

and the draft tube since a full stage simulation and a split stage simulation 

yield different results.  

6 Conclusions 
Using CFD for estimating pressure recovery in a low head draft tube is 

difficult. The simulations are difficult to converge and are very sensitive to 

input parameters.  

However, when using an appropriate mesh, unstructured with y+-values not 

exceeding 515 and physically reasonable turbulence intensity as function of the 

radius, the simulations converge and give results that agree quite well to 

experiments.  

A steady-state simulation work as well as a transient and they predict nearly 

the same pressure recovery.  

There is a strong interaction between the runner and the draft tube. A full 

stage simulation yields different velocity profile and turbulence intesity  than a 

split stage simulation (simulating the flow in the runner alone and use the 

output flow as input for a draft tube simulation).   

When validating simulations with experiments, the k-ε turbulence model 

performs better than the SST model, which seems to over-predict separation. 

The RSM model converged poorly.  

The boundary layer thickness, shape or even presence does not influence the 

flow particularly. Anyhow, when validating to experiments, the thinner the 

boundary layers, the more accurate solutions.   
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