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Abstract 
Rehabilitation and modernisation of old constructions are important for a 
contemporary energy market. Among the renewable energy sources, hydropower 
has an eminent potential for further improvements since a great number of the 
hydropower plants are ageing and are as well often run at off-design conditions. An 
important part of a hydropower plant (low and medium headed) is the hydraulic 
turbine draft tube that contributes to a large portion of the hydraulic losses. The 
purpose of the draft tube, often being a curved diffuser connecting the runner to 
the outlet, is to recover kinetic energy and thus creating an artificial head. 
Traditionally the design has been based on model tests and simplified analytic 
methods. Today and in the future Computational Fluid Dynamics (CFD) in 
combination with computer optimization will be used more frequently as a design 
tool. The numerical prediction of the flow field in the draft tube is however 
challenging, caused by its complex flow features e.g. unsteadiness, swirl, separation 
etc. Therefore several numerical difficulties have to be solved before it can be 
applied routinely in product development. One of the key issues in this context is 
the turbulence modelling. 
 
Here the flow field is analyzed and validated with previously performed 
measurements on two draft tube geometries, a sharp-heel draft tube and a 
modification of it (where the sharp heel is smoothed). Both steady and unsteady 
simulations are performed, with the standard k-ε turbulence model as well as the 
SST turbulence model. The focus is set on the alteration in the pressure recovery 
factor and the overall flow field as a function of the shape of the draft tube and the 
implemented turbulence model.  
 
The steady and unsteady CFD simulations performed with the standard k-ε 
turbulence model yield about the same result. To exemplify, the difference in the 
pressure recovery factor between these simulations is much less than 0.001%. The 
main difference is that the unsteady simulation required less CPU-time as 
compared to the steady ones. The improvement in the pressure recovery between 
the original and the modified geometry is also small, about 0.006%. This can be 
compared to the experiments where the efficiency of the system improved with 
about 0.5%, indicating that the pressure recovery, as defined, should increase even 
more. The CFD simulations with the SST turbulence model did not converge in a 
proper manner although several attempts were made to improve the convergence. 
The reasons to this can be found in the applied inlet boundary conditions, the 
generated grids and/or in the location of the outlet boundary. 
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Introduction 

General about hydropower 
Hydropower generates about 50% of the total electricity in Sweden (67TWh in 
2002) [1] and about 16.2% of it in the world (2 600TWh in 2002) [2]. Most of the 
hydropower plants in Sweden are however old being constructed for 
approximately 50 years ago. They are also often run at off design conditions due to 
the present deregulated energy market. Consequently to have an optimal 
hydropower that, for instance, can run at maximum level when the winnings are 
high, these plants must be modernized and adapted to the present energy market. 
Another aspect is the new requirements on renewable and “green” energy sources 
making the prospect of redesigning old hydropower plants even higher.  
 
Today often only the generator and the turbine are considered during the 
rehabilitations process, although there are many investigations showing the 
importance of the waterways [3, 4]. For example is the efficiency of a low and 
medium headed hydraulic turbine significantly affected by the performance of its 
draft tube [4]. The design of hydraulic turbine draft tube has traditionally been 
based on simple analytic methods, model tests and the experience of the designing 
engineers. Today and in the future Computational Fluid Dynamics (CFD) in 
combination with numerical optimization will be used more frequently as a design 
tool [5-8].  
 
In CFD the flow field is calculated numerically and by means of colour 
visualizations and quantitative analysis a view of the flow field and a better 
understanding of the fluid physics can be obtained. The technique also enables a 
detailed comparison to experiments to attain an even better understanding of the 
flow field. Since CFD is a very powerful and effective complement to traditional 
laboratory studies it has already revolutionized areas such as aerodynamics, turbo 
machinery and marine hydrodynamics. The method has become an essential part 
of the design, testing and optimization process. CFD analysis, when done properly 
and in conjunction with experiments, can greatly reduce overall design time, costs 
and optimize performance. 
 
Shape optimization of hydraulic turbine draft tubes with aid of CFD and computer 
optimization has, however, not been performed until recently due to the high 
CPU requirements on CFD simulations [9-11]. Results from these optimizations 
shows the potential of using CFD and computer optimization in the 
design/redesign process of a hydraulic turbine draft tube, but several problems have 
to be sorted out before it can routinely be applied in product development.  
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One of the major difficulties with the CFD calculations of the draft tube flows is 
the turbulence modelling. In general, traditional turbulence models as the standard 
k-ε model have been used frequently although many investigations indicate that 
this model is not accurate enough [12]. Conversely there are many benefits of a 
fully working procedure. It will, for instance, be possible to get reliable results in 
reasonable time, to find new products with better functionality and to save cost 
and time in product development, maintenance and support. It is therefore vital to 
further develop, verify and validate both the turbulence modelling, CFD 
simulations and the computer optimization techniques.  
 

Background 
The ability to perform accurate CFD simulations on draft tube flow has been 
systematically studied at two ERCOFTAC workshops [3, 13]. One of the aims 
with these workshops was to compare results from several groups worldwide 
simulating the same problem and thereby determine the state of the art in draft 
tube simulations. At the first workshop it was shown that small alterations in the 
numerical setup could result in large discrepancies in the final results. Hence for 
the second workshop not only the test case was set but also the grid and the 
material models [3]. Still some questions remained unanswered after these 
workshops and it was confirmed that draft tube flow predictions are challenging 
since the flow in these tubes are categorized by many different flow phenomena, 
such as separation, swirling flow, unsteadiness and secondary flow. Attempts to 
optimizing the ERCOFTAC draft tube, by Marjavaara [14], indicate also that 
there are some features in the flow field that have to be described in a better way 
before CFD can formally be used to redesign draft tubes. For example were the 
improvements in the pressure recovery factor rather small compared to 
measurements. This is speculatively, due to the applied inlet boundary conditions, 
the turbulence model and/or the steady flow assumption [14]. As a step to improve 
these CFD simulations the steady flow assumption and a more advanced 
turbulence model will be studied here. The main objective is to get a better 
understanding of the flow field in a draft tube and how it is influenced by 
redesigning the draft tube. 
 

Aim with this thesis 
The purpose with this master thesis is to study how the flow field and the global 
engineering quantities, especially the pressure recovery factor, in an existing 
hydropower draft tube are affected by both the shape of the draft tube and the 
CFD flow assumption, particularly the turbulence modelling. 
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Hydropower 

Hydropower 
Hydropower plants convert potential energy stored in a dam to kinetic energy via 
the turbine. The turbine is mechanically coupled to the generator through a 
rotating shaft. Hence the turbine starts to spin by the water motion and transforms 
its kinetic energy into mechanical energy. The generator in its turn converts the 
mechanical energy into electrical energy (electricity).  
 

 
Figure 1, A typical hydropower plant. 
 
The amount of electricity produced is dependent on the water flowing through 
the waterways and the head (the height difference from the free surface of the dam 
and the tail water). The electrical power produced is calculated from the following 
equation: 
 

gQHP ηρ= .  
 
where P is the output power in kilowatts, η is the overall efficiency, ρ is the 
density of the water, g is the gravity constant, Q is the water flow rate and H is the 
(static) head. The type of turbine installed is depending on the water flow rate and 
the head. There are two basic types of hydraulic turbines, impulse respectively 
reaction turbines. In an impulse turbine a free jet of water impinges the revolving 
element of the machine which is exposed to atmospheric pressure. In a reaction 
turbine flow takes place under pressure in a closed chamber. Although the energy 
delivered to an impulse turbine is all kinetic, while the reaction turbine utilizes 
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pressure energy as well as kinetic energy, the action of both turbines depends on 
the change in the momentum of the water so that a dynamic force is exerted on 
the rotating element (runner). The runner of a reaction turbine is similar in design, 
but not identical to a pump impeller. An example of an impulse turbine is the 
Pelton turbine being well suited for large heads. The two main reaction turbines 
being the Kaplan and Francis turbine of which the former is of interest in this 
work, suited for low and medium heads. The Kaplan turbine is also called axial 
turbine, since the entrance and exit of the runner is along the turbine shaft. One 
thing that is unique for the Kaplan turbine is the possibility to rotate the runner 
blades in order to run the turbine at different operational conditions.  
 

The draft tube principle 
The main purposes with the draft tube are to: 
 

- Increase the efficiency of the turbine by transforming kinetic energy to 
potential energy and thereby creating an artificial head. 

- Make it possible to locate the turbine above the tail-water. 
 
The pressure difference over the runner becomes larger if there is a draft tube, due 
to the suction effect originating from its expansion construction, see figure 2. The 
result is an increase of the efficiency.  
 
For vertical axis turbines (machines mounted with the shaft vertically as the Kaplan 
turbine), the draft tube contains a bend that redirects the flow into the tail water 
pool. Often there is also a gradual change from the round draft tube inlet to a 
rectangular shape towards the outlet. For these turbines elbow type draft tubes are 
used as shown in figure 2.  
 
Draft tubes can be designed in slightly different ways, but some design variables are 
of less importance than others. The shape of the outlet, circular or rectangular, is 
often of less importance than the outer area. However, the shaping of the elbow is 
one of the most intricate problems with draft tubes. The challenge is to do this 
with minor losses of energy and without risks for damaging mechanisms such as 
severe cavitations. Earlier, the design of the draft tube was governed by a few 
hydro-mechanical principles with great consideration of structural and 
constructional applications. The sharp heel draft tube in the ERCOFTAC test case 
[3, 13] is an example of this. A streamlined shape with smooth curvature in the 
elbow was too expensive and time-consuming to build. It has been used in newer 
hydropower systems but still the design is mainly based on other considerations 
than flow optimization. Also a cavitations-free operation is preferred, and the 
runner has often a deep setting in relation to tail-water. This is why the draft tube 
entrance is often below the tail-water, which is especially true for old design. The 
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finally design of the draft tube is based on a compromise between safety against 
cavitation, high efficiency and economical considerations for the construction. 
 

Description of the draft tube 
The geometry and boundary conditions of the draft tube used in this master thesis 
is founded on the Hölleforsen Kaplan turbine, located in Indalsälven, Sweden. This 
geometry has previously been studied in the two ERCOFTAC workshops 
mentioned earlier [3, 13]. The geometry is a 1:11 scale model of the real turbine 
including the spiral case and the draft tube. The velocity profile used as inlet 
boundary condition has been measured with Laser Doppler Velocimetry (LDV) on 
the scale model by Andersson [15]. Two measurements were made at a head of 4.5 
m, a rotating speed of 595rpm and at a flow rate of 0.522 and 0.542m3/s. These 
operational points correspond to the top and the right leg of the propeller curve 
[3]. In this thesis the top operation point is considered. The design of the draft 
tube is representative for the designs in the 1940’s and is characterised by a sharp 
heel, see figure 2. 
 

 
Figure 2, A CAD model of Hölleforsen draft tube. 
 
The two geometries that are studied here are the original draft tube geometry from 
the ERCOFTAC test case and a sharp heel modification of it, see figure 3, 
according to the measurements performed on these geometries by Dahlbäck [16]. 
These measurements show that the smoothing of the sharp heel corner of the draft 
tube results in an efficiency improvement in the system of about 0.5% for both 
model and full scale tests [16]. 
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Figure 3, Two draft tube geometries, the left one is the original geometry from the test case and the right one is 
modified with a radius of 410mm. 
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Methods 

Basic flow description 
The flow in draft tubes are very complex including several flow phenomena, such 
as turbulence, separation, swirling flow, unsteadiness and secondary flow. 
Advanced fluid flows are described by the continuity and momentum equations, 
which can generally not be solved analytically. Therefore the numerical procedure 
in CFD is of highest importance. In CFD the governing equations are discretized 
and solved for small domains, control volumes (CV). This provides numerical 
results of the predicted flow field in discrete locations, nodal points, in both space 
and time. 
 

Discretization 
In CFD the governing equations are usually discretized by a Finite Volume 
Method (FVM) approach. The FVM uses an integral form of the conservation 
equation as a starting point: 
 

∫∫∫ +•Γ=•
VAA

dVqdAgraddA φφρφ nnv .                   (1) 

 
where Γ is the diffusivity of a quantity φ, v is the velocity, ρ is the density, qφ is the 
source or sink of φ. To solve equation (1) the solution domain is first subdivided 
into a computational grid with a finite number of small CVs where each 
computational node usually are assigned to the CV centre, see figures 4 and 5. One 
advantage of this approach is that the nodal value represents the mean over the CV 
volume. Another is that the conservation formulation can be applied to each CV as 
well to the whole solution domain. The final solution of the global conservation 
equation is then obtained by summarizing all equations for each CV. To obtain 
algebraic equations for every CV, the surface and volume integrals are discretized 
by a suitable differencing scheme. For a more elaborate description of the FVM 
please read [17]. 
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Figure 4, A typical 2D structural Cartesian CV with notation 
 

 
Figure 5, A typical 3D structural Cartesian CV with notation 
 
The code used to solve the conservation equations (continuity, mass and 
momentum) in this thesis is the CFX5.7 software. It is based on a hybrid FVM 
approach and for a more elaborate description of the code see [18]. 
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Turbulence modelling 
Turbulence consists of fluctuations in the flow field in both time and space. It is a 
complex process, mainly because it is three dimensional, unsteady and consists of 
many scales. It has also a significant effect on the characteristics of the flow. 
Turbulence occurs when the inertia forces in the fluid become significant 
compared to viscous forces, and is thus characterised by a high Reynolds Number. 
 
In principle, the Navier-Stokes equations describe both laminar and turbulent flow 
without the need for additional information. However, turbulent flows at realistic 
Reynolds numbers span a large range of turbulent length and time scales, where 
the smallest ones in practice can not be resolved numerically even with the finest 
grids used today. In fact Direct Numerical Simulation (DNS) of these flows require 
computing power which is of many orders higher than the available resources in a 
foreseeable future. 
 
Instead the effects of turbulence are dealt with by usage of turbulence models, 
hence a large amount of CFD research is devoted to the development of such 
models. Turbulence models are specifically designed to account for the effect of 
turbulence without the need of prohibitively fine grid and DNS and most of them 
are based on statistics, as described below. 
 

Statistical turbulence models 
Considering time scales much larger than the time scales of the turbulent 
fluctuations, the turbulent flow can be said to exhibit average characteristics with 
an additional time varying fluctuating component. Statistical turbulence models 
uses this characteristic to modify the Navier-Stokes equations by introducing an 
averaged and a fluctuating quantity to produce the Reynolds Averaged Navier-
Stokes (RANS) equations: 
 

ijjiiijjit uuUPUUU ∂−∇+∂−=∂+∂ 21 ν
ρ

.                  (2) 

 
0=∂ iiU .                     (3) 

 
where Ui is mean velocity, ρ is the fluid (water) density, P is the pressure, ν is the 
viscosity, ujui is the Reynolds stresses and ui is the velocity fluctuation. For a more 
elaborate derivation of these equations please read [12]. These equations represent 
the mean flow characteristics, while the turbulent fluctuations (all scales) are 
modelled via the Reynolds stresses without the high resolution requirements. 
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Turbulence models based on the RANS equations are known as Statistical 
Turbulence Models due to the statistical averaging procedure employed to obtain 
the equations. 
 
Simulation of the RANS equations greatly reduces the computational effort 
compared to a Direct Numerical Simulation and is generally adopted for practical 
engineering calculations. However, the averaging procedure introduces additional 
unknown terms containing products of the fluctuating quantities, which act like 
additional stresses in the fluid. These terms, called Reynolds (turbulent) stresses, are 
difficult to determine directly and so becomes further unknowns.  
 
The Reynolds stresses need to be modelled in order to achieve closure. Closure 
implies that there are a sufficient number of equations for all the unknowns, 
including the Reynolds-Stress tensor resulting from the averaging procedure. The 
equations used to close the system define the type of turbulence model. 
 

Wall-functions 
Near a no-slip wall, there are strong gradients for the dependent variables. In 
addition, the viscous effects on the transport processes are large. The representation 
of these processes within a numerical simulation raises a couple problems, such as 
how to account for the viscous effects at the wall and how to resolve the rapid 
variation of flow variables which occurs within the boundary layer region. 
 
Experimental and mathematical 2D analysis has shown that the near-wall region 
can be subdivided into two layers. The innermost layer, the so-called viscous 
sublayer, where the flow is almost laminar and where the (molecular) viscosity 
plays a dominant role in momentum and heat transfer. Further away from the wall, 
the logarithmic layer takes place where turbulence dominates the mixing process. 
Finally, there exist also a region between the viscous sublayer and the logarithmic 
layer called the buffer layer where the effects of molecular viscosity and turbulence 
are of equal importance, see figure 6. 
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Figure 6, The subdivisions of the near-wall region 
 
Assuming that the logarithmic profile is a reasonable approximation of the velocity 
distribution near the wall, the fluid shear stress can be numerically computed as a 
function of the velocity at a given distance from the wall. This is known as the 
wall function and the logarithmic nature gives rise to the well known log law of 
the wall. 
 
There are two approaches that are commonly applied to model turbulent flow in 
the near-wall region: 
 
- The Wall Function method where empirical formulas are used that imposes 
suitable conditions near to the wall without resolving the boundary layer, thus 
saving computational resources. The major advantage of the wall-function 
approach is that the high gradient shear layers near walls can be modelled with 
relatively coarse grids, yielding substantial savings in CPU time and storage. It also 
avoids the need to account for the viscous effects in the turbulence model. When 
the k-ε turbulence model is used the wall-function is preferred and the 
recommendation on the y-plus value is that it should bee between 20 and 100. 
 
- The Low-Reynolds-Number method which resolves the details of the boundary 
layer profile by using very small grid length scales in the direction normal to the 
wall (very thin inflation layers). The low-Re method does not refer to the device 
Reynolds number, but to the turbulent Reynolds number, which is low in the 
viscous sublayer. This method can therefore be used even in simulations with very 
high device Reynolds numbers, as long as the viscous sublayer has been resolved. 
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The low-Re approach requires a very fine grid in the near-wall zone and 
correspondingly large number of nodes. Computer-storage and runtime 
requirements are higher than those of the wall-function approach and care must be 
taken to ensure good numerical resolution in the near-wall region to capture the 
rapid variation in variables. To reduce the resolution requirements, an automatic 
wall treatment was developed by CFX, which allows a gradual switch between 
wall functions and low-Reynolds number grids, without a loss in accuracy. 
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Turbulence models 
In this work two turbulence models will be applied the standard k-ε model and the 
SST model. 

The standard k-ε-model 
The standard k-ε model is one of the most widely used turbulence models in 
industry today, consequently it is implemented in almost all CFD code. It is very 
stable and numerically robust and has a well established regime of predictive 
capability. For general purpose, the standard k-ε model offers a good compromise 
in terms of accuracy and robustness.  
 
Although the standard k-ε model provides good predictions for many engineering 
flows, there are applications for which the model may not be suitable. Among 
these are: 

- Flows with boundary layer separation. 
- Flows with sudden changes in the mean strain rate. 
- Flows in rotating fluids. 
- Flows over curved surfaces. 

 
The Reynolds stresses in the standard k-ε model are modelled with the 
constitutive equation, and thereby relates the stresses linearly to the strain: 
 

ijijTij kSuu δν
3
22 −=− .                    (4) 

 
where νT is the eddy viscosity and Sij is the mean strain tensor: 
 

( )ijjiij UUS ∂−∂=
2
1

.                    (5) 

 
The eddy viscosity is in next turn modelled by the standard k-ε model by 
predicting the velocity and length scales (u and l) of the eddy viscosity (νT~l*u) 
with the turbulent kinetic energy k and the turbulent dissipation rate ε (u~k1/2 and 
l~k3/2), i.e.: 
 

ε
ν µ

2kCT = .                     (6) 
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where Cµ is a model constant. The turbulent kinetic energy and the dissipation 
rate are derived from: 
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with the following values on the model constants: Cµ=0.09, Cε1=1.44, Cε2=1.92, 
σk=1 and σε=1.3. 
 

The SST-model 
One of the main problems in turbulence modelling is the accurate prediction of 
flow separation from a smooth surface. Ordinary two-equation turbulence models 
as the standard k-ε model often fail to predict the onset and the amount of flow 
separation under adverse pressure gradient conditions. This is an important 
phenomenon in many technical applications, particularly for airplane aerodynamics 
since the stall characteristics of a plane are controlled by the flow separation from 
the wing. For this reason, the aerodynamic community has developed a number of 
advanced turbulence models for this application. In general, turbulence models 
based on the ε-equation predicts the onset of separation too late and under-predict 
the amount of separation later on. This is problematic, as this behaviour gives an 
overly optimistic performance characteristic for an airfoil. The prediction is 
therefore not on the conservative side from an engineering point of view. The 
models developed to solve this problem, as the k-ω model has shown a 
significantly more accurate prediction of separation in a number of test cases and in 
industrial applications. Separation prediction is important in many technical 
applications both for internal and external flows. 
 
Currently, on of the most prominent two-equation models in this area is the 
Shear-Stress-Transport model (SST) by Menter [19]. The idea behind the SST-
model is to combine the best elements of the k-ε and the k-ω model with the help 
of a blending factor. The blending factor decides which of the two turbulence 
models that is the most prominent. It activates the k-ω model in the near-wall 
region and the k-ε model for the rest of the flow. The transition from the k-ω to 
the k-ε formulation takes place in the logarithmic layer. By this approach, the 
attractive near-wall performance of the k-ω model can be utilized without the 
potential errors resulting from the free stream sensitivity of that model.  
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The model is based on the Bradshaw’s assumption that the principal shear-stress is 
proportional to the turbulent kinetic energy, which is introduced into the 
definition of the eddy-viscosity.  
 
A short derivation of the model is as follows, for more details of the model please 
see [19]: 
 
The original k-ω formulation is given by: 
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and the transformed standard k-ε formulation (to a k-ω formulation) is given by: 
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Now if equation 9 and 10 are multiplied by a blending factor F1 and equation 11 
and 12 are multiplied by its reverse (1-F1), the SST model is obtained by adding 
each set of equations together, i.e.: 
 

( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+
∂
∂

+−
∂
∂

=
j

Tk
jj

i
ij x

k
x

k
x
uS

Dt
kD µσµρωβρ * .                (13) 

 

( ) ( )
jjj

T
jj

i
ij

T xx
kF

xxx
uS

Dt
D

∂
∂

∂
∂

−+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+
∂
∂

+−
∂
∂

=
ω

ω
σρωµσµβω

ν
γρω

ωω
112 21

2 .    (14) 

 
The blending factor F1 in equation 13 and 14 is defined as: 
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( )4
11 argtanh=F .                  (15) 

 
where arg1 in next turn is defined as: 
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where y is the distance to the next surface and CDkω is the cross-diffusion term of 
equation 10: 
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The eddy viscosity in the constitutive equation 4 is modelled as: 
 

( )21
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αν .                  (18) 

 
where Ω is the absolute value of the vorticity and F2 is a second blending factor 
defined as: 
 

( )2
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where arg2 in next turn is defined as: 
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Finally, the turbulent stress tensor is defined as: 
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The model constants in the above equations are given by the relation: 
 

( ) 2111 1 φφφ FF −+= .                  (22) 
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where φ1 represent any constant in the k-ω model (σk1,…), φ2 any constant in 
the transformed k-ε model (σk2,…) and φ the corresponding constant of the SST 
model (σk,…). The following sets of constants are standard values: 
 
set 1 (k-ω): 

85.01 =kσ , 5.01 =ωσ , 0750.01 =β , 31.01 =α , 09.0* =β , 41.0=κ , 

** 2
111 βκσββγ ω−= . 

 
set 2 (standard k-ε): 

0.12 =kσ , 856.02 =ωσ , 0828.02 =β , 09.0* =β , 41.0=κ , 

** 2
222 βκσββγ ω−= . 
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Numerical procedure 
Previous investigations have shown on converging problems during the solution 
progress in the simulations of the draft tube [14] of interest, and thereby the 
simulation is divided into two steps: 
 

- Initial guess 
- Final calculation 

 
In the initial guess a first order differencing scheme (the upwind differencing 
scheme) is used to achieve a stable convergence during the first part of the solution 
progress. During this step an opening boundary condition is also used at the outlet, 
in order to avoid some initial perturbation in the solver behaviour, which appears 
as a recirculation zone close to the boundary. The opening boundary condition 
allows back flow to take place at the outlet, giving the solver time to reduce the 
initial perturbations. This is perfectly alright as long as it does not exist a physical 
recirculation zone close to the boundary. 
 
For the final calculation the differencing scheme is switched to a second order 
accurate scheme for the continuity and the momentum equations with specified 
blend factor set to 1, while the turbulent equations remains the same (first order 
accurate) which may reduce the accuracy. At the outlet an outlet boundary 
condition is set that only allows flow out of the domain.  
 
For the unsteady calculation the second order Euler backward scheme is used 
during both steps for the unsteady term. The total time for the unsteady simulation 
is set to 40 seconds, to be sure that the simulations are well converged. The time-
step used is set to 0.1 seconds which corresponds to approximately 1 runner 
rotation. 
 
The inlet boundary condition is set by a Fortran-routine that interpolates the inlet 
velocity profile based on measurements done by Andersson [15]. Since the runner 
rotates with 595rpm the runner boundary condition is set to a rotating wall. The 
remaining walls are set to a rough wall with a roughness of 1e-5 m. To stable the 
convergence, the simulation is also under-relaxed. This also minimizes the 
occurrence of “bouncy” residuals (the residuals are decreasing at a higher rate and 
with a smoother curve). 
 
For the standard k-ε simulations the scalable wall functions are used and for the 
SST-simulations the automatic wall functions are used. 
 
The computational grid consists of unstructured tetrahedral elements (CVs) and is 
generated with the ICEM CFD software. The main reason for the choice of 



 22

tetrahedral elements is its insensitivity to the flow direction, compared to a 
structured hexahedral grid. To get a high quality grid throughout the whole 
domain the geometry is subdivided into different areas in order to resolve the local 
flow conditions better, see figure 7. Since the flow is especially complicated to 
resolve near the inlet, due to high velocity gradients in the rotating flow from the 
runner, the number of elements at this location is large. The number of the 
elements in the rest of the draft tube is gradually decreasing downstream. Other 
parameters that are of importance to assure a high quality grid are the y-plus value, 
the elements volume ratio and the minimum face angle. There exist also standard 
recommendations on these values to get trustworthy results. For example, to get a 
good value on the y-plus factor the elements close to the walls are transformed into 
prismatic elements, since they resolve the boundary layer better. A mesh density is 
placed between two subdivisions to get a better transition between the different 
mesh sizes and to get descent values on the element volume ratio. The minimum 
face angle is smoothed out on all elements with the min angle quality parameter in 
ICEM CFD. To resemble the true situation and to get better convergence the 
geometry of the draft tube is also elongated. 
 

 
 
Figure 7, The subdivision of the geometry. 
 
 
Note, that the geometry modelled is only a part of a whole hydropower system, 
since the amount of required elements to model the whole plant would be 
enormous. 

Cone 

Elbow 

Diffuser 

Elongation 
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Results 

The grids 
Two grids were generated for the CFD simulations, composed of 6.2 million 
elements and 6.1 million elements for the original geometry respectively the 
modified geometry. The quality of the grids were acceptable although not optimal, 
see table 1. For example is the maximum element volume ratio higher than 
recommended in the inflated boundary border and some of the subdivision 
borders, see figure 8. Furthermore it is also noticed that the average y-plus values 
are above the recommended one for the simulations with the standard k-ε 
turbulence model, see table 1. However most of these high y-plus values can be 
traced to the elongation of the draft tube, where their effects should not be so 
critical, see figure 9. Due to convergence problems with the SST turbulence model 
on these two grids, two additional grids were generated for the modified geometry 
to investigate the source of the problems. The first one with an increased number 
of nodes in the boundary layer since the SST turbulence model requires a better 
boundary layer resolution than the standard k-ε model due to the automatic wall 
function approach, composed of 8.3 million elements. The second one with a 
longer elongation since a recirculation region was discovered near the outlet in the 
first simulations with the SST turbulence model, see figure 10, composed of 1.3 
million elements. For these two grids however also the maximum edge length ratio 
became too high, see table 2. The former due to the improved boundary layer 
resolution, and the latter due to the coarser grid size. As shown in figure 11 the 
elements with too high element volume ratio are mostly located in the region 
between the inflated boundary layers and the tetrahedral elements, due to the fact 
that the number of inflation layer is increased and therefore the difference in 
volume increases. For the elongated modified geometry the number of inflation 
layers is kept constant, but the number of elements in the free-stream is reduced, in 
order to keep the number of elements to a minimum due to computational time.  
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Table 1, The different quality parameters for the two original grids. 
Parameter Recommended value 

[18] 
Original 
geometry 

Modified 
geometry 

Number of 
elements 

 6.2 million 6.1 million 

Ave. y-plus (k-ε) <100 250 266 
Ave. y-plus (SST) <2 211 208 
Max. Edge length 
ratio 

<100 73 277 

Max. Element 
volume ratio 

<5 26 30 

Connectivity 
number 

<50 66 76 

Min. face angle >10 14 11 
Max. face angle <170 149 153 
 

 
Figure 8, Element volume ratio for the original geometry to the left and the modified geometry to the right. The 
highlighted elements are in the risk-zone, with values of the element volume ratio higher than 5. 
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Figure 9, Y-plus values (from the k-ε simulations) for the original geometry to the left and the modified 
geometry to the right. The highlighted elements are in the risk-zone with y-plus values higher than 100. 
 

 
Figure 10, The elongated modified geometry. 
 
Table 2, The different quality parameters for the two additional grids. 
Parameter Recommended 

value [18] 
Modified 
geometry 

Elongated 
modified 
geometry 

Number of elements  8.3 million 1.3 million 
Ave. y-plus (SST) <2 19 20 
Max. Edge length 
ratio 

<100 1726 4525 

Max. Element 
volume ratio 

<5 55 364 

Connectivity 
number 

<50 76 46 

Min. face angle >10 13 15 
Max. face angle <170 146 143 
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Figure 11, Element volume ratio for the modified geometry to the left and the elongated modified geometry to 
the right. The highlighted elements are in the risk-zone, with values of the element volume ratio higher than 5. 
 

The standard k-ε results 
The convergence of the standard k-ε simulations is very good, all of the Root 
Mean Square (RMS) residuals (velocity, mass turbulence quantities) drop below 
10-8, see figures 12-15. Also the behaviour of the residuals shows the same 
tendency and the slope is the same for both the steady and the unsteady 
simulations. In the residual-plots the distinct rise after 250 iterations correspond to 
the point where the second order differencing scheme is turned on and where the 
boundary condition at the outlet is changed to an outlet type. The RMS residuals 
are all calculated by taking the square of the residuals in the domain and taking the 
mean-value of them, and then taking the square root of the mean-value. The 
iterative convergence for the engineering quantity, Cp (the pressure recovery 
factor), is displayed with the help of a monitor point and is calculated with the 
following equation: 
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where pout and pin are the integrated pressure at the outlet and the inlet, Qin is the 
flow rate at the inlet, Ain is the cross-section area of the inlet and ρ is the fluid 
(water) density. It can then be seen that the behaviour of Cp is also independent of 
the steady or unsteady assumption, see figures 16-19 where the grey line is Cp 
calculated with respect to the static pressure and the green line with respect to the 
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static (thermodynamic) pressure and is related to the absolute pressure as in 
equation 24. 
 

refstatabs ppp += .                  (24) 

 
 In fact the difference in Cp between the steady and the unsteady simulation is 
much smaller than 0.001%, see table 3. Comparing the two draft tube geometries it 
is revealed that for the modified geometry Cp improves with 0.006%, which is 
rather small as compared to the measurement improvements of 0.5% in the 
efficiency [16]. This results show however good agreement with the simulations 
previously done by Marjavaara [14], although there still exist room for 
improvements in the grid generation. The results of the calculated flow field for 
the original and modified geometry was similar to what has been derived in other 
studies [3, 13, 18]. It captured among other things regions with separated flow, 
secondary flow with two main vortices and a vortex rope moving from one side of 
the draft tube to the other, see figures 20 and 21. For the original geometry there 
were three regions with separated flow. One small beneath the runner cone, a 
second one in the sharp heel corner and a third large one at the upper left wall just 
before the elongation at the outlet, seen downstream. For the modified geometry 
the separation region in the sharp heel corner disappeared as expected (see figure 
21), but the efficiency did not increase considerably as mentioned earlier. There 
are no notable variation in velocity field and pressure distribution between the 
original and the modified geometry, although the pressure distribution should 
change significantly [16]. The only tendency to a difference in the pressure 
distribution occurs in the sharp heel corner of the draft tube, see figure 22. Here 
the static pressure is plotted along the upper centre line and when comparing with 
the results in [16] it is obvious that the simulations differ in the elbow region and 
in the beginning of the elongation. It can also be seen that most of the pressure 
recovery is recovered in the cone. 
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Figure 12, The convergence curves for the steady simulation of the original geometry. The left one show the 
residuals for the continuity and the mass and momentum equations while the right one shows the turbulence 
quantities. 
 

 
Figure 13, The convergence curves for the unsteady simulation of the original geometry. The left one show the 
residuals for the continuity and the mass and momentum equations while the right one shows the turbulence 
quantities. 
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Figure 14, The convergence curves for the steady simulation of the modified geometry. The left one show the 
residuals for the continuity and the mass and momentum equations while the right one shows the turbulence 
quantities. 
 

 
Figure 15, The convergence curves for the unsteady simulation of the original geometry. The left one show the 
residuals for the continuity and the mass and momentum equations while the right one shows the turbulence 
quantities. 
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Table 3, The pressure recovery factor for the different simulation 
 Original 

geometry, 
steady 

Original 
geometry, 
unsteady 

Modified 
geometry, 
steady 

Modified 
geometry, 
unsteady 

Cpstat 0.95878 0.95880 0.95314 0.95319 
Cp 0.95684 0.95686 0.95099 0.95103 
 

 
Figure 16, The figures show the values of Cp per accumulated time step for the run, the steady simulation of the 
original geometry. The right one is zoomed to get a more relevant scaling. 
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Figure 17, The figures show the values of Cp per accumulated time step for the run, the unsteady simulation of 
the original geometry. The right one is zoomed to get a more relevant scaling. 
 

 
Figure 18, The figures show the values of Cp per accumulated time step for the run, the steady simulation of the 
modified geometry. The right one is zoomed to get a more relevant scaling. 
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Figure 19, The figures show the values of Cp per accumulated time step for the run, the unsteady simulation of 
the modified geometry. The right one is zoomed to get a more relevant scaling. 
 

 
Figure 20, Calculated streamlines from the runner and velocity contour plots, the left one is the original 
geometry and the right one is the modified geometry. 
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Figure 21, Velocity vectors and contour plot at the sharp heel corner, the left one is the original geometry and 
the right one is the modified geometry. 
 

 
Figure 22, Pressure distribution along the centre line at the upper wall, the left one is the original geometry and 
the right one is the modified geometry. 
 

The SST results 
The results from the steady and unsteady simulations on the modified geometry 
and the original geometry, with the SST model, turned out to be very difficult to 
get to converge, see figure 23, the left figure is a simulation of the modified 
geometry with a standard k-ε simulation as an initial guess and the right one is a 
simulation of the original geometry with the SST turbulence model activated from 
the start. Hence two additional grids where generated to investigate the source of 
the convergence problem. The first on which is more suited for simulations with 
the SST turbulence model due to better near wall resolution. The second one was 
elongated to investigate if the position of the outlet was positioned too far 
upstream. As seen in the figures 24 and 25 the residual convergence for the two 
additional grids looks the same, the residuals does not decrease enough to get a 
well converged solution according to [18]. And the same problem exists for Cp see 
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figures 26 and 27. A lot of different numerical alterations were also made, such as 
different relaxation parameters, physical time step, different differencing schemes 
and steady versus unsteady simulations but the convergence problem remained. 
Possible explanation to this problem will be discussed in the next section. 
 

 
Figure 23, The convergence curves for the steady simulation of the modified geometry, to the left, and the 
original geometry, to the right. 
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Figure 24, The convergence curves for the steady simulation of the modified geometry, the grid with 8.3 million 
elements. The left one show the residuals for the continuity and the mass and momentum equations while the 
right one shows the turbulence quantities. 
 

 
Figure 25, The convergence curves for the steady simulation of the modified elongated geometry. The left one 
show the residuals for the continuity and the mass and momentum equations while the right one shows the 
turbulence quantities. 
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Figure 26, The figures show the values of Cp per accumulated time step for the run, the steady simulation of the 
modified geometry. The right one is zoomed to get a more relevant scaling. 
 

 
Figure 27, The figures show the values of Cp per accumulated time step for the run, the steady simulation of the 
modified elongated geometry. The right one is zoomed to get a more relevant scaling. 
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Discussion 
The results from the standard k-ε simulations show excellent agreement according 
to the simulations performed by Marjavaara [14] and consequently the level do not 
correspond to the measurements performed by Dahlbäck [16]. This verifies the 
hypothesis that the small improvements in the numerical CFD simulations (i.e. 
pressure recovery) compared to the measurements is connected to the flow 
assumption in the numerical setup since the simulations performed in this thesis are 
performed on a much finer grid resolution than the simulations done by 
Marjavaara. It must however be mentioned that there is still room for 
improvements regarding, for example, the volume expansion factor and the 
boundary resolution.  
 
The difference between the steady and the unsteady simulations with the standard 
k-ε turbulence model are also very small indicating that the small improvement is 
not an unsteady effect. It should though be emphasized that this result could differ 
if a more advanced turbulence model or a smaller time-step was used. However, 
the main advantage with the unsteady simulations in this case is that it requires less 
CPU time and is therefore much more cost-effective. This detail is very important 
when a series of simulations are to be carried out when doing shape optimizations, 
for instance. 
 
The fact that the simulations with the SST turbulence model did not converge is 
rather surprising since many numerical setups have been tested. There are at least 
speculatively three possible explanations to this convergence problem. The first 
explanation is connected to the grid used in the calculations. Although they are of 
descent quality there still are quality parameters that can be improved such as the 
edge length ratio and the volume expansion factor. The second explanation is how 
to handle the position of the outlet and also the shape of it. Should it be placed 
further downstream or should it be wider. Anyhow the elongation must represent 
the reality in a better way than today since a recirculation zone is quite close to the 
outlet. Finally the applied inlet boundary may also be a source of the problem, due 
to its near wall behaviour which correctness can be discussed.  
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Conclusions and future work 
The simulations with the standard k-ε turbulence model converge very nicely and 
the results show the same appearance as the simulations previously performed by 
Marjavaara. In addition they seem to be in the right region although the result does 
not correspond to the measurements done by Dahlbäck.  
 
As expected the recirculation zone in the elbow-region of the original geometry of 
the draft tube disappears when applying the modification to it but the other two 
recirculation zones remain unchanged. 
 
The preferred simulation type, when using the standard k-ε turbulence model on 
this draft tube, should be unsteady since the CPU-time required is much lower 
than for the steady simulations and the difference in pressure recovery is very small. 
  
There are still more work to be done to get the SST-turbulence model simulations 
to work correctly for this draft tube flow problem, in particular with the grid, the 
inlet boundary condition and/or the location of the outlet. When this has been 
sorted out even more advanced turbulence models such as DES can be evaluated. 
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