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Abstract 

At the intake of hydropower plants, air-core vortex formation is known to cause severe damage. In order 

to study how to prevent and reduce the origin of the vortex, Vattenfall has built a scale model of the 

Akkats hydropower plant dam, where scale testing is possible. This thesis work consists of discerning 

whether Computational Fluid Dynamics (CFD) in terms of solving the Unsteady Reynolds Average 

Navier-Stokes equations (URANS) can be used as a complement to scale testing. 

For this work, the RNG 𝑘 − 𝜖 turbulence model is chosen, and the flow field is solved with implicit time 

discretization using a pressure-based solver, for three different inlet flow conditions. Despite significant 

differences in the inflow of these three cases, the resulting flow fields are surprisingly similar. A main 

result is that no vortex is formed in any of the cases. The cause of this is discussed, but the number of 

possible answers is large. The main purpose of the report has therefore become to lay the foundation for 

further research. Amongst the top priorities in parameters to investigate lies the choice of turbulence 

model, the surface height, the pressure discretization scheme and to perform calculations on a more 

expensive mesh. 
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Sammanfattning 

Virvlar som uppstår vid intaget i vattenkraftverk kan orsaka stora skador. För att kunna göra studier om 

hur man bäst motverkar virveln och förhindrar dess uppkomst, har Vattenfall AB byggt en småskalig 

modell av dammen vid Akkats vattenkraftverk. Det här arbetet behandlar frågeställningen huruvida 

Computational Fluid Dynamics (CFD) med lösning av ekvationerna för Unsteady Reynolds Average 

Navier-Stokes (URANS) kan användas som ett komplement till dessa modell-tester. 

I det här arbetet har turbulensmodellen RNG 𝑘 − 𝜖 valts och flödesfältet löses för tre olika tillstånd för 

flödet vid inloppet, med hjälp av implicit tidsdiskretisering tillsammans med en tryckbaserad 

ekvationslösare. Trots betydande skillnader för inflödet för dessa tre fall är de resulterande flödesfälten 

överraskande lika. Ett huvudresultat är att ingen virvel formas för någon av dessa fall. Anledningen till 

detta har diskuterats, men antalet möjliga anledningar är många. Huvudsyftet med den här rapporten har 

därför blivit att lägga en grund för framtida efterforskningar på området. Några av de viktigaste 

parametrarna att undersöka är valet av turbulensmodell, höjden på vattenytan, tryckdiskretiserings-schema 

samt att genomföra beräkningar för en finare mesh. 
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Abbreviations 

CAD  Computer-Aided Design 

CFD  Computational Fluid Dynamics 

DNS  Direct Numerical Simulations 

FEM  Finite Element Method 

LES  Large Eddy Simulation 

PISO  Pressure-Implicit with Splitting of Operations 

PRESTO!  PREssure STaggering Option 

RANS  Reynolds-Averaged Navier-Stokes 

RNG  Re-Normalization Group 

SIMPLE  Semi-Implicit Method for Pressure Linked Equations 

SIMPLEC  Semi-Implicit Method for Pressure Linked Equations-Consistent 

SST  Shear Stress Transport 

TRANS  Transient Reynolds-Averaged Navier-Stokes 

URANS  Unsteady Reynolds-Averaged Navier-Stokes 

VOF  Volume Of Fluid 
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Nomenclature 

𝐶1𝜖, 𝐶2𝜖, 𝐶3𝜖  constants    [-] 

𝐶𝑑   discharge coefficient of intake in uniform canal flow [-] 

𝐶𝜇  model constant   [-] 

𝐷  hydraulic diameter   [m] 

𝐷𝑖  inner diameter of intake   [m] 

𝑒  internal energy    [m2/s] 

𝐸   wall roughness parameter   [-] 

𝐹𝑅  Froude number   [-] 

𝐹𝑖  body force term   [m/s2] 

𝑔  acceleration due to gravity   [m/s2] 

𝐺𝑏   generation of turbulence kinetic energy due to buoyancy [kg/ms3] 

𝐺𝑘   generation of turbulence kinetic energy   [kg/ms3] 

   due to mean velocity gradients    

𝐺𝜔  generation of 𝜔   [kg/m3s2] 

𝑘  turbulent kinetic energy   [m2/s2] 

Κ  von Karmans constant    [-] 

𝐿  characteristic length   [m] 

𝑅𝑒  Reynolds number   [-] 

𝑆𝑐𝑟  critical submergence depth   [m] 

𝑆𝑘  user-defined source term   [kg/ms3] 

𝑆𝜖  user-defined source term   [kg/ms4] 

𝑆𝜔  user-defined source terms   [kg/m3s2] 

𝑇  absolute temperature   [K] 

𝑉0  Intake velocity    [m/s] 

𝑉𝑖   velocity at the intake   [m/s] 

𝑢  velocity of the fluid   [m/s] 

𝑈∞   velocity of uniform canal flow at upstream of the intake [m/s] 

𝑌𝑘  dissipation of 𝑘 due to turbulence  [kg/ms3] 

𝑌𝑀  contribution of fluctuation dilation in compressible  

turbulence to overall dissipation rate  [kg/ms3] 

𝑌𝜔  dissipation of 𝜔 due to turbulence  [kg/m3s2] 

 

𝜏𝑖𝑗  viscous stress tensor   [kg/ms2] 
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Φ  dissipation function   [kg/ms3] 

𝜌  density of the fluid   [kg/m3] 

𝜅  thermal conductivity   [m/Ks2] 

𝜇  dynamic viscosity   [kg/ms] 

𝛿𝑖𝑗  Kronecker delta   [-] 

𝜈  kinematic viscosity   [m2/s] 

𝜈𝑇  turbulent viscosity   [m2/s] 

𝜖  dissipation rate of 𝑘    [m2/s3] 

𝜙𝑓  face value    [generic] 

∇  spatial differential operator   [1/m] 

𝜔  turbulent frequency   [1/s] 

𝜎𝑘, 𝜎𝜖, 𝜎𝜔  turbulent Prandtl numbers for 𝑘, 𝜖 and 𝜔, respectively [-] 

Γ𝑘  effective diffusivity of 𝑘   [kg/ms] 

Γ𝜔  effective diffusivity of 𝜔   [kg/ms] 
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1 Introduction 

1.1 Background/Problem Statement 

In the autumn 1973 the Akkats hydropower plant in Lule älv outside of Jokkmokk was taken into 

operation. In 2002, the turbine suddenly stopped and the pressure from the water destroyed the 

fundament below the turbine. This accident led to a production capacity reduction of about 20%. In 2004, 

the restoration of the hydropower plant was initiated (Vattenfall, 2013). 

The plan was to replace the old aggregate (Generator 1) with two smaller identical aggregates. The new 

aggregates use the same water bearing as Generator 1, but their efficiency is higher and they run more 

safely which leads to an increased power output. Generator 1 was still in operation while one of the new 

turbines (Generator 2) was being installed about 40 meters from Generator 1. The tunnel for Generator 2 

was built using a method called Lake Tapping, which can be read further about in section 2.1. Once 

Generator 2 was installed and running, the old generator could be removed without any pause in the 

electricity production.  

When the last bit of the tunnel, closest to the bottom of the dam, for Generator 2 was being removed, an 

air-core vortex was formed. A photo of an air-core vortex taken at Akkats is shown in Figure 1.  

 

Figure 1 Photo of the vortex at Akkats taken in May 2012 

Strong free surface vortex formation, such as this one, is a common phenomenon not only for 

hydropower plants but also for other kinds of hydraulic structures. The formation of this vortex was 

found to be caused by a too small intake water depth in relation to the intake diameter (Knauss, 1987), 

this phenomenon is explained further in section 2.2.1.1. A vortex of this kind was undesired since it not 

only induced vibrations in the unit, but also because such vortices may bring floating trash, ice and 

sediment downstream to the turbine which might shorten the life length of the turbine. In addition, the 

vortex caused extra head loss at the intake (Yang, et al, 2014). The fluctuations caused by the vortices may 

increase the intake losses and thus decreasing the efficiency of the turbine. While counter-measures for 

vortex formation exist, they are in general associated with significant expenses and intrusive constructions; 

this will be treated in the theory section 2.2.1.2. 

In order to determine the reason for the existence of this vortex, as well as how it was affected by 

different conditions, two hydraulic scaled models were built at the Vattenfall AB, R&D Laboratories in 

Älvkarleby. These models have been a base when introducing an arrangement to prevent and reduce the 

origin of the vortex. 
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Laboratory testing of this kind is a well-known and very efficient method to identify the source(s) of the 

vortex formation and to find a solution to the problem. However, in studies done recently, Computational 

Fluid Dynamics (CFD) calculations have been used as a complementing approach to the laboratory tests. 

This method could be both time- and money-saving and give a sufficient reliable prediction of the 

possible vortex formations. However, to successfully perform CFD calculations requires academic 

knowledge both in fluid dynamics and numerical methods, as well as years of experience. The main reason 

for this is that the governing equations are too difficult (computationally expensive) to solve, something 

which has triggered development of a vast number of simplified models and methods. Knowing which 

model to choose for a given application – as well as how to use it – is a never-ending challenge in a CFD 

user’s life. This thesis looks at the choice of using a method known as Unsteady Reynolds Average 

Navier-Stokes (URANS), for the purpose of calculating the flow at the intake of the Akkats hydropower 

plant. 

1.2 Objectives of the thesis 

When this master thesis project was initiated, a list of objectives was written down with the main point 

being to investigate whether URANS could be used in the future to predict formation of vortices, and if 

so, to determine which anti-vortex device would be the most preferable at hydraulic intakes in 

hydropower dams, such as the one in Akkats. In some situations, the use of CFD instead of experimental 

models would be preferable due to practical reasons, and in other situations, it could be a great 

complement to the experiments.  

To achieve this, simulations of the hydropower dam in Akkats using the commercial software Ansys 

Fluent were planned. The simulation results were then to be compared with the outcomes of previously 

conducted experiments, in order to review the suitability of the use of CFD in different situations. 

Specifically, the sensitivity of the following parameters were deemed as important to investigate: 

1. The density of the mesh 

2. The turbulence model 

3. Water bearing 

4. The tailrace 

5. The geometry of the intake 

1.3 Method of attack 

At the start of the project, the following plan was formulated: 

“The project will start with a literature search to increase the knowledge in the field of vortices and CFD. 

The CFD calculations of the hydropower plant will be performed, with existing geometries of the plant, 

using ANSYS Fluent. To be able to perform these calculations, knowledge and understanding of the 

software will be acquired. For this purpose tutorials will be used, along with theory. Knowledge about 

how to import the given model into Ansys Fluent, how to perform a proper mesh and how to change 

different parameters are also needed. In order to learn how to perform such a simulation, and how the 

different parameters are changed, the geometry in the size of the model will be used at first. After a 

satisfactory result is obtained using the simplified model, the full model including the terrain, intake and 

tunnel will be used, along with the different criteria given in the objectives chapter. The results of the final 

CFD simulations will then be analyzed and compared to the outcome of the hydraulically experiments in 

order to make a conclusion whether CFD is a proper tool to use when facing problems of this kind.” 

As will be apparent in the following sections of this report, no vortex is formed in the calculations, which 

has changed the approach of the work, as well as the layout of this report, significantly. A large amount of 

the work has consisted of proof-reading the code, as well as searching the literature for possible known 

related problems/solutions. The report reflects this in that it discusses theory of models and methods 

which have not, in fact, been used in the calculations presented in this report. The idea is instead to 
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present a solid basis upon which future projects can build upon. However, in the preliminary study before 

setting up the calculations presented in this report, most turbulence models, as well as other settings, have 

been tested on a coarse mesh, see Figure 5. These initial tests were part of the process of “learning by 

doing mistakes”, and are therefore too inconclusive to be presented here.  

The work plan, which has been changed throughout the project, can be seen in the Gantt schedule 

presented in Appendix 1. This Appendix points to what emphasis may be put in the phrase “due to lack 

of time before the deadline”. In short, even though there are many possible points which should be 

addressed further, the Gantt schedule clearly indicates that the time for that is found in a consecutive 

project. 

1.4 Outline 

After the abstract and chapter 1: Introduction, the report consists of six more chapters, a reference list, 

and lastly 3 appendices. In chapter 2, the theory of the governing equations and CFD is treated, along 

with a set of methods and models, including the ones used in this thesis. In chapter 3, the implementation 

of the chosen method and model is described, including some possible variations not tested here. The 

chapter ends with a list of the cases which have been computed in this thesis work. In chapter 4, the 

results of the computations are presented. The results and possible explanations are then discussed in 

chapter 5. After this, the thesis report is summarized and concluded in chapter 6. The last chapter, chapter 

7: Future work, discuss the roadmap from here to continuing work.  
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2 Literature review 

2.1 Underwater tunnel piercing 

Underwater tunnel piercing is considered to be a Norwegian specialty since it has been successfully carried 

out over 600 times in Norway (Bruland, 1999). The method used at Akkats hydropower station is often 

referred to as lake tapping. A principle sketch of this method is shown in Figure 2. The method is as 

follows: A tunnel is excavated to just below the bottom of the reservoir, leaving a protective plug of 

natural rock (6 m at Akkats hydropower station). As a last step, the plug is blasted out, suddenly allowing 

water from the dam to flow into the tunnel (Hanif and Reddy, 2011). The tunnel is pre-filled with water in 

order to control the deposition of the debris from the blasting. To prevent the blasted rock materials to 

enter the tunnel, a rock pit is prepared at the end below the intake in order to trap it (Yang, 2010). 

 

Figure 2 Principle sketch of the lake tapping method (Norconsult AS, 2015) 

There are two different methods to use; open system piercing and closed system piercing. In the first 

method the face of the tunnel, at the plug, and the atmospheric pressure in the shaft is in direct 

communication. In the latter method, there is no communication between the plug and the gate shaft 

since the gate is located upstream of the gate.  

The method used at Akkats hydropower plant is the open system. Even if this method is more expensive 

and requires a longer time from coupling of the round to blasting of the plug than the closed system it has 

some advantages as well: 

 It has simpler hydrodynamic conditions 
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 It is possible to control the trapping of the blasted rock 

 The estimation of the maximum pressure against the gate can be done with low uncertainty 

2.2 Vortices 

Even though vortices are observed in everyday life, and the study of them is a cornerstone in fundamental 

fluid dynamic research, there exist no distinct definition of what a vortex is (Haller, 2005). A common 

definition of a vortex is a region with high vorticity. However, there is no limit for when the vorticity 

becomes high, and also, high vorticity may appear in parallel shear flows which do not contain any 

vortices. 

A comprehensive review of vortex theory in general is beyond the scope of this report. Instead, due to the 

fact that this report deals with vortex formation in the apex of a dam, focus will from now on be aimed 

towards the vortices being formed in vertical hydraulic intakes. 

2.2.1 Free surface vortices 

The vortices that appear when a fluid is drained out of a container are known as free surface vortices. 

Most people have experienced one when water is being drained out of a bath tub. The appearance of the 

vortex can be caused by several different parameters, such as the submergence depth (see chapter 2.2.1.1), 

the intake Froude number 𝐹𝑅 = 𝑉/√𝑔𝐷 , where 𝑉 is the intake velocity, 𝑔 is the acceleration due to 

gravity and 𝐷 is the tunnel diameter, and large-scale circulations in the flow approaching the intake. The 

latter is dependent upon many different factors, but the geometry of the flow is the primary factor 

(Rindels and Gulliver, 1983). 

According to Hecker (Hecker, 1984) it is possible to classify the vortices according to their strength. The 

range in this classification goes from Type 1 vortex, described as an incoherent swirl, to Type 6 vortex, 

described as a full air core extending to the intake. The following table lists all six vortex types: 

Vortex type Description 

1 Coherent surface swirl 

2 Surface dimple coherent swirl at surface 

3 Dye core to intake coherent swirl throughout water column 

4 Vortex pulling floating trash but not air 

5 Vortex pulling air bubbles to intake 

6 Full air core to intake 

 

Table 1 Vortex classification by Hecker (Hecker, 1984) 

2.2.1.1 Critical submergence depth 

The critical submergence depth is defined as the minimum operation depth of the intake to avoid 

formation of free vortices. A more domestic example is the vortex formation observed in a bath tub. 

When the plug is removed and water begins to deplete, a keen observer will not detect any vortex until the 

water level is below a critical level.  

Yıldırım and Kocabaş (Yıldırım and Kocabaş, 1995) developed an equation for calculating the critical 

submergence depth for the case when the intake level is the same as the canal bottom (as for the case in 

this thesis): 

𝑆𝑐𝑟

𝐷𝑖
= 0.5 (𝐶𝑑

𝑉𝑖

𝑈∞
)

0.5
   (1) 
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where 𝑆𝑐𝑟 is the critical submergence depth, 𝐷𝑖 is the inner diameter of the intake, 𝐶𝑑 is the discharge 

coefficient of intake in uniform canal flow, 𝑉𝑖 is the velocity at the intake and 𝑈∞ is the velocity of 

uniform canal flow at upstream of the intake. 

2.2.1.2 Anti-vortex devices 

Methods to reduce the effects of formed vortices may be rather expensive, and therefore it is better to 

incorporate vortex-preventing designs before the construction stage of a new hydro power plant. 

However, in an already existing intake, the following table (Rindels and Gulliver, 1983) presents options 

which may be applicable: 

 Disrupt the angular momentum of the flow so that the formation of the vortex is inhibited 

 Force the vortex into a zone where it is difficult to form 

 Increase the area of the outlet so that the intake velocity decreases 

2.3 CFD 

Computational fluid dynamics (CFD) consists, as the name suggests, of computer based methods for 

numerical calculations in the field of fluid dynamics. For Newtonian fluids, such as air and water, CFD in 

general consists of solving the Navier-Stokes equations in a simplified form (except for Direct Navier-

Stokes), suited for the given situation. This section of the chapter will discuss the three most common 

treatments of the Navier-Stokes equations, namely Direct Navier-Stokes (DNS), Large Eddy Simulation 

(LES) and Reynolds Average Navier-Stokes (RANS), of which the latter is used in this thesis work. The 

Navier-Stokes equations can be written as (Batchelor, 2000)  

𝐷𝜌

𝐷𝑡
+ 𝜌

𝜕𝑢𝑖

𝜕𝑥𝑖
= 0    (2) 

𝜌
𝐷𝑢𝑖

𝐷𝑡
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝐹𝑖    (3) 

𝜌
𝐷𝑒

𝐷𝑡
= −𝑝

𝜕𝑢𝑘

𝜕𝑥𝑘
+ Φ +

∂

∂xk
(𝜅

𝜕𝑇

𝜕𝑥𝑘
)   (4) 

where 𝜏𝑖𝑗 is the viscous stress tensor with the bulk viscosity omitted 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗)  (5) 

and Φ = 𝜏𝑖𝑗
𝜕𝑢𝑖

𝜕𝑥𝑗
  is the dissipation function where 𝑢 is the fluid velocity, 𝜌 the density of the fluid, 𝑇 the 

absolute temperature, 𝜅 the thermal conductivity and 𝑒 the internal energy. 𝐹𝑖 is a body force term, 𝜇 the 

dynamic viscosity and 𝛿𝑖𝑗 the Kronecker delta. The material derivative (often called the convective 

derivate) is defined as 

𝐷

𝐷𝑡
=

𝜕

𝜕𝑡
+ 𝑢 ∙ ∇   (6) 

where ∇𝑖=
𝜕

𝜕𝑥𝑖
. 

The computational cost of solving a CFD problem generally increase with the Reynolds number, which 

can be expressed as 

𝑅𝑒 =
𝑢𝐿

𝜈
     (7) 

where 𝐿 is a characteristic length associated with the turbulent length scale and 𝜈 = 𝜇/𝜌 is the kinematic 

viscosity, which for water at temperatures above the freezing point is in the order of magnitude of 10-5. 

Thus, for a dam where the flow velocity is about 1 m/s at an inlet of 100m width, the inlet Reynolds 

number is approximately 107. 
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2.3.1 DNS 

In direct numerical simulations (DNS) the mean flow and all turbulent velocity fluctuations are computed. 

This method is very expensive in terms of computer resources (Versteeg and Malalasekera, 2007). As an 

example of the computational cost of DNS, Moin and Kim writes in their article from 1997 (Moin and 

Kim, 1997) that an airplane cruising at 10.000m altitude with a speed of 250 m/s would require a grid 

resolution of 1016 points. To compute a one second long flow process on this grid would take several 

thousands of years on a computer capable of performing 1012 floating point operations per second. Such a 

computer did not exist back in 1997. But how about today? According to the top500 (top500, 2014) – the 

list of the 500 fastest supercomputers in the world – the current number one computer has a capability of 

performing almost 3.4∙1016 floating point operations per second, i.e. the same order of magnitude as the 

required grid points for the airplane in the previous example. Of course, more than one floating point 

operation is required to solve the Navier-Stokes equations in one grid point, but it seems no longer 

unrealistic to perform such large DNS computations using the current state of the art computers. 

However, to be realistic, it is not likely a project can afford time in the queue on such a computer, but 

smaller DNS calculations are conducted more frequently – for instance in wall turbulence studies (Li et al., 

2009).  

2.3.2 LES 

The approach in Large Eddy Simulation (LES) is to resolve the large eddies while the small ones are 

modelled. In this way, a more coarse mesh can be used compared to DNS simulations. The large eddies 

carry most of the momentum, mass, energy and other passive scalars, and they are dictated by the 

geometries and boundary conditions of the flow. The small eddies are less dependent on the geometry and 

tend to be more isotropic, thus it is easier to find a universal turbulence model for small eddies (ANSYS, 

2009a). 

The error is reduced since less of the turbulence in modelled and more is resolved in LES. As the energy 

containing turbulent eddies must be resolved in both time and space domains, the LES is a rather 

expensive method in terms of computer resources. 

 

2.3.3 RANS and URANS 

Reynolds-Averaged Navier-Stokes (RANS) is the most commonly used simplification of the Navier-

Stokes equations. This approach solves the Reynolds-Averaged Navier-Stokes equations, which in the 

incompressible form are given by (Pope, 2000) 

𝜕�̅�𝑗

𝜕𝑡
+ �̅�𝑗 ∙ ∇= 𝜈∇2�̅�𝑗 −

𝜕𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑥𝑖
−

1

𝜌

𝜕�̅�

𝜕𝑥𝑗
   (8) 

where the over-bar refers a Reynolds-averaged quantity. This equation, known as RANS, or Unsteady 

RANS (URANS), also known as transient RANS (TRANS), is used in this thesis. URANS is a time-

accurate solution and is used when the flow behaviour over time is of interest. The difference between 

RANS and URANS/TRANS is not that the equations differ, but how the average is defined (Fröhlich and 

von Terzi, 2008). In RANS, a steady-state solution is calculated, i.e., the solution is independent on time, 

and the Reynolds average is calculated as the time average, implying that the time derivate is zero. In 

URANS however, the average quantities are allowed to vary in time, which allows for flows to completely 

change its nature, e.g. by starting from a quiescent state but enforced by boundary conditions resulting in 

an accelerated flow. Exactly to what extent the average quantities are allowed to vary in time depends on 

the time discretization step and scheme chosen in the calculations. The time scale of the vortices in the 

flow is given by  

𝜏 = 𝑙/𝑢     (9) 
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where 𝑙 and 𝑢 are the characteristic length and velocity of the vortices. The time step chosen must be 

small enough to resolve the smallest time scale of importance in the flow, which probably is much smaller 

but at least as small as the time scale of a possible vortex forming in the outtake of the dam. However, in 

order for RANS to be feasible at all, the smallest scales of turbulence must be modelled, and therefore the 

smallest time scales are modelled as well. Simply put, this means that the average quantities must be 

allowed to vary in time at a rate slow enough for the computational cost to be appropriate, but fast 

enough to resolve the governing flow mechanisms. If these criteria cannot be met, then the turbulent 

scales truncation inherent in the use of RANS turbulence modelling is invalid and more expensive method 

must be used, such as LES.  

The gravity is included in the pressure term 𝑝 which thus is not the true pressure but a modified pressure 

term (Pope, 2000). 

The Reynold stresses (𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) are unknown and must therefore be determined using one amongst many 

published turbulence models. Two-equation turbulence models as the ones described in the following two 

subchapters form one of the most common type of turbulence models. In order to be able to account for 

history effects like convection and diffusion of turbulent energy, this kind of turbulence model consists of 

two extra transport equations (CFD-online, 2011). The following subsections will describe some of the 

most common turbulence models incorporated in most commercial CFD software. In this thesis, the 

RNG 𝑘 − 𝜖 turbulence model is used. 

2.3.3.1 Standard 𝒌 − 𝝐 

In the 𝑘 − 𝜖 model, 𝑘 is the turbulent kinetic energy and 𝜖 the dissipation rate of 𝑘. The model consists 

of model transport equations for 𝑘 and 𝜖, a turbulent-viscosity hypothesis read as 

𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ −
2

3
𝑘𝛿𝑖𝑗 = −𝜈𝑇 (

𝜕𝑢𝑖̅̅ ̅

𝜕𝑥𝑗
+

𝜕𝑢𝑗̅̅ ̅

𝜕𝑥𝑖
) ,  (10) 

and the specification of the turbulent viscosity: 

𝜈𝑇 = 𝐶𝜇𝑘2/𝜖    (11) 

where 𝐶𝜇 = 0.09 is one of five model constants. 

𝑘 − 𝜖 is the most commonly used turbulence model when modelling the flow at hydropower intakes 

(Suerich-Gulick et al. 2007) the simplest among several different turbulence models used for time 

averaged flow computations, hence it has the broadest range of applicability and is available in most 

commercial software for CFD (Pope, 2000). The transport equations in 𝑘 − 𝜖 are given by: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘  (12) 

and 

𝜕

𝜕𝑡
(𝜌𝜖) +

𝜕

𝜕𝑥𝑖
(𝜌𝜖𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑗
] + 𝐶1𝜖

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) − 𝐶2𝜖𝜌

𝜖2

𝑘
+ 𝑆𝜖 (13) 

here, 𝐺𝑘 is the generation of turbulence kinetic energy due to the mean velocity gradients, 𝐺𝑏 is the 

generation of turbulence kinetic energy due to buoyancy, 𝑌𝑀 is the contribution of the fluctuation dilation 

in compressible turbulence to the overall dissipation rate, 𝐶1𝜖, 𝐶2𝜖 and 𝐶3𝜖 are constants, 𝜎𝑘 and 𝜎𝜖 are 

the turbulent Prandtl numbers for 𝑘 and 𝜖, respectively, and 𝑆𝑘 and 𝑆𝜖 are user-defined source terms. 
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2.3.3.2 Realizable 𝒌 − 𝝐 

This thesis will use three different turbulence models to close the RANS equation, of which one of them 

is the realizable 𝑘 − 𝜖 model. Transport equations in realizable 𝑘 − 𝜖 are given by (ANSYS, 2009a): 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘  (14) 

and 

𝜕

𝜕𝑡
(𝜌𝜖) +

𝜕

𝜕𝑥𝑗
(𝜌𝜖𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜖 − 𝜌𝐶2

𝜖2

𝑘+√𝜈𝜖
+ 𝐶1𝜖

𝜖

𝑘
𝐶3𝜖𝐺𝑏 + 𝑆𝜖   (15) 

where  

𝐶1 = max [0.43
𝜂

𝜂+5
],  𝜂 = 𝑆

𝑘

𝜖
,  𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗  (16, 17, 18) 

The model equations for 𝑘 − 𝜖 is elliptical and therefore requires different boundary conditions given by 

(Versteeg and Malalasekera, 2007) 

 inlet:   distributions of 𝑘 and 𝜖 must be given 

 outlet:   𝜕𝑘/ 𝜕𝜖 = 0, 𝜕𝜖/𝜕𝑛 = 0   

 free stream:   𝑘 and 𝜖 must be given or 𝜕𝑘/ 𝜕𝜖 = 0, 𝜕𝜖/𝜕𝑛 = 0 

 solid walls:  approach depends on Reynolds number 

If measurements for 𝑘 and 𝜖 does not exist, it is possible to use values from literature. At high Reynolds 

numbers the following wall functions can be used: 

𝑢+ =
𝑈

𝑢𝜏
=

1

Κ
ln(𝐸𝑦𝑝

+)   (19) 

𝑘 =
𝑢𝜏

2

√𝐶𝜇
    (20) 

𝜖 =
𝑢𝜏

3

Κ𝑦
    (21) 

where Κ = 0.41 is the von Karman constant and 𝐸 = 9.8 is the wall roughness parameter for smooth 

walls.  

2.3.3.3 RNG 𝒌 − 𝝐 

According to Chen et al. (Chen et al., 2012) greater turbulent kinetic energy, turbulent dissipation rate, and 

turbulent viscosity in vortex zone may suppress the formation and development of vertical vortices. The 

RNG (Re-Normalization Group) 𝑘 − 𝜖 model provides an option to modify the turbulent viscosity in 

order to account for the effects of strong rotation. It has shown improved results for modelling rotating 

cavities, but not for predicting vortex evolution. The transport equations for this model are given by: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘  (22) 

and 

𝜕

𝜕𝑡
(𝜌𝜖) +

𝜕

𝜕𝑥𝑖
(𝜌𝜖𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(𝛼𝜖𝜇𝑒𝑓𝑓

𝜕𝜖

𝜕𝑥𝑗
) + 𝐶1𝜖

𝜖

𝑘
(𝐺𝑘 + 𝐶3𝜖𝐺𝑏) − 𝐶2𝜖𝜌

𝜖2

𝑘
− 𝑅𝜖 + 𝑆𝜖 (23) 

2.3.3.4 Standard 𝒌 − 𝝎 

Another type of turbulence model is the standard 𝑘 − 𝜔  model. In the model proposed by Wilcox (1994) 

the second variable is turbulent frequency, 𝜔 = 𝜖/𝑘. Transport equations in standard 𝑘 − 𝜔 are given by 

(ANSYS, 2009a): 
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𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘  (24) 

and 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖
(𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔   (25) 

where, 𝐺𝜔 is the generation of 𝜔, Γ𝑘 = 𝜇 + 𝜇𝑡/𝜎𝑘 and Γ𝜔 = 𝜇 + 𝜇𝑡/𝜎𝜔 is the effective diffusivity of 𝑘 

and 𝜔, respectively, 𝑌𝑘 and 𝑌𝜔 is the dissipation of 𝑘 and 𝜔 due to turbulence, and 𝑆𝜔 is a user-defined 

source term. 

An advantage with usage of the 𝑘 − 𝜔 model is that integration with the wall at low Reynolds numbers 

does not require any functions for wall-damping. The boundary conditions for the Wilcox 𝑘 − 𝜔 model at 

inlet and outlet is the same as for the 𝑘 − 𝜖 model. But the boundary condition for 𝜔 in a free stream is 

more complex. The eddy viscosity 𝜇𝑡 is indeterminate or infinite since the turbulent frequency 𝜔 → 0 

which means that a small, non-zero, value of 𝜔 must be specified (Versteeg and Malalasekera, 2007). 

2.3.3.5 Shear-Stress Transport (SST) 𝒌 − 𝝎 

The SST 𝑘 − 𝜔 model is a combination of the 𝑘 − 𝜖 model and a 𝑘 − 𝜔 model. Menter (1992) found the 

near-wall performance for a 𝑘 − 𝜖 model unsatisfactory and therefore the SST 𝑘 − 𝜔 model uses a 

transformation of the 𝑘 − 𝜖 model into a 𝑘 − 𝜔 model in the near-wall region, and the standard 𝑘 − 𝜖 

model in the region with full turbulence.  

In the SST 𝑘 − 𝜔 model, the transformed 𝑘 − 𝜖 model and the 𝑘 − 𝜔 model are added together after 

each of them have been multiplied by a blending function which is designed to be equal to one in the 

near-wall region and equal to zero away from the wall. This means that the 𝑘 − 𝜔 model is activated in 

the near-wall region and the transformed  𝑘 − 𝜖 model otherwise. 

Transport equations in Shear-Stress Transport (SST) 𝑘 − 𝜔 model are given by (ANSYS 2009a) 

 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘  (26) 

and 

𝜕

𝜕𝑡
(𝜌𝜔) +

𝜕

𝜕𝑥𝑖
(𝜌𝜔𝑢𝑖) =

𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝐷𝜔 + 𝑆𝜔  (27) 

 

where 𝐺𝑘 is the generation of turbulence kinetic energy due to mean velocity gradients and 𝐷𝜔 is the 

cross-diffusion term.  
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3 Numerical implementation 

3.1 Geometry 

The original Computer-Aided Design-file (CAD-file) of the geometry, see Figure 3, received from 

Vattenfall was in full scale and consisted of the bottom of the reservoir, approximately 100 meters of the 

riverbed upstream of the reservoir and a part of the intake tunnel leading to the turbine. 

 

Figure 3 The original CAD-file of the geometry 

The CAD-file was then prepared in order to be able to perform the desired simulations. A fill of the parts 

that were supposed to contain water needed to be done. In order to do this, all edges pointing up were 

expanded in the z-direction to the same height. Thereafter, a plane was created between these “walls” at 

the height corresponding to the water depth. Another plane, in order to make it a dense volume, was 

created between the edges of the intake tunnel. Thereafter a fill creating a solid volume could be 

performed. 

 

Figure 4 The filled CAD-file of the geometry 
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3.2 Mesh 

The next step of the preparations of the geometry was to create a satisfyingly fine mesh. Due to the 

deadline of the project, and hence lack of time, many interesting parameters were not varied. For instance, 

a mesh convergence was not made in a systematic way. However, since no vortex was formed using the 

finest mesh possible allowed by the performance of the computer used, it is impossible to tell whether an 

even finer mesh could have been more successful. In this work, two main meshes were used; one coarse 

mesh for all preliminary studies and one fine mesh which is used for all calculations presented in this 

report. The complete list of settings used for generating the meshes is found in Appendix B. 

The coarse mesh which consisted of 3028 nodes and 11383 elements is shown in Figure 5. 

 

Figure 5  The coarse mesh 

This however, may be a too coarse mesh to be used for problems like the one in this thesis. Okamura and 

Kamemoto (2010) presents a project similar to this one but with a much simpler geometry and still, the 

number of elements is much larger (around 1000000) than what has been possible to use in this thesis. 

The fine mesh used for all computations presented in this report, consists of 20605 nodes and 90844 

elements, and is shown in Figure 6. 
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Figure 6  The fine mesh 

Even for the finer mesh, the number of nodes and elements may not be sufficient in order to obtain 

realistic results. But, in this project, the Student version of ANSYS Fluent has been used and this version 

has a limitation in the possible number of nodes and elements that a mesh can consist of. Thus, this last 

mesh is the finest possible for the geometry used. 

In both these meshes, mesh faces were given names in order to be able to identify them in a later process 

and giving them the proper boundary conditions. These named selections can be seen in Figures 7-10. 
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Figure 7 Inlet A highlighted in red 

 

 

Figure 8 Inlet B highlighted in red 

 

 

Figure 9  The surface highlighted in red 
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Figure 10  The outlet highlighted in red 

 

3.3 Boundary conditions 

The vortex appears at a known mass flow at the turbine, and therefore it is necessary to use the mass flow 

boundary condition instead of pressure in order to be able to control the mass flow. Since the water depth 

is not supposed to change, it is possible to set the given mass flow at either the inlet or at the outlet. For 

the simulations in this thesis, the inlet of the geometry has been chosen as a mass flow inlet with a flow 

direction normal to the inlet surface. The outlet of the geometry has been set to a pressure outlet. The 

water surface is also set to a pressure outlet, the walls of the dam as walls with no slip in velocity. 

3.4 Other settings 

The complete settings for the simulations can be found in Appendix B. However, the most important 

settings will be explained in the following sections. 

3.4.1 Implicit body force 

The body force and pressure gradient terms in the momentum equation are almost in equilibrium when a 

multiphase flow contains a large body force, such as gravity.  The body force must be taken into account 

due to the fact that segregated algorithms converge poorly otherwise. To account for this effect and thus 

make the solution more robust, ANSYS Fluent contains a treatment called “implicit body force” which 

was activated in this project (ANSYS, 2009b).  

3.4.2 Pressure-based Solver 

In order to solve the RANS equations, either a density-based or a pressure-based approach must be 

selected. The pressure-based approach was historically developed for low-speed incompressible flows, 

while the density-based approach was more suitable for high-speed compressible flows (ANSYS, 2009a). 

In this work, a pressure based solver (PISO) is used. 
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The Pressure-Implicit with Splitting of Operations (PISO) pressure velocity coupling scheme is part of the 

SIMPLE family of algorithms. The limitation of SIMPLE and SIMPLEC algorithms is that the 

momentum balance after the pressure-correction equations is solved is not satisfied by the new velocities 

and corresponding fluxes. Thus, the calculation must be repeated until balance is satisfied. PISO algorithm 

contains two additional corrections to improve this calculation, neighbor and skewness correction. In 

neighbor correction the repeated calculations required by SIMPLE and SIMPLEC are moved inside the 

solutions stage of the pressure-correction equation (Issa, et al. 1991). The continuity and momentum 

equations are satisfied more closely by the corrected velocities after one or more additional PISO loops. 

The PISO algorithm may increase the CPU time solver iteration but it has a great chance of decreasing the 

necessary number of iterations required, especially for transient problems.  

This means that the PISO algorithm is used in order to decrease the number of iterations and thus the 

time needed for each simulation. 

3.4.3 Multiphase modelling 

The choice of multiphase model fell on the Volume of Fluid (VOF) model. This is a so called surface-

tracking technique. The VOF model is designed for applications where the position of the interface 

between two (or more) immiscible fluids is of interest, in this case the interface between air and water. 

3.4.4 Pressure-interpolation schemes 

According to (ANSYS, 2009a) it is more desirable to use the following pressure discretization schemes in 

cavitation and multiphase flows in the following order:  

- PRESTO! 

- Body force weighted 

- Second order 

Further, according to (ANSYS 2009b), for all VOF calculations, the body-force-weighted pressure 

interpolation scheme or the PRESTO! scheme should be used. It is further recommended that: 

- For problems involving large body forces, the body-force-weighted scheme is recommended. 

- For flows with high swirl numbers, high-Rayleigh-number natural convection, high-speed rotating 

flows, flows involving porous media, and flows in strongly curved domains, the PRESTO! 

Scheme should be used. 

As no limits are given as to what is considered to be large body forces (in this case the gravity) or strongly 

curved domains, it is not clear what the best choice is. In this report, the pressure staggering option 

(PRESTO!) scheme is used since we have a flow in a strongly curved domain. 

3.4.5 Explicit and implicit time discretization schemes 

To account for the spatially and temporally variations of the process in multiphase applications, a time 

discretization scheme must be applied. Two common time discretization schemes are the implicit and the 

explicit scheme.  

In the explicit scheme, the volume fraction values computed at the previous time step is used along with 

the standard finite-difference interpolation schemes (ANSYS, 2009a). The face fluxes can be interpolated 

by using interface reconstruction or by using a finite volume discretization scheme along with the explicit 

scheme. The problem with using an explicit scheme is that the solution will become unstable if the time 

step is too large. This limits the practical uses for explicit schemes.  

The implicit scheme – in contrast to the explicit scheme – is unconditionally stable with respect to the 

time step. However, the equation from which that statement is derived is linear – which means that the 

implicit scheme can still be unstable for long computational times. When using the implicit scheme in 
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ANSYS Fluent, the QUICK, Second Order Upwind, First Order Upwind and the modified HRIC 

schemes, which are the standard finite-difference interpolation schemes, can be used in order to obtain 

the face fluxes for all cells.  

In this thesis, the implicit scheme is used since, according to (ANSYS, 2009b), this yields a solution that is 

applicable to a simulation where a steady state solution is desirable and where the intermediate transient 

flow behavior is not of interest. 

3.4.6 Choice of time step  

Due to computational resources it is desirable to choose a time step as large as possible. On the other 

hand, as was discussed earlier in the report (section 2.3.3., under RANS), the time step must be small 

enough to resolve the time scales of importance.  

In this work, the time step is chosen as 0.125 s. As will be seen in the results, the largest velocity 

magnitude in the flow regime is about 6 m/s. This would correspond to a time scale of approximately 

0.17s for a vortex with a characteristic length of 1 m. As the vortex forming at the intake should be an 

order of magnitude larger at least, the applied time step of 0.125s is believed small enough to resolve that 

vortex.  

3.4.7 Desired transient formulation: First order vs. second order upwind 

The standard scalar transport equation is solved iteratively for each of the secondary-phase volume 

fractions at each time step since for the implicit scheme, the volume fraction values at the current time 

step is required. 

In general, the first order upwind discretization yields better convergence than the second order scheme 

but on the other hand, in most cases it will not yield as accurate results as the second order upwind 

(ANSYS, 2009b). 

In a simulation with high Mach numbers with an initial solution much different from the final solution, it 

may be necessary to begin the simulation with first order upwind and then change to second order upwind 

after a few iterations. 

In second order upwind, a multidimensional linear reconstruction approach is used in order to calculate 

the quantities at cell faces (Barth and Jespersen, 1989). The face value, 𝜙𝑓, for second order upwinding is 

computed using the following expression 
 

𝜙𝑓,𝑆𝑂𝑈 = 𝜙 + ∇𝜙 ∙ 𝑟   (28) 

 

where 𝜙 is the cell-centred value, ∇𝜙 its gradient in the upstream cell, and 𝑟 is the displacement vector 
from the upstream cell centroid to the face centroid. 

3.5 Simulation runs 

After initial tests, discarded models and setups, three different simulations have persevered and are 

presented in this thesis. They differ only in the upstream boundary condition, i.e. the inlet. For all cases 

the mass flow is set at the inlet. The cases are defined as follows: 

Case 1: The inlet is assigned a mass flow of 1000000 kg/s. (These files are named Vectortest4) 

Case 2: The inlet is split into two parts; part A and part B, see Figures 7 and 8. Part A is assigned a 

mass flow of 50000 kg/s and part B is assigned a mass flow of 150000 kg/s. (These files 

are named Long simulation1) 

Case 3: The inlet is assigned a mass flow of 200000 kg/s. (These files are named Long simulation2) 
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4 Results 

The results from a transient flow simulation consist of solved field variables in each FEM node for each 

time step. Even for short simulated times the data set is too large to be presented in report form. For a 

general view of the solved field, a convenient data representation is a movie of a given variable, usually 

visualized as for example a vector field. Typically, not all nodes are visualized, instead a handful are chosen 

to represent the general picture. Thus, it should always be kept in mind that a CFD result presented is (at 

best) only a good representative sample of the complete result. Interesting aspects of the flow may always 

be missed or overlooked. In this report, an evenly spaced vector field of the flow velocity has been chosen 

as the most convenient data representation in terms of vortex visualization. As a movie is not possible to 

represent in the report, snapshots of the velocity vector field are shown at selected times. Apart from the 

velocity, the air volume fraction is a convenient parameter here used to visualize the water surface 

inclination.  

The velocity vector field after 5, 50 and 125 seconds for Case 1 (see section 3.5) is shown in Figures 11, 12 

and 13 respectively.  

 

Figure 11 Vector field of the flow velocity for Case 1 after 5 seconds 
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Figure 12 Vector field of the flow velocity for Case 1 after 50 seconds 

 

 

Figure 13 Vector field of the flow velocity for Case 1 after 125 seconds 
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According to these pictures there is no vortex forming at the intake. As expected the velocity is at its 

maximum at the outlet. The velocity vector field after 5, 50, 360, 630, 730 and 795 seconds for Case 2 (see 

section 3.5) is shown in Figures 14-19.  

 

 

Figure 14 Vector field of the flow velocity for Case 2 after 5 seconds 
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Figure 15 Vector field of the flow velocity for Case 2 after 50 seconds 

 

 

Figure 16 Vector field of the flow velocity for Case 2 after 360 seconds 
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Figure 17 Vector field of the flow velocity for Case 2 after 630 seconds 

 

 

Figure 18 Vector field of the flow velocity for Case 2 after 730 seconds 
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Figure 19 Vector field of the flow velocity for Case 2 after 795 seconds 

 

The flow is seen to be similar to Case 1 at the beginning of the solution. However as this simulation is 

progressed a much longer time it eventually becomes unstable and blows up in the end, which can be seen 

by looking at the velocity magnitudes in Figure 19. The velocity vector field after 5, 50, 500, 720 and 730 

seconds for Case 3 (see section 3.5) is shown in Figures 20-24.  
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Figure 20 Vector field of the flow velocity for Case 3 after 5 seconds 

 

 

Figure 21 Vector field of the flow velocity for Case 3 after 50 seconds 
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Figure 22 Vector field of the flow velocity for Case 3 after 500 seconds 

 

 

Figure 23 Vector field of the flow velocity for Case 3 after 720 seconds 
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Figure 24 Vector field of the flow velocity for Case 3 after 730 seconds 

Comparing with the previous cases the same pattern emerges; first the flow is stable and nothing dramatic 

happens for a long period of time, until suddenly the simulation becomes unstable. For this last case, i.e. 

Case 3, the air-volume fraction is shown in Figures 25-29 for 5, 500 and 730 seconds. The solved pressure 

field at the same times is shown in Figures 30-32. 

 

Figure 25 Air-volume fraction top view for Case 3 after 5 seconds 
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Figure 26 Air-volume fraction side view for Case 3 after 5 seconds 

 

 

Figure 27 Air-volume fraction side view for Case 3 after 500 seconds 
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Figure 28 Air-volume fraction top view for Case 3 after 730 seconds 

 

 

Figure 29 Air-volume fraction side view for Case 3 after 730 seconds 
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Figure 30 Pressure field for Case 3 after 5 seconds 

 

 

Figure 31 Pressure field for Case 3 after 500 seconds 
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Figure 32 Pressure field for Case 3 after 730 seconds 

 

In Figures 26-29 it is seen that air is forming a cone at the intake which is clearly observable after 500 

seconds while it is not present after only 5 seconds. The difference between minimum and maximum 

pressure is approximately 500 kPa. As expected, for the time 730 seconds when the simulation has 

become unstable, also the air-volume fraction and pressure field show unrealistic behavior.  
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5 Discussion 

The results section show vector fields for three substantially different flow cases. Although the geometry 

and downstream boundary conditions are invariant for the three simulation runs, the solved flow fields are 

very similar. Especially for Case 2, where the inlet boundary condition yields an initial uneven mass flow 

distribution where one side of the inlet is given a mass flow 3 times larger than the other side, there is no 

distinct curvature seen in the horizontal velocity projection. It seems that tampering with the mass flow 

does not significantly affect the solved velocity field. However, it appears unlikely that measures of such 

kind would not – when taken to the extreme – result in a vortex formed at the dam intake. However, even 

the inlet boundary conditions tested here border to the extreme in terms of being relevant for the 

application. 

The fact that nothing drastic is seen to occur for a long time as the simulations are progressed, until 

suddenly the simulation blows up, indicate that the error is not in the physics, but in the computational 

model or the numerical approach.   
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6 Conclusion 

This report has described the background and challenges of simulating the formation of a vortex in the 

intake of the Akkats hydropower plant. The theory section introduces the concept of CFD and discusses 

some of the most common approaches to solving the governing equations. As the method known as 

unsteady RANS is used in this work, a number of known turbulence models associated with RANS are 

also treated, of which one – the RNG k-ε – is chosen for the simulations in this work. The numerical 

implementations of the model are then walked through, and three different inflow settings are solved for. 

The results show no vortex formation at the intake of the dam, and after a long time, the solution 

becomes unstable and blows up. As the inflow is varied to a large degree, it is argued in the discussion 

section that the reason for the missing vortex formation, as well as the unstable solution, is either due to 

the numerical implementation or due to inadequate models. As should be evident from this report, the 

number issues and their solutions are seemingly infinite. Therefore there is cause to further investigate 

every setting in the search for a possible solution. The main purpose of this report is to lay the fundament 

for that investigating work. 
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7 Future work 

 

Possible solutions in the search of the vortex 

 

1. One possible error source is the surface height. In section 2.2.1.1 in this report, the critical 

submergence depth is discussed however no value for it is given. This is because it depends on 

application specific parameters which were not at hand for this work. Changing the surface level 

in the simulations could thus be a solution to the problem.  

 

2. Mesh convergence is not discussed in this report however coarser meshes than the one shown 

here have been tested and discarded. For any CFD solution to be trusted, a mesh convergence 

test should be made. However, for the student License mesh limits and for the computational 

resources at hand during this report, the presented mesh is as fine as it gets. Were these 

restrictions eased, a finer mesh could yield a different result.  

 

3. Turbulence models. There exist a vast number of turbulence models, each tuned for a specific 

task. However, the k-epsilon RNG model is supposed to be suited for swirling flows, making it a 

good choice in theory for this work. But is it the best?  

 

4. Wall functions. In this work, standardized wall functions are used. This means that up to a 

specific distance from the walls, the flow field is modelled. This modelling is based upon pipe 

flow where the main flow is parallel to the wall. This is in general not the case for the current 

application, and could be of significant influence. However, directly solving the RANS equations 

set, along with a given turbulence model, is severely more computational costly than using wall 

functions.  

 

5. In this work, the PRESTO! pressure discretization scheme is used, since the geometry enforces a 

large curvature on the flow. However, for problems involving large body forces, the body-force-

weighted scheme is recommended instead. The question whether the dominating feature is the 

large curvature or the large body-force (gravity) is an open one. Thus, the body-force-weighted 

scheme should definitely be tested. 

 

6. The implicit scheme is used in this thesis following the hypothesis that a large intake vortex – 

once formed – will be representable with a steady state solution. If this is not the case, an explicit 

scheme should be used, since the implicit scheme is applicable to steady state solutions. Changing 

to explicit scheme might result in increased difficulties in obtaining a converged solution however.  
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Appendix A – Gantt Schedule 

 

Appendix A. Screenshot of Gantt Schedule 
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Appendix B – Fluent Settings 

MESH SETUP 

 Settings for the coarse mesh: 

 

 

 Settings for the fine mesh: 

 

 

SOLUTION SETUP 

 General 

  Solver 

  Type: Pressure-based Velocity formulation:Relative 

  Time: Transient 

  Gravity is used: (X=0, Y=0, Z= -9,81 m/s^2) 

 Models 

  Multiphase – Volume of fluid 
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2 phases, Open Channel Flow, (Implicit Scheme, Volume of fraction 

Cutoff: 1e-06 väljs automatiskt).  

Implicit body force activated 

 

Viscous – k-epsilon 

RNG 

Standard Wall functions 

Allt annat off.  

 Materials 

  Fluid 

   Water-liquid 

   Air 

  Solid 

   Aluminum 

 Phases 

  Phase-1: “water” primary phase: water – liquid 

  Phase-2: “air” secondary phase: air 

 Cell Zone conditions 

  Zone: rename to fluid 

  Type: fluid 

  Operating conditions: Density=1.225 (water) 

 Boundary conditions 

Inlet: Intensity and viscosity ratio: 5% and 10. Open Channel, free 

surface level 29.5m, 0m bottom level. 

Vectortest4 

Water: Inlet: 1 000 000 kg/s. Air 0 kg/s. 

 Longsimulation1  

Massflow inlet split into two parts: InletA and InletB for 

Longsimulation1 and Longsimulation2. 

Water: InletA: 50 000 kg/s InletB: 150 000 kg/s. Air 0 kg/s. 

 Longsimulation2  

Massflow inlet split into two parts: InletA and InletB for 

Longsimulation1 and Longsimulation2. 

Water: InletA: 100 000 kg/s InletB: 100 000 kg/s. Air 0 

kg/s. 

Surface: Pressure inlet, Gauge pressure = 101325, Initial Pressure = 

101325, Intensity and length scale: 25% and 100m. Open 
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Channel, free surface level 29.5m, 0 velocity of second 

phase, 0m bottom level. 

Outlet: Pressure outlet, Gauge pressure: 101325 Pa, Intensity and 

viscosity ratio: 25% and 5.  

 

Solution 

 Solution Methods 

  Scheme: PISO 

  Gradient: Least Squares Cell Based 

  Pressure: PRESTO! 

  Momentum: Second Order Upwind 

  Volume Fraction: First Order Upwind 

  Turbulent Kinetic Energy: Second Order Upwind 

  Transient Formulation: First order Implicit 

  

 Solution Controls 

  Pressure: 0.3 

  Density: 1 

  Body Forces: 1 

  Momentum: 0.01 

  Volume Fraction: 0.3 

  Turbulent Kinetic Energy: 0.3 

  Turbulent Dissipation Rate: 0.3 

  Turbulent Viscosity: 1 

 

 Solution Initialization 

  Compute from: Inlet 

  Air volume fraction: 1 

  

Run Calculation 

  Time step size: 0.125s 

  Max iterations/time step: 250 

 


