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Abstract

Hydropower plants with spillways exposed to high pressures because of large discharges
can result in a dam failure which ultimately results in devastating consequences. There-
fore properly designed and constructed spillways are important. In this project there is
an interest in examining the pressure distribution on a guided wall, measuring the water
level inside the spillway and examine the water flow characteristics. The main purpose
was to numerically model the flow behaviors at two upper pool levels +29.82 m and
+30.92 m in order to achieve a comparison between a numerical model and a physical
model.

A previous experiment was carried out at Vattenfall R&D in Älvkarleby where a physical
model was built. The main purpose of that study was to find an optimal form of a guide
wall for free weir flow. This study served as guidelines for what should be investigated
in this project.

The methodology of the project began with a development of an initial CAD model
created by Vattenfall R&D. The CFD model could be constructed into a volume model
containing also an upstream reservoir. Next, a mesh that could numerically calculate the
flow behavior was created in order to enable execution of the calculations. Furthermore,
a big part of the method was to adjust the settings in Fluent so that the numerical
model could recreate the flow behaviors of the physical model tests. The results indicate
that the numerical model is an accurate replica of the physical model. The deviation
comprising the mass flow rate came as close as 0.6 % from the physical model for the
lower upper pool level. Highest calculated pressure was positioned at the bottom of the
guided wall for both upper pool levels, which the results conducted from the physical
model also indicated. Furthermore, results regarding the water level at the guided wall
confirmed same statement Vattenfall’s examinations pointed out, that the roof placed at
the guided wall is needed in order to avoid major splashing.

The present project has shown great results regarding the flow characteristics, pressure
distribution, and the water level at the guided wall. Therefore, it is considered trust-
worthy enough to be used as a tool for Vattenfall R&D in future studies comprising the
targeted spillway.
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Sammanfattning

Utskovet i ett vattenkraftverk utsätts för extremt höga tryck till följd av de enorma
flöden som passerar genom dammluckorna. Detta medför en risk för dammkollaps, vilket
i sin tur skulle kunna innebära katastrofala konsekvenser. Därav är det väldigt viktigt
med grundligt konstruerade utskov. Detta projekt innehåller analyser av tryckfördelnin-
gen på en vattenavvisande vägg, mätningar av vattennivå inuti utskovet och analyser av
flödeskarakteristiken. Det huvudsakliga syftet med projektet var att generera en numer-
isk modell som återskapar flödesbeteendet med två vattennivåer +29.82 m och +30.92
m för att kunna jämföra resultaten med den fysiska modellen.

Vattenfall R&D i Älvkarleby har vid ett tidigare skede byggt en fysisk modell av det
aktuella utskovet. Denna modell har genomgått diverse olika experiment i syfte att hitta
en optimal utformning av den vattenavvisande väggen för att uppnå ett kvalitativt flöde.
Vattenfalls studie användes som riktlinjer för vad som skulle undersökas i detta projekt.

Genomförandet av projektet påbörjades med att utveckla den redan befintliga CAD
modellen som Vattenfall R&D överlämnade. Denna modell kunde med hjälp av ber-
äkningsströmningsdynamik utvecklas till en volymsmodell innehållande ett vattenma-
gasin. Därefter konstruerades en mesh som tillät matematiska modeller att bli ap-
plicerbara för att kunna genomföra beräkningar på geometrin. En stor del av metoden
var att kalibrera den numeriska modellen i mjukvaruprogrammet Fluent för att försäkra
sig om en god reproduktion av den fysiska modellen. De framtagna resultaten visade
att den numeriska modellen var en jämförbar kopia av den fysiska modellen. Avvikelsen
mellan de två modellerna med avseende på massflödet blev endast 0.6 % för den lägre
vattennivån. Den numeriska modellen indikerade att den kritiska punkten för trycket i
utskovet var beläget i nedre delen på den vattenavvisande väggen, samma resultat som
den fysiska modellen påvisade. Resultaten beträffande vattennivån i utskovet bekräftade
Vattenfalls resultat att det krävs ett litet tak i utskovet för att undvika kraftiga stänk.

Projektet som genomförts har påvisat goda resultat angående vattenkarakteristiken,
tryckfördelningen och vattennivån i utskovet. Därav anses den numeriska modellen vara
ett verktyg för framtida studier av det aktuella utskovet vid Vattenfall R&D.

ii



Acknowledgements

First and foremost I wish to thank Professor James Yang and Senior Specialist Bengt
Hemström at Vattenfall AB, Research and Development for making this Master´s thesis
reality. James for providing me the project and all the necessary arrangements. Bengt
for assisting me throughout the project and taken the time to meet me when I needed
guidance, for which I´m very appreciative. Also I would like to thank Vattenfall AB,
Research and Development who have funded all segments of the project.

Thanks to my examiner, Professor Anders Nordin at Umeå University (UMU) for re-
viewing this Master´s thesis and making arrangements at UMU for me.

iii



Abbreviations

CFD Computational Fluid Dynamics

DNS Direct numerical simulation

LES Large eddy simulation

RANS Reynolds-averaging Navier-Stokes

SST Shear Stress Transport

VOF Volume of Fluid

CPU Central Processing Unit

SIMPLE SemiImplicit Method for Pressure-Linked Equations

PISO Pressure Implicit with Splitting of Operators

SIMPLEC SemiImplicit Method for Pressure-Linked Equations consistent

ITA Iterative time-advancement

Nomenclature

g Gravitational acceleration [m/s2]

ρ Density [kg/m3]

u Velocity [m/s]

ε Turbulent dissipation rate [m2/s3]

v Kinematic viscosity [kg/ms]

P Average pressure [Pa]

k Turbulent kinetic energy [m2/s2]

l Turbulence length scale [m]

ṁ Mass flow rate [kg/s]

qe, qmax, qmin Equiangular cell skewness

qmax Maximum angle cell skewness

qmin Minimum angle cell skewness

Q Discharge [m3/s]

Cd Discharge coefficient

X Spillways crest length [m]

H Head over the spillway crest [m]



Terminology

ANSYS Multiphysics engineering simulation software

CFD Fluid mechanics that uses numerical analysis and data structures

Discharge The volumetric flow rate of water

Domain The entire structure

Fluent Application in ANSYS used for CFD simulations

Full scale The scale of the actual spillway

Guide wall The bent left wall in the spillway

Model scale The scale of the CFD model

Ogee spillway The most common design of a spillway

Physical model Model created by Vattenfall R&D

Reservoir An enlarged natural or artificial lake

Skiboard The bottom of the spillway

Spillway Passage for surplus water in a dam

Splashing The water that splashes over the guided wall



Contents

Abstract i

Sammanfattning ii

Acknowledgements iii

1 Introduction 1
1.1 Background 1
1.2 Purpose 1
1.3 Limitations 2

1.3.1 Direct numerical simulation 2
1.3.2 Large eddy simulation 2

2 Previous work 3
2.1 Water level measurement 5
2.2 Pressure measurement 6

3 Theory 8
3.1 Governing equations of fluid dynamics 8
3.2 Turbulence modeling 8

3.2.1 k-ε model 9
3.2.2 k-ω model 10
3.2.3 SST formulation 11

3.3 Multiphase flows 11
3.3.1 Volume of fluid 11

3.4 Mesh structure 12
3.4.1 Validation of mesh quality 13

3.5 Pressure-based solver 14
3.6 Under-relaxation factors 14
3.7 Residuals and convergence 14
3.8 Froude scaling 15
3.9 Discharge coefficient 15

4 Method 16
4.1 Spaceclaim 16

4.1.1 Geometry 16
4.1.2 Boundaries and measurement points 17

4.2 Mesh 18
4.2.1 Quality of mesh 20

4.3 ANSYS Fluent 21
4.3.1 Solver 21
4.3.2 Multiphase 21
4.3.3 Turbulence flow model 21
4.3.4 Material and phases 21
4.3.5 Boundary conditions 21
4.3.6 Solution controls 22
4.3.7 Initialization, residuals and iteration 22

5 Result 23



5.1 Water flow characteristic (29.82 m) 23
5.2 Guided wall pressure (29.82 m) 24
5.3 Water level at guided wall (29.82 m) 25
5.4 Water flow characteristic (30.92 m) 27
5.5 Guided wall pressure (30.92 m) 28
5.6 Water level at guided wall (30.92 m) 29

6 Discussion 32
6.1 Mesh reliability 32
6.2 Fluent configuration 32
6.3 Flow characteristics 32
6.4 Pressure distribution 33
6.5 Water level 33

7 Conclusion 35

References 36



1 Introduction

For a hydropower plant dam safety is an important topic since devastating consequences
would occur after a dam failure. Therefore properly designed and constructed spillways
are important. This entails that a careful study needs to be carried out before a spillway
can be built. It is crucial that both physical and computational studies have been completed
to verify the function of the spillway.

1.1 Background

Hydropower is characterized by a large variety of positive and negative effects regarding
today’s environment, and is constantly debated whether it is sustainable or not [1].
In a short-term perspective, hydropower plants can cause endangerment of various fish
species and entire underwater ecosystems, and possible relocation of people in the area.
Other negative effects with large hydropower stations are possible water contamination,
sediment accumulation, possible flooding, destruction of forests, scenic landscapes and
agricultural [2]. However, there are numerous positive effects as well. Such as, secure
water supply, control over the flood and energy to a low cost with almost no emissions.
All the negative effects, considering both social and environmental, are important to
reduce or eliminate when constructing a large hydropower plant [1].

The investigated hydropower plant in this project was built with two vertical shaft Kaplan
turbines with a total installed capacity of 73 MW. The power plant will be extended
with an additional vertical Kaplan turbine with a discharge of 100 m3/s and an installed
capacity of 21 MW. A combined structure for turbine intake and flood discharge will
be built and the new power house will be placed directly behind the new spillway. The
new spillway with an opening width of 8 m and height of 4 m can only be used when
the turbine is out of use giving that the dimensional flow in the new spillway is about
100 m3/s. The water in the spillway must be guided away from the new power house
to avoid direct impact. To reduce the uncertainties in the hydraulic conditions it was
decided to build a physical model and study two upper pool levels. Free weir flow is
the only condition to be studied in the model tests. The model tests were performed in
December 2014 at Vattenfall R&D in Älvkarleby.

1.2 Purpose

The main goal of the project is to numerically model the flow behaviors at two upper pool
levels +29.82 m and +30.92 m in order to achieve a comparison between the numerical
and physical model. Also, evaluate to what accuracy the CFD can reproduce the physical
results.

There is also some general purposes for the project listed below,

• To get familiar with the on-going work with dam safety and dam upgrade projects.

• To learn about hydraulic model tests.

• To learn the fundamental knowledge of CFD modelling, including grid generation,
grid convergence, model set-up, boundary conditions and numerical convergence.

• To get familiar with turbulence models including a two-phase water-air flow model.
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1.3 Limitations

The main objective of the project is to create a numerical model that can be compared
with a physical model. To achieve this with CFD simulations there is multiple methods
that could be implemented. The computational power needed in order to solve some of
these methods are very high and therefore they will be excluded in this work [3].

1.3.1 Direct numerical simulation

The most numerically accurate method known in CFD is called direct numerical sim-
ulation (DNS). DNS provides a complete solution of the Navier-Stoikes and continuity
equations without any turbulence model. The method must be used with a three di-
mensional and time dependent solution which lead to extreme computational heaviness.
However, even if one choose to use DNS it requires detailed understanding of the physics
of turbulence otherwise it could be both inaccurate and uneconomical [3].

1.3.2 Large eddy simulation

Large eddy simulation (LES) is a mathematical model for turbulence and have a wide
variety of engineering applications. LES method is used to directly solve large scale
turbulence while smaller scale turbulence is modelled. To reduce the computational cost
LES ignores the smallest length scales. Also, by implementation of much larger cells and
time-steps the computational capacity decreases versus DNS. Increasing the time-steps
makes it possible to achieve much higher Reynolds numbers with LES than with DNS
[3].
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2 Previous work

Previous simulations have been made by Vattenfall R&D in Älvkarleby where a physical
model was built. The model is in scale 1:20 and 3D-cut in a high density plastic material
called Ureol. The guide wall was manufactured separately in stainless steel. The main
purpose of the study was to find an optimal form of a guide wall for free weir flow.
It was also of interest to verify the durability of the spillway and avoid unexpected
consequences. Furthermore, their study conducted measurements regarding the water
level at the guided wall. Figure 1 shows the model that Vattenfall R&D built with the
pressure transducers placed on the guide wall and with a complete roof.

Figure 1: Physical model of the spillway that Vattenfall R&D used to verify
the durability.

The physical model examined with the lower upper pool level can be seen in figure 2.
During the measurements, the flow of water was adjusted to a certain value, correspond-
ing to a certain upper pool level. When the pool level was stable, a measurement was
made. The simulation seen below is conducted with the final model design, same as the
one used in the CFD model. The results conducted from the simulation below can be
seen in both the result chapter and figure 6.
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Figure 2: Physical model of the spillway carrying out a simulation with the
lower upper pool level.

Figure 3 shows the same design as figure 2 but examined with the higher upper pool
level. The results conducted from the simulation below can be seen in both the result
chapter and figure 6.

Figure 3: Physical model of the spillway carrying out a simulation with the
higher upper pool level.

4



2.1 Water level measurement

Vattenfall did also analyze the splashing that was caused by the water hitting the guide
wall. The water levels along the guide wall were measured from a reference level at the
top of right pillar. Measurements were done in 4 positions: 0, 50, 100 and 150 cm from
the back side of left pillar (running distance), figure 4. To prevent the splashing different
roofs was added to the original model. The roof was studied in order to determine a
reasonable size of the final design. The outcome of this proved that a complete roof
gives full protection for submergence for the power house regardless upper pool levels.
However, the final design used a smaller roof that did not cover the whole spillway. This
design is also the one chosen for the CFD model study.

Figure 4: Vattenfall R&D’s physical model displaying where the water level
measurements where conducted at the guided wall.
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2.2 Pressure measurement

To investigate the durability of the spillway they performed pressure measurements on
the guide wall and skiboard. For each pool level, two measurements were made with the
transducers on the guide wall placed in the two different configurations. The forces was
determined through thirteen flush mounted pressure transducers which were placed at
the guide wall and at the bottom of the skiboard seen in figure 5.

Figure 5: Vattenfall R&D’s physical model illustrating the position of the
pressure points located at the guided wall.
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Figure 6 illustrates the results conducted from the pressure measurements. Yellow lines
are for high flow and blue lines for low flow. The upper graph shows the mean pressure
in mWC and the bottom one is the maximum pressure in mWC. The results indicates
that the most critical point is located at the bottom of the guide wall.

Figure 6: Data points for the pressure distribution for both upper pool
levels.
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3 Theory

This section introduces the basic theory of fluid motion, numerical modelling and meshing.
The following derivations are restricted to Newtonian and incompressible fluids.

3.1 Governing equations of fluid dynamics

The fundamentals of fluid dynamics rests in Navier Stokes equations. They make it
possible to understand, analyze and control processes within fluid flows. Together they
constitute the foundation which turbulence modelling and numerical simulations rely on.
To obtain Navier Stokes equations one must apply Newton’s second law to a fluid of
a certain volume and velocity together with conservation of mass and Newton’s law of
viscosity. Since the fluid is incompressible the reduced formula for conservations of mass
can be expressed as,

∇ · u = 0, (1)

called the continuity equation where u is the velocity field [4]. Furthermore, the motion
of incompressible Newtonian fluids can be illustrated as,

Du

Dt
=
∂u

∂t
+ (u · ∇)u = −∇

(
p

ρ

)
+ v∇2u+ f , (2)

where p is the fluid pressure, ρ is the density and v is the kinematic viscosity. From left,
Du/Dt, correspond to the rate of change for a fluid particle. Additionally, this term
can be divided into the change in time at a fixed point, ∂u/∂t, and the rate of change
for fluid element, (u · ∇)u. To the right, −∇ (p/ρ), comprise the pressure gradient and
the second term, v∇2u, represent the viscous force. Lastly, f correspond to the external
forces [4].

3.2 Turbulence modeling

The characterization of a turbulence model is a set of equations which together define
the turbulent transport terms for the mean flow equations. To understand the turbulent
models one have to understand that all turbulent processes are based on hypotheses and
require empirical input such as constants or functions. Because of the complexity of
turbulent motions these models doesn’t account for details in simulations only the effect
of turbulence on the mean flow behavior [5].

The basis of turbulence modeling lay within the concept of Reynolds averaging and av-
eraged conservation equations. Engineers often needs to develop methods which can ex-
tract any useful information from these averaged quantities, this can be challenging since
all turbulent flows are transient and three-dimensional. Therefore, Reynolds averaging
provides a great way of obtaining information about the over all mean flow properties
[5].

To obtain Reynolds Average Navier Stokes (RANS) a time average on Navier Stokes
equations together with Reynolds decomposition and conditions is applied. The equation
is written as,
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ρ
∂Ui
∂t

+ ρUj
∂Ui
∂xj

+ ρ
∂

xj
< u

′
iu

′
j >= − ∂P

∂xi
+ µ

∂

∂xj

∂Ui
∂xj

+ < fi >, (3)

where Ui and Uj are the average velocities, ui and uj the fluctuating velocities, P the
average pressure, µ the dynamic viscosity and < fi > the average external forces [5].
Furthermore, this equation can be rewritten by defining the Reynolds stress as

Rij = −ρ < u
′
iu

′
j >, (4)

and the mean viscous stress as

Tij = µ

(
∂Ui
∂xj

+
∂Uj
∂xi

)
. (5)

The RANS equation can then be written as

∂Ui
∂t

+ Uj
∂Ui
∂xj

= − ∂P
∂xi

+
∂Rij
∂xj

+
∂Tij
∂xj

+ < fi > . (6)

Additionally, the Reynolds stress can be modelled if the Boussinesq eddy viscosity ap-
proximation is valid. Then Reynolds stresses can be modeled by

Rij = µt

(
∂Ui
∂xj

+
∂Uj
∂xi

)
− 2

3
ρkδij . (7)

where µt is the turbulent viscosity, k is the turbulent kinetic energy and the δij is the
identity matrix [5].

3.2.1 k-ε model

There is a lot of different two-equation models with different advantages depending on
the flow configuration. Two-equation models are theoretically applicable to any flow
characteristics and therefore very usable in CFD. The most commonly used model is
the k-ε model. This model comprises the transport equations for the turbulent kinetic
energy and the rate of viscous dissipation. To obtain the model, Navier Stokes equation
is multiplied with u

′
i before applying Reynolds decomposition and conditions together

with the time averaging procedure. The k-model can than be written as

ρ
∂k

∂t
+ ρUj

∂k

∂xj
=

∂

∂xj

((µt
σk

+ µ
) ∂k

∂xj

)
+Rij

∂Ui
∂xj
− ρε, (8)

where

{
k = 1

2 < u
′
iu

′
i >,

ε = CDk
3/2lmix,

(9)

and the turbulent viscosity as

9



µturb = cρ
√
klmix, (10)

where ε is dissipation of the kinetic energy and the CD, c and σk are the closure coeffi-
cients and lmix is the turbulence length scale [6][7]. Furthermore, it is possible to discover
transport effects of the turbulence length scale and therefore an extra equation for the
amount of dissipation is added which is expressed as

ρ
∂ε

∂t
+ ρUj

∂ε

∂xj
=

∂

∂xj

((µt
σε

+ µ
) ∂ε

∂xj

)
+ Cε1

ε

k
Rij

∂Ui
∂xj
− Cε2ρ

ε2

k
, (11)

and the turbulent viscosity as

µt =
ρCµk

2

ε
, (12)

where are closure coefficients are given by [6][7]

Cε1 = 1.44, Cε2 = 1.92, Cµ = 0.09, σε = 1.0, σk = 1.3.

The closure coefficients used in turbulence models are often determined experimentally
in such way that they obtain values reasonable to match properties of turbulence. These
coefficients often involve many assumptions based on physical reasoning. This approach
is not necessary the best one for determine these closure coefficients because there is a
wide range of different turbulent flows [6][7].

3.2.2 k-ω model

Another common two-queation model is the k-ω model. If it is compared to the k-ε
model which solves dissipation or rate of destruction of turbulent kinetic energy, the k-ω
model solves for only the rate at which that dissipation occurs. The relation dimensionally
between ω and ε is expressed as ω ∝ ε/k. The k−equation, for the turbulent kinetic
energy is written as

ρ
∂k

∂t
+ ρUj

∂k

∂xj
=

∂

∂xj

((µt
σk

+ µ
) ∂k

∂xj

)
+Rij

∂Ui
∂xj
− β?ρkω, (13)

and the ω−equation for the dissipation is given by

ρ
∂ω

∂t
+ ρUj

∂ω

∂xj
=

∂

∂xj

(( µt
σω

+ µ
) ∂ω

∂xj

)
+ α

ω

k
Rij

∂Ui
∂xj
− βρω2, (14)

and the turbulent viscosity as

µt =
ρk

ω
, (15)

where are closure coefficients are given by [6][7]

α = 5/9, β = 3/40, β? = 9/100, σω = 1/2, σk = 1/2.
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3.2.3 SST formulation

B. Menter did 1993 discover the shear stress transport (SST) k-ω turbulence model
which is a two-equation eddy-viscosity model. The SST formulation combines both the
k-ω and k-ε models which have made it a very popular method to implement. SST
utilize the k-ω formulation in the inner region of boundary layers which makes the
model usable for low-Reynolds turbulence model without any extra damping functions.
Additionally, the SST formulation switches to k-ε model in the outer region of boundary
layers and in mixing regions. This makes the SST model very good for calculations of
wall bounded flows even if the regions are greatly separated [8][9].

3.3 Multiphase flows

Multiphase flow is in fluid mechanics described as the simultaneous flow of materials with
two or more thermodynamic phases. In our daily life we often encounter multiphase flow
with phases consisting of gas, liquid, solid or a mixture of phases. However, in CFD
there is a broader sense to multiphase flow systems. In CFD a phase has a interaction
and praticular inertial response with the field or flow which it is immersed. Multiphase
flows is commonly grouped into four categories [9],

• gas-liquid or liquid-liquid flows,

• gas-solid flows,

• liquid-solid flows,

• and three-phase flows.

3.3.1 Volume of fluid

The volume of fluid (VOF) model is a commonly used surface-tracking technique used in
fluid dynamics. It is intended for two or more immiscible fluids where the main purpose
is to examine the interface between the fluids. The fluids selected to use in the VOF
model share a single set of momentum equations and the volume fraction for each fluid
is tracked throughout the domain. This results in a shared velocity field between the
phases used in the VOF model. Adding a new phase in the VOF model will result in an
additional variable for the volume fraction which is stated as

n∑
q=1

αq = 1. (16)

To enable tracking of the free surface the solution of a continuity equation for the volume
fraction of each phase (αq) is required [9]. The equation is expressed as

1

ρq

[
∂

∂t
(αqρq) +∇ · (αqρq #»vq) = Sαq +

n∑
p=1

(ṁpq − ṁqp)

]
, (17)

where ṁpq is the mass transfer from phase q to phase p, ṁqp represents the opposite
mass transfer and Sαq represents the source term for each phase [9].

Furthermore, the VOF equation can be solved with either an implicit or explicit time
discretization. To determine the interface between the phases for the implicit scheme it is
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required a standard scalar transport equation solved simultaneously. The explicit scheme
however can determine the volume fraction from the previous time step. The implicit
scheme can perform both transient and steady-state calculations and the explicit scheme
only can solve transient calculations. There is a wide range of different applications for
the VOF model, some of them free-surface flows, filling, stratified flows, sloshing, the
prediction of jet breakup, the motion of liquid after a dam break and more [9].

3.4 Mesh structure

In CFD to apply a mathematical model to a certain geometry a mesh is needed. The
mesh is a number of small individual cells that has divided the structure. All these
small cells are individually processed during a simulation with the applied models which
solve and discretize each cell based on the neighbors. Fluent can access 3D meshes
comprised of tetrahedral, hexahedral, polyhedral, pyramid, wedge cells or a combination
of these, which can be seen in figure 7. To choose which mesh type to use depends on
the application. Below three common issues with mesh type is stated and the influence
of each one should be considered before choosing a mesh type [9],

• setup time,

• computational expense,

• numerical diffusion.

There is a lot of different flow problems engineers try to solve and a common denominator
is that they often involve complex geometries. Figure 8 illustrate the difference between
a structured and unstructured mesh. The structured mesh often consists of quadrilateral
or hexahedral elements but depending on the specific geometry such problems can be
extremely time-consuming. Therefore, complex geometries frequently uses unstructured
meshes employing triangular or tetrahedral cells. For a more simple geometry there
may be no saving in setup time with either approach. A commonly used approach is to
combine both structured and unstructured mesh, this method often uses quadrilateral
or hexahedral cells for domains in the model that is of less interest to examine and
thus decrease the computational time. An unstructured mesh can then be applied on
more complex domains because the vertices can extend in an arbitrary direction. This
combined mesh that take advantages of both mesh types is called hybrid mesh [9].

Figure 7: 3D mesh elements available in
Fluent [10].

Figure 8: Example of structured and unstruc-
tured mesh on an airplane profile [11].

The computational expense is important to take into consideration when building a mesh.
For large length scales and complex geometries a triangular/tetrahedral is better suited,
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mainly because a far fewer cells is needed than a mesh consisting of quadrilateral/hexa-
hedral elements. The reason is that triangular/tetrahedral meshes allows clustering of
cells in selected regions. Structured quadrilateral/hexahedral meshes primarily places
cells into regions where they are not needed. An advantage of quadrilateral/hexahedral
elements is that they permit a larger aspect ratio than triangular/tetrahedral cells and
this might make them more economical. Triangular/tetrahedral cells can also have a large
aspect ratio, but this will affect the skewness of the cell which may impede convergence
and accuracy. Therefore, a guideline when constructing a mesh is to use quadrilater-
al/hexahedral cells for easier geometries or parts of the geometry. This will most likely
imply fewer cells than using triangular/tetrahedral cells [9].

A common source of error in meshing is numerical diffusion which is not a real phe-
nomenon, yet it effects the flow calculation. Numerical diffusion appear frequently with
computer simulations of continua where the simulated medium exhibits a higher diffusiv-
ity than the actual medium. This phenomenon is noticed for example when an ideal fluid
obtains some spurious viscosity in a numerical model. There is different ways to coun-
teract numerical diffusion and one method is to refine the mesh because the numerical
diffusion is inversely related to the resolution of the mesh [9].

3.4.1 Validation of mesh quality

One requirement for constructing an accurate and stable mesh is to check the mesh
quality. Skewness and distribution are two of the factors that usually are used to examine
the mesh quality. Regardless of the cell types used in the mesh checking the quality is
essential [9].

Aspect ratio is a measurement for the elements deviation from having all sides of equal
length. It is defined as the ratio of the minimum distance between the nodes of the cell
and the maximum distance from the face centroid and cell centroid. Long thin elements
are examples where high aspect ratios occurs [9].

Cell skewness is another method for validation of the mesh quality. It defines as the
difference of a specific cell and the shape of an equilateral cell with the same volume.
The consequence of highly skewed cells is decreased accuracy of the simulation as well as
destabilize the solution. To determine the cell skewness the nondimensional parameter
called Cell Equiangle Skew is calculated, it can be expressed as

max

[
qmax − qe
180− qe

,
qe − qmin

qe

]
, (18)

where qmax is the largest angle in the cell, qmin is the smallest angle in the cell and qe
is the equiangular that is constant depending on the geometrical figure [9]. The most
optimal case of equiangular cell is obtaining a value of 0 and a value of 1 indicates a
completely degenerate cell [9].

Node clustering is used to see the density and distribution of the nodes in the mesh. This
method can improve the solution and calculation in areas or volumes that are subjected
to separation of fluids, mixing zones and shear layers. It may be useful to adjust the
mesh to improve accuracy of the model in these complex flow regions. For turbulent
flows where the interaction between mean region and the turbulent one it is of significant
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importance to adapt node clustering. Furthermore, there is still always in question the
CPU and memory requirements to calculate complex fluid flows [9].

3.5 Pressure-based solver

Fulent provides two different solving methods, a pressure-based and density-based solver.
The VOF multiphase model is only available for the pressure-based solver; hence the
density-based solver is excluded. In order to satisfy the continuity- and momentum
equation the pressure-based solver computes the velocity field and pressure together
meaning that velocity corrects the pressure. Through iteration method, the solution
converges when the entire set of equations are solved [9].

In VOF, three different models are available, including SemiImplicit Method for Pressure-
Linked Equations (SIMPLE), Pressure Implicit with Splitting of Operators PISO and
SIMPLE-consistent (SIMPLEC). The SIMPLE methods are often used for uncomplicated
models and PISO is more suited for complex geometries with relatively large time-step.
However, the computation time might be reduced when utilizing the SIMPLE method
which entails to a more quickly convergence [9].

3.6 Under-relaxation factors

For the pressure-based solver in Fluent under-relaxation factors are used to decrease the
change of the physical quantity φ for each iteration. If the under-relaxation factors are
utilized properly the calculation can increase in accuracy and stabilize the convergence
behavior. However, decreasing the under-relaxation factors will also increase the number
of iterations for each time-step, which decrease the change if divergence. Fluent can man-
age momentum, pressure, density, volume fraction, specific dissipation rate, body forces
and different turbulence phenomena. Equation 19 illustrate the relationship between φ
and the under-relaxation factor, denoted α

apφ

α
=
∑
nb

anbφnb + b+
1− α
α

apφold, (19)

where the subscript nb refers to neighbor cells, ap and anb are the linearized coefficients
for φ and φnb and b is a constant contributing term from the previous boundary condition
[9].

3.7 Residuals and convergence

In CFD there are various factors that may influence convergence of a model. There
are some more common factors that may affect the convergence, large control volumes,
flow models and conservative relaxation factors a some reasons. Generally the residuals
decreases to magnitudes roughly about 10−3 for each equation. This however might be
misleading due to the initial guess either contains non-linear source terms or is too poor,
might even be to good in some cases. Therefore, having observation of the residuals to
spot a trend or stability is often a more correct approach. By looking at a number of
iterations it is therefore possible to discover stability and convergence for the solution
[9].

In order for Fluent to correctly execute the convergence criterion that the user selected,
the residual is scaled through the flow domain for each variable and equation. The scaled
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residual can be written as

Rφ =

∑
cells P |

∑
nb anbφnb + b− aPφP |∑
cells P |aPφP |

, (20)

where anb is the influence factor from neighboring cells, aP is the center coefficient and
φ is a physical quantity which the scaled residual is calculated [9].

3.8 Froude scaling

The Froude number is a dimensionless number used for open channel flows and is defined
as the ratio of inertial and gravitational forces. The definition of the Froude number is

Fr =
V√
gL

, (21)

where V is the velocity magnitude, g is gravitational acceleration, and L is the length
scale usually water depth [12]. Table 1 shows the Froude scaling factor for discharge.
This method is used to convert a volume flow rate to another through scaling factors
[12].

Table 1: Froude scaling factor used to scale the discharge at the targeted spillway.
Characteristic Dimension Froude scale
Discharge L3T−1 λ5/2

3.9 Discharge coefficient

To properly design the hydraulic structures and simulate flows in a structure, physical
modeling is commonly used. One frequent problem adapting physical modeling are scale
effects related to surface tension and viscosity effects. Thus, the effect of these forces
enhances in the physical model. Spillway simulation models are valid when the effects
of viscosity and surface tension are small and scale effects can be neglected. This also
applies for calculations on the discharge coefficient, where both viscosity and surface
tension effects the results. The discharge coefficient is defined as the ratio between the
actual flow discharge and theoretical flow discharge. It is dimensionless and depends
on the velocity and rate of flow for the working fluid. The conventional ogee spillway
equation is expressed as

Q =
2

3
Cd
√

2gXH1.5, (22)

where Q is spillway discharge, Cd is discharge coefficient, g is gravitational acceleration,
X is spillways crest length and H is head over the spillway crest [13].

15



4 Method

This section explains the tools used in this project, such as construction of the geometry,
boundary conditions, generation of mesh and configurations in the numerical solution.
This segment illustrate the conduction of this thesis work.

4.1 Spaceclaim

Spaceclaim is a multipurpose 3D modeling application in ANSYS and was used as a pre-
processing tool for creating the geometry as well as specifying boundaries. The following
part will describe how the model was created and defined.

4.1.1 Geometry

The initial geometry given by Vattenfall R&D can be seen in figure 9. The highest
point on the spillway where the water passes through was measured to 26.62 m in full
scale. At first the geometry was simply a spillway without any reservoir. Therefore, an
upstream reservoir was created in order to model how the flow enters the spillway. Beside
the reservoir some minor changes had to be done in order to create a trustworthy and
functional model. These changes can be seen when comparing figure 9 and 10.

Figure 9: Initial geometry of the spillway, given by Vattenfall R&D.

Origo is located at the bottom of the reservoir by the dam wall, which can be seen in
figure 10. The figure below is the updated and final model with the reservoir implemented.
This figure is a volume model which is needed in order to carry through simulations with
multiphase flows. The reservoir was built with a width that was five times the width
of the entrance of the spillway and a depth eight times the entrance width. The model
height i.e. the maximum z coordinate was set high enough to enable both upper pool
levels (+29.82 m and +30.92 m) to fit underneath.
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Figure 10: Volume model of the spillway with added reservoir.

4.1.2 Boundaries and measurement points

In Spaceclaim two different boundaries were created, one velocity inlet and one velocity
outlet. These two can be seen in figure 11 highlighted as blue for the inlet and red as
the outlet. Additionally, there is a green part in figure 11 which is referred to as the
guided wall. Between the green and red zone there is a small horizontal wall that act as
an shield to prevent from major water splashing above the guide wall.

Figure 11: The model used in this project with highlighted velocity inlet as
blue and velocity outlet highlighted as red. Guided wall is highlighted as green.

Figure 12 shows five red lines placed at the guided wall with spacing according to figure
4. These lines was created in order to measure the height that the water would reach in
the spillway.
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Figure 12: Five lines highlighted as red used to measure the water level in
the spillway.

The figure below shows the placement of pressure measurements on the guided wall and
ski board. These points were used to measure the pressure acting on the guided wall.
In order to achieve the correct position for the measurement points figure 5 and the
associated coordinates were implemented.

Figure 13: Illustrate thirteen blue points used to measure the pressure acting
on the guided wall.

4.2 Mesh

The whole mesh was constructed in ANSYS meshing application without any external
programs. Figure 14 illustrate the meshed volume model with a total number of 496688
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elements. The mean element size for the figure is 0.03 m. As seen in the figure below
the mesh consists of hexahedral cells at the layer facing outwards. It is also possible
to visualize that there is a size difference of the cells depending on the location. When
constructing the mesh both edge sizing and face sizing were implemented. These methods
determine the size of the elements at selected locations, it is therefore smaller cells at the
guided wall and larger elements at the reservoir.

Figure 14: The volume model fully meshed with hexahedral elements point-
ing outwards.

To save computational time a multizone mesh was implemented which can be seen in fig-
ure 15 where a cross section of the mesh is printed. The multizone mesh was constructed
with the settings of hexahedral core and hexahedral/prism outer layer.

Figure 15: A cross section of the mesh where both hexahedral and prism
elements can be seen.

Figure 16 shows a closeup image of the layers in the multizone mesh. This figure ease the
view of the hexahedral and prism cells merging together. It is also possible to partially
visualize the difference in skewness for the hexahedral and prism cells.
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Figure 16: A zoomed in image of the mesh where both hexahedral and
prism elements can be seen.

4.2.1 Quality of mesh

To ensure the mesh quality two different variables were inspected, the skewness and
aspect ratio. Figure 17 shows the distribution of elements skewness. The maximum
skewness observed in the mesh was 0.9849 and average skewness 0.3280. For the aspect
ratio the highest value measured was 46 and average aspect ratio 2.2. As can be seen in
figure 17 only very few cells have a skewness ratio above 0.9.

Figure 17: Histogram showing the distribution of the different element types
skewness.
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4.3 ANSYS Fluent

In this section, both the setup and configuration of the numerical model is explained.
Fluent is an application in the software ANSYS and is used to simulate different flow
behaviors. Fluent imports the mesh file created in ANSYS meshing. The settings chosen
for this project is briefly explained in this chapter. Additional information of the flow
models used is given in the theory chapter. For any settings that is not mentioned in
this section default settings are used.

4.3.1 Solver

The solver setting used for this project was a 3D double precision first order pressure-
based- and segregated algorithm with least squares cell based, implicit formulation to-
gether with the ITA scheme. Within the solver settings the unsteady 3D model was
chosen, because that is needed for the two-phase model used. The operating pressure for
the model was set to the atmospheric pressure, 101325 Pa and the gravitational acceler-
ation was set to −9.82 m/s2 relative to the Z direction. The 3D double precision gives
better numerical accuracy. The implicit formulation was selected because the second
order implicit time-step formulation is not compatible with the VOF model. Lastly, the
ITA scheme was used as it eliminates splitting errors.

4.3.2 Multiphase

Since the domain consists of two fluids (air and water) and consequently a free surface
flow, the implicit VOF model was selected. Furthermore, a sub setting chosen to the VOF
model was open channel flow in order to more easily set boundary conditions. The VOF
model was also used with the implicit body force formulation and the volume fraction
cutoff was lowered from 1e−06 to 1e−08. At last, the number of Eulerian phases was
chosen to two.

4.3.3 Turbulence flow model

The viscous model chosen for this specific case was the SST k-omega since it provides
relevant results relative to the computational time. An additional option that was used
was turbulence damping. The turbulence damping control was set with a factor of ten.

4.3.4 Material and phases

For this model two fluids was included, air and water where air was selected as the primary
phase and water as secondary phase. Density and viscosity are based on the reference
atmospheric pressure, 101325 Pa, at 20 ◦C. Table 2 underneath shows the properties for
the fluids included.

Table 2: Properties of air and water used in Fluent for the targeted model.
Phase Material Density [kg/m3] Dynamic viscosity [kg/ms]
Primary Air 1.225 1.7894e-05
Secondary Water 998.2 1.003e-03

4.3.5 Boundary conditions

The open boundaries in this model were chosen to pressure inlet and pressure outlet. For
the pressure inlet an additional option called open channel flow was applied. This option
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enabled the selection of flow specification method which could be chosen to free surface
level and velocity. This then enabled the option of free surface level which could be
set to 1.209 m to match the given value used for the physical model at Vattenfall R&D.
Additionally, the velocity magnitude could be chosen to a relevant value and was selected
as 0.044 m/s. That value is only used to calculating the dynamic pressure being used
in the total pressure calculation. The pressure inlet also had some turbulence options,
turbulence intensity and hydraulic diameter. These two options was set to 5 % and 1 m
respectively.

4.3.6 Solution controls

For the pressure-velocity coupling scheme SIMPLE was chosen, as it has the lower com-
putational time and operates comfortably for transient simulations. The under-relaxation
factors of density, body forces and turbulent viscosity were kept at 1 because a low fluc-
tuation of these was expected. The transient formulation was set to first order implicit.
Table 3 shows the under-relaxation factors and the associated spatial discretization.

Table 3: Under-relaxation factors and spatial discretization scheme for the pressure, momentum
and turbulence variables.

Variable Under-relaxation factors Spatial discretization
Pressure 0.3 Body force weighted
Momentum 0.5 Second order upwind
Volume fraction 0.5 Compressive
Turb. kin. energy 0.8 First order upwind
Spec. dis. rate 0.8 First order upwind

4.3.7 Initialization, residuals and iteration

The initial velocity of all elements in every direction inside the domain was initialized to
zero. Then a box was initialised in order to fill up the reservoir with water. This box had
the same size as the reservoir up to the spillway crest. Furthermore, the iteration process
was initialised with the lowest possible time-step of 1e−05 and a max iteration per time-
step to 20. The global Courant number was set to 10 to decrease the computational time.
To monitor the convergence of the simulation the residuals were tracked. Additionally a
report file was added in order to check how the inlet mass flow rate to the model evolved
in time.
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5 Result

This part contains the results from the numerical model divided in to two main sections
that separate the two upper pool level cases. Both sections then contains three sub sections
where water flow characteristics, pressure on the guided wall and water level at the guided
wall is stated. The results is mainly illustrated with figures, graphs and tables to facilitate
the understanding.

5.1 Water flow characteristic (29.82 m)

The previously established model was simulated with an upper pool level at 29.82 m.
Figure 18 illustrates how the water mass flow rate through three different sections in
the model, inlet, outlet and over the spillway change in time. The label over spillway
indicates the mass flow passing through the highest point of the spillway. Additionally
an average for these three measurements was calculated. The time in the figure below
correspond to the time this sequence occur in Fluent.

Figure 18: Mass flow rate at different positions in the model for upper pool
level at 29.82 m.

Figure 19 is a comparison between the mass flow rate of water passing through the highest
point on the spillway and the water exiting the model. This figure improve the visibility
of the trend that can be seen in figure 18. The outlet converges towards 53.40 kg/s and
the inlet 52.00 kg/s. It is not known why these two values are not the same, maybe the
report function in Fluent is sensitive to the cell skewness close to these surfaces.
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Figure 19: Mass flow rate comparison for upper pool level at 29.82 m.

In order to ease the comparison of obtained CFD results and Vattenfall R&D´s physical
model results a table with the average CFD-flow for the model scale and full scale was
created. Table 4 comprises running averages for the outlet, inlet, over the spillway and
outlet + over spillway which is an average of the two flows. The reference values in the
table below corresponds to the ones given by Vattenfall R&D from their physical model.
Cd is the discharge coefficient. The percentage deviation calculated corresponds to the
difference in mass flow between the model and reference value. The difference between
calculated and measured flow is very small (0.6 %) for inlet and the average of outlet
and over spillway.

Table 4: Data regarding flow characteristics for an upper pool level at 29.82 m.
Data for upper pool level 29.82 m

Running average CFD-flow model scale CFD-flow full scale CFD Cd Deviation
[kg/s] [m3/s] [%]

Outlet 53.41 95.54 0.805 3.3
Inlet 51.97 92.97 0.783 0.6
Over spillway 50.53 90.39 0.761 -2.2
Outlet + Over spillway 51.97 92.96 0.783 0.6
Reference value measured 51.68 92.45 0.779

5.2 Guided wall pressure (29.82 m)

The 12 points where the pressure measurement were conducted on the guided wall can
be seen in figure 13 along with the position where the measurement at the bottom close
to the right guide wall corner. Table 5 shows the measured average values for each point
in the unit meter of water column mWC, for full scale conditions, with the upper pool
level at 29.82 m. The physical model pressure values can be seen in figure 6. The highest
pressure obtained at the guided wall was position 20 m 6A with 9.568 mWC.
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Table 5: Data regarding pressure distribution on the guided wall for an upper pool level at
29.82 m.

Average pressure data at the guide wall for upper pool level 29.82 m.
Position Pressure, CFD model Pressure, physical model

[mWC] [mWC]
20 m 5A 0.006 0.154
20 m 5B 0.115 0.838
20 m 6A 9.568 7.940
20 m 6B 4.595 3.239
24 m 3A 0.004 0.342
24 m 3B 1.151 2.308
24 m 4A 2.765 6.624
24 m 4B 1.580 3.179
30 m 1A 0.380 0.641
30 m 1B 0.409 1.573
30 m 2A 0.044 0.829
30 m 2B 0.204 1.299
7 0.362 2.200

Figure 20 illustrate the pressure distribution acting on the guided wall with an upper pool
level at 29.82 m. The contour scale displayed in the figure correspond to the pressure,
with mWC as unit. This contour figure confirm the results obtained in table 5.

Figure 20: Contour figure comprising the pressure distribution with an
upper pool level at 29.82 m.

5.3 Water level at guided wall (29.82 m)

The water level at the guided wall can be determined from figure 21 where the mean
volume fraction is plotted against the height in meters. The figure consists of five labels
where linev150a and linev150b can be seen as one line according to the explanation from
figure 12. Where the mean volume fraction measure 0.5 it is possible obtain the water
level.
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Figure 21: Mean volume fraction plotted against the height at four different
position related to a vertical line in the spillway. All data is obtained from an
upper pool level at 29.82 m.

Table 6 shows the results regarding the water level for both the CFD model and the
physical model for an upper pool level at 29.82 m. The running distance is the placements
along the guided wall where the measurements have been conducted. Linev0 is located
in the CFD model at the same position marked as "0 cm" in the physical model seen in
figure 4. The other three lines follows the same pattern.

Table 6: Water level at the guided wall at four different positions measured with the numerical
model and physical model both at an upper pool level 29.82m.

Water level at guided wall for upper pool level 29.82 m
Running distance Water level (CFD) Water level (Physical model)

[m] [m]
Linev0 26.1 27.6
Linev50 16.0 16.6
Linev100 13.7 15.8
Linev150a + Linev150b 15.3 16.6

Figure 22 is an image of the model displaying the water level for an upper pool level
at 29.82 m. The contour scale shows a color corresponding to the level of the water in
meters.
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Figure 22: The whole model illustrating the water surface level with a
contour scale showing the height in meters at each contour. The data is obtained
with an upper pool level at 29.82 m.

5.4 Water flow characteristic (30.92 m)

The previously established model is now simulated with an higher upper pool level of
30.92 m. Figure 23 illustrates how the water mass flow rate through three different
sections in the model, inlet, outlet and over the spillway change in time. The label
over spillway indicates the mass flow passing through the highest point of the spillway.
Additionally an average for these three measurements was calculated. The time in the
figure below correspond to the time this sequence occur in Fluent.

Figure 23: Mass flow rate at different positions in the model for upper pool
level at 30.92 m.
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Figure 24 is a comparison between the mass flow rate of water passing through the highest
point on the spillway and the water exiting the model. This figure improve the visibility
of the trend that can be seen in figure 23. The outlet converges towards 84.40 kg/s and
the inlet 82.40 kg/s.

Figure 24: Mass flow rate comparison for upper pool level at 30.92 m.

In order to ease the comparison of obtained results and Vattenfall R&D´s physical model
a table with the average CFD-flow for the model scale and full scale was created. Table
7 comprises running averages for the outlet, inlet, over the spillway and outlet + over
spillway which is an average of the two flows. The reference values in the table below
corresponds to the ones given by Vattenfall R&D from their physical model. Cd is the
discharge coefficient. The percentage deviation calculated corresponds to the difference
in mass flow between the model and reference value.

Table 7: Data regarding flow characteristics for an upper pool level at 30.92 m.
Data for upper pool level 30.92 m

Running average CFD-flow model scale CFD-flow full scale CFD Cd Deviation
[kg/s] [m3/s] [%]

Outlet 84.47 151.10 0.817 18.3
Inlet 82.36 147.33 0.797 15.3
Over spillway 79.77 142.69 0.772 11.7
Outlet + Over spillway 82.12 146.90 0.794 15.0
Reference value 71.41 127.75 0.691

5.5 Guided wall pressure (30.92 m)

The points where the pressure measurement were conducted on the guided wall can be
seen in figure 13. Table 8 shows the measured average values for each point in the unit
meter of water column mWC, for full scale conditions, with the upper pool level at 30.92
m. The physical model pressure values can be seen in figure 6. The highest pressure
obtained at the guided wall was position 20 m 6A with 11.05 mWC.
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Table 8: Data regarding pressure distribution on the guided wall for an upper pool level at
30.92 m.

Average pressure data at the guide wall for upper pool level 30.92 m
Position Pressure, CFD model Pressure, physical model

[mWC] [mWC]
20 m 5A 0.017 0.145
20 m 5B 2.266 0.239
20 m 6A 11.05 7.923
20 m 6B 8.496 1.949
24 m 3A 0.964 0.410
24 m 3B 1.770 1.923
24 m 4A 5.407 7.188
24 m 4B 3.698 3.829
30 m 1A 0.553 0.342
30 m 1B 0.443 1.427
30 m 2A 0.314 1.291
30 m 2B 0.327 1.214
7 1.130 4.200

Figure 25 illustrate the pressure distribution acting on the guided wall with an upper pool
level at 30.92 m. The contour scale displayed in the figure correspond to the pressure,
with mWC as unit. This contour figure confirm the results obtained in table 8.

Figure 25: Contour figure comprising the pressure distribution with a upper
pool level at 30.92 m.

5.6 Water level at guided wall (30.92 m)

The water level at the guided wall can be determined from figure 26 where the mean
volume fraction is plotted against the height in meters. The figure consists of five labels
where linev150a and linev150b can be seen as one line according to the explanation from
figure 12. Where the mean volume fraction measure 0.5 it is possible obtain the water
level.
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Figure 26: Mean volume fraction plotted against the height at four different
position related to a vertical line in the spillway. All data is obtained from an
upper pool level at 30.92 m.

Table 6 shows the results regarding the water level for both the CFD model and the
physical model for an upper pool level at 30.92 m. The running distance is the placements
along the guided wall where the measurements have been conducted. Linev0 is located
in the CFD model at the same position marked as "0 cm" in the physical model seen in
figure 4. The other three lines follows the same pattern.

Table 9: Water level at the guided wall at four different positions measured with the numerical
model and physical model both at an upper pool level 30.92m.

Water level at guided wall for upper pool level 30.92 m
Running distance Water level (CFD) Water level (Physical model)

[m] [m]
Linev0 28.2 30.2
Linev50 16.9 22.4
Linev100 14.5 16.4
Linev150a + Linev150b 15.7 17.4
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Figure 22 is an image of the model displaying the water level for an upper pool level
at 30.92 m. The contour scale shows a color corresponding to the level of the water in
meters.

Figure 27: The whole model illustrating the water surface level with a
contour scale showing the height in meters at each contour. The data is obtained
with an upper pool level at 30.92 m.
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6 Discussion

The main purpose of this study was to create a numerical model that could recreate the
flow behaviors of a physical model that Vattenfall R&D built. The present project has
shown great results and can be used in future work regarding the targeted area. However,
the CFD model can be improved, which might effect the results significantly. This chapter
comprises analysis of the mesh reliability, Fluent configuration, flow characteristics, pres-
sure distribution, water level at the guided wall and sources of error.

6.1 Mesh reliability

The constructed mesh for the targeted model has proven a quality satisfactory to per-
form multiple numerical simulations. Additionally, the mesh quality is one reason for an
enhanced result regarding the addressed areas that were conducted in this project. Non-
etheless, there is always a risk for numerical errors when processing a meshed geometry
during a simulation. Even if the mesh quality tests for both the skewness and aspect
ratio indicates that the mesh achieves the qualifications given by Fluents user’s guide
[9]. The choice of implementing a multizone mesh structure in this project was probably
one main reason to a sufficient decrease in simulation time. The multizone mesh most
likely also improved the numerical results because of the advantages within hexahedral
elements. Ideally one should make a mesh sensitivity test, in which the whole mesh
should be refined and calculated with, in at least two steps.

6.2 Fluent configuration

The Fluent configuration in this project consisted of numerous different settings towards
improving the end results. The solver settings and multiphase model, the VOF model,
chosen in this project was both well suited for this type of two-phase water flow study.
However, the solution control settings had three different alternatives available for the
VOF model, SIMPLE, SIMPLEC and PISO. For this study the SIMPLE model was
chosen as it reduces the computational time, but nonetheless either of the two other
models could have been more suitable in order to obtain even more accurate results for
a certain mesh. The same concept can be applied to the chosen turbulence model, SST
k-omega model, maybe another model could have outperformed it. A more advanced
model like a LES model would probably lead to more correct results, especially reading
fluctuations and instabilities in the flow. This is one disadvantage with CFD, there is a
lot of different methods available, resulting in the users need to have a wide knowledge
of the underlying theory.

6.3 Flow characteristics

The results regarding the flow characteristics seen in figure 18, 19, 23, 24 and table 4,
7, all implies the solution is trustworthy to a certain degree. Figure 19 and 24 displays
that the discharge entering the spillway is not the same amount as leaving the spillway.
There is no known reason for this phenomenon but is most likely a numerical error.

Table 4 shows that the reference values from the physical model matches fairly well with
the values achieved from the CFD model for the low upper pool level. The deviation
regarding the discharge is as low as 0.6 %, which is considered a great result. However,
when studying table 7 and figure 24 it is possible to realize that the deviation is a
lot higher for the high pool level. The big difference between calculated and measured

32



flow is strange, especially as the difference was only 0.6 % for the lower upper pool
level. The reason for this discrepancy is not known, but it is not necessary the CFD
model, it might in fact be the measurements completed on the physical model that is
questionable. The reason for this is the discharge coefficient that should be roughly the
same for a spillway independent on the discharge simulated. Seen in table 4 that seems
to be the case. Nevertheless, when comparing table 4 and 7 the reference value for the
discharge coefficient simulated with an upper pool level at 30.92 m deviate the most.
This indicates that the CFD model outperformed the physical model and the physical
model most likely had some sort of problem with either the water level or flow rate during
the measurements.

6.4 Pressure distribution

The pressure distribution results illustrated in table 5, 8 and figure 20, 25 all indicates
that the critical point is located in the bottom of the guided wall, which also was Vat-
tenfall’s results on the physical model seen in figure 6. When comparing the results from
the CFD model and the physical model in table 5 and table 8 it is possible to see that
both models follow the same distribution pattern. The values deviate slightly from each
other which can have numerous of error sources. The most likely is that there is some
numerical error in the CFD model or the physical models flush mounted pressure trans-
ducer gave deceptive results. Another error source could possible be that the pressure
measurement were made with a much larger roof, which can be one cause for different
results between CFD and measurements.
The maximum calculated pressure is 9.568 mWC at 20 m 6A , the maximum measured
pressure is 7.940 mWC at the same position for the low upper pool level. The CFD
show a similar pattern although there are big differences in local values. At position 7
the calculated pressure is much smaller than the measured. That can be because of the
combination of inaccurate position and strong pressure gradients along the bottom. For
the high upper pool level the pattern is similar to the one with the low upper pool level.
The calculated maximum pressure is 11.95 mWC, the measured maximum is 7.923 mWC,
at the same position. The calculated pressure are much higher for the upper pool level
where as they are about the same for the measurements. However, the maximum pressure
for the physical model is 42.2 mWC seen in figure 6. That is an extremely high pressure
that is not considered physically possible and far from what the CFD calculations give.
Furthermore, when inspecting figure 20, 25 it is obvious that the higher upper pool level
will lead to a larger pressure distribution. It is also of relevance to notice that the pressure
distribution advances upwards of the guided wall. This might be a major problem since
the measure points was located in the bottom of the guided wall and no one was placed
in the upper part of the wall. For future work this might be a subject of interest to
examine.

6.5 Water level

The results with respect to the water level seen in figure 21, 22, 26, 27, and table 6, 9
shows that the water level at the guided wall for the CFD model and physical model
deviate quite greatly in terms of percentage. The CFD calculated water levels are 0.6
to 2.1 m lower than the measured values for the low upper pool level. For the high
upper pool level the CFD calculated levels are 1.7 to 2.0 m lower than the measured
levels, except for position 50, which is 5.5 m lower. The reason for this big difference
is hard to imagine, as the difference in level at the same position for the low upper
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pool level was relatively accurate. The same as for the prior results there is numerous
sources of error that could affect the results. However, the possibility for an error in the
measurement method for the physical model is fairly significant. This is mainly because
it is difficult to have a proper method that can measure the water level inside a spillway
when water is pouring down with fluctuating water level in time. The measured average
levels might be hard to measure and the fluctuations might lead to overestimation of the
levels. The numerical model have several benefits when measuring the water level as well
as various different approaches to conduct the measurement. The chosen method for this
project was to use a mean volume fraction of 0.5 in order to find where water and air
was separated. For future projects it could be of interest to apply further studies using
additional methods to determine the water level at the guided wall. Also, it would surely
be of interest to measure the water level at several more positions along the guided wall.
Furthermore, it is becomes clear from figure 22, 27 that the guarding roof placed at the
guided wall is important to retain in order to avoid major splashing over the guided wall.
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7 Conclusion

The main purpose of this project was to obtain a numerical model that could recreate
the flow behaviors at two upper pool levels +29.82 m and +30.92 m in order to achieve
a comparison between the numerical and physical model. This purpose is considered
achieved since the CFD model showed great results regarding the flow characteristics,
pressure distribution, and the water level at the guided wall. The created CFD model is
considered good enough to be used as a tool for Vattenfall R&D in future studies compris-
ing the targeted spillway. However, there is always possibilities for further development
of the model in order to obtain an even more accurate analysis tool.
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