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ABSTRACT

Flow with free and rough surfaces near hydropower stations is of interest for
both engineering and environmental applications. Here, Computational Fluid
Dynamics simulations of free surface flow and flow over rough surfaces in
regulated rivers were performed in applications such fish migration, spillway
design and flow over rough surfaces as in hydropower tunnels or natural chan-
nels. For all the investigated applications it is typical with very large geomet-
rical scales, high flow rates and highly turbulent flow. Modelling boundaries
such as free water surfaces and rough walls presents a challenge and was given
special attention as well as the treatment of turbulence. Validation of the nu-
merical simulations was performed in all cases with methods such as acoustic
measurements with an Acoustic Doppler Current Profiler (ADCP), Acoustic
Doppler Velocimeter (ADV) and optical measurements with Particle Image
Velocimetry (PIV).

Numerical simulations have been used to evaluate the flow downstream the
Stornorrfors hydropower plant in Umeälven with regards to upstream migrat-
ing fish. Field measurements with an ADCP were performed and the measure-
ments were used to validate the simulations. By adding a fish ladder in the
simulations it was possible to investigate the attraction water created from the
fishway at different positions and angles. An additional possibility to create
better attraction water and improve the conditions for upstream migrating fish
was simulated by guiding the spill water from the hydropower dam through a
smaller passage from the old river bed.

Fish population data from the same location was compared with flow fields
from numerical simulations. The population data was compared with variables
such as velocity, vorticity and turbulence intensity. A correlation between fish
detections and turbulence intensity was shown.

Simulations on the spilling from a dam were performed and compared to
experimental results from a physical scale model. ADV was used to measure
the velocity and validate the simulations. Two different spillway configura-
tions were considered and simulations with both the Rigid Lid model and the
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Volume of Fluids method were carried out. Water levels, velocities and the
shape of the water surface were compared between simulations and experi-
ments. The simulations capture both qualitative features such as a vortex near
the outlet and show good quantitative agreement with the experiments.

A wall with large surface roughness was created by laser scanning a tunnel.
One of the side walls was down-scaled and used to create a rough wall in
a channel with rectangular cross-section for both a numerical model and an
experimental model. Numerical simulations were performed and validated by
PIV-measurements in the experimental model.

The resolution of the geometry for the rough surface was lowered in two
steps and numerical simulations were performed for flow over all three sur-
faces. The difference in flow fields in the bulk and near wall region was inves-
tigated as well as the difference in turbulent quantities which can provide good
input for a new model for surface roughness in applications with very large
surface roughness and high velocities such as flow in hydropower tunnels or
natural channels and rivers.
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Chapter 1

INTRODUCTION

Hydropower is a renewable source of energy that converts part of the energy
of river flows into electricity. The electricity produced by hydropower makes
up approximately 45% of Swedens total electricity production based on num-
bers for 2011 (Swedenergy 2011). With the growth in other renewable energy
sources the need for regulating power increases. Here, hydropower is a key
feature for the new energy landscape in Sweden.

1.1 Renewable energy

To increase the amount of electricity produced by renewable energy sources
the European Union (EU) has stated that by 2020, at least 20% of the electric-
ity spent by its member countries should come from renewable energy sources
(European Commission 2009). To achieve this goal, Sweden has been assigned
the task to attain 49% of its energy from renewable sources by 2020. In order to
promote the development of renewable energy production in Sweden, the elec-
tricity certificate scheme was introduced in May 2003. Energy producers are
required to get electricity certificates where the number of electricity certificate
units decides how much electricity they are allowed to sell. Electricity certifi-
cates can be obtained by producing electricity from, or investing in renewable
energy. The certificates promote investments in the hydropower industry by
awarding certificate units for electricity production in small scale hydropower
plants operating before April 2003 (< 1500MW/h installed capacity per unit),
the construction of new plants and increasing the capacity of existing plants
(Swedish Energy Agency 2012). This indicates that hydropower is important
for a sustainable energy market and will continue to be so for many years to
come.
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4 CHAPTER 1. INTRODUCTION

1.2 Environmental impact

Although hydropower is considered to be a renewable energy source it still has
a large impact on the nature and wildlife. The question that historically, has
attracted the most attention is the impact hydropower stations and dams has on
fish migration and how to minimize this impact (Banks 1969). Since dams and
hydropower stations block the ways to and from the natural spawning grounds
for both upstream and downstream migrating fish it is common to build fish
ladders and other fish guiding devices (see e.g. Clay (1995)). It has been
shown that the most important factor to attract upstream migrating salmonids
(salmon, trout, etc) are high water velocities (Weaver 1963) although recent
studies also include turbulent characteristics such as the IPOS-framework (In-
tensity, Periodicity, Orientation, Scale) presented by Lacey et al. (2012). Cre-
ating fish passages with favorable conditions to attract fish is often problematic
since the flow rate from the power plant is much higher than the fish attraction
flow. Approaches to create better attraction water include an attraction channel
which accelerates the flow in fish ladders (Lindmark and Gustavsson 2008) and
a flow guiding device to lead downstream migrating fish away from the turbine
intakes (Lundström et al. 2010).

1.3 Dam safety

Dam safety is a question that is important for the dimensioning of spillways.
Currently dams are classified into three categories depending on which conse-
quences a dam break would have, where the higher risk categories has stricter
demands on spilling capacity(Svensk Energi et al. 2007). There are several
reasons why the spilling capacity of dams would need to be increased such as
better predictions on extreme flows, upgrading of an existing dam to a higher
risk category and civil or natural changes to upstream or downstream condi-
tions.

1.4 Surface roughness in tunnels and natural channels

Simulations of the three-dimensional flow in rivers and natural channels started
developing in the mid 1990s (Olsen and Stokseth 1995; Hodskinson 1996)
and can be important for studies of sediment transport (Dargahi 2004), ero-
sion (Rüther et al. 2010), fish migration (Lundström et al. 2010) and habitat
modelling (Booker 2003). It is not uncommon for rivers and natural chan-
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nels to have a large variation in bottom topography and since it is difficult to
get high-resolution measurements of the channel geometry this roughness is
typically estimated and modelled in some way. Hydropower tunnels whether
created by rock blasting or tunnel boring machines also have large surface
roughness. This roughness and the variation in cross-section geometry can re-
sult in a considerable head loss due to friction. There are semi-empirical ways
of calculation the friction losses in tunnels but in order to get more accurate re-
sults the surface roughness of the tunnel walls need to be accurately described
(Hákonardóttir et al. 2009; Bråtveit et al. 2012).

1.5 Aim of the thesis

The work in this thesis focuses on applying numerical simulations to hydraulic
problems relating to hydropower. How to model boundaries in large scale sim-
ulations, specifically free water surfaces and flow over rough walls are given
extra attention. Simulations of the flow in a river downstream a hydropower
plant is performed with the aim of improving the conditions for fish migrating
to their natural spawning grounds upstream the hydropower plant. Simulations
of spilling from a down-scaled model of a dam were performed and validated
with experiments from the scale model in order to evaluate free surface simu-
lations and the possible inclusions of such simulations in the design phase of
a spillway. Lastly the flow over surfaces with large surface roughness were
simulated and compared with experimental results. Flow over this type of
roughness is common in hydropower tunnels and natural channels and can be
of interest for calculations of flow resistance, modelling erosion processes or
creating attractive fishways for up- and downstream migrating fish.
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Chapter 2

THEORY

2.1 Numerical modelling

Using numerical simulations to solve problems involving fluid flow has be-
come increasingly popular both in industrial and academical environments dur-
ing the last decades. Simulations with Computational Fluid Dynamics (CFD)
is a fast and versatile way to solve a large number of problems in many ap-
plications and is widely used in e. g. the automotive, aerospace and power
generation industries as well as in meteorology and civil engineering.

The governing equations for fluid flow is the continuity equation and the
Navier-Stokes equation, here given for incompressible flow

∂Ui

∂xi
= 0 (2.1)

∂Ui

∂t
+U j

∂Ui

∂x j
=−1

ρ
∂P
∂xi

+ν
∂2Ui

∂x2
j

(2.2)

where Ui are the velocity components, P is the fluid pressure, ρ is the fluid
density and ν is the kinematic viscosity.

Solving these equations with Direct Numerical Simulations (DNS) is so
far only possible for simple geometries and flow conditions although advance-
ments in computational power is always pushing the limits of what can be
modelled in this manner forward. In Large Eddy Simulations (LES) only the
larger eddies of the flow are resolved but the smaller eddies are modelled which
gives less computationally demanding simulations than DNS although still too
expensive to be used as a standard in many applications (Ferziger and Perić
1996). The perhaps most common way to simplify these equations is to apply

7



8 CHAPTER 2. THEORY

Reynolds Averaging to the equations and use models for the near wall flow
and turbulence. This is a more common and widely used approach for solving
turbulent flows with complex geometries. Reynolds Averaging is performed
by decomposing the flow parameters as

θ = θ̄+θ′ (2.3)

where θ̄ is the time or ensemble average of the variable and θ′ is the fluc-
tuations around the average, equations 2.1 and 2.2 can then be expressed as
following

∂ūi

∂xi
= 0 (2.4)

∂ūi

∂t
+ ū j

∂ūi

∂x j
=−1

ρ
∂ p̄
∂xi

+ν
∂2ūi

∂x2
j
−

∂(u′iu′j)
∂x j

(2.5)

where the additional term is added due to the velocity fluctuations. This is
called the Reynolds stress, τuv = −ρ(u′iu′j) which represents the effect of tur-
bulence on the mean flow. Since resolving the near-wall flow is computation-
ally demanding , due to the steep velocity gradients, for many applications it
is common for CFD-codes to use some variant of the wall functions suggested
by Launder and Spalding (1974). In the viscous sublayer close to the wall,
the dimensionless velocity u+ = u/u∗ varies linearly with dimensionless wall
distance y+ = yu∗/ν where u is the velocity tangent at distance y from the wall
and u∗ is the friction velocity defined as

u∗ =
√

τw

ρ
(2.6)

where τw is the wall shear stress. Above the viscous sublayer the wall function
describes the near wall velocity for a smooth wall as a logarithmic function of
wall distance as

u+ =
1
κ

ln(y+)+B (2.7)

where B is a log-layer constant and κ is the von Karman constant.

2.1.1 Rough wall modelling

In most engineering applications walls will however have some roughness that
will influence the near wall region. This surface roughness leads to an increase
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in turbulence production near the wall which in its turn can result in a sig-
nificantly increased wall shear stress. The viscous sublayer that is present for
smooth walls becomes eroded or fully destroyed. This causes a downward shift
in the near wall velocity profile described by Equation 2.7. The simplest way
of implementing this in the wall function approach is by adding an additional
term ∆B to Equation 2.7 which accounts for this downward shift such as

u+ =
1
κ

ln(y+)+B−∆B. (2.8)

A relation for the roughness induced downward shift with sand-grain rough-
ness ks is

∆B =
1
κ

ln(1+0.3k+s ) (2.9)

where k+s is the dimensionless sand-grain roughness defined as

k+s =
ksu∗

ν
. (2.10)

By selecting an appropriate equivalent sand-grain roughness it is possible
to use this approach even for more geometrically complex roughness (Schlicht-
ing 1937). An example of a smooth and rough wall function is presented in
Figure 2.1.

There are several more or less empirical formulations for the roughness in
natural channels such as the Gauckler-Manning coefficient n, the Chézy coeffi-
cient Cch and the Darcy friction factor f . These coefficients are interchangeable
and can be expressed as √

f
8
=

√
g

Cch
=

n

R1/6
h

(2.11)

where g is acceleration by gravity and Rh is the hydraulic radius defined as
Rh = A/Pw where A is the cross-sectional area and Pw is the wetted perimeter
(Yen 2002). The Colebrook-White equation for turbulent channel flow relates
f with ks as

1√
f
=−2log10

(
ks

3.71Dh
+

2.51
Re

√
f

)
(2.12)

where Dh is the hydraulic diameter where Dh = 4Rh and Re is the Reynolds
number which relates the ratio of inertial forces to viscous forces as



10 CHAPTER 2. THEORY

10
0

10
1

10
2

10
3

10
4

0

5

10

15

20

25

30

y+

u+

 

 
Smooth wall
Rough wall

∆B

Figure 2.1: Smooth and rough wall functions in dimensionless coordinates

Re =
UDh

ν
. (2.13)

Moody (1944) presented the solution of the Colebrook-White equation for
different values of the relative roughness ks/Dh in the form of the Moody di-
agram, see Figure 2.2. For Re < 2300 the friction factor can be expressed as
f = 64/Re. For 2300 < Re < 4000 there is a transition between laminar and
turbulent flow and f can not be determined. For Re > 4000, f is described
by Equation 2.12. From the Moody diagram it can be seen that f becomes
independent of Re and that this occurs at lower Re for higher values of relative
roughness. Moody referred to this regime as "Complete turbulence" and other
common descriptions include "fully turbulent" and "fully hydraulic rough".
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The importance of using wall roughness for simulations of flow in rivers
was discussed in Paper A. Simulations with different values of ks for flow in
a tailrace can be seen in figure 2.3. Without wall roughness the flow develops
to a typical channel flow but without roughness this did not occur.

(a) ks = 0 (b) ks = 0.3

(c) ks = 0.5

Figure 2.3: Channel flow with different values of ks

2.1.2 Free surface modelling

The simplest approximation of the water surface is to model it as a rigid fric-
tionless lid. With this method there is no need to include the air phase or the
fluid/air interaction in the numerical models. This requires knowledge of the
position of the water surface in the entire domain and that the surface location
is not changing over time. It has been shown that as long as the variation of
the water surface is not exceeding 10% of the water depth this approximation
is viable (Rodriguez et al. 2004).
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A more advanced method of dealing with the two-phase flow is the Volume
of Fluid (VOF) method presented by Hirt and Nichols (1981). VOF is based
on previous Marker-and-cell methods (Harlow and Welch 1965). It introduces
a volume fraction field F which for each element in the computational grid
contains the fraction of that elements volume that is occupied by a specific
fluid. Only the combined flow field is solved in a VOF simulation. An element
in the water phase has Fwater = 1, an air element has Fwater = 0 and elements
with 0 < Fwater < 1 is the numerical interphase, see Figure 2.4 for an example
of F for a 2D free surface. Early implementations of the VOF method had
fallible interface description which was solved by performing a Piecewise-
Linear Interface Calculation (PLIC).
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Figure 2.4: Volume fraction field F for free surface flow

The fluid properties are defined as the sum of the weighted properties of the
phases. The density in each element is defined as ρ = Fwater ·ρwater +Fair ·ρair

and the viscosity µ = Fwater · µwater +Fair · µair. Another popular method for
numerical simulations of multiphase flow that is not utilized here is the Level-
set method where a level-set function ϕ = 0 describes the interface and the
sign and closest distance from grid points to the interface describes the phases
(Osher and Sethian 1988).

2.1.3 Error analysis

The errors that arise when performing CFD-simulations can be categorized
in three groups: Modelling errors, Discretization errors and Iteration errors
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(Ferziger and Perić 1996).
Modelling errors are the difference between the exact solution of the nu-

merical model and the real flow. This includes e. g. turbulence modelling,
differences between real and numerical geometries and simplified boundary
conditions. Other sources of modelling errors can arise from assumptions such
as constant temperature or incompressible flow when such assumptions are not
suitable.

Discretization errors are the difference between the discretized equations
and the exact equations. A study on how the numerical solution depends on
the grid should always be performed when working with CFD-models.

Iteration errors are defined as the difference between the iterative solution
and the exact solution of the model equations.

2.1.4 Richardson extrapolation

Richardson extrapolation is a method for determining grid convergence and
was first proposed by Richardson (1911). By assuming that the solution for
the variable f can be expressed with a series representation such as

f = fexact +g1 f1 +g2 f2 +g3 f3 + ... (2.14)

where g are functions depending on the order of the solution. For a second
order solution g1 = 0. By combining two separate solutions f1 and f2 with
grid spacings h1 and h2 with h2 > h1 and equal g2 we get

fexact =
h2

2 f1 −h2
1 f2

h−2 h2
1

+H.O.T (2.15)

where H.O.T. are higher order terms, the grid spacing for three dimensional
meshes is hi =

3
√

V/ni where V is the domain volume and ni is the number
of nodes in grid i. By assuming that the higher order terms are small and by
introducing a grid refinement ratio r = h2/h1, Equation 2.15 for an assumed
second order solution can be written as

fexact = f1 +
f1 − f2

r2 −1
(2.16)

where r2 can be replaced by rp if the order of the solution is unknown. This
procedure only needs two solutions and will always produce a result even if
not in the asymptotic range of grid convergence and should be used with this
in mind.
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Roache (1994) proposes that a Grid Convergence Index (GCI) should be
reported for grid studies of CFD-simulations. A procedure to calculate the
apparent order p is described in Celik et al. (2008) by fixed point iteration as

p =
1

ln(r21)

∣∣∣∣ln ∣∣∣∣ε32

ε31

∣∣∣∣+q(p)
∣∣∣∣ (2.17)

q(p) = ln
(

rp
21 − s

rp
32 − s

)
(2.18)

where s = sign(ε32/ε21), ε32 = f3 − f2 and ε21 = f2 − f1 where negative val-
ues of ε32/ε21 is most likely due to oscillatory convergence which should be
reported in the grid study.

The approximate relative error e21
a for the two finest grids can then be used

to calculate the GCI. Here e21
a is defined as

e21
a =

∣∣∣∣ f1 − f2

f1

∣∣∣∣ (2.19)

and the GCI for the two finest meshes GCI21
f ine can be expressed as

GCI21
f ine =

1.25e21
a

rp
21 −1

. (2.20)

This differs from the original definition proposed by Roache (1994) in that
the coefficient 1.25 has been lowered from 3 as it was defined in the first for-
mulation of GCI. This change is discussed in Roache (1997) since the original
formulation was too conservative when using three or more solutions.

The GCI for the coarser of two grids can be calculated from the GCI of
finer grid as

GCI2 = GCI1 +3
∣∣e21

a

∣∣ . (2.21)

2.2 Flow Measurements

Numerical simulations have many advantages such as providing results in the
entire domain and the ability to easily make changes to the geometry, boundary
conditions or initial conditions but a numerical model is always an approxima-
tion of reality. It is therefore recommended to validate simulations with re-
liable and appropriate experimental data (Casey and Wintergerste 2000). The
following chapter briefly describes the measurement techniques that have been
used for obtaining validation data for the numerical simulations.



16 CHAPTER 2. THEORY

2.2.1 Acoustic measurements

Field measurements of velocity and turbulent quantities have been made much
more accessible with the development of acoustic measurement methods. An
Acoustic Doppler Current Profiler (ADCP) can measure an entire transect of
a river or large channel in a matter of minutes. The ADCP has transducers
directed into the water. These transducers send out sound waves that reflect on
small particles traveling with the water and the transducers detect the Doppler
frequency of the reflected sound waves. These frequencies are proportional to
the velocity of the water (the particles). The resulting velocity for a vertical
array of cells is calculated for each position of the ACDP unit as it is moving
forward. The set-up used to map the bottom bathymetry in Stornorrfors is
shown in figure 2.5.

Figure 2.5: ADCP

Typical error sources in ADCP measurements includes side-lobe interfer-
ence (reflections from solid surfaces), ringing (resonance of the transducers)
and the rotation of the transducers. For a detailed study of the errors related
to ADCP measurements see e. g. González-Castro and Muste (2007). As an
example, the outcome from an ACDP measurement in a river is presented in
Figure 2.6.

Another variant of acoustic measurement system more suitable for lab en-
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Figure 2.6: Velocity magnitude for a measured ADCP transect

vironments is the Acoustic Doppler Velocimeter (ADV). The ADV uses a sim-
ilar technique as the ADCP but it measures the velocity in a single cell with a
much smaller volume resulting in a "point measurement". A schematic view
of a ADV probe is presented in Figure 2.7. The error source that has been dis-
cussed in literature is the Doppler noise which interferes with the measurement
of turbulent quantities (see e. g. Lohrmann et al. (1994); Nikora and Goring
(1998)).

Figure 2.7: Schematic of ADV probe

2.2.2 Particle Image Velocimetry

Optical measuring methods are well suited for fluid mechanical problems since
they are non-intrusive and thus does not disturb the flow. Particle image ve-
locimetry (PIV) is a method that measures 2D or 3D velocity fields instanta-
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neously. The flow is seeded with particles and the movement of the particles
is captured by illuminating a thin sheet with a pulsed laser source and record-
ing the reflections from the particles with a camera. By taking two pictures
in short succession, with a known time difference ∆t, it is possible to find the
particle displacement ∆x between the two images and thus the particle velocity
u = ∆x/∆t. It is important to select appropriate seeding particles since it is
the particle velocity that is being measured and particle size and density of the
particles must be considered as well as the particle concentration. For mea-
surements with high spatial resolution it is not suitable to follow individual
particles but a statistical approach should be used instead (Willert and Gharib
1991). Here the images are divided into smaller interrogation areas and cross-
correlation is performed based on the Fast Fourier Transform of the images
in each interrogation area resulting in vector field of the velocity in the mea-
surement plane (Raffel et al. 1998). The experimental set-up used in Paper
D where PIV-measurements were compared with simulations is presented in
Figure 2.8

Figure 2.8: Experimental set-up. 1. CCD camera, 2. Nd:YAG Laser, 3. Tra-
verse system
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2.3 Double-Averaging

Evaluating flow over rough surfaces with a RANS approach and only examin-
ing the time-average results is problematic. The flow field close to the rough
surface will always be non-uniform. By adding a spatial averaging along a
single plane parallel to the mean flow the local variations of the flow may be-
come uniform which simplifies the analysis. The concept was first applied to
atmospheric flows over canopies (Wilson and Shaw 1977; Raupach and Shaw
1982). Giménez-Curto and Lera (1996) applied the double averaging approach
to oscillating flow over very rough surfaces and this approach has since then
been used in many investigations of flow over gravel beds (Mignot et al. 2009;
Sarkar and Dey 2010; Dey et al. 2011). The method and its applications have
recently been described by Nikora et al. (2007a) and Nikora et al. (2007b). By
doing a similar decomposition as in Equation 2.3 the time average of a variable
can be described as

θ̄ = ⟨θ̄⟩+ θ̃ (2.22)

where ⟨θ̄⟩ is the double average and θ̃ is the spatial fluctuation. This decompo-
sition will generate an additional term to the Navier-Stokes equation (Eq. 2.2)
in the same manner as the Reynolds decomposition. The term corresponds
to an additional shear stress term τ f orm = −ρ⟨ũṽ⟩ that is known as the form
induced shear stress or dispersive stress and is directly related to the flow dis-
turbance from the rough surface. The total shear stress for DA flow can then
be written as

⟨τ̄⟩= ⟨τ̄uv⟩+ ⟨τ̄ f orm⟩+ ⟨τ̄visc⟩=−ρ⟨u′v′⟩−ρ⟨ũṽ⟩+ρν
⟨

∂ū
∂y

⟩
(2.23)

where ⟨τ̄visc⟩ is the viscous shear stress.
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Chapter 3

FISH MIGRATION

CFD-modelling was applied to fish migration with two different areas of inter-
est. The attraction water that was created by a fishladder at different locations
in the Umeå river at the Stornorrfors power plant was examined with CFD
(Paper A). CFD-simulations at the same location was also compared with fish
population data in an attempt to describe the fish behavior (Paper B).

Recent studies of the fish migration past the Stornorrfors power plant has
shown that only one third of tagged salmonids find their way to their natu-
ral spawning grounds (Lundqvist et al. 2008). The main obstacle for upstream
migrating fish is that the fish are lured into the tailrace where the flow from the
power station is reentering the river instead of following the old river bed up
to the current fish ladder at the hydropower dam (Rivinoja et al. 2001). The
bathymetry of the confluence, tailrace and old river bed was mapped with the
bottom tracking feature of an RiverBoat RioGrande ADCP coupled to a GPS.
The deepest parts in the tailrace were mapped with a SIMRAD EY60, GPT
200 kHz split beam echo sounder since the depth surpassed the maximum al-
lowed depth of the ADCP. The collected data points for the depth in the area
along with important definitions are shown in Figure 3.1. There is a shallow
part in the innermost area of the tailrace. This area had poor GPS reception due
to the surrounding hills which gave a larger uncertainty in the mapping of the
bathymetry. When the tunnel enters the tailrace there is a sharp transition from
shallow < 3 m depth to > 40 m depth where the bottom data was noisy with
measured tracks of bottom points overlapping each other at different depths. It
was difficult to accurately measure this shallow area and thus difficult to create
a well defined simulation geometry. At the same time it is likely that this area
has very little impact on the overall flow field in the tailrace thus it was omitted

21
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Figure 3.1: Confluence area

for the initial investigations.
Two measures to improve the upstream fish migration were investigated

with CFD. Since previous research has shown that fish resides in the tailrace
for extended periods of time during the migrating season, a fishway inside
the tailrace could provide an alternative way upstream. The other investigated
alternative was to modify the old river bed and create a stronger attraction
water into the confluence by guiding the flow with a wall. An aerial photograph
showing the two proposed measures can be seen in Figure 3.2.

Numerical simulations were performed on the tunnel, tailrace and conflu-
ence. Steady and unsteady RANS-simulations were performed with the k− ε
turbulence model with the rough wall function approach described in Section
2.1.1. Realistic values for the equivalent sand-roughness ks were calculated
from assuming reasonable Manning numbers (Arcement and Schneider 1989)
and using Equation 2.12 to find appropriate ks for the tunnel, tailrace and con-
fluence. The water surface was treated as a rigid frictionless lid.

To get a good approximation of the inlet boundary condition into the tail-
race, a separate model of the tunnel was created. The model was close to 1400
m long which was enough to get a fully developed velocity profile. The veloc-
ity at the end of the tunnel was then used at the inlet of the tailrace model.
The result of a tailrace simulation shows how the jet like flow from the tunnel
gradually develops into a typical channel flow profile, as seen in Figure 3.3.
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Figure 3.2: Aerial photo of the confluence area with possible fish passages

Simulations of the tailrace were compared with ADCP-measurements in
two transects. Measurements were performed by keeping the ADCP in the
same location for a minimum of 600 s which was shown to be enough to get
a stable average velocity. Three vertical velocity profiles of the east velocity
component normalized with bulk velocity from each transect is presented in
Figure 3.4 together with simulation data. The agreement between simulation
and measurement at T1 was rather poor and since T1 was located furthest up-
stream in the numerical model this indicates that the deviation arises close to
the inlet. One possible explanation could be that there is a difference between
real geometry and simulation geometry such as large discrete roughness ele-
ments disturbing the flow in reality or the omitting of the innermost area of
the tailrace. Other possible explanations could be that there is a difference in
velocity field at the inlet from the tunnel exit. It should be noted that the ADCP
fails to measure all the way to the bottom which could indicate that this area
was problematic to measure although it was most likely due to a limitation in
ADCP software. For T2 the agreement between simulation and measurement
was much better although the measured profiles indicated a more evenly dis-
tributed flow field while simulations showed a clear velocity maximum for the
transect closest to the centrum of the tailrace.
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Figure 3.3: Development of the turbine jet as seen in a section along the chan-
nel, cross sections T1, T2, one intermediate cross section, inlet and outlet

Two positions for a fish ladder were investigated in the tailrace based on
previous fish observations (see the red dots in Figure 3.1). A 2x2.7 m2 inlet
representing the fish ladder with a flow rate of 10 m3/s was placed at those
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(a) Position 1, 0◦ (b) Position 2, 0◦

(c) Position 1, 45◦ (d) Position 2, 45◦

Figure 3.5: Attraction water in a plane at 1 m depth from a fishladder with a
flow rate of 10 m3/s

positions. Two different angles of the ladder were also tested, perpendicular to
the main flow direction and at a 45◦ angle. The attraction water created from
the fish ladder can be seen in Figure 3.5.

The attraction water from position 1 was noticeable approximately halfway
across the tailrace for the perpendicular case and the angled inlet gave attrac-
tion water that reaches further downstream but only close to the north shore.
Position 2 was located behind the tunnel outlet and the large jet that emerges
from it thus creating a more prominent attraction water for both angles.

By forcing all flow from the old river bed to pass in a 10 m wide section
closest to the tailrace it was investigated if this would be sufficient to create an
attraction water that could be noticed in the confluence area. Figure 3.6 shows
the results from this set-up with 20 m3/s from the old river bed and 500 and
750 m3/s from the tailrace. The flow from the old river bed does not have any
significant impact on the flow from the tailrace at these flow set-ups although
fish who migrate upstream on the north side of the confluence could possibly
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(a) 500 m3/s flow rate from the tailrace (b) 750 m3/s flow rate from the tailrace

Figure 3.6: Attraction water from old river bed in a plane at 1 m depth with a
flow rate of 20 m3/s

find this way upstream. Earlier studies of the confluence area has shown that
there is an aggregation zone at the headland connecting the tailrace and old
river bed where most of the fish seemed to leave the tailrace on the north side
which suggests that the second measure could be successful in attracting these
fishes to swim up the old river bed instead of going back into the tailrace.

Fish detections with the previously mentioned Simrad echo sounder system
were gathered for the inner part of the tailrace. To be able to compare simula-
tion results with fish detections the innermost area of the tailrace needed to be
included in the simulations. This was accomplished by manually cleaning out
erroneous tracks of bottom data and fitting the shores to a shoreline extracted
from a map. The velocity field for a tailrace simulation with full geometry can
be seen in Figure 3.7. Comparing this with the results from Figure 3.3 it could
be concluded that the omitted geometry does not change the flow field in the
tailrace in any significant way.

One interesting parameter when working with behavior of fish is the turbu-
lence intensity (Lacey et al. 2012). The turbulence intensity, which is the ratio
of velocity fluctuations to average velocity was calculated from the simulation
and was compared with fish detections for the innermost part of the tailrace
at 1 m depth, see Figure 3.8. Close to the surface in the innermost part of the
tailrace there is a large circulating flow with very low water velocities but large
turbulence intensity. Close to the south shore at the lower right corner of Fig-
ure 3.8 there was another area of high turbulence intensity where an upwelling
from the tunnel jet approached the surface.

From Figure 3.8 yields a connection between the turbulence intensity and
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Figure 3.7: Development of the turbine jet as seen in a section along the chan-
nel, cross sections T1, T2, one intermediate cross section, inlet and outlet

the number of fish detections. By correlating the data of the preference of fish
regarding turbulence intensity this connection could be quantified, see Figure
3.9. As a measure of preference for a given turbulence intensity class the
proportion of fish observed in that class was divided by the proportion of cells
with turbulence intensities in that particular class. Thus, without preference
the value should equal to 1 while higher values indicate that fish were over-
represented at the specified turbulence intensities.

There seems to be a clear preference to turbulence intensities of 0.7-0.8 and
significant low preference or avoidance of areas with weak (0.1 - 0.4) or high
(1.1 - 7.0) turbulence intensity. but it should be noted that the velocities in this
region are very low and that this relation should be more carefully investigated
before making conclusions for fish behavior in general cases.
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(a) Fish detections, lighter grey means higher number of detections

(b) Turbulence intensity

Figure 3.8: Fish detections and turbulence intensity for inner part of the tailrace
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Figure 3.9: Preference for turbulence intensity (circles), and proportion of the
area covered by each turbulence intensity estimate (squares). Error bars denote
bootstrapped 95 % confidence intervals.
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Chapter 4

SPILLWAY FLOW

Model tests have proven valuable in design phases of hydropower dams. They
provide accurate results for spillway design and are valuable when constructing
new facilities, upgrading the capacity of existing ones or dealing with issues
such as erosion. Scale model tests although are very expensive and it could
prove valuable to use numerical models in conjunction with scale models in a
design phase. Validation of numerical simulations for this type of application
is therefore important. The spilling from a down-scaled model of the Höljes
dam in the river Klarälven was therefore simulated and compared with experi-
mental data (Paper C).

The physical model had three gated spillways that could be opened or closed
separately. Two different test cases were investigated. For the simpler case,
Case 1, the right gate was partly opened giving a submerged outlet, i.e. the
free surface was located above the lower edge of the gate and the other gates
were kept closed. The spillway chute was not included in the numerical mod-
els for this case. This set-up enabled the surface of the reservoir to be modeled
with as well a rigid lid approximation with zero friction as a free surface with
the VOF method. The water depth in the rigid lid model was set to be the same
as measured in the scale model. The flow rate for this case was 34 l/s.

For the second case, Case 2, all gates were kept fully open giving free sur-
face flow into the spillways. The geometry for Case 2 included about one third
of the chute which is considered enough to give a good discharge distribution
for the gates. This case was exclusively simulated with the VOF method and
the flow rate for this case was 97 l/s. The entrance to the spillway is shown as
well as the plane where velocity measurements were performed in Figure 4.1.

Velocity measurements with ADV were performed at two depths of the
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Figure 4.1: Spillway entrance and measurement plane

measuring plane. The ADV was mounted to a ladder with a step size of 0.3 m
which was used as the horizontal distance of measurement points. The exper-
imental setup for the velocity measurements is presented in Figure 4.2. The
accuracy of the ADV was ±1%. The velocities were measured at a sampling
rate of 25 Hz for 24 s in each point which was enough to get a stable mean
velocity in all measuring points.

A grid study of Case 2 was performed with Richardson extrapolation fol-
lowing the procedure of Section 2.1.4. Simulations were performed on four
grids N1-N4 with 1.5M, 2.8M, 5.3M and 8.8M nodes, respectively. Two vari-
ables were evaluated, the streamwise velocity in the measuring plane at a depth
of 57 mm and the numerical diffusion of the water surface. The velocity was
evaluated in 20 equally spaced points in the measurement plane for meshes
N1, N2 and N4. The local order of accuracy p had a minimum value of 0.27
and a maximum value of 19.76 with a global average of 5.95. Oscillatory con-
vergence occurred at 4 out of 20 points. After comparing computational time
to numerical uncertainty, the grid N2 was selected for the numerical study. The
GCI for grid N2, GCIN2 was calculated giving an average discretization error
of 5.27 %. The main result was that the discretization error is very low in the
bulk for all grids but large uncertainties arise close to the walls because of the
large velocity gradient, see Figure 4.3 where the velocity profile for the three
grids is presented along with error bars of the discretization error calculated
from GCIN2.

The VOF-model described in Section 2.1.2 is diffusive at the interface be-
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Figure 4.2: ADV measurement setup

tween air and water meaning that there will always be a layer of elements
containing an air and water mixture. This numerical diffusion at the water sur-
face was investigated on the three finest grids. The volume of elements with
volume fraction 0.1 < F < 0.9 was calculated for the grids and extrapolated
with Richardson extrapolation. The order of accuracy was calculated to p =
1.52 and the extrapolated value of diffuse elements for an infinitely fine grid
was Vd = 0.059 m3.

The streamwise velocity component is shown for Case 1 at two depths in
Figure 4.4 as well as a comparison with the experimental results that indicate
very good agreement. The results from the two methods is similar with a
slightly more plug-like profile for the Rigid Lid model although it is difficult
to judge which model best represents the experimental data.

When opening all spillway gates and investigating Case 2, there is a distinct
qualitative flow feature that is captured with both turbulence models, which is
a separation at the guide wall, see Figure 4.5. The separation is smaller for
the k− ε simulation and there is a larger dip in the water surface than for the
SSG simulation. The separation in the scale model is highly transient which



34 CHAPTER 4. SPILLWAY FLOW

0 0.5 1 1.5

0

0.5

1

D [m]

u 
[m

/s
]

 

 
N1 (1.5M nodes)
N2 (2.8M nodes)
N4 (8.8M nodes)

Figure 4.3: Mesh dependence of velocity profile with error bars calculated
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Figure 4.4: Velocity for rigid lid, VOF and ADV

makes a quantitative comparison difficult with respect to width or reattachment
length. However the k− ε model seems to under-predict the size of this flow
feature.

The streamwise velocity component for Case2 can be seen in Figure 4.6
also giving good agreement, when compared between the experimental and
numerical results. The results with the two turbulence models were close to
identical except in the region close to the guide wall where the separation from
Figure 4.5 was located. The increase in velocity due to this separation was
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(a) k-ε (b) SSG

(c) Scale model

Figure 4.5: Separation near the guide wall
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Figure 4.6: Velocity for k-ε, SSG and ADV

higher for the SSG simulation and the separation was still present at the deeper
measurement profile for SSG but not for the k− ε simulation.

By measuring the velocity in a few points at each spillway gate and per-
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Table 4.1: Discharge distribution for the three spillway gates
Left [m3s−1] Middle [m3s−1] Right [m3s−1]

Measured 0.0312 0.0291 0.0365
Simulation k-ε 0.0305 (-2.24%) 0.0314 (7.90%) 0.0349 (-4.38%)
Simulation SSG 0.0309 (-0.96%) 0.0311 (6.87%) 0.0347 (-4.93%)

forming area integration, the discharge distribution for each gate could be es-
timated. The estimated discharge distribution from the scale model and the
simulations are presented in Table 4.1

Both turbulence models over-predicts the discharge through the middle
gate as compared with the measurements and most of the difference is taken
from the discharge through the right gate. This difference can not be moti-
vated from Figure 4.6 but flow differences close to the bottom or close to the
free surface could contribute as well as a difference in the depth of the water
near the spillway.



Chapter 5

ROUGH SURFACE FLOW

Flow over surfaces with very large roughness can be found in both hydropower
tunnels as well as in natural channels. The methods of modelling rough walls
described in Section 2.1.1 that are based on flow resistance might not be suit-
able for this type of surface roughness. Flow near the rough surface becomes
highly non-uniform which undermines some of the assumptions of such mod-
els. Direct numerical simulations for flow over rough surfaces is not suitable
for models in hydropower since they are restricted to lower Reynolds numbers
and simpler geometries due to computational cost. It could prove valuable to
develop a new model for flow over surfaces with large irregular roughness that
better represents the flow field in tunnels or natural channels with a RANS
approach. The flow over a geometrically rough surface is therefore simulated
and compared to experimental data from PIV (Paper D). A numerical study
of how the flow field is influenced by the resolution of the rough surface is
performed to quantify the roughness effects (Paper E).

The geometry was created from a laser scanning of a real tunnel. A section
from one of the side walls was extracted and used as the rough surface in a
channel with a rectangular cross-section. The rough surface was down-scaled
with a factor of 1:10 to be able to fit into an experimental channel with di-
mensions 0.2x0.25 m2. A positive coordinate system is selected where the
x-direction is streamwise, y-direction is spanwise and z-direction is the verti-
cal direction from the rough surface. Figure 5.1 shows the surface elevation
for the 4 m long surface where z = 0 has been placed at the mean height of
the roughness elements. The roughness height ks is defined as the standard
deviation of the rough surface and is found to be 9.3 mm.
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Figure 5.1: Rough surface
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The numerical setup was simulated with the k− ε turbulence model. An
inlet boundary condition was obtained by simulating the upstream part of the
channel with 1 m of the rough surface and using the velocity profile at the start
of the rough surface as input for the entire rough channel model. The flow over
the final 0.9 m of the rough surface was measured with PIV.

Richardson extrapolation was performed on the DA streamwise velocity
component ⟨ū⟩ following Section 2.1.4. The results from three grids with 591k,
2886k and 4346k nodes were evaluated in 30 equally spaced points. The lo-
cal order of accuracy p had a minimum of 2.36 and a maximum of 6.07. The
global average of p was 4.26 and oscillatory convergence where no p could be
found occurred at 8 out of 30 points. The GCI was calculated for the finest grid
using the formal order p = 2 in order to not under predict the numerical un-
certainty. The average discretization error from the GCI was 4.40 % for all 30
points with a maximum uncertainty of 26.7 % or 0.49 m/s. The corresponding
discretization error when disregarding the 8 points where Richardson extrap-
olation failed was an average discretization error of 2.27 % and a maximum
error of 4.20 % or 0.11 m/s. The DA velocity profiles with errorbars of GCI
for the finest mesh can be seen in Figure 5.2.

0 0.5 1 1.5 2 2.5 3 3.5 4
−0.04

0

0.04

0.08

0.12

0.16
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Figure 5.2: Mesh dependence of velocity profile with error bars calculated
from the GCI

The streamwise time-averaged velocity component ū for simulation and
experiment is shown in Figure 5.3.
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Figure 5.3: Streamwise velocity component ū

The simulation and measurement showed similar behavior as to the posi-
tion of maximum velocities along the x-direction. These maxima were how-
ever closer to the rough surface in the experiments. There was also a difference
in the magnitude of the maximum velocity where simulations show approxi-
mately 10 % higher maximum velocity. This was mainly attributed to the dif-
ference in upstream geometry where the experimental set-up had a 90◦ bend
leading up to a large tank where a flow control valve was regulating the flow
rate. Since the flow field near the rough surface was highly non-uniform the
results were analyzed with the Double-Averaging method described in Section
2.3. By taking the spatial average of time averaged variables along the final
0.9 m of the central plane of the channel both streamwise velocity and shear
stresses could be compared quantitatively. The DA streamwise velocity ⟨ū⟩
and Reynolds stress ⟨τ̄uw⟩ are presented in Figures 5.4 and 5.5 for both simu-
lation and PIV-measurement where the height of the highest roughness tops in
the investigated area is defined as zc. The DA velocity shows the same tenden-
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cies as Figure 5.3 with lower velocity for the experiment. The DA Reynolds
stress was in rather good agreement for the half of the channel with the rough
surface. The maximum value of Reynolds stress is higher in the simulation
and the distance from the rough surface where the maximum occurs was z =
9.4 mm for the simulation and z = 12.3 mm for the experiment.
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Figure 5.4: DA streamwise velocity ⟨ū⟩

A purely numerical study was also performed by gradually reducing the
geometrical resolution of the rough surface in two steps. The original surface
was based on 20400 data points and by performing uniform data reduction,
surfaces based on data sets with 5200 and 660 data points could be created.
The surfaces were referenced to as fine, medium and coarse. A similar set-up
for the previous case was used but some changes were made to minimize the
effect of the surrounding walls. This was achieved by changing the boundary
condition of the surface opposite the rough surface to free slip and by using
periodical boundary conditions for the side walls. The rough surface is com-
plemented with 1 dm of smooth surface on each side. A more developed inlet
condition was obtained by running a simulation on the finest surface with a
constant velocity inlet and using the outlet profile as inlet condition for the
next simulation. After a second run the outlet velocity profile was used for all
following simulations. The simulations with geometrical roughness were also
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Figure 5.5: DA Reynolds stress ⟨τ̄uw⟩

compared with a simulation with a smooth wall with a numerical roughness
as described in Section 2.1.1. The equivalent sand grain roughness was set
to the be the same as the standard deviation of the finest surface, ks = 0.0093
m. Close to the inlet the results were very similar but after 1.5-2 m the differ-
ence in surface resolution was apparent. Contours of the resulting streamwise
velocity for the central plane of the roughness can be seen in Figure 5.6.

The DA velocity was averaged for 2 < x < 4 m for the simulations. This
evaluation was performed in three planes, at the central plane of the roughness
and at ± 0.1 times the rough surface width. The resulting velocity profiles
can be seen in Figure 5.7. As can be seen in Figures 5.7 and 5.8 the velocity
field for the coarse surface is substantially different from that of the two finer
surfaces close to the rough surface. The contours in Figure 5.7 show that the
streamwise velocity is similar for the two finer surfaces and that the velocity
for the coarse surface is similar to the case with ks with local disturbances
from roughness elements. The DA analysis shows that the results for the three
surfaces converge above z = 0.08 m but that the coarse surface is closer to the
numerically modeled rough surface for z < 0.08 m.
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The pressure on the rough surface can be seen in Figure 5.8. The pressure
fluctuations are of approximately the same order of magnitude for the three
cases and the general areas with high magnitudes of pressure are similar but
the two surfaces with higher resolution looks to be more similar.

(a) 660 point surface

(b) 5200 point surface

(c) 20400 point surface

Figure 5.8: Pressure on the rough surface
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Chapter 6

CONCLUSIONS AND FUTURE

WORK

CFD-modelling was successfully applied to three different applications relat-
ing to hydropower. The importance modelling can have for improving fish
migration past hydropower plants was shown both with attraction water simu-
lations for upstream migrating fish as well as the coupling between numerical
simulations and fish population data. Spillway flow was examined by perform-
ing numerical simulations on a down-scaled model of a dam showing good
conformity between experiments and simulations. Lastly, flow over surfaces
with large surface roughness typical for hydropower applications such as tun-
nels or natural channels was simulated.

The flow in a tailrace and in the confluence between a tailrace and a natu-
ral spillway was simulated. It was shown that surface roughness of the bottom
surface in the tailrace has a large effect on the simulated flow field. Two posi-
tions for a fish ladder inside the tailrace were examined. How far the attraction
water from the ladder could penetrate the main river flow was tested for two
different angles at each position. It was shown that 10 m3/s flow rate in the fish
ladder created noticeable attraction water for all four cases although the inner-
most position did not compete with the large jet coming from the hydropower
tunnel and thus had an attraction water that extended much further into the tail-
race. One additional way of improving the possibilities for upstream migrating
fish was simulated by modifying the current natural spillway. This showed a
limited possibility to create noticeable attraction water for the common flow
conditions. However, for those upstream migrating fish that actually turns up
in this area, this solution could have some effect.
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Combining flow fields from numerical simulations with fish population
data gathered with sonar and fish tagging further strengthened the conclusion
that the innermost position in the tailrace would be suitable for a position of a
fish ladder. By comparing the fish population data to flow parameters it was
also found a relation between turbulence intensity and fish population. Fish
seemed to have a preference for areas with 0.7-0.8 turbulence intensity at these
particular flow conditions.

Simulations of flow in a down-scaled model with three gated spillways
were performed with both the k− ε and SSG turbulence models. Two ways
of dealing with the free water surface were compared for the simplest flow
case. The results showed that both models captured the velocities close to the
spillway well and that the VOF model found the water depth. For the more
complex flow case the VOF-method was exclusively used. The two turbulence
models produced very similar results regarding to velocities and shape of the
water surface except in a region with separation. The flow distribution through
the different spillways was compared with experimental measurements show-
ing good conformity although there was a shift in distribution mostly from the
middle gate to the right.

Flow over a surface with large surface roughness was simulated and mea-
sured with PIV. The simulation results and measurements had similar flow
fields for the central plane of the channel although the experiments had lower
velocity and the position of maximum velocity was closer to the rough surface.
This difference was largely accounted for to the difference in upstream geom-
etry. Double-averaging was performed on the last 0.9 m of the rough surface
and the measurements and simulations showed similar profiles for Reynolds
stress close to the rough surface although the maximum value was slightly
higher for the simulation.

The same geometry was used to study how the resolution of the roughness
affects numerical simulations. A reduction of the geometric resolution was
performed by lowering the number of data points for the surface generation
in two steps creating a "fine", "medium" and "coarse" surface. An additional
model was created with a flat surface and was simulated with numerical rough-
ness. The two surfaces with higher resolution showed similar results for veloc-
ity and pressure whereas the results for the coarse surface was less affected by
the roughness. Double-averaging of the velocity profile in three planes along
the rough surface showed that the results for the coarse surface was closer to
the results for the case with only numerical roughness. This shows that the
surface resolution is important when simulating flow with rough surfaces for
obtaining correct pressures on the surface and the correct characteristics near
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the wall.

Regarding future work within the field of fish migration, a larger part con-
fluence in Stornorrfors will be simulated for several flow conditions. Addi-
tionally, simulations with more advanced turbulence models and Large Eddy
Simulations could be compared to fish population data to better understand and
predict fish behavior.

The results from the simulations of flow over rough surfaces will be used
to create a model where partially resolved roughness either by geometric reso-
lution or grid resolution is complemented with numerical modelling of rough-
ness that can be used to better predict flow fields in applications with very large
surface roughness such as the flow in hydropower tunnels or natural channels.
Time resolved simulations of pressure will be coupled with dynamical simula-
tions of rock erosion, hydraulic jacking and crack propagation. Other possible
future investigations include simulations on the entire tunnel geometry and
comparing results for the same tunnel before and after shotcreting and com-
paring the losses for both cases.
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Chapter 7

DIVISION OF WORK

Paper A
A Study of the Location of the Entrance of a Fishway in a Regulated River with
CFD and ADCP
A. G. Andersson, D. E. Lindberg, E. M. Lindmark, K. Leonardsson, P. An-
dreasson, H. Lundqvist, T. S. Lundström

All simulations performed by Andersson. Measurements performed by Lind-
berg with assistance from Andersson. Analysis was performed by Andersson
and Lindmark. All authors wrote the paper.

Paper B
Methods for locating the proper position of a planned fishway entrance near a
hydropower tailrace
D. E. Lindberg, K. Leonardsson, A. G. Andersson, T. S. Lundström, H. Lundqvist

All simulations performed by Andersson. Measurements performed by Lind-
berg. Analysis performed by Andersson, Lindberg and Leonardsson. All au-
thors wrote the paper.

Paper C
CFD-modelling and validation of free surface flow during spilling of a reser-
voir in down-scale model
A. G. Andersson, P. Andreasson, T. S. Lundström
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All simulations and analysis were performed by Andersson. Measurements
performed under supervision of Andersson and Andreasson. All authors wrote
the paper.

Paper D
Flow over a surface with large roughness elements - CFD-simulations and
PIV-measurements
A. G. Andersson, T. M. Green, J. G. I. Hellström, P. Andreasson, T. S. Lund-
ström, R. Christiansson

All simulations were performed by Andersson. All measurements were per-
formed by Green. Analysis performed by Andersson following discussions
with Hellström and Andreasson. All authors wrote the paper.

Paper E
Simulations of Flow Over a Rough Surface: The Effect of Spatial Resolution
A.G. Andersson, J. G. I. Hellström, P. Andreasson, T. S. Lundström

All simulations performed by Andersson. Analysis performed by Andersson
following discussions with Hellström and Lundström. All authors wrote the
paper.
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Simulation-driven design with computational fluid dynamics has been used to evaluate the flow downstream of a hydropower
plant with regards to upstream migrating fish. Field measurements with an Acoustic Doppler Current Profiler were performed, and
the measurements were used to validate the simulations. The measurements indicate a more unstable flow than the simulations,
and the tailrace jet from the turbines is stronger in the simulations. A fishway entrance was included in the simulations, and the
subsequent attraction water was evaluated for two positions and two angles of the entrance at different turbine discharges. Results
show that both positions are viable and that a position where the flow from the fishway does not have to compete with the flow
from the power plant will generate superior attraction water. Simulations were also performed for further downstream where the
flow from the turbines meets the old river bed which is the current fish passage for upstream migrating fish. A modification of the
old river bed was made in the model as one scenario to generate better attraction water. This considerably increases the attraction
water although it cannot compete with the flow from the tailrace tunnel.

1. Introduction

Computational fluid dynamics (CFD) is used to simulate the
flow within a tailrace channel of a hydropower plant with the
purpose to scrutinize alternative positions of an entrance to a
fishway. The simulations are carried out on full scale imply-
ing a length of the virtual model of 320 m, a typical width
of 75 m, a typical depth of 10 m, and a maximum inlet flow
rate of 1000 m3/s. A numerical challenge with the large scale
is to fulfill conditions of a sufficiently resolved flow struc-
ture at locations with high gradients (e.g., at boundaries) and
a good mesh overall with a decent usage of computational
resources (Marjavaara and Lundström [1]). Another chal-
lenge is the validation of the simulations which is here done
by measurement with an Acoustic Doppler Current Profiler
(ADCP).

Studies of tagged Atlantic salmon and sea trout in the
unregulated river Vindelälven in northern Sweden during
1995–2005 have shown that only a third of the upstream

migrating fish find their way to their natural spawning
grounds (Lundqvist et al. [2]). The main reason for this is the
Stornorrfors power plant located downstream the confluence
between the rivers Vindelälven and Umeälven, the latter
being a regulated river. A major issue at the power plant is
that the fish are attracted into the tailrace channel from the
turbines rather than migrating up through the old river bed
that offers a fishway around the turbines (Rivinoja et al. [3]).
The flow rate from the turbines is typically 20 times larger
than the flow rate from the old river bed and its entrance
into the confluence is very wide. Hence, fluid flow conditions
for the old river bed to attract fish are limited. The fact that
migrating fish are attracted to the tailrace of the turbines
instead of the weaker current from the fishway is a common
problem (Arnekleiv and Kraabøl [4], Webb [5]). The diffi-
culties of upstream migrating fish coming across in regu-
lated rivers in northern Sweden have been documented by,
for example, Rivinoja [6], Lindmark [7], and Lindmark and
Gustavsson [8].
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There are two major measures that are being consid-
ered for improving the upstream migration of fish at the
Stornorrfors power plant. One is to construct a new fishway
in the form of a fish ladder from the tailrace channel since
a majority of the fish reside there for a long period of time
during the migration season. The other alternative is to
create better attraction water from the old river bed into the
confluence area. The alternatives are here modeled with CFD,
and the attraction water created using given configurations
is examined. The interest in numerical simulations of flows
in rivers is increasing, and, due to the rapid development of
user-friendly efficient codes and computer power in recent
years, more advanced models than before can be applied in
areas such as fish migration, habitat modeling, sedimenta-
tion transport, erosion, and dam safety. Olsen and Stokseth
[9] created a model of the Sokna River in Norway where they
applied a k-ε turbulence model and a porosity-based model
for large roughness elements in the river bed showing good
resemblance with observed data. The SSIIM model suggested
by Olsen has been validated against LDA measurements in
a meandering channel on a lab scale (Wilson et al. [10])
where the model showed the ability to capture secondary
currents. CFD has also been applied to the River Cole,
Birmingham, UK (Clifford et al. [11]), and the River Thame,
Birmingham, UK (Booker [12]), where the potential for use
in habitat modelling was discussed. A numerical model of
a 4 km stretch of the Columbia River downstream of the
Wanapum Dam has been performed and calibrated against
measured data highlighting the importance of bed roughness
for accurate flow predictions (Sinha et al. [13]). Dargahi [14]
used the commercial code Fluent to model fluid flow and
sediment transport in the River Klarälven, Sweden, and vali-
dated the results with ADCP measurements. The design of a
submerged flow guiding device to increase the survivability
of downstream migrating fish has been performed in the
commercial code CFX-10 (Lundström et al. [15]). Simula-
tions of flow in an ice-covered channel with the k-ω turbu-
lence model with different roughness values for river bed and
ice-cover resulted in a 16% increase in mean flow depth of
the channel (Yoon et al. [16]). The effects of submerged weirs
in natural channels to improve the navigation conditions for
barges have been investigated numerically (Jia et al. [17, 18]).

Rakowski et al. [19] used field-measured data with ADCP
to validate their CFD simulations of a 2.7 km reach starting
downstream of the Bonneville powerhouse and spillway with
total river flows between 3275 m3/s and 11328 m3/s. The
velocities were measured and averaged over a 10 minutes
period to get adequate representation of the mean velocity.
When comparing the CFD simulations (steady state, k-ε
turbulence model) to ADCP data, the modeled velocity was
slightly lower than the measured, but within the standard
deviation of the field velocity. Viscardi et al. [20] also used
ADCP measurements to validate CFD simulations in a 3 km
stretch of the Paraná de las Palmas River with flow rates
ranging from 2200 to 5000 m3/s (steady state, k-ε turbulence
model, rigid lid, bed roughness Manning n = 0.025). In
their case, the velocities were averaged over 2 seconds in each
vertical sample in order to minimize the effect of the tidal
change and the velocities correspond reasonable accurate.

To summarize, two-equation turbulence models are in most
cases used to simulate the flow in rivers and no one is con-
sidering how attraction water from a fishway competes with
the flow in the river.

2. Geometry

The actual geometry in the present study consists of four
parts, the tunnel from the turbines, the tailrace channel, the
old river bed, and the confluence area, see Figure 1 where
the tailrace channel and the old river bed are defined. The
confluence area is located where the water from the old river
bed and the tailrace channel meet, while the tunnel from the
turbines is located upstream the tailrace channel. CFD cal-
culations are performed on all parts except the old river bed,
while velocity measurements are only reported for a couple
of transects within the tailrace channel.

3. Experimental

To measure topology and water velocity downstream Stor-
norrfors power plant, an ADCP was used. The ADCP has
four transducers directed into the water. The transducers
send out sound waves that reflect on small particles traveling
with the water, and the transducers detect the Doppler fre-
quency of the reflected sound waves. These frequencies are
proportional to the velocity of the water (the particles).
ADCP is a relatively fast way of measuring velocities in field
and to calculate river discharge. The ADCP used in this case
is a RiverBoat RioGrande, and the data processing was per-
formed with the software Winriver II, both from RD Instru-
ments.

The bathymetry in the area was measured using two set-
ups. The ADCP was dragged besides a motorboat with a
pole and rope, which enabled measurements close to the
shoreline. By combining the bottom-tracking feature of the
ADCP with GPS data, a point cloud consisting of ADCP
provided depths at specific satellite coordinates was obtained.
The ADCP however fails to find the bottom of the deep-
est area in the tailrace channel; hence, a SIMRAD EY60,
GPT 200 kHz, split beam echo sounder with the transducer
mounted vertically on the boat was used near the tailrace
tunnel outlet. There is a small shallow part of the tailrace
that is located above and behind the tunnel outlet. The GPS
reception was very low this far into the spillway due to the
surrounding terrain which caused large uncertainties in the
acquired coordinates. The length of this region is appro-
ximately 50 m, and observations suggest that it consists of
a slow circulating flow and the assumption was made that
this part of the spillway does not have any significant effect
on the flow in the remaining channel. It was thus omit-
ted from the numerical model, and the entrance to this inner-
most part was excluded from the geometry. The points of
measurements are shown in Figure 1(a).

For the velocity measurements, a steel wire was stretched
across the tailrace channel and the ADCP was tethered to it.
A manual winch enabled the ADCP to travel across the chan-
nel and capture the velocities in the entire cross-section.
The transect T1 in Figure 1(a) was measured on several
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Figure 1: (a) Aerial photograph of tailrace channel and confluence area downstream Stornorrfors power plant. White lines (points) represent
data points used in geometry creation. Please notice the cardinal direction. (b) Visualization of the confluence area, tailrace channel, and old
river bed looking upstream. Darker grey represents a larger channel depth.

occasions at different turbine discharges and a minimum
of four times at each flow. Three vertical profiles in the
T1 transect and three in the T2 transect were measured
during a minimum of 600 s. The profiles were collected
when the flow rate through the power plant was ∼500 m3/s
(according to the discharge calculation in WinRiver and
data from the hydropower company). Profiles were measured
with a time difference of 0.95 s between ensembles. During
measurements, the distance to the shore was measured with
a laser distance meter. The total width of the T1 section was
measured to 40 m, and the profiles were located at 16, 23,
and 32 m from the south shore. Transect T2 had a measured
width of 85 m, and the verticals were located 30, 44, and 59 m
from the north shore.

The accuracy of the ADCP depends on many factors,
such as side-lobe interference, ringing, and ADCP-flow inter-
action that exclude the ADCP from doing any measurements
near the water surface or close to the bottom of the river
(Simpson and Oltmann [21]). Nystrom et al. [22] compared
ADCP accuracy with an Acoustic Doppler Velocimeter
(ADV) in a lab flume within which the turbulence intensity
of the flow was 0.1. The ADCP measurements were carried
out during 15 min, and the error was less than 3% in the areas
away from the boundaries not being affected by ringing, side
lobe interference, and flow disturbance.

4. Numerical Setup

The point cloud collected with ADCP and SIMRAD seen in
Figure 1 was converted to a bottom surface in the software
Imageware 13. The surface was imported to Ansys Icem
Cfd 11 where a solid model was created. The formed
geometry was divided in two parts, the tailrace channel and
the confluence area between the channel and the old river
bed. The simulation volumes were discretized as tetrahedral
elements in the CFD model. Local refinements of the grid
were carried out in areas of simulated attraction water to
increase the resolution in the most interesting parts of the
flow. All simulations were carried out with the commercial
software CFX11 from Ansys Inc. A mesh sensitivity study of

the tailrace channel was performed with different numerical
grids, ranging from 239 k to 7389 k nodes. The velocity
in the east direction was evaluated at T1 and T2 for the
different grids and the conclusion was that the coarsest mesh
did not capture the flow field with sufficient accuracy. A
mesh with 526 k nodes however produced a very similar
flow field to that of the 7389 k mesh with significantly lower
computational cost. Hence, the final grids for the tailrace
channel consisted of ∼500 k nodes and the confluence area
of ∼600 k nodes.

In reality, the water from the power plant goes through an
approximately 4 km long tunnel before entering the tailrace
channel. To create a realistic inlet boundary condition for
the simulations, this tunnel was modeled separately and the
velocity profile at the end of the tunnel was used at the inlet
of the tailrace channel simulations. The tunnel was given a
sufficient length to give a fully developed velocity profile,
and the tunnel walls were given a wall roughness of a typical
excavated rock.

The high-resolution advection scheme was used for
solving the equations of fluid motion and turbulence closure.
The high-resolution scheme uses a close to second-order
solution in areas with low variable gradients, and, in areas
where the gradients change sharply, it will be close to a first-
order solution (ANSYS [23]). The incompressible Reynolds-
Averaged Navier Stokes equation and the continuity equation
are expressed as

∂Ui

∂t
+ Uj

∂Ui

∂xj
= −1

ρ

∂P

∂xi
+ ν∇2Ui − ∂

∂xj

(
ujui

)
,

∂Ui

∂xi
= 0,

(1)

where U is the mean part of the velocity component, P is the
pressure, ν is the viscosity of the fluid, ρ is the fluid density,
and ujui are the Reynolds stresses. All simulations were run
with the k-ε turbulence model with scalable wall functions.
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In the k-ε turbulence model, Reynolds stresses are linearly
related to the strain:

−ujui = 2νTSi j − 2
3
kδi j , (2)

where k is the turbulent kinetic energy, νT is the eddy vis-
cosity, and Si j is the mean strain tensor defined as

Si j = 1
2

(
∂Uj

∂xi
− ∂Ui

∂xj

)
. (3)

The eddy viscosity is modeled as

νT = Cμ
k2

ε
, (4)

where Cμ is a model constant and ε is the turbulent dis-
sipation rate. For more information, see Launder and Spald-
ing [24]. The RMS residual target for all simulations was set
to 10−6. This convergence target could not be achieved with
a steady-state solver due to initial fluctuations of the flow.
Simulations were instead run on a transient solver until it
approached a steady solution and the final values from the
simulation were used. A physical time step of 0.5–2 s was
selected depending on grid size, and the solution was con-
sidered steady when the velocity in 18 monitored points
throughout the domain had been virtually constant for at
least 1000 time steps.

The water surface was modeled as a rigid lid with zero
friction. This approximation is viable when the surface level
variation is smaller than 10% of the total channel depth
(Rodriguez et al. [25]). The outlets are given a pressure type
boundary condition. The bottom surface of the numerical
model was defined as a rough wall. A scalable wall function
that uses an extension of the method suggested in [24] was
selected for near wall modeling. The dimensionless velocity
u+ in the logarithmic layer close to the rough wall is typically
written as

u+ = Ut

uτ
= 1

κ
ln y+ + B − ΔB, (5)

where

y+ = uτΔy

ν
, uτ =

√
τω
ρ

, (6)

and where uτ is the friction velocity, Ut is the velocity
tangent to the wall at a distance Δy from the wall, y+ is the
nondimensional wall unit, τω is the wall shear stress, κ is
the von Karman constant, B is a constant, and ΔB is the so-
called roughness characterization function. Since the rough-
ness of the channel is not well documented, a global repre-
sentation of roughness was selected. The wall roughness
can be described as an equivalent sand-grain roughness, ks
(ANSYS [23]). With this formulation, the roughness charac-
terization function can be described as (White [26])

ΔB = 1
κ

ln
(
1 + 0.3k+

s

)
, (7)

where the dimensionless roughness height k+
s is defined as

k+
s =

uτks
ν

. (8)

To obtain a realistic value for the equivalent sand-grain
roughness of the channel, an empirical Gauckler-Manning
coefficient n that describes the channel is selected (Arcement
and Schneider [27]). The advantage of using the Manning’s
n instead of other coefficients is that n is nearly constant
regardless of flow depth, Reynolds number (Re = 4URh/ν),
or ks/Rh for fully developed turbulent flow over a rough
surface (Yen [28]). The selected n is used to calculate a Darcy
friction factor f given by

f = 8gn2

R1/3
h

. (9)

The friction factor obtained is then used to find ks from
the Colebrook-White formula (Colebrook [29])

1√
f
= −2log10

⎛
⎝ ks

3.71 · 4Rh
+

2.51

Re
√
f

⎞
⎠, (10)

and the derived ks is finally used for input into the simu-
lations. In the present case, the second term in (10) can be
neglected due to the high Reynolds number of the flow.

The wall function approach is common in river simula-
tions since the scales of roughness are very costly to model
physically in problems of such large scales. The limitations of
this method are discussed by Patel [30]. Since the roughness
is only an approximation and is difficult to measure in reality,
a parameter study was here performed in the numerical
model with a flow rate of 350 m3/s from the turbines.

With no surface roughness, the jet leaving the tunnel
barely leaves the bottom of the channel which does not seem
likely with regards to the characteristics of free surface chan-
nel flow, see Figure 2. With a ks value of 0.3 m (Manning n ≈
0.033) which can be considered typical for a rock excavat-
ed channel such as the tailrace channel, the flow charac-
teristics change considerably. The jet emerging from the
tunnel now moves towards the free surface of the channel.
Increasing ks to 0.5 m (Manning n ≈ 0.037) did not affect
the solution in any major way, and all following simulations
on the tailrace channel, were run with ks = 0.3 m.

Two ways of improving the upstream fish migration
around the power plant were studied: a new fishway in the
tailrace channel and higher attraction to the old river bed. In
the tailrace channel, two positions and two angles of a new
fishway entrance were evaluated. The positions were selected
from previous observations of fish during the migration sea-
son. The dimensions of the entrance were 2×2.7 m2, and the
flow rate used was 10 m3/s. The two inlet angles of the fish-
way entrance were perpendicular and 45◦ to the main flow.

The modification of the confluence area to improve the
attraction to the old river bed was realized by adding a wall
at a distance from the river bank directing nearly all the
flow in the old river bed to a narrow open channel between
the wall and the shoreline. In such opening the water may
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Figure 2: Parameter study of the wall roughness in the tailrace channel showing the development of the velocity profile at two different cross-
sections for three different roughness values. The characteristics of the flow change completely when the equivalent sand-grain roughness
increases from 0.0 to 0.3 m increasing it further to 0.5 m giving no noticeable additional effect.

be accelerated with a ramp, for instance, as suggested in
Lindmark and Gustavsson [8] and Green et al. [31]. The flow
in the old river bed was set to 20 m3/s and that from the
tailrace tunnel to 500, 750, and 1000 m3/s, representing a low
flow, a normal flow, and a flow close to the maximum flow,
respectively.

5. Results and Discussion

The characteristics of the flow will be described followed by a
comparison to experimental data, and finally the results from
simulation of attraction water will be presented.

5.1. Characterization of the Flow in the Simulations. The flow
exiting the tunnel takes the form of a jet that gradually
develops into an open channel flow profile. Approximately
after 2/3 of the channel length, the jet maximum velocity is
at the surface of the water as can be seen in Figure 3.

The jet however influences the surface orientation flow
much earlier in the channel as revealed by plots of vorticity
and turbulence intensity in a plane at 1 m depth, see
Figures 4(a) and 5(a). High-vorticity areas are found at the
bottom of the channel near the edges of the channel and at
one large area of recirculation after the expansion, near the
north shore, but there is also a noticeable rotation of the flow
close to the surface near the inlet of the tailrace channel, see
Figures 4(a) and 4(b). This is also reflected by relatively high
turbulence intensity in this area, see Figures 5(a) and 5(b).

5.2. Comparison to Experiments. The results from ADCP
measurements in the tailrace channel yield an unstable
behavior of the flow, see Figure 6 showing a 12 × 12 m2

section in the middle of the T1 transect at five different times
where the raw data from the ADCP has been averaged to
1 × 1 m2 cells. The measurements were taken in succession,
and the velocities have been normalized with transect average



6 Modelling and Simulation in Engineering

Velocity u

2.356e+00
2.071e+00
1.787e+00
1.503e+00
1.218e+00
9.341e−01
6.497e−01
3.654e−01
8.103e−02
−2.033e−01

(m s−1)

400 80

(m)

20 60

Z

Y
X

2.46e+00

Figure 3: Development of the turbine jet as seen in a section along the channel, cross-sections T1, T2, one intermediate cross-section, inlet,
and outlet.

Absolute vorticity Z
2.606e−01
2.346e−01
2.085e−01
1.824e−01
1.564e−01
1.303e−01
1.043e−01

5.213e−02
7.819e−02

2.606e−02
5.075e−07

[s−1]

Z

Y

X50

25 75

1000

(m)

(a)

1.853e−01

1.589e−01

1.059e−01

1.456e−01

1.721e−01

1.324e−01

9.267e−02
7.943e−02
6.619e−02

2.648e−02
3.971e−02
5.295e−02

1.324e−02
1.099e−06

1.191e−01

Absolute vorticity Z

(s−1)
Z

Y
X

40

20 60

800

(m)

(b)

Figure 4: (a) Magnitude of the vertical vorticity in a plane at 1 m depth. (b) Magnitude of the vertical vorticity in a section along the channel.
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Figure 5: (a) Turbulence intensity (logarithmic scale) in a plane at 1 m depth. (b) Turbulence intensity (logarithmic scale) in a section along
the channel.



Modelling and Simulation in Engineering 7

D
ep

th
 (

m
)

0 3 6

3

6

9

12

0.8

1

1.2

1.4

1.6

1.8

−6 −3

xT1 (m)

Ueast/Uave

(a)

D
ep

th
 (

m
)

0 3

3

6

6

9

12
0.4

0.6

0.8

1

1.2

1.4

1.6

−6 −3

xT1 (m)

Ueast/Uave

(b)

D
ep

th
 (

m
)

0 3 6

3

6

9

12 0.5

1

1.5

2

−6 −3

xT1 (m)

Ueast/Uave

(c)

D
ep

th
 (

m
)

0 3 6

3

6

9

12 0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

−6 −3

xT1 (m)

Ueast/Uave

(d)

D
ep

th
 (

m
)

0 3 6

3

6

9

12

0.6

0.8

1

1.2

1.4

1.6

xT1 (m)

−6 −3

Ueast/Uave

(e)

Figure 6: Five individual measurements for a section of 12× 12 m2 from transect T1. Red indicates high velocity and blue low velocity. The
area with high velocity changes position as a function of time.

velocity to account for minor differences in total flow from
the tunnel. The jet stemming from the tunnel is apparent in
all transects but not as well defined as in the simulations,
compare Figures 3 and 6. To examine the time dependence
of the flow, the ADCP was kept in the same position and the

velocity was measured during a longer period of time. Three
vertical profiles at 15, 22, 31 m from the south shore were
measured. The standard deviation from the mean distance
was 0.01-0.02 m. The results from the measurements show
a highly fluctuating flow. Initial frequency analysis does not
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Figure 8: (a) Comparison between vertical velocity profiles in experiments and simulation in verticals at 15 m, 22 m, and 31 m from the
south shore, respectively, for transect T1. Ueast is the velocity in the east direction. (b) Comparison between simulations and measurements
in verticals at 30 m, 44 m, and 59 m from the north shore, respectively, for transect T2. Ueast is the velocity in the east direction.

indicate any periodicity; however, it cannot be excluded
that fluctuations are influenced by large-scale structures of
the flow, originating from upstream instabilities. How the
RMS velocity (east) stabilizes with time is shown for the
profile at 22 m in Figure 7. From the results, it is concluded
that, to measure representative mean velocities, each profile
must be measured during at least 600 s. The measurements
over a complete transect presented in Figure 6 took about
120 s which means that these measurements by no means
represent the mean velocity in that transect which explains
the different velocity patterns.

To validate the simulations, time-averaged velocities of
fixed-point measurements at both T1 and T2 are derived.
The agreement between simulation and experiment at T1 is
rather poor, see Figure 8(a) where normalized velocity pro-
files are compared. The velocity is normalized with the bulk
velocity Ubulk = Q/AT1, where Q is the flow rate and AT1

is the area of the T1 transect being 516 m2 as derived from
the virtual model. The jet that exits the tunnel appears
closer to the water surface in the measurements than in the
simulations, and it is much more diffuse in the measure-
ments. This is most apparent for the measurements at 31 m
at T1 where measurements indicate a plug flow while the
simulations yield a sinus-shaped profile. Hence, there is a
discrepancy at the surface and at the bottom and the jet
penetrates the surface much earlier in reality as compared to
the simulations. For T2, the agreement between simulations
and experiments is better especially close to the free surface,
see Figure 8(b). The maximum velocity of the flow in the
middle of the channel is lower in the experiments than in
reality, while it is actually higher towards the shores indica-
ting a more diffusive flow also in this transect. One reason for
the differences, especially apparent in T1, might be the inlet
boundary condition in the simulations, which is described
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Figure 9: Fishway inlet at position 1 with 0◦ and 45◦ angle. The flow rate through the power plant is 750 m3/s, and the velocities are shown
at 1 m depth.
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Figure 10: Fishway inlet at position 2 with 0◦ and 45◦ angle. The flow rate through the power plant is 750 m3/s, and the velocities are shown
at 1 m depth.

as a stationary velocity profile where in reality effects of the
turbines, larger discrete wall roughness elements or sudden
changes in discharge may come into play. Other contributing
factors may be difference between model geometry and real
geometry as to surface roughness, for instance, and oversim-
plified modeling of turbulence or that the rigid lid assump-
tion creates unphysical behavior when the jet from the
tailrace tunnel approaches the water surface of the tailrace.
It is also likely that the flow field is smeared out by the meth-
od to measure the velocity field. The discrepancy between
simulations and measurements is a subject for future
research as to turbulence intensity, for instance. When later
on discussing the results from the simulations with the fish-
way entrances, it should be remembered that the jet is more
diffuse and surface orientated in reality as compared to the
simulations.

5.3. Simulation of Attraction Water. For position 1 in the tail
race channel, the perpendicular entrance gives a noticeable
jet that stretches to the center of the tail race channel while
the angled inlet gives a jet that aligns with the flow from
the tailrace tunnel and reaches further downstream, see
Figure 9. Even better attraction water is created at the second
position as shown in Figure 10. Since the small jet from the
fishway does not collide with the large jet from the tailrace
tunnel, the generated attraction water stretches further out
in the channel, see Figure 11. Noticeable attraction water was
created even at the highest flow (1000 m/s) from the tur-
bines, see Figure 12. The relatively high-vorticity levels and
turbulence intensities are thus too weak to influence the
attraction water to any larger extent. Hence, position 2 is, as
to generation of attraction water, a better choice than posi-
tion 1. This conclusion is strengthening by the fact that, in
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Figure 11: Fishway outlet (upper right corner) at positions 1 and 2
with 0◦ angle. The flow rate through the power plant is 750 m3/s.

reality, the jet from the turbines is more surface orientated
which probably will make the attraction water created at
position 1 less prominent than obtained in the simulations
and from the turbines stressing the fact that the fishway
should be placed as long into the tail race channel as possible
for optimum generation of attraction water.

When scrutinizing possible improvement of the attrac-
tion water from the old river bed, the simulations yield a
rather different result. The attraction water cannot compete
with the flow from the tail race channel except in an area
quite close to the shore, see Figure 13 where the simulated
attraction water competes with two flow rates from the
turbines (500 and 750 m3/s). As compared with the current
situation, this modification of the confluence would still
provide considerable improved attraction water along the
north side (the right-hand side in the simulated results
in Figure 13 and see Figure 1 for cardinal directions). This
should improve the probability that fish migrating upstream
on the north side of the river or fish exiting the tailrace tunnel
on the north side find the fish passage in the old river bed.
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Figure 12: Fishway outlet at positions 1 and 2 with 0◦ angle. The
flow rate through the power plant is 1000 m3/s.

6. Conclusion

The measurements show that the flow is considerably more
unstable in reality as compared to the simulations. The
flow fields in the simulations are therefore less diffuse as to
time-averaged quantities, and the tailrace jet from the tun-
nel outlet is stronger but less surface orientated in the simu-
lations as compared to reality. Keeping this in mind, a num-
ber of additional conclusions can be made from the work
here presented. A fishway in the tailrace channel can generate
noticeable attraction water for all relevant flows from the tur-
bines. Of the cases studied, the simulations show that posi-
tion two gives considerably stronger attraction water as com-
pared to position one. It is likely that this difference is enlarg-
ed by the diffusivity of the tailrace jet existing in reality. By a
concentration of the flow from the old river bed, noticeable
attraction water can be created at the confluence area. In
this case, the attraction water only stretches a short distance
into the tailrace flow since this flow is completely surface
orientated in the confluence area. However, if the fish migrate
along the north shore, they will sense the attraction water.
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Figure 13: Confluence area with flow rate from the turbines of
500 m3/s and 750 m3/s and flow rate in the old river bed is 20 m3/s.
A wall is inserted 10 m from the north shore.
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Abstract

The spatial distribution of upstream migrating Atlantic salmon (Salmo
salar) spawners was studied in 2008 and 2009 in the surroundings of the
tailrace from a hydropower station in the River Umeälven. This area is
problematic because the fish have difficulties finding their way into the
original riverbed, which prompted an investigation on the feasibility of
adding a fishway in the area. Echo sounding was used in 2008 to in-
vestigate the spatial use of fish in the tailrace channel during the time of
salmon migration. Presence of other fish species was so low that all echo
sounding detections were assumed to be salmon. In 2009, data on wild
radio-tagged salmon (n=94) was collected in the same tailrace by an ar-
ray of underwater antennas with a detection radius of approximately 10
meters, to validate the results from the echo sounding. Both types of sur-
veys showed aggregations of fish in one part of the tailrace. As a final
step, Computational Fluid Dynamics (CFD) modeling was performed to
analyze hydrodynamics. This CFD modeling showed a coincidence of
fish detections in areas with turbulence intensities between 0.6 and 0.8,
which may be an indication that the fish are holding in these areas to
reduce energy expenditure during migration. A high proportion of the
radio-tagged salmon were observed in the tailrace area (a median of 21
d between their first and last detection), indicating that the salmon are
delayed in their upstream migration by the attraction to the tailrace in
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this area. The overall data on fish behavior in the tailrace led us to sug-
gest a location for a new fishway where the fish aggregation was most
pronounced. The number of detections from either technology had sim-
ilar distributions over the tailrace, suggesting that the results are com-
parable. Thus, the split beam echo sounder can preferably be used to
investigate which location is most appropriate for locations of entrances
to new fishways since many more individual fishes are covered by this
method compared to telemetry. Furthermore, there is no need to handle
the fish in the echo sounding studies as is required in telemetry studies.

Keywords: Atlantic salmon, Fishway, behavior, telemetry, sonar, hy-
droacoustics, CFD, Computational Fluid Dynamics
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Introduction

When constructing a fishway, it is crucial to select an appropriate site where
fish will find the entrance to the fishway (Williams et al. 2012). The position of
a fishway entrance should be located where at least two conditions are fulfilled:
the fish aggregate there and the hydrological conditions allow attraction water
from the fishway to reach as many fish as possible. By fish aggregation we
mean an area where a large fraction of the fish will pass during the migration,
not necessarily at the same time. Such zones can be determined by behav-
ioral studies, and hydrological conditions can be investigated by hydrological
studies (ibid).

There are many studies of fish migration behavior in the vicinity of fish
passages, either to investigate the efficiency of the fish passage (reviewed by
Roscoe and Hinch (2010)) or to study the behavior in relation to a more com-
plex environment than just a fish passage (reviewed by Thorstad et al. (2008)).
The methods used in these behavioral studies are usually based on mark-
recapture methods, or through archival loggers (acoustic- or radio telemetry).
However, there are few published studies that investigate the preconditions in
order to find the most proper place for the fish passage prior to its construction.
In a prior-study the mark-recapture methods are of little use, while acoustic-
or radio tags can provide valuable information. The resolution of this data de-
pends on which technology is used and how it is deployed. Roscoe and Hinch
(2010) conclude that a widespread use of advanced telemetry studies is limited
by high cost, invasive surgery, and insufficient analytical methods. Another
method that can be used in the prior-studies is hydroacoustic systems (Johnson
et al. 1999). A hydroacoustic system will detect any object in the detection
area, without intrusive surgery, and with significantly less cost than telemetry
for large data sets. However, hydroacoustic systems are limited with regard to
the size of the study area and the hydrodynamic conditions. A third method
that can be used is netting. But netting has similar limitations to hydroacoustic
systems and more importantly, in contrast to the hydroacoustics method; net-
ting might harm the fish. A comparison between netting, radio telemetry and
hydroacoustics to evaluate Fish Guidance Efficiency (FGE; estimating number
of fish passing) has been done by Ploskey et al. (2002). They showed overall
similarities in results between these three methods (FGE estimation differences
less than 10 %) but occasionally estimated numbers of fish was almost twice
as high with hydroacoustics (70 % FGE versus 38 % FGE).

Hydrological conditions can be measured with for example an Acoustic
Doppler Current Profiler (ADCP), or modeled with for example Computational
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Fluid Dynamics (CFD) models (Booker 2003; Clifford et al. 2009). A compar-
ison of such measurements and modeling was done by Andersson et al. (2012)
in the same geographical area as this study was done. Their model was re-run
in this paper to extract data on hydrological components like turbulence in-
tensity and velocity vectors in an attempt to explain the spatial aggregation of
the fish . Turbulence intensity is a potentially interesting variable since it can
indicate holding areas for the fish (Liao et al. 2003). The aim with the CFD-
modeling in this context was not only to obtain a measure of the existing flow
conditions, and to simulate hypothetical outlets from fishways at locations ad-
jacent to where the fish aggregate but also to analyze for correlations between
the spatial use by the fish and hydraulic variables.

The historical background to our study is that almost 70 % of the migrat-
ing adult Atlantic salmon (Salmo salar) fails to find the bypass in the regulated
river Umeälven, Sweden (Lundqvist et al. 2008). The reason for this is mainly
because of the relatively high discharge coming from the tailrace (500-1000
m3s-1) attracting the salmon and diverting them away from the entrance to the
bypass which has a relatively low discharge (20-50 m3s−1). Andersson et al.
(2012) showed that the hydrological conditions in the innermost part of the
tailrace do allow an attraction jet to reach all the fish which are close to the
surface in that section of the tailrace. However, the hydrodynamic conditions
are complex in the tailrace and the question is if the salmon aggregate in the
innermost part, with calm backwater just upstream the tunnel outlet, and thus
allow most of the fish to detect the jet. In this paper, we present results from a
behavioral study, aimed at investigating if the two main conditions proposed by
Williams et al. (2012) can be fulfilled at the same site. The aim of our investi-
gation was also to test if two different methods, telemetry and hydroacoustics,
gave the same answer to the questions if and where the salmon aggregate in
the inner part of the tailrace area. We also applied the second step to analyze,
by means of CFD-modeling, if hydrodynamics could be used to predict the
measured distribution of fish.

Material & Methods

Study area

Our study area was in River Umeälven, Sweden, downstream of the Norrfors
dam which is approximately 32 km from the estuary (63.88E, 20.02N). After
the Norrfors dam a 1.7 km long headrace channel diverts the main river flow to
the turbines where a 4 km tailrace tunnel then leads to a 0.4 km tailrace channel
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Figure 1: Our study area was in the innermost part of the 0.4 km long tailrace
channel, downstream of the Norrfors power plant in River Umeälven, Sweden.
The turbine tailrace starts off with a tunnel (dotted line); the magnified area
shows the confluence of the tailrace channel and the bypass channel. Small
circles in the magnified area show the array of telemetry antennas used in this
study and black X’s denote position 1 & 2 of the sonar raft. Arrows denote
direction of flow

after which the main river continues (Montén 1985). An eight kilometer stretch
of the old river bed is used as a natural bypass for fish, where a fishway at the
upstream end enables fish to ascend the dam (Figure 1).

However, the attraction water flow from the bypass is too low in relation
to turbine flow (< 10 % of turbine flow over a 270 m wide confluence) to ef-
fectively guide fish upstream. With poor attraction from the bypass channel,
many fish are detained or delayed in the tailrace channel or -tunnel where they
display "yo-yo migration" behavior (Lundqvist et al. 2008). As the flow from
the turbines exits the tailrace tunnel, a large jet is formed that develops into
a typical flow profile for a free surface channel as it progresses in the tail-
race (Figure 2). Tagging studies performed in 1995-2005 concluded that 70
% of potential spawners did not pass the fishway and the fish that did pass the
fishway spent on average 44 days to migrate the 32 km stretch from the river
mouth to the fishway (ibid). Screening of the tailrace channel might solve the



82 Lindberg, Leonardsson, Andersson, Lundström and Lundqvist

Figure 2: Water velocity of the tailrace tunnel jet develops as seen in a section
along the channel; with three intermediate cross sections plus inlet and outlet
cross sections. The flow rate through the power plant was set to 200 m3s−1

upstream migration problem, but it is difficult due to the jet when the discharge
is high (up to 1000 m3s−1) and due to debris in the water. However, 50 years
ago an attempt was made to screen the tailrace with a wide electrical fence,
but the fence only acted to trap fish inside the tailrace channel so it had to
be removed (Åke Forssén, Vattenfall AB, personal communication). Even if
a successful screening for upstream migration could be installed, this would
cause problem for the downstream migrating fish that are passing the turbines.
To remedy these problems, it was suggested that a new fishway should be built
in the tailrace channel.

Information about the fish community in the study area comes from the
Swedish Board of Fisheries’ gillnet fishing (mesh size 75 mm) in the tailrace
channel, in calmer waters, in the years 1996, 1997, and 2001 (unpublished
data). Atlantic salmon dominated the catches, 86 %, while northern pike (Esox
lucius) made up 7.8 %, and the remaining fish were brown trout (Salmo trutta).
In total 373 fish were caught.
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Collection of fish data

Individual data, such as weight, length, and gender, on all salmon migrating
through the Norrfors fishway was collected by Vattenfall Service AB through
trapping all fish at the top of the fishway and manually handling each fish.
After closing the fishway on 30th September, the spill to the bypass is shut
down. Then gillnet fishing is performed to remove as much as possible of
remaining salmon and brown trout from the pools just downstream the fishway.
Individual data for these fish is also collected by Vattenfall Service AB. For
our analysis we only used data from fish that were confirmed to be Atlantic
salmon from 2008 (n=7450). The fishway data was used to verify that the
weight distribution from the echo sounder detections corresponded to a weight
distribution of fish known to be in the area.

Hydroacoustic system

We used a SIMRAD EK60 echo sounder system with an ES120-7C split beam
transducer (7◦ viewing angle) mounted in the center of a raft. The raft dimen-
sions were 2x4 meters with floatation devices covering most of the bottom and
it was anchored to both shores with four ropes. This setup meant that the raft
could move around slightly with water currents (ca ± 1 m in all directions).
However, we don’t consider this to have had any major impact on the results,
especially as we had placed landmarks in all the direction we aimed at. The
raft was randomly alternated between two positions; close to either shore. Each
position was held for a full day (six hours recording) to avoid disturbing the
fish by frequent shifts in position. For each raft position, ten different aiming
directions were applied to evenly cover the study area. The order of aiming
the sonar was randomized in Microsoft Excel. For each aiming direction the
transducer was recording for five minutes, until all ten directions were scanned
and a new random order was applied.

Hydroacoustic data was collected at five occasions each consisting of three
days, totaling 15 days of data collected (Table 1). The time of day (04.00 -
10.00) was selected because previous studies (Lundqvist et al 2008, and un-
published data) have shown that this is the time when fish start to move up-
stream after a night of rest, so that most of our detections would be of fish
approaching the area, not of fish holding position in the area. The first period
(15th-17th July) also included three longer recording sessions of 12 hours per
day around the clock, confirming that most of the fish arrived between 04.00
and 10.00 in the morning. The dates were selected to get detections of both
older fish that enter the river early and younger fish that enter the river late.
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Radio telemetry

In June-August 2009, wild Atlantic salmon were caught in a hoop net at the
mouth of River Umeälven and tagged with gastric ATS F1835 radio tags op-
erating at 30 MHz. In total, 95 salmon (53 females and 42 males, 61-103 cm
length) were tagged. One radio tag was regurgitated and lost at the river mouth.

To record data we used custom-built NOAA loggers capable of scanning
all frequencies simultaneously. Each logger had two underwater antennas at-
tached through a MUX. Underwater antennas were placed along the northern
bank of the study area at 5 meters depth and spaced 20 meters apart. The south-
ern side of the channel is steep and unsuitable for construction of a fishway;
therefore no antennas were placed there. The gain of the loggers was adjusted
to have a detection field radius of approximately 10 meters, which was verified
by moving a radio tag between the antennas. The tag was attached to a vertical
pole on the side of a boat; extending 1.5 meters below the surface.

Analysis and modeling

Hydroacoustic analysis

Post processing of echo sounding data was performed with Sonar5-Pro soft-
ware (Balk and Lindem 2004). A detection from the hydroacoustic system was
defined as a sequence of at least 4 echoes, exceeding -45 dB, that represents
a target moving through the detection area. The location of each detection (or
sequence of echoes from the same target) was defined as the location of the
first echo in each detection sequence. We assumed all fish in the area to be
salmonids, and used an algorithm in Sonar5-Pro to estimate length and weight
from side-aspect target strength Lilja et al. (2004). This size estimation will
vary depending on the orientation and bending of the fish, and was therefore
mostly used as a rough guidance to filter data at the edges of the assumed ac-
tual size range. The time, xyz-coordinates, and the calculated weight for all
detections were exported for analysis and graph constructions in Mathematica
ver. 7 (Wolfram 2011).

The detection area for each aiming direction was identified as a spherical
cone extending from the raft as far as there were detections. Before analyzing
the data, the xyz-coordinates were transformed to the same coordinate system
with origo centered at the northern raft position. Sampling points were then
selected randomly within each detection area (totaling ten areas). From the
southern raft position 405 sampling points were selected, and from the north-
ern raft position 472 sampling points. Centered on each sampling point, a
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sampling volume of 1 m3 was used to extract the number of detections from
the echo sounding data at that location, centered at a depth of 1 m below the
surface; corresponding to the depth we extracted CFD model data. This depth
interval (0.5-1.5 m) contained 40 % of all fish detections. Number of detec-
tions within each sampling cubic meter was divided with the number of hours
that was recorded in that direction for each day of recording (28 hours total
over 5 days for the southern raft position and 37 hours total over 7 days for
the northern raft position). The number of detections in each sampling vol-
ume was divided by the total number of detections to calculate a probability of
detecting a fish within one cubic meter of water in one hour.

The weights derived from the echoes (WE) was validated against the weights
of salmon measured at Norrfors (WN) . Since a single fish could be detected
more than once, a bootstrap without replacement was used to sample WE and
the associated date (1000 detections per sample). WN were bootstrapped with
replacement from fish measured at the expected to arrival date. These ar-
rival dates were bootstrapped with replacement from data on migration times
from the confluence area to the fishway (6-98 days) as found in earlier stud-
ies (Lundqvist et al. 2008), n=398. After repeating the described procedure
1000 times, both size distributions stabilized. The median and the 2.5th and
the 97.5th percentiles for each weight class (1 kg) were extracted to produce
weight distributions with measures of uncertainty. The overlap in percent be-
tween the two distributions was used as a measure of similarity.

Telemetry analysis

All the telemetry data was stored in a PostgreSQL 8.3 database (PostgreSQL
2009). Built-in functions in the database were used to group data for each
antenna and find total counts or first detections for each fish.

Comparison between the hydroacoustic and the telemetry results

In order to compare the results of the two methods the coordinate system was
rotated to have the x-axis parallel to the shoreline where the antennas were
placed. Thereafter, the results from the hydroacoustic study were aggregated
and summed up in 10 m classes along the x-axis. Hydroacoustic detections
further away from the shore than 30 m was omitted. This distance exceeds the
range of the antennas, but was chosen to include a sufficient number of obser-
vations from the hydroacoustic data to attain statistical significance. However,
the spatial distribution did not change markedly upon changing the maximum
distance by ± 10 m. To account for uncertainties in the GPS-positioning and
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the rotation angle, the calculations were repeated to adjust the detection po-
sitioning for ± 2.5 m deviation in both the x- and y-coordinates, and for ±
4◦ deviation in the rotation angle. The uncertainties of the results were then
expressed as the minimum and maximum salmon densities among all possible
combinations of the positions and angles.

CFD modeling

A bathymetry model was created by measuring water depth in the tailrace
channel with a sonar that was coupled to GPS position data from the boat by
synchronizing time. The bathymetry data was used to generate a bottom sur-
face in the software Imageware 13 from Siemens Inc. by extracting 20 cross
sections of the channel from the data cloud and lofting surfaces between the
cross-sections. The bottom surface was used to create a solid model in the soft-
ware Ansys Icem CFD. The simulation domain was discretized by tetrahedral
elements in a grid of 2.2 million nodes. Simulations were performed with
the commercial software CFX from Ansys Inc. The k − ε turbulence model
(Launder and Spalding 1974) with scalable wall-functions was selected for
turbulence closure and the bottom of the tailrace was given a wall roughness
of 0.3 m (see Andersson et al. 2012). The effects of water temperature were
not considered in the numerical investigation. The water surface was modeled
as a rigid lid with zero friction. This approximation is viable when the surface
level variation is smaller than 10% of the total channel depth (Rodriguez et al.
2004). A simulation of a part of the tailrace tunnel (Figure 1) with an estimated
wall roughness of 1 m and a flow rate of 200 m3s−1 was performed to obtain a
suitable inlet condition to the tailrace channel simulations.

In order to test the attraction water that can be created from a fishway
located on the north shore, two positions for a fishway entrance were tested
through CFD modeling (Figure 3 and 4). The second position, closer to the
tailrace tunnel outflow, showed sufficient attraction flow for the entire width
of the tailrace channel (Figure 4). For more details on the CFD-modeling on
fishway attraction flow in this area, see Andersson et al (2012).

Besides the analyses of the attraction flow, the hydrodynamics in the tail-
race area was modeled without addition of an attraction flow. The purpose of
this additional modeling was to get data on turbulence intensity to investigate
if the fish aggregated to some specific turbulence intensities. The velocity data
from the CFD analyses were not suited for comparison with momentaneous
fish position data since the velocities corresponded to run-time averages. That
is, the variable directions of the momentaneous velocities canceled out result-
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ing in low mean velocities. For comparison with the turbulence intensity mod-
eled at 200 m3s−1, the sonar data observed at 175-225 m3s−1 was interpolated
to a 1 m grid, and compared with the average turbulence intensity within a ra-
dius of 2.5 m. As a measure of preference for a given turbulence intensity class
(log-scaled classes) the proportion of fish observed in that class was divided
by the proportion of cells with turbulence intensities in that particular class.
Thus, without preference the value should equal to 1 while higher values indi-
cate that fish were overrepresented at the specified turbulence intensities. The
proportion of fish was bootstrapped among all cells within the turbulence class
to obtain confidence intervals.

Figure 3: Fishway inlet at position 1 with 0◦ and 45◦ angle. The flow rate
through the power plant is 750 m3s−1 and the velocities are shown at 1 m
depth. Reprinted from a previous study in this area (Andersson et al. 2012)

Figure 4: Fishway inlet at position 2 with 0◦ and 45◦ angle. The flow rate
through the power plant is 750 m3s−1 and the velocities are shown at 1 m
depth. Reprinted from a previous study in this area (Andersson et al. 2012)
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Results

Sonar

A total of 13519 detections were recorded by the echo sounder. To ascertain
that the echoes came from migrating adult salmon or brown trout, we selected
the echoes corresponding to the size range 1-20 kg. Remaining detections
(3792 in the southern raft position and 7210 in the northern raft position) were
treated as salmonid detections. Some 10000 salmonids pass the area during
the migration season, implying that stationary fish like northern pike will be
negligible among the counts. The analysis depth which included surface wa-
ter, 0.5-1.5 m, also reduce the frequency of pike among the counts since this
species mostly stay close to the bottom. Based on the ratio of per capita reg-
istrations of salmon and brown trout by the telemetry loggers in the tailrace
2009 (36497:12197), adjusted for the ratio between the salmon and brown trout
counts in the Norrfors fishway in 2008 (7451:236), about 1 % of the echoes
should be expected to originate from brown trout. The frequency distribution
of the estimated weights from the SIMRAD detections corresponded fairly
well (82.6 % overlap) to the weight distribution of salmon passing through
the fishway at Norrfors (8 km upstream) for the same time period (Figure 5).
Furthermore, 81 % of all salmon that entered the fishway passed during the
hydroacoustic study period which indicates that the study period encompassed
most of the migration season.

After filtering, the southern raft position yielded 3792 fish detections, av-
eraging 145 detections per hour. The northern raft position yielded 7210 fish
detections, averaging 195 detections per hour. These detections were spread
out over our five sampling occasions; recording 5 %, 55 %, 32 %, 4 %, and 4
% of total detections respectively for each occasion (Table 1). From this data,
the sampling points of one cubic meter for each raft position selected a total
of 253 fish detections per hour from the southern raft position and 772 fish
detections per hour from the northern raft position. The fish densities were in-
terpolated between the sampling points in contour plots (Figure 6). The mean
number of detections per cubic meter and hour was 1.17. The total area of the
tailrace channel is roughly 20000 m2, which means that if it was possible to
monitor the entire area at once then then there should be 23400 fish detections
per hour. This does of course not mean that there are lots of fish in the river;
it is just a number that shows how high the density of fish detections is at this
particular point. It also demonstrates that the fish are most likely swimming
in circles and being detected over and over. In comparison, a total of 7098
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Table 1: Seasonal distribution of recorded fish detections from the hydroacous-
tic survey, and hours spent in either the southern or northern raft position

Date Number of
detections

Proportion South (h) North (h)

15th-17th July 485 4.4 % 26.3 -
29th-31st July 6099 55.4 % 5 11.6
12th-14th August 3557 32.3 % 6 11.2
26th-28th August 444 4.0 % 10.2 4.3
9th-11th September 417 3.8 % 5.2 10.1

salmon (mean 76 per day) migrated through the Norrfors fishway in 2008.
Both when the raft was in the southern position (Figure 6a) and in the

northern position (Figure 6b) and for both positions combined (Figure 6c) most
fish were detected in the center of the channel. By comparing the distributions
between the northern and southern raft position (Figure 6a and 6b), it appears
that fish altered their behavior slightly because of the presence of the raft or
the people and equipment on it. Therefore, the combined picture (Figure 6c)
should be the most accurate depiction of average behavior in this area.

Figure 5: Relative frequency distribution of the fish weights derived from echo
sounding (circles) and manually measured weights of salmon at the fishway
during the same period (squares) in 2008. The error bars denote bootstrapped
95 % confidence intervals. The symbols are slightly displaced for enhanced
visibility
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Figure 6: Spatial distribution of the proportions of total detections in the tail-
race channel derived from echo sounding in 2008 for a) southern raft position,
b) northern raft position, and c) both raft positions combined (gray contours
where lighter gray means more fish detected per hour; raft location is denoted
by small white circles with crosses). The legend colors show probability of
detecting one fish within one cubic meter during one hour at this point. Black
semi-circles denote approximate detection range for each underwater antenna
(10 meter radius)

Radio telemetry

Most of the radio tagged individuals (87 out of 94) were detected in the tailrace.
A large proportion of these were first detected in the inner parts of the tailrace



Methods for locating the proper position... 91

channel (Figure 7, grey bars). This implies that they approached the inner
part of the channel further away than 10 meters from the north shore. The
narrowest part of the channel (near antenna 3 and 4) is 30 meters wide. By
filtering out signals below -100 dB signal strength, the remaining detections
should correspond to those swimming close to the antennas. This filtering
shows that the first time a salmon comes close to the northern shore is likely
to occur either at antenna number 1 or antenna number 6 (Figure 7, dark-grey
bars).

Telemetry loggers recorded fish during a period of 2425 hours in 2009 (28th

June - 7th October). Of all detections stronger than -100 dB signal strength (n
= 37913; mean 23 det.h−1, max 755 det.h−1), 37 % (n = 13956) were recorded
at antenna number 6, located 60 meters from the innermost shore of the tail-
race (Figure 7, black bars). Antenna number 7, located 40 meters from the
inner most shore of the tailrace, represented 17 % (n = 6280). Weaker signals
down to -125 dB signal strength (n = 2480944; mean 1263 det.h−1, max 7209
det.h−1) had a similar distribution with most detections on antennas 5-7 (Fig-
ure 7, white bars). Thus, the radio telemetry indicated a similar aggregation
zone of fish as the echo sounding did. The peak in the telemetry data was
ca. 20-30 m closer to the innermost part of the tailrace area compared to the
peak of the fish aggregation in the hydroacoustic data when these results were
projected towards the shoreline (Figure 7, grey circles). This pattern in the
hydroacoustic data was consistent over time, except that the densities declined
after mid-August.
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Figure 7: Proportion of fish detections of radio tagged fish with signal strength
> -100 dB (first-detections; dark-grey bars, n = 66 and total detections; black
bars, n = 37913) and signal strength > -125 dB (first-detections; light-gray
bars, n = 87 and total detections; white bars, n = 2480944) for each underwater
antenna. Also included, mean number of SIMRAD echo sounding detections
(per hour per cubic meter) within 30 m from the north shore (grey circles).
The echo sounding detections are summarized as 10 m wide bands, with mini-
mum and maximum values within each band represented as error bars for each
point. Comparing total telemetry detections with this selection of echo sounder
detections show 82 % overlap

CFD-modelling

The highest amounts of turbulence were found in the backwater above the exit
from the tailrace tunnel (Figure 8). The tailrace channel extends a small dis-
tance over the tunnel, and in this backwater a low velocity counter-clockwise
circular flow was identified from the modelling. This hydraulic pattern is
also consistent with the observations made while performing the hydroacoustic
study in the area.

An overlay of the CFD modeling results on the results from our hydroa-
coustic data showed high fish aggregation adjacent to an area with high turbu-
lence intensity (Figures 6, 8, and 9). It should be noted that the area with high
fish aggregation were located directly above the entrance to the tailrace tunnel.
There was another area shown by CFD modeling to have high turbulence and
low water velocity, but the velocity profile is based on the sum of flows in an
area and velocity vectors show that the two turbulent areas are different with
regard to flow vectors (Figure 8). The area with most fish detections had low
velocity water with homogeneous velocity vectors, while the other turbulent
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area (outside of antenna 4) had heterogeneous velocity vectors in several di-
rections, thus causing the average flow to display as low velocity. The low
number of fish detections in this other turbulent area could also be because it
was at the farthest range of our sonar (50-60 meters from the raft positions),
and the turbulence causes noise that cuts down the sonar range even more.
Therefore, there is a possibility that there were fish in this area which we were
just unable to detect. By mapping the prevalence of the spectrum of turbulence
intensity (Figure 10, squares) and comparing that with how often fish (n=1216)
were detected for each specific turbulence intensity, we could calculate a mea-
sure of fish preference of turbulence intensity. This showed a significant high
preference for turbulence intensity just under 1.0 (preference 1.9 where 1.0 is
no preference, Figure 10, circles) and significant low preference or avoidance
of areas with weak (0.1 - 0.4) or high (1.1 - 7.0) turbulence intensity.

Figure 8: Turbulence intensity and velocity vectors in a plane at 1m depth in
the upstream part of the tailrace channel. The flow rate through the power plant
was set to 200 m3s−1
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Figure 9: A combination of Figure 6c and Figure 8 show that the fish aggre-
gation seems to be highest near an area with high turbulence intensity (turbu-
lence intensity scale is the same as figure 3). The other area indicating high
turbulence from CFD-modeling (near antenna 4) was unfortunately outside the
range of the sonar (approximately 60 meters from the raft positions, marked
with white X)

Figure 10: Preference for turbulence intensity among salmon in the tailrace
area (circles), and proportion of the area covered by each turbulence intensity
estimate (squares). As a measure of preference for a given turbulence intensity
class the proportion of fish observed in that class was divided by the propor-
tion of cells with turbulence intensities in that particular class. Thus, without
preference the value should equal to 1 while higher values indicate that fish
were overrepresented at the specified turbulence intensities. Error bars denote
bootstrapped 95 % confidence intervals)
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Discussion

We have shown that echo sounding yields comparable results to radio teleme-
try when determining aggregation zones for fish in a restricted area. The results
from the hydroacoustic study covered a period when 81 % of the fishway pass-
ing salmon where noted at the fishway, and the aggregation zone in the tailrace
remained the same over the period. Thus, even if the hydroacoustic recordings
were not continuous over the season, the results concerning the aggregation
zone should be reliable. In contrast the telemetry data was recorded continu-
ously when tagged fish were in the range of the antennas. The telemetry data
also showed a consistent aggregation zone, independent on whether the data
was on the first registration per individual or aggregated to total number of reg-
istrations per antenna. The aggregation zone was located around 40-60 meters
from the innermost shore of the tailrace channel. This is the area right above
where the tailrace tunnel exits at 40 meters depth. In this area a backwater is
formed near the surface and the water velocity is relatively low. CFD modeling
shows that even a low attraction flow (10 m3s−1) in this area is able to reach
across the entire width of the channel at 1 meter depth (Figure 4). Therefore,
this seems like the optimal location of a fishway entrance.

Comparable results between hydroacoustic surveys and radio telemetry
were also obtained by Ploskey et al. (2002). Their study is focused on fish
passage efficiency (FPE) and our study expands on that to compare results be-
tween the two technologies on spatial aggregation. Given the large amount
of detections from the echo sounding, the minimal disturbance of fish that is
involved, and the lower cost compared to radio telemetry for larger samples,
we conclude that the use of echo sounding to identify fish aggregation zones
is preferable if conditions allow. However, it is important to carefully consider
the design of an echo sounding study so that the mounting of the transducer
(raft or similar) isn’t affecting the fish behavior. On the other hand, applying
the echo sounding from a mobile device like a boat means that much larger
areas and more fish can be covered, and it would therefore be interesting to
compare echo sounding results from a boat with that of geographically fixed
installations. Even if echo sounding should be the preferred method, some en-
vironments may be unsuitable for this technique, for example where there is a
lot of noise that may interfere with the equipment, or in very shallow waters.
The maximum detection range for the ES120-7C split beam transducer in this
river is normally around 70-90 m, but in our current study area the detection
range was severely limited by either bottom echoes (close to shore) or noise
created by the turbulent areas resulting in a maximum detection range around
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40 m.
Liao et al. (2003) show how fish can save energy while swimming against

a current by exploiting vortices in the water. By comparing fish aggregation
zones in figure 6 with the turbulence levels in figure 8 we saw that fish detec-
tions and turbulence intensity coincides (Figure 9, 10). This may indicate that
the fish spend more time in this area to conserve energy, which is expected
from the study by Liao et al. but which has not previously been shown outside
of the laboratory. A recent study on pallid sturgeon (Scaphirhynchus albus) has
shown preference for low velocity water which presumably is an adaptation to
conserve energy during migration (McElroy et al. 2012), but salmonids are of-
ten seen in areas with high velocity water (e.g. Standen et al. (2004)). The
results from Liao et al. in the laboratory and the confirmation that the theory
holds in the field from our study should therefore be applied in a wider frame-
work, e.g. according to the methodology suggested by Lacey et al. (2012).

Many first-detections from radio telemetry were in the inner parts of the
tailrace channel (Figure 8), which means that those salmon either approached
in the middle of the channel or along the southern shore. Further, the sonar
detections when the raft was in the northern position differ slightly from de-
tections in the southern position (Figure 6). Therefore, we believe that the fish
follow the southern shore when approaching this area, and that they avoided
the raft when it was in the southern position. This conclusion would also be
supported by CFD modeling which showed a turbulent streak along the south-
ern shore which the fish could navigate through, after which the flow along the
shore forms a backwater with an upstream flow direction (Figure 8). It seems
that the salmon circle around when they reach the end of the tailrace chan-
nel and that they are registered on the radio telemetry antennas at that point.
This should mean that they also continue circling; spending a relatively large
amount of time in this inner part of the tailrace channel which explains why
there is such a large proportion of radio telemetry detections in the inner parts
of the tailrace (Figure 7). Since most of the fish detected by sonar were located
above the tailrace tunnel outlet, there is also the possibility that the fish are cir-
cling and waiting for an opportunity to find a way into the tunnel. Therefore,
placing the entrance of a fishway in this area is likely to significantly increase
the chance of attracting fish.

An additional hydroacoustic survey in 2009 (not included in this study)
showed an aggregation zone at the headland peak, which separates the bypass
and tailrace channels. The aggregation zone at the headland had fewer fish de-
tections than in the tailrace (38 detections per hour versus 145-195 detections
per hour) and the swimming directions of most fish were from the tailrace to-
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wards the bypass channel. This may mean that the northern shore is mainly
used by the fish for downstream passage as they search for alternative ways to
continue upstream.

Future research should focus on examining the importance of vortices and
turbulent areas in rivers for migrating salmon. How to do this is also high-
lighted in a recent article about using the IPOS framework (turbulence Inten-
sity, Periodicity, Orientation, and Scale) to describe how turbulent flow char-
acteristics affect swimming performance (Lacey et al. 2012). The behavior of
fish who first encounter a migration obstacle should also be studied, to see what
type of hydrodynamics seems favorable as the fish are looking for a way past
the obstacle. This knowledge could be used when building fishways to cre-
ate attraction flows working on vorticity rather than velocity, but it might also
be useful in restoration work to create suitable habitats (Crowder and Diplas
2002). Traditionally, high velocity water jets are used to attract salmon into
fishways (Katopodis 1990), but perhaps it is more efficient to use vortice gra-
dients or Karman vortex streets to guide the fish (Liao et al 2003).
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ABSTRACT: Fully three dimensional modelling of the spilling from a reservoir with relatively complex geometry 
were performed and compared to experimental results from a physical scale model with the aim to advance the 
science of numerical modelling of free surface flow of real reservoirs. In the set-up in focus the water was spilled 
from the reservoir through three gates that could be manoeuvred separately. In the first case two of the gates were 
closed and the third gate was partly opened. In this experimental set-up the water surface in the reservoir was close 
to horizontal. Therefore it was here meaningful to compare a rigid lid modelling approximation to the more 
computational heavy method of Volume of Fluids. In the second case, all three gates were open, resulting in a non-
horizontal varied flow surface profile in the reservoir upstream critical sections at the spillway crests. This case was 
simulated with Volume of Fluids and the position of the air-water interface was derived for two turbulence models, 
the standard k- and SSG. Water levels, velocities and the shape of the water surface were compared to experiments. 
The simulation results capture qualitative features such as a vortex near the outlet and show good quantitative 
agreement with the experiments regardless of method used to simulate the free surface. In general, simulations with 
the standard k-  and the more advanced SSG turbulence models give the same results with respect to the averaged 
quantities measured. 

Keywords: CFD, numerical simulations, validation, volume of fluid, VOF, hydropower 

1. INTRODUCTION

The determination of spillway capacity in a 
design phase of a dam is often costly. Physical 
scale models are often used to derive results with 
good accuracy but at high costs. There are semi-
empirical methods that give faster and initially 
less expensive answers but the cost of safety 
margins often exceeds the savings. Dam safety 
aspects also often requires a more elaborate 
analysis of the flow conditions in and downstream 
the spillway. Simulations with Computational 
Fluid Dynamics (CFD) have a potential to 
provide high accuracy at a lower cost than 
physical models by numerically resolving the 
fully three dimensional flow. However, to be a 
reliable tool CFD needs to be validated for a 
number of physical situations and ways to model 
the flow (Casey and Wintergerste, 2000). The 
latter includes different methods to model the 
position of the free water surface and turbulence. 
One of the approaches of CFD not investigated 
here is to apply so called three dimensional 
hydrodynamic models (Chau and Jiang, 2001; 
Park et al., 2005; Trancoso et al., 2005). The 
concept is that a 2D grid of cells is generated that 

fits the plan-view outline of the water body and a 
depth for each cell is added from bathymetric 
assessments. With appropriate models this often 
gives a good enough estimate but obviously, the 
in depth flow profile is not resolved. These 
models can be very effective for important 
environmental applications such as water quality 
and pollutant transport in relatively large systems 
of water (Chau and Jiang, 2004; Wu and Chau, 
2006). 
In the present study focus is set on the spilling of 
the Höljes reservoir located in the river Klarälven 
in the central part of Sweden. Due to new 
demands on the dam, spillway capacity needed to 
be increased. In a series of experiments in a 
physical scale-model (1:50) different designs 
were tested and for one of them measurements of 
surface levels and velocities were carried out 
which were compared to simulated results with 
CFD to scrutinize different simulation 
methodologies. The simulations were carried out 
with different models of the free surface of the 
water and with different turbulence models. Both 
a rigid lid approach and the Volume of Fluid 
(VOF) method were applied. The rigid lid 
approximation implies that the water air surface is 
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modeled as a rigid “ceiling”. This approach is 
known to be valid if the deformation of the water 
surface is less than 10% of the depth of the 
channel (Rodriguez et al., 2004; Lundström et al., 
2010; Andersson et al., 2012). In the VOF method 
a volume fraction field F is introduced, which for 
each element in the computational grid is the 
fraction of that element volume that is occupied 
by a specific fluid, see Hirt and Nichols (1981) 
and Scardovelli and Zaleski (1999). The latter 
method has been used to simulate flow over 
spillways on a model scale by 2D (Savage and 
Johnson, 2001; Tabbara et al., 2005; Kirkgoz et 
al., 2009) and 3D set-ups (Ho et al., 2004), 
showing good conformity between simulations 
and experiments. Han et al. (2011) performed 
simulations on a sharp open-channel bend with 
vanes where the VOF method with a Reynolds 
Stress turbulence model gave the best agreement 
with experiments. In Rahimzadeh et al. (2012) the 
flow over a spillway with circular geometry is 
studied in detail with different turbulence models 
and VOF. A main conclusion is that simulations 
with RMS, RNG k- , Realizable k-  and SST k-  
turbulence models agree well with experimental 
data while the conformity is less when using the 
standard k-  and k-  models. This is in agreement 
with Hargreaves et al (2007) who concluded that 
detailed separated areas were better captured with 
more advanced turbulence models than k- .  
Alternatives to VOF not scrutinized here are to 
model a deformable mesh or adaptive grid as 
done by Andersson et al. (2003) and Haun et al. 
(2011) or to use smoothed particle hydrodynamics 
as done by Lopez et al. (2010) and Jonsson et al. 
(2011) where the shape of the water surface at a 
hydraulic jump was compared with experimental 
data. By doing simulations on a two dimensional 
geometry the adaptive grid method tested in Haun 
et al. (2011) was also compared to VOF and to 
experiments with good agreement.  
With the objective to shed further light on the 
trust in CFD in dam safety hydraulics, a 
comparative study with a physical scale model 
has been conducted. The flow through the domain 
displayed a high level of complexity, compared to 
most previous similar studies. Two different 
models for the free surface and the turbulent flow 
were tested. The quality of the simulations was 
verified by grid convergence studies and the trust 
was based on validation with experiments. 

2. EXPERIMENTAL SETUP 

The reservoir in the physical scale model was 
built with sand with a concrete armor while the 

spillway and the gates were built with stainless 
sheet metal. The model was scaled with respect to 
the Froude number and fully hydraulic rough 
conditions were considered upstream the spillway 
crest in the model and in the prototype. Upstream 
the spillway there is a relatively shallow area 
(typically 6 m in the prototype) including a sharp 
bend that connects the spillway to the deeper parts 
of the reservoir, see Fig. 1. The flow was driven 
by a constant high head reservoir system and the 
flow rate monitored with a flow meter with an 
uncertainty of 1% when calibrated on-site and 
operated within its optimal flow range. A 
permeable barrier of packed 35 mm spheres was 
used at the inlet to the reservoir to generate an 
evenly distributed inlet profile. Velocity profiles 
were measured at depths of 57 mm and 115 mm 
from the water surface in a measuring transect, 
approximately perpendicular to the bulk flow 
direction and located just upstream the gates, see 
plane No. 4 in Fig. 1. This location was selected 
to ensure that the detailed flow field, when 
approaching the spillway gates, was captured in 
order to get a valid measure of the discharge 
distribution between the different gates. 
A 10 MHZ Acoustic Doppler Velocimeter (ADV) 
from Nortek AS was used for the measurement of 
all three velocity components. The sampling rate 
was set to 25 Hz for a period of 24 s in each 
measuring point. An initial study yielded that this 
frequency was sufficiently high and the period 
sufficiently long to get stable mean velocities in 
all the measured points. Time averaged results 
were derived for comparison to simulated results. 
The accuracy of the ADV is ± 1% with a 
resolution of 0.1 mm/s. The ADV was mounted 
on a ladder on top of the model. This setup 
enabled stable and precise measurement at points 
horizontally separated by 0.3 m.  

 
Fig. 1 Geometry and definitions, 1. inlet, 2. reservoir, 

3. guiding wall, 4. plane for measurements of 
velocity, 5. outlet for case 1, 6. plane for 
measurement of surface profiles. 7. outlet for 
case 2. 
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Fig. 2 Segments and measuring points in right gate 

for hydrometric paddle-wheel measurements. 

The water level profile was measured in two 
sections in the spillway (Nos. 6 and 7 in Fig. 1) 
with a point meter with 0.01 m spacing between 
measuring points. The point meter is estimated to 
have an accuracy of at least 0.5 mm.  
The discharge distribution through the three gates 
is important for the spilling process and was here 
estimated by doing measurements with a 
hydrometric paddle-wheel at two depths, in two to 
four sections for each gate opening, see Fig. 2 for 
one example. By ordinary area integration 
discharges for the three gates were then derived 
according to:  

2
21 n

nn

UU
aQ  (1) 

where an is the area of the nth segment of 
respective gate and U1,2 are the velocities, as 
measured in the middle of each segment with a 
handheld hydrometric paddle-wheel at two depths 
d1 and d2, see Fig. 2. The hydrometric paddle-
wheel was used instead of the ADV close to the 
gates to achieve better accuracy in positioning. 
The main drawback is that the velocity is 
measured without direction. This may have a 
minor effect since the streamlines seem to be 
diverted from the walls, see Fig. 2. Most of the 
deviations take place, however, downstream the 
measuring plane. 

3. NUMERICAL SETUP 

The numerical procedure can be generalized in 
the following steps: geometry creation, mesh 
generation, defining simulations by selecting 
appropriate numerical schemes and boundary 
conditions, running simulations on the numerical 
solver and lastly analyzing and validating the 
results.  
The geometry for the simulations was created by 
laser scanning the reservoir in the physical down-
scaled model and the spillway area was formed 
from 2D drawings. The accuracy of the laser 

scanning ranges from ± 3-5 mm depending on the 
detailed shape of the reservoir and the incoming 
angle of the laser. The point cloud obtained by the 
laser scanning was used to produce a bottom 
surface in the software Imageware 13 from 
Siemens PLM. The spillway entrance and the 
spillway segments were modeled in UGS NX5. 
The numerical grids for the rigid lid and VOF 
model were generated in Ansys Icem CFD 12 as 
tetrahedral elements with thin layers of prism 
elements close to the wall to improve the near 
wall resolution. A global smoothing of the mesh 
with regards to the aspect ratio and the minimum 
angle was applied to increase mesh quality. The 
aspect ratio is here defined as the relation between 
the radii of an inscribed sphere to a circumscribed 
sphere of a tetrahedral element and the minimum 
angle is simply the minimum angle of the grid 
elements.  
The physical model had three gated spillways that 
can be maneuvered separately. Two gate 
configurations were tested. For the first case, 
Case 1, the right gate was partly opened giving a 
submerged outlet, i.e. the free surface was located 
above it and the left and middle gates were kept 
closed. The spillway was not included in the 
numerical models for this case.  This enabled the 
surface of the reservoir to be modeled with a rigid 
lid approximation with zero friction as a free 
surface with the VOF method. In this case a 
volume fraction value of F = 1 is defined as a 
pure water element and F = 0 is a pure air element. 
Hence, there is a numerically induced interphase 
formed where 0 < F < 1 enabling us to define the 
sharp transition from air to water at F = 0.5. The 
water depth in the rigid lid model was set to be 
the same as measured in the scale model.  
For the second case, Case 2, all gates were kept 
fully open giving free surface flow into the 
spillway. The geometry for Case 2 included about 
one third of the spillways which is considered 
enough to give a good discharge distribution for 
the gates. This case was exclusively simulated 
with the VOF method. Physical properties of air 
and water at 25°C were used in the simulations. 
The commercial software CFX12 from Ansys Inc. 
was used for all simulations. Ansys CFX uses an 
element-based finite volume method to discretize 
the spatial domain. A volume mesh is applied 
where the finite volumes are used to conserve 
mass, momentum, energy and other relevant 
quantities (Ansys 2009). Computationally 
demanding simulations were run on a parallel 
solver with double precision on a 64-bit Linux 
cluster, which has proven to provide excellent 
parallelization (Hellström et. al. 2007).  
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The governing equations are the incompressible 
Reynolds-averaged Navier-Stokes equation and 
the continuity equation here given as: 

21 ( )
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where U is the mean part of the velocity 
component, P is the fluid pressure,  is the 
viscosity of the fluid,  is the fluid density and 

ijuu  are the Reynolds stresses. The k-  
turbulence model was used for both cases with 
scalable wall functions. In the k-  turbulence 
model, Reynolds stresses are linearly related to 
the strain: 

ijijTij kSuu
3
22  (4) 

where k is the turbulent kinetic energy, T is the 
eddy viscosity and Sij is the mean strain tensor  
here defined as 
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The eddy viscosity is modeled as 
2kCT  (6) 

where C  is a model constant and  is the 
turbulent dissipation rate (Launder and Spalding 
1974).  
For Case 2 also the SSG model was employed. 
This is a Reynolds stress model where the 
pressure-rate-of-strain tensor is modeled in detail 
by the usage of 10 constants. To obtain closure 
the dissipation is modeled in a similar manner as 
for the k-  model. For a more detailed description, 
see Speziale et al. (1991). The result is that the 
model performs very well in a number of generic 
cases such as axisymmetric expansion/contraction 
flow. It is also better suited to handle anisotropic 
turbulence and turbulence induced secondary 
flow as compared to the k-  model, for instance 
(Larsson et al., 2011). 
Ansys steady-state solver with the High 
Resolution advection scheme was applied for both 
the flow and turbulence equations. The High 
Resolution scheme uses a close to second order 

solution in areas with low variable gradients. In 
regions where the gradients change sharply the 
solution will approach a first order scheme, in 
order to prevent over- and undershoots and 
maintain robustness (ANSYS, 2009). The 
convergence criterion for the root mean square 
residuals of pressure and velocity was set to 10-6. 
Velocity and pressure were monitored at five 
points spread over the domain to guarantee stable 
conditions both in the reservoir and spillway gates. 
Two flow rates, Q, were applied, 0.034 m3s-1 and 
0.097 m3s-1. The inlet boundary condition was set 
as a constant mass flow of water. The initial 
condition for the water surface level for the VOF 
simulations was defined by giving an initial water 
depth close to the water depth measured in the 
physical down-scaled model at the inlet and outlet 
of the numerical model. The surface was then 
allowed to adjust itself during the calculation. The 
outlet was defined as a pressure type boundary 
condition. The reason for not setting the exact 
same water depths in the simulations as measured 
in the scale model was to test the ability of VOF 
to find the correct surface levels under uncertain 
conditions. When testing new designs for 
example, the upstream and downstream water 
depths are variables that need to be determined. 
The bottom surface in the reservoir was modeled 
both as a smooth surface and with a roughness 
length of 3 mm in an attempt to match the 
roughness of the concrete surface. This variation 
did not, however, have any significant impact on 
the final results.   
A grid independence study was carried out for 
Case 2 with Q = 0.097 m3s-1, a surface roughness 
of 3 mm and with the k-  turbulence model on 
four meshes, N1-N4 with 1.5 Million (M), 2.8M, 
5.3M and 8.8M nodes, respectively.  

4. GRID CONVERGENCE STUDY 

The main velocity component along a horizontal 
line with distance D from the guide wall at a 
depth of 57 mm in measuring plane 4 defined in 
Fig. 1 was compared for the different meshes. 
Richardson extrapolation was performed at 20 
points on the profile for meshes N1, N2 and N4 
according to Celik et al (2008). The local order of 
accuracy p ranges from 0.27 to 19.76 with a 
global average of 5.95. Oscillatory convergence 
occurs at 4 out of 20 points. The deviation of the 
calculated order of the extrapolation from the 
formal order of the High Resolution scheme 
which lies between 1 and 2 should not necessarily 
be taken as unsatisfactory calculations according 
to Celik et al (2008). The Grid Convergence 
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Index (GCI) for the finest grid N4, GCIN4 was 
calculated at all points. Since the average order 
from the Richardson extrapolation was over 
predicted the calculations were made with p = 1.5 
to not underestimate the error. The maximum 
discretization uncertainty was 32% at the point 
closest to the guide wall corresponding to a 
velocity of ±0.089m/s. The average discretization 
error for GCIN4 was 2.97%. The GCI for grid N2, 
GCIN2 was then calculated from GCIN4 following 
Roache (1994) giving an average discretization 
error of 5.27%. The corresponding value for the 
coarsest mesh GCIN1 was 7.14% but with a much 
smaller gain in computational time. The main 
result was that the discretization error is very low 
in the bulk for all grids but large uncertainties 
arise close to the walls because of the large 
velocity gradient, see Fig. 3 where the velocity 
profile for the three grids is presented along with 
error bars of the discretization error calculated 
from GCIN2. 
The numerical diffusion at the interface between 
the two fluids was also investigated for the 
different grids. For an infinitely fine grid the 
numerical diffusion should be zero and to get an 
estimate of the error the absolute volume of the 
elements with a volume fraction of water between 
0.1 and 0.9, Vd (m3) was calculated for all meshes. 
Richardson extrapolation was used on the three 
finest meshes N2-N4. The apparent order 
obtained was 1.52 and the extrapolated value 
corresponding to an infinite fine grid was Vd = 
0.059 m3. Fig. 4 shows the volume of diffuse 
elements normalized with the total volume as a 
function of average grid spacing, h being defined 
as 

3/1

N
Vh tot  (7) 

where N is the number of mesh nodes in the N1-
N4 meshes and h = 0 corresponds to an infinitely 
fine grid. By dividing the extrapolated value of 
the diffuse volume with the total area of the water 
surface an average interphase thickness of 3.9 mm 
was obtained.  
Given the results of the grid study, the results 
from the coarsest mesh were considered too crude 
and were discarded. The rest of the results in this 
study are therefore generated using the 2.8M 
nodes mesh which was giving high enough 
accuracy with a reasonable computational time of 
2-3 days on 40 cpu cores with the more 
computationally demanding SSG turbulence 
model. The velocity is well predicted, see Fig. 3, 
the interfacial diffusion is about 3% and it can 

 

 
Fig. 3 Mesh dependence of velocity profile with 

error bars calculated from GCIN2. 

 
Fig. 4 Richardson extrapolation of numerical 

diffusion. 

also be concluded that the Richardson 
extrapolation gives a good approximation but 
slightly overestimates the numerical diffusion for 
the present case, i.e. Vd should be zero when h is 
zero, see Fig. 4. It may be argued that the 
Richardson extrapolation should be done on some 
other variable like the location of the free surface 
instead of the numerical diffusion. The interfacial 
diffusion is, however, a more direct measure from 
which the location of the free surface is derived. 

5. RESULTS AND DISCUSSIONS 

A qualitative feature of the flow in Case 1 is a 
vortex that is created at the left edge of the 
opened gate. This feature appears in the form of a 
large separation in the simulations with VOF and 
in the physical scale model experiments, see the 
black arrows in Fig. 5. 
The surface level calculated with the VOF model 
for Case 1 was evaluated in the previously 
defined measurement plane. The water level was 
on average 3.9 mm higher in the numerical 
calculations compared to the depth in the scale 
model, see Fig. 6 where error bars for the 
simulated water level were determined from the 
numerical diffusion obtained for grid N2.  
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Next comparison is focused on the velocity 
normal to measuring plane 4 in Fig. 1. As seen in 
Fig. 7 both surface models show good agreement 
with the experiments. Error bars for simulations 
are based on the average discretization error of 
GCIN2 and error bars for measurements from the 
uncertainty of the ADV. The negative velocities 
close to the guiding wall originate from a large 
recirculation zone that is located between the 
guide wall and the left gate.  
The velocities in the same measuring plane for 
Case 2 are shown in Fig. 8. The two turbulence 
models tested show nearly identical behavior 
 

 
(a) 

 
(b) 

Fig. 5 Separation at the outlet of Case 1 as simulated 
with VOF method (bottom) and as observed 
in physical scale model (top). The white 
arrow indicates the main flow direction. 

 
Fig. 6 Measured and simulated surface levels for 

Case 1 in measurement plane 4. 

except close to the guiding wall. Negative 
velocities related to a separation at the guiding 
wall can be seen for both turbulence models at the 
57 mm depth but only for SSG at the 115 mm 
depth. It can also be seen that the separation is 
wider for SSG at both depths. This difference can 
be traced to the fact that the SSG model predicts 
separation much better than the k-  model. The 
velocity peak close to the guiding wall that is seen 
with both turbulence models is not captured in the 
measurements. However, the spacing of the 
measurements is too coarse to be used for 
validation of this peak. 
The water surface with the two different 
turbulence models matches very closely except in 
the separation zone at the guiding wall. The k-  
model predicts a larger dip of the water surface 
and a smaller separation than the SSG model, see 
Fig. 9. The reattachment length for the separation 
was 0.17 m with k-  and 0.33 m with SSG. This 
length was not easily obtainable in the scale 
model due to the unsteady nature of the flow but 
by qualitative comparisons the SSG turbulence 
model seems to better capture the size of the 
recirculation zone. The difference in average 
water depth over the entire domain is 0.7 mm.  
The simulated water level in the spillway is close 
to the measured water level, see Fig. 10, where  
 

 
(a) 

 
(b) 

Fig. 7 Comparison of normal component of velocity 
between the rigid lid model and VOF method 
for Case 1 at (a) 57 mm and (b) 115 mm 
depth. 
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(a) 

 
(b) 

Fig. 8 Comparison of normal component of velocity 
between k-  turbulence model and SSG 
turbulence model for Case 2 at (a) 57 mm and 
(b) 115 mm depth. 

the simulated water levels are from the k-  model 
simulations. In the physical down-scaled model 
the water is flowing over the dividing wall close 
to the outlet as seen in the last profile in Fig. 10. 
This is not captured in the simulations. The 
measured profiles also show a larger influence of 
cross-waves than the simulations. Both these 
discrepancies can be an effect of the numerical 
diffusion at the surface that smears out small 
deformations of the surface in the spillway. 
The discharge through each outlet was computed 
and compared to the measurements. Simulations 
with both turbulence models yield good 
conformity for the left gate but the flow rate 
through the middle gate was found to be higher 
and that through to the right gate lower in the 
simulations as compared to the measured 
discharge, see Table 1. The velocity 
measurements in Fig. 8 do not give any indication 
as to why this difference arises. Hence the 
difference can be traced to phenomena down-
stream plane 4. One detected difference is the 
cross-waves detected in the experiments but not 
captured by the simulations. The results anyway 
compare reasonably well considering the 
resolution for the prediction of the experimental 
discharge.  

 
(a) 

 
(b) 

 
(c) 

Fig. 9 Water surface for k-  (top) and SSG (middle) 
and scale model (bottom). 

 
(a) 

 
(b) 

Fig. 10 Surface levels in local coordinates in spillway 
for Case 2, planes 6 and 7 in Fig. 1. 
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Table 1 Discharge through spillway gates for Case 2 
and deviation of simulations compared with 
measurements. 

 Left  
[m3s-1] 

Middle 
[m3s-1] 

Right 
[m3s-1] 

Measured 0.0312 0.0291 0.0365 
Simulation k-  0.0305  

(-2.24%) 
0.0314 
(7.90%) 

0.0349  
(-4.38%)

Simulation 
SSG 

0.0309  
(-0.96%) 

0.0311 
(6.87%) 

0.0347  
(-4.93%)

 
To fully include flow phenomena that are highly 
turbulent and unsteady more advanced numerical 
methods such as Large Eddy Simulations (LES), 
Detached Eddy Simulations (DES) or even Direct 
Numerical Simulations (DNS) might be necessary. 
To model the abundant air-entrainment that 
occurs when the flow from the spillway enters the 
spilling basin, a more sophisticated way to handle 
the multiphase flow should be applied as VOF is 
no longer suitable. If the above mentioned 
limitations can be overlooked the assumptions 
made in this study can capture the general 
behavior in a sufficiently detailed manner to be 
used when designing new spillways or upgrading 
spillway capacity in existing ones. 

6. CONCLUSIONS  

Full three dimensional modelling of the free 
surface flow during spilling from a reservoir with 
relatively complex geometry have been 
successfully verified with a mesh refinement 
studies and validated with experiments. The 
verification confirms that a mesh with 2.8 million 
nodes is fine enough with an interfacial diffusion 
of about 3%. The validation show good 
qualitative agreement with scale model 
observations. Separations and surface 
deformations are captured by modeling the free 
surface with VOF. The two turbulence models 
investigated: k-  and SSG, yield similar results 
except in the region with separation where SSG 
predicts a larger and wider separation zone closer 
to what is observed in the scale model. This is 
consistent with previous research and literature.  
The mean water levels in the spillway obtained 
from the CFD are captured well but show a 
smoother shape of the surface than measurements. 
The simulations under predict important physical 
features such as cross-waves in the spillway. It 
could be possible to better resolve the shape of 
the water surface by implementing a grid 
refinement that generates a finer mesh at the 

interface between air and water thus reducing 
numerical diffusion (Richardson extrapolation 
yields a diffusion of about 0.8% for an infinitely 
fine grid). Implementing this refinement could be 
a subject for future work. The distribution of 
discharge through the different gates for the 
simulations is close to that of the measurement in 
the scale model but the simulations over predict 
the discharge through the middle gate compared 
to the right gate but is still considered to be within 
the accuracy of the discharge measurements. 
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Abstract
A surface of large roughness was created as a scale replica of a laser

scanned rock tunnel. It was used as one of the side walls in a channel
with rectangular cross-section for both a numerical and an experimental
hydraulic model. The flow was modelled with Computational Fluid Dy-
namics in steady and unsteady RANS simulations and measured with
Particle Image Velocimetry. Double-averaging was performed in time
and space along the central plane of the rough surface. Important vari-
ables for flow over rough surfaces such as the shear velocity and the
zero-plane displacement height were examined for both simulations and
experiments. The pressure fluctuations caused by the rough surface were
also investigated. The simulations show a similar flow pattern as the
measurement although the simulated velocities are lower and the lo-
cation of maximum velocity occurs closer to the rough surface in the
measurement. The Double-averaged Reynolds stress and form induced
stress are reasonably well predicted in the simulation as compared with
experiment. However, the shear velocity u∗ which often is used to scale
the near-wall flow and the shear stresses is lower in the simulations re-
sulting in a larger difference for scaled results.
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Introduction

Flow over rough surfaces has been the subject for research since the 1850s and
has many important industrial and geophysical applications. This includes flow
over canopy, in tunnels and in natural channels. In this context a rough sur-
face is likely to induce local variations in pressure and velocity as a function
of position and time which may promote erosion processes. When studying
this and other issues related to flow over rough surfaces, experimental work
has gradually been complemented with numerical methods. The traditional
way of dealing with surface roughness in large scale Computational Fluid Dy-
namics (CFD) models is to apply the wall-function approach developed by
Launder and Spalding (1974). In this method an equivalent sand-grain rough-
ness height, ks is defined to represent the entire rough surface in the domain.
This approach is, for instance, often applied for CFD-models of river flows
(Hodskinson and Ferguson 1998; Lane et al. 1999; Nicholas and McLelland
2004; Andersson et al. 2012). By usage of the wall-function approach it is not
however possible to study local variations in pressure and velocity. In many
real cases (e.g. in natural channels or excavated tunnels) there are large vari-
ations in the scales of roughness. In very rough circumstances there might
even be difficult to distinguish between wall roughness and large scale rough-
ness which more resembles flow past obstacles. Attempts at improving the
roughness description for river flow includes the porosity model suggested
by Olsen and Stokseth (1995) and a random elevation model suggested by
Nicholas (2001) where large scale roughness was stochastically added to the
bed level and resolved by the numerical grid at the same time as small scale
roughness was handled by the wall functions.

In this study an alternative methodology is applied by using a laser scan-
ning of a rock tunnel to create a realistic natural surface for simulations and
measurements for flow over rough surfaces. One side wall from the tunnel was
down-scaled and placed in a channel with rectangular cross-section for both a
numerical and an experimental hydraulic model. CFD-simulations and Parti-
cle Image Velocimetry (PIV) measurements were carried out. Time averaged
flow over naturally rough surfaces displays large spatial variations. Hence a
double-averaging (DA) technique was then performed along the central plane
of the rough surface. In the DA method the flow quantities are averaged both
in time and in space along the main flow direction. This methodology has
proven to provide appropriate descriptions of the near bed flow for gravel-
bed streams (Nikora et al. 2001). A detailed description of the theory be-
hind the DA method and the applications of it were presented by Nikora et al.
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(2007a) and Nikora et al. (2007b). Double-averaging experiments with Acous-
tic Doppler Velocimetry (ADV) have been performed on impermeable beds
(Sarkar and Dey 2010) and permeable, seeping beds (Dey et al. 2011). The
DA concept has also successfully been used on Acoustic Doppler Velocity
Profiler measurements on flow over a gravel bed with the turbulent kinetic en-
ergy of the flow in focus (Mignot et al. 2009). The effects of bed-load transport
on rough-bed flow was evaluated by performing DA analysis on PIV measure-
ments showing that the effects from the roughness on the channel bottom can
either be amplified or dampened depending on the size of the seeding mate-
rial (Campbell et al. 2005). Numerical simulations of DA flow over a rough
bed with large pebble clusters has also been compared with experiments giv-
ing good agreement for both velocity and eddy viscosity (Rameshwaran et al.
2011).

Double averaging of flow variables is performed by applying two decom-
positions. The Reynolds decomposition in time is applied as θ = θ̄+θ′ where
the overbar denotes a time or ensemble average. Hence θ̄ is the time average of
the variable and θ′ is the fluctuation in time. The spatial averaging of the flow
variable is decomposed as θ̄ = ⟨θ̄⟩+ θ̃ where brackets denotes the spatial av-
erage along the investigated plane and θ̃ is the deviation of the time-averaged
component from the double-averaged component ⟨θ̄⟩. Manes et al (2007) dis-
cuss, in detail, two variables that that need to be defined for a successful DA
analysis for flow over rough beds, the location of the zero-plane displacement
height d and the shear velocity u∗. Both of these variables appear in the follow-
ing relationship for the logarithmic velocity distribution for the dimensionless
velocity u+,

⟨ū+⟩= ⟨ū⟩
u∗

=
1
κ

ln
(

z−d
ks

)
+B (1)

where κ is the von Karman constant. The von Karman constant is generally
assumed to be within the range κ = 0.4-0.42 but has been shown to be as low
as 0.37 for atmospheric boundary layers (Frenzen and Vogel 1995). Hence,
although often term to be constant, κ can slightly vary for different conditions.
Nagib and Chauhan (2008) found that κ = 0.41 for flow in pipes with high
Reynolds numbers and this value is therefore selected in the present study.
The quantity B is also often treated as constant but has proven to alter as a
function of the geometry of the rough surface, the type of channel and shear
velocity, see Coleman et al. (2007). An overview of methods to determine d
was presented by Nikora et al. (2002). Based on this review a new method was
suggested having a more physical basis than previous models. By extending
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Prandtl’s mixing length hypothesis to the DA velocity Nikora et al. (2002)
derived that for an arbitrary vertical coordinate Z = z− d, the inverse of the
velocity gradient can be expressed as(

d⟨ū⟩
dz

)−1

=
κ
u∗

z− κ
u∗

d. (2)

When velocity data with sufficient spatial resolution above the rough surface
is available, both d and the shear velocity u∗ can be estimated.

The shear velocity which is the typical scaling parameter for boundary
layer flow is usually defined as u∗ =

√
τw/ρ where τw is the wall shear stress.

A more direct way of obtaining u∗, than from Eq. 2, is to evaluate the Reynolds
stress profile. By extrapolating the linear part of this profile down to a plane of
reference; typically to the top of the roughness crests, the wall shear stress and
thus the shear velocity can be found.

The DA implies that the total shear stress obtains an additional form in-
duced term as compared to the time-averaged total shear stress according to

⟨τ̄⟩=−ρ⟨u′w′⟩−ρ⟨ũw̃⟩+ρν
⟨

∂ū
∂z

⟩
(3)

where −ρ⟨u′w′⟩ is the Reynolds shear stress, −ρ⟨ũw̃⟩ is the "new" form in-
duced shear stress and ρν⟨∂ū/∂z⟩ is the viscous shear stress in which ν is the
molecular viscosity. The viscous shear stress typically affects the flow field
only below the roughness crests and is therefore insignificant in this study.

One main driving force for the present study is to start creating an updated
description of the modelling of surface roughness in CFD simulations since the
existing ones are likely to be insufficient for flow with really large scale rough-
ness. This is the case for a number of applications such as flow in river beds or
in blasted rock tunnels. In order to develop this updated description, the flow
over this type of surfaces must be modelled and validated with experiments.
Another main driving force is to investigate how the flow characteristics near
the rough surface can be described and how it possibly can be used as input to
models of erosion processes in river beds or flow in tunnels.

The model of the rough surface

The geometry of the model was captured by laser scanning a real tunnel. The
laser scanning had a resolution of approximately 200 points/m2. A rectangular
part of the side wall was extracted and down-scaled 1:10 in order to create



Flow over a surface with large roughness... 119

Figure 1: Inlet to the rough surface. Physical model to the left and virtual
model to the right

a physical model for experimental validation. This resulted in a 250 x 4000
mm2 surface with 56 mm between the lowest and highest point and a standard
deviation of 9.3 mm. The surface was placed as a side wall in a channel with
rectangular cross-section giving an average distance between the rough wall
and the opposite smooth wall of 150 mm see Figure 1.

Experimental studies of flow over rough surfaces have almost exclusively
been performed on free surface flows. One of few studies with a smooth wall
opposite the rough wall was presented by Hanjalic and Launder (1972).

The reference level for the vertical axis z = 0.0 was placed at the average
rough bed surface elevation. The DA analysis was performed along the plane
in the centre of the channel from x = 3.1 m to x = 4.0 m. The surface elevation
along the central plane of the channel is shown in Figure 2. The highest tops
in the measured section were located at zc = 5.9 mm. The flow rate in both
the experimental and numerical model was 100 l/s being well within the fully
hydraulic rough domain, with a Reynolds number (Re) based on hydraulic di-
ameter Dh and mean channel velocity of Re ≈ 500000 and a relative roughness
of ks/Dh ≈ 0.05.

Experimental set-up

The rough wall was mounted in a 10.00 m long channel with a 4.00 m smooth
section before it and a 2 m smooth section behind it. The cross-sectional area
of the channel was 0.20 x 0.25 m2. A 0.30 m ramp was placed in the last part
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Figure 2: Surface elevation along the central plane of the channel

of the smooth channel giving a better transition from smooth to rough wall, see
Fig. 1. Upstream of the channel there was a 90◦ bend connecting the channel
with a large vertical tank.

PIV measurements were performed on the final 0.9 m of the rough surface.
The advantages of this type of measurements are that the spatial and tempo-
ral resolution is high and that it is a non-intrusive method, meaning that the
method itself does not affect the flow field. On the down side, PIV requires
optical access typically from two perpendicular sides of the phenomena stud-
ied (Raffel et al. 1998). In this work velocity measurements were carried out
in a two dimensional plane, capturing the two dominant velocity components
in the plane. The discrete roughness elements block some of the view and it is
difficult to capture the flow field close to the rough surface. Since this work fo-
cuses on the flow above the roughness crests this limitation was not considered
to be of major importance.

The PIV-system used was a commercially available system from LaVision
GmbH. It consists of a Litron Nano L PIV laser, i.e. a double pulsed Nd:YAG
with a maximum repetition rate of 100 Hz, and a 10-bit LaVision FlowMas-
ter Imager Pro CCD-camera with a spatial resolution of 1280x1024 pixels per
frame, see e.g. (Green et al. 2011; Larsson et al. 2012). The laser was mounted
on a traverse so that the light sheet and camera could be repositioned up to 500
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mm along and across the flumes length wise direction. To cover a larger area
of the flow field above the rough surface the whole traverse needed to be repo-
sitioned. This was done once during the measuring campaign to avoid larger
alignment errors of the overlapping measuring planes. The tracer particles used
were the previous proven feasible AkzoNobel’s Expancel 551 WU 20 hollow
thermoplastic spheres with a diameter ranging from 2 to 30 µm, and a density
of 1.2 g/cm3. The typical particle image diameter was 3±1 pixels and the ra-
tio between the maximum light intensity at the centre of the particles and the
background was more than 40 to avoid peak looking (Odemark et al. 2009).

A time separation between the pulses of 350 µs was found suitable for
the flow condition. The repetition rate of the laser was set to 60 Hz and each
measurement includes 712 picture pairs. To get a sufficient spatial resolution
and to minimize errors each picture pair was run three times with a multi-
pass scheme. The starting size of the interrogation window was 32x32 pixels
with 0% overlap and the final two sizes was 16x16 pixels with 25% overlap.
Some spurious vectors were found in the results, typically less than 2 % of the
total number of vectors. To minimize subsequent errors in the double-averaged
profiles the resulting vector fields were post-processed with a peak ratio value,
i.e. the ratio between the highest and second highest peak in the evaluation, of
1.3 and median filtering (Westerweel and Scarano 2005).

Numerical set-up

The flow is governed by the Reynolds-Averaged Navier-Stokes equation and
the continuity equation given as for incompressible flow

∂ūi

∂t
+ ū j

∂ūi

∂x j
=−1

ρ
∂P̄
∂xi

+ν
∂2ūi

∂x2
j
−

∂(u′ju′i)
∂x j

(4)

∂ūi

∂xi
= 0 (5)

where ui are the velocity components, P̄ is the averaged fluid pressure and ρ
is the fluid density. The k− ε turbulence model with standard wall functions
was applied. It is well known that this model has several disadvantages such as
the ability to model separation and reattachment of flow or secondary flows in
non-circular channels (Casey and Wintergerste 2000; Larsson et al. 2011) but
that it still can disclose the main flow features in many cases e.g. Andersson
et al. (2013). The Reynolds stresses are modelled as



122 A. G. Andersson et al.

−u′ju
′
i = νT

(
∂ū j

∂xi
− ∂ūi

∂x j

)
− 2

3
kδi j (6)

where k is the turbulent kinetic energy, νT is the eddy viscosity defined as

νT =Cµ
k2

ε
. (7)

A standard wall function (Launder and Spalding 1974) is applied for the near
wall flow as

u+ =
ū
u∗

=
1
κ

ln(z+)+C (8)

where z+ is the dimensionless wall distance defined as z+ = u∗z/ν and C is a
model constant.

The geometry was discretized into several unstructured numerical grids by
varying the element side length from 12.4 mm to 6.0 mm. The half of the
channel closest to the rough channel was refined by a factor 0.5 of the ele-
ment length giving better numerical resolution in the most critical area of the
domain. The commercial software CFX13 from Ansys was used to solve the
steady and unsteady Reynolds-averaged Navier-Stokes equations. The inlet
boundary condition for the rough surface channel was determined by simu-
lating a model of the upstream geometry for the experimental set-up with a
constant velocity inlet and taking the velocity profile from the start of the
rough surface as inlet condition to the rough surface simulations. The up-
stream geometry consisted of a 4 m straight rectangular channel and 1 m of the
rough surface was included to capture potential disturbances from the smooth
to rough transition. The outlet boundary condition for both upstream and rough
surface simulation was set as an average static pressure of 0.0 Pa. The physical
properties for water were given at 25◦C. The transient simulations were as-
signed a transient time-step of 0.0025 s and were averaged over a time period
of 10 s. The discretized equations were solved with a second order accurate
scheme for velocity and pressure and a High Resolution first and second order
hybrid scheme for turbulence while the transient scheme used was a second
order backward Euler. The RMS residuals for velocity and pressure were set
to converge to at least 10−6.

Grid convergence study

The DA of the stream-wise velocity component ⟨ū⟩ was evaluated with Richard-
son extrapolation following Celik et al. (2008). Simulation data was uniformly
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Figure 3: Grid convergence with GCI as error bars for the finest mesh

sampled from the plane directed along the main flow, same plane that was
used for the PIV measurements, with a resolution of 8 mm/data point in the
stream-wise direction and 0.4 mm/data point in the vertical direction. The
time-averaged velocity data was then averaged along the stream-wise direc-
tion producing the DA velocity ⟨ū⟩. The results from three grids with 591k,
2886k and 4346k nodes (3.2M, 16.5M and 25M elements) were evaluated in
30 points in the vertical velocity profile. The local order of accuracy p had a
minimum of 2.36 and a maximum of 6.07. The global average of p was 4.26
and oscillatory convergence where no p could be found occurred at 8 out of 30
points. The Grid Convergence Index (GCI) was calculated for the finest grid
using the formal order p = 2 in order to not under predict the numerical un-
certainty. The average discretization error from the GCI was 4.40 % for all 30
points with a maximum uncertainty of 26.7 % or 0.49 m/s. The corresponding
discretization error when disregarding the 8 points where Richardson extrap-
olation failed was an average discretization error of 2.27 % and a maximum
error of 4.20 % or 0.11 m/s, see Figure 3 where it is apparent that the two finest
grids give very similar results The results presented in the following section are
all from the 4346k grid (the finest grid in Figure 3).
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Figure 4: Contour plots of ū [m/s] from simulation (above) and measurement
(below)

Results and discussions

When evaluating the stream-wise velocity component, u, for the overall flow
field in the plane of the measurements, the simulation and measurement show
similar behaviour as to the position of maximum velocities along the x-direction.
These maxima are however closer to the rough surface in the experiments, see
Figure 4 showing a qualitatively comparison between simulations and exper-
iments. There is also a difference in the magnitude of the maximum velocity
where simulations show 10 % higher maximum velocity.

There were rather good agreements between simulations and experiments
on the global scale except regarding the y-position of the maximum veloc-
ity. Error sources might be traced to the geometry, model assumption, grid
and solver. However, the main source of error was due to different boundary
conditions. In the measurements there were pronounced secondary flow em-
anating from an up-stream pipe elbow and valve while in the CFD-model the
inlet condition was set as flat uniform flow.

It is also well known that fully developed asymmetric (rough/smooth) plane
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Figure 5: Inverse of the velocity gradient and linear approximations of the data

channel flow displays a distinctive difference in the distance from the rough
wall between zero shear-stresses and zero velocity gradient (velocity max-
imum). See for example the experimental study by Hanjalic and Launder
(1972). Hence, eddy viscosity models like the k − ε model cannot handle
this in an appropriate manner. The result will be a predicted velocity maxi-
mum closer to the smooth surface. However, near the rough surface the model
performs better. This region is also the focus in this study.

It is now of interest to compare numerically and experimentally derived
flow field on the local scale near the rough surface. One important variable in
this context is the shear or friction velocity, u∗. There are at least two ways
to determine u∗. To start with, by evaluating the DA velocity by usage of
Eq. 2 it is possible to identify the area above the roughness crests in which
there is a linear distribution of the derivative. By fitting a linear function to as
well the data from the simulation as that from the experiments it is possible
to find values on both d and u∗. Figure 5 shows results and linear fittings
of measurement and simulation within the area investigated. By assuming
κ = 0.41 in Eq. 2, both the zero-plane displacement d and the velocity u∗ can
be derived. This results in dexp = 4.6 mm, dsim = 7.3 mm and shear velocities
u∗exp = 0.131 m/s and u∗sim = 0.104 m/s.
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Figure 6: DA Reynolds stress profiles in the middle plane of the channel for
the experiments (black dots) and simulations (grey dots)

In the second method, u∗ is obtained directly from the Reynolds stress pro-
file by extrapolating the linear part of the profile down to the roughness crests
(Sarkar and Dey 2010). Figure 6 shows the DA Reynolds stress for the sim-
ulation from Equation 6 and directly derived from the velocity fluctuations u′

and w′ from the measurement. The DA Reynolds stress was in rather good
agreement for the half of the channel with the rough surface. The maximum
value of Reynolds stress is higher in the simulation and the distance from the
rough surface where the maximum occurs was z = 9.4 mm for the simulation
and z = 12.3 mm for the experiment. An extrapolation of the linear part of
the Reynolds stress profile to the top of the roughness crests, zc, yields an ap-
proximate value for u∗ according to u∗exp = 0.138 m/s and u∗sim = 0.120 m/s.
The two methods of obtaining u∗ produce similar results regarding the mea-
surement. There is however a larger deviation for the simulation. The shear
velocity obtained directly from the Reynolds stress method is selected for the
scaling of the stresses and the velocity since the bounding to the log-law is re-
laxed here. The Reynolds stress and the form induced stress normalized with
ρu2

∗ are presented in Figure 7. Since the shear velocity is lower for the simu-
lation, the maximum scaled Reynolds stress from the simulation will be even
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Figure 7: DA Reynolds stress and form induced stress profiles

more over predicted than the non-scaled stress in Figure 6 although the results
above that will compare slightly better than the non-scaled results. The form
induced stress shows a similar shape of the profile close to the rough surface
but the largest magnitude is again lower than the simulated value. The distance
from the rough surface where the surface roughness is no longer affecting the
flow in the channel can be estimated as the distance where the form induced
stress approaches zero which occurs at z/zmax = 0.75 for both simulation and
measurement. The DA streamwise velocity is presented in Figure 8 along with
the theoretical logarithmic velocity profile from Equation 1 for the scaled ve-
locity. The velocity is scaled with respective shear velocity and the vertical
distance from the surface is scaled as (z− d)/ks with respective zero-plane
displacement. The constant B was fitted to give the right vertical placement of
the logarithmic profile and was found to be Bexp = 18 and Bsim = 23.3. Since
the velocity is lower and the shear velocity is higher for the experiment the
difference between simulation and experiment will be more substantial for the
scaled velocities. The three distinct layers for DA flow over rough surfaces
(Nikora et al. 2001) can be observed. An interfacial sublayer where u and u+
is close to constant was obtained for z < zc although the resolution in this area
is approaching grid resolution which may affect the result. A form-induced
sublayer where the rough surface has an effect on the velocity profile and a
logarithmic layer where the velocity profiles follow the logarithmic law from
Equation 1 can also be identified. Notice that there is no experimental data
for z < zc so the interfacial sublayer cannot be detected for the measurement.
The form induced sublayer stretches from zc to approximately 0.025 m for the
simulations and from zc to approximately 0.022 m for the experiments and the
logarithmic layer from 0.025 m to 0.075 m for the simulations and from 0.022
m to 0.042 m for the experiments. Hence the logarithmic layer that follows



128 A. G. Andersson et al.

is narrower in the experiment most likely relating to the lower position for
maximum velocity.

By the relative good agreement obtained between the simulations and the
experiments, some interesting results from the simulations may now be pre-
sented. It may, for instance, be of interest to reveal the pressure distribution
along the rough surface. Pressure gradients exert net forces on discrete struc-
tures of the wall and may induce erosion processes which become especially
pronounced if the distribution of pressure has a large transient component
along with the special variation. A contour plot of the static pressure from
the CFD-simulation shows disturbances originating from the rough surface,
see Figure 9. These disturbances would not be present with a wall function
approach with numerical roughness.
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Conclusions

The simulation shows a similar flow pattern as the measurement although the
simulated velocities are lower and the location of maximum velocity occurs
closer to the rough surface in the measurement. The Reynolds- and form in-
duced stress are reasonably well predicted in the simulations compared with
experimental values. The shear velocity is lower for the simulation result
which leads to a larger difference for scaled results. The flow regions for DA
flow can be found. The thickness of the interfacial sublayer, the form-induced
sublayer and the logarithmic layer can be observed for both simulation and
measurement. The logarithmic layer is larger in the simulation most likely
due to the lower position of maximum velocity in the measurement. There
are pressure fluctuations originating from the larger roughness elements of the
rough surface which would not be present in a simulation with a rough wall
function. A time-resolved study of these pressure fluctuations can be valuable
in applications such as rock erosion. The results show that there is a need for a
model with geometrically resolved roughness for numerical simulations. Fu-
ture studies on how well the surface roughness must be described to accurately
predict the flow should be carried out in order to prevent an unnecessary large
increase in computational cost for such models.
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Abstract

Numerical simulations of flow over a surface with large roughness
were performed and by reducing the geometrical resolution of the rough-
ness in two steps, the importance of an adequate surface description
could be examined. The flow fields obtained in this way were com-
pared to a set-up with a geometrical flat surface where the roughness
was mimicked with an often used equation. The flow field for the sur-
face with the lowest resolution was substantially different from the two
finer resolutions and it was closer to the results of the model with only
numerical roughness. This was clearly seen both qualitatively and by
quantifying the stream-wise velocity with a Double-averaging analysis.
The finer the resolution the more vorticity is formed close to the rough
surface while the vorticity in the bulk is nearly independent on the res-
olution. The larger roughness elements generate vorticity in both the
vertical and spanwise direction for all surfaces. The bed resolution was
also shown to influence the amount of turbulence intensity of the flow
with higher amounts of turbulence occurring when increasing the geo-
metrical resolution of roughness.
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Introduction

Direct numerical simulations (DNS) of flow over rough surfaces are typically
limited to simpler geometries such as wall-mounted ribs (Ikeda and Durbin
2007; Burattini et al. 2008), arranged cubes (Leonardi and Castro 2010) and
"egg carton" shaped roughness (Bhaganagar et al. 2004). These types of inves-
tigations provide valuable insight on how surface roughness affects the fluid
flow but using DNS for engineering applications with large irregular surface
roughness and high Reynolds numbers such as flow in hydropower tunnels or
rivers is not reasonable with this technology today. It is common for large-
scale simulations of this type to use some numerical model for the roughness
such as wall functions with equivalent sand-grain roughness, ks (Hodskinson
and Ferguson 1998; Lane et al. 1999). Other methods for modelling roughness
for river flow include porosity models (Olsen and Stokseth 1995) and a random
elevation model suggested by Nicholas (2001). While DNS would capture the
influence from an irregular and very rough surface perfectly, most of the above
mentioned models will yield an averaged flow near the surface implying that
local spatial and temporal variations vanish. In a recent study numerical sim-
ulations on flow over a rough surface were carried out and the results such as
velocity and shear stresses were successfully compared to experimental data
measured with Particle Image Velocimetry (Andersson et al. 2013).

By performing numerical experiments it is here investigated how the mod-
elled geometrical resolution of the roughness of a real surface affects the over-
all flow field. This knowledge may be used in the formulation of new rough-
ness concepts. One such concept is to combine partially resolved roughness
with a numerical model for roughness. For natural roughness e. g. for a river
bed there is not always an obvious size difference between the geometry of the
flow domain and the largest roughness elements. Hence, the understanding of
how the flow field is affected by the surface resolution is of general interest in
such cases. It is of importance for applications with walls with very large sur-
face roughness, such as flow in rivers or tunnels, see Andersson et al. (2012).
Another application is modelling rock erosion in tunnels where hydraulic jack-
ing caused by pressure fluctuations over time or space can cause large slabs of
rock to detach.

A common approach when studying flow over rough surfaces is to use
a Double-Average (DA) technique first used in the analysis of atmospheric
flows (Wilson and Shaw 1977; Raupach and Shaw 1982). Since the flow
near the rough surface is highly four dimensional it is not sufficient to only
explore the time-averaged flow but also average in the spatial domain, typi-
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cally in a plane along the flow. The common denotations for DA analysis is
here applied where the Reynolds-averaging for a time or ensemble averaged
variable is decomposed as θ = θ̄ + θ′ where the overbar denotes averaging
in time and the prime denotes time-dependent fluctuations and θ̄ = ⟨θ̄⟩+ θ̃
where brackets denote spatial averaging of the variable and tilde the spatial
fluctuations. A description of the theoretic background and applications of the
method was presented by Nikora et al. (2007a) and Nikora et al. (2007b). The
flow over pebble clusters and hemisphere roughness has been simulated with
both ordinary Reynolds-Averaged Navier-Stokes (RANS) simulations which
were spatially averaged and by solving the DA Navier-Stoke equations where
both methods showed good conformity with experiments performed with an
Acoustic Doppler Velocimeter (Rameshwaran et al. 2011).

The model

The geometry was created from a high-resolution laser scanning of a real tun-
nel (Andersson et al. 2013). A 40 x 3 m2 section of one of the side walls was
used as the rough bottom for the numerical model. The resulting rough surface
had 0.56 m between highest and lowest point and a roughness height defined as
the standard deviation of 0.093 m. The geometry was down-scaled by a factor
1:10 for easier comparison with earlier studies. The original surface was based
on 20400 points, corresponding to the full resolution of a fine laser scanning
of the tunnel. By uniformly reducing the number of data points on the rough
surface, it is possible to study the effect that the geometrical resolution has
on the simulated flow field. Two surfaces with reduced geometrical resolution
were created by applying Delaunay triangulation on the reduced data sets with
5200 points and 660 points respectively. The notation used for the different
cases are as follows; coarse for the 660 point surface, medium for the 5200
point surface and fine for the original 20400 point surface. The inlet part of the
resulting surfaces (coarse, medium and fine) can be seen in Figure 1 and the
bed elevation profile for the central plane of the model can be seen for the fine
and the coarse surface in Figure 2. Although a coarse geometrical resolution
implies an overall smearing out of the profile the variation in height is still evi-
dent. In addition to the three cases where the roughness is resolved, one model
with a plane surface located at the average height of the rough surface (z =
0) was also created which was modelled with a standard rough wall function
approach. The roughness height ks required for this model was defined as the
standard deviation of the finest surface.
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Figure 1: Rough surface geometry for coarse, medium and fine resolution

Numerical set-up

The flow is governed by the Reynolds-Averaged Navier-Stokes equation and
the continuity equation given as for incompressible flow

∂ūi

∂t
+ ū j

∂ūi

∂x j
=−1

ρ
∂P̄
∂xi

+ν
∂2ūi

∂x2
j
−

∂(u′ju′i)
∂x j

(1)

∂ūi

∂xi
= 0 (2)

where ui are the velocity components, P is the fluid pressure, u jui are the
Reynolds stresses, ρ is the fluid density and ν is the kinematic viscosity. The
k− ε model with standard wall functions was chosen as the turbulent model
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which models the Reynolds stresses as:

−u′ju
′
i = νT

(
∂ū j

∂xi
− ∂ūi

∂x j

)
− 2

3
kδi j (3)

where k is the turbulent kinetic energy and νT is the eddy viscosity defined as

νT =Cµ
k2

ε
. (4)

In this expression ε is the dissipation and Cµ is a model constant. The di-
mensionless velocity u+ for near wall flow is described by the standard wall
function (Launder and Spalding 1974)

u+ =
ū
u∗

=
1
κ

ln(z+)+B (5)

where u∗ is the shear velocity, κ is the von Karman coefficient, z+ is the di-
mensionless wall distance defined as z+ = u∗z/ν and B is a model constant.

When modelling the roughness numerically a modified version of the wall
function was applied as

u+ =
1
κ

ln(z+)+B−∆B. (6)
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where ∆B is a function of the roughness. For the equivalent sand grain rough-
ness, ∆B can be expressed as

∆B =
1
κ

ln(1+0.3k+s ) (7)

where the dimensionless roughness height k+s can be expressed as k+s = ksu∗/ν.
The geometry was discretized to an unstructured numerical grid with ele-

ment length 0.006 m in ANSYS ICEM CFD 13. Half of the channel height
above the rough surface was refined by a factor 0.5 of the element length in-
creasing the numerical resolution where the flow field is most intricate. A
grid study was previously performed with this discretization giving an aver-
age Grid Convergence Index error of 4.4 %, for details, see Andersson et al.
(2013). The commercial software CFX13 from ANSYS was used to solve
the steady and unsteady RANS equations. The boundary conditions were se-
lected to minimize wall effects. The wall opposite the rough wall was given
a free-slip boundary condition and the side walls were modelled as periodical
boundaries. To avoid that local disturbances near the edges of the rough sur-
face would create a non-physical flow scenario the edges was extended 0.1 m
in each direction. The outlet boundary condition was set as an average static
pressure of 0.0 Pa. To create a developed inlet profile a simulation on the
finest surface with a constant velocity inlet was run and the outlet velocity pro-
file from that simulation was used as inlet boundary condition. This procedure
was repeated and the resulting outlet velocity profile was used as inlet bound-
ary condition for all following simulations. Density and viscosity for water
were given for 25◦C. The numerical simulations for the coarse and medium
surface converged to steady-state solutions but the finest surface needed to be
run as a transient simulation to reach the convergence criteria. This transient
simulation had a transient time-step of 0.0025 s and the results were averaged
over a time period of 5.0 s which is enough to obtain a stable mean velocity.
The RMS of the residuals for the velocity components and the pressure were
required to converge to at least 5·10−6.

Results

The streamwise velocity in the central plane of the rough surface is considered.
The flow field for the coarse surface simulation is substantially different from
the two finer surfaces. For the two finer surfaces the shape of the roughness
dominates the flow field and the gradient in the z-direction is relatively steep
near the surface whereas the velocity field for the coarse surface is similar
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Figure 3: Streamwise velocity component u in the central plane for coarse,
medium, fine and geometrically smooth surface

to the case with a smooth surface with numerical roughness but with local
disturbances from the rough geometry, see Figure 3.

The DA of streamwise velocity ⟨ū⟩ averaged from 2.0 < x < 4.0 m was
evaluated in three xz-planes at y equal to 0.4, 0.5 and 0.6 times the width of the
rough surface. As already indicated in Figure 3 the DA velocity for the three
rough surfaces seems to converge above z = 0.08 m but closer to the rough
surface there is a significant difference, see Figure 4. The interesting result is
that for the less resolved surface and the plane surface with modelled surface
roughness the gradient is considerably less near the wall. The DA velocity
for the fine surface in the three planes can be seen in Figure 5. The velocity
is higher close to the rough surface for the 0.4 plane and the three profiles
differ for the middle part of the channel. This implies that the solution is not
fully uniform in the z-direction which indicates that the difference in the shape
of roughness in the three planes still impacts the flow, i. e. the considered
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Figure 4: DA streamwise velocity for central plane, 0.4 plane and 0.6 planes
respectively

streamwise length of the rough surface is not long enough to even out the DA
differences between the sections. Hence, the velocity profiles are significantly
different for the different resolutions but varies also for a fixed resolution but
as a function of the position of the plane. The pressure fluctuations on the
rough surface are of approximately the same order of magnitude for the three
cases and the general areas with high magnitudes of pressure are similar but the
two surfaces with higher resolution appear to resemble each other in a better
way, see Figure 6. This may also be quantified by plotting the pressure on the
bottom in the central plane, see Figure 7.

An important flow parameter that is not captured in simulations with only
numerical roughness is the vorticity of the flow, ω. However for the resolved
cases the vorticity created by the largest roughness elements in the spanwise
plane can clearly be seen, see Figure 8 showing the absolute vorticity Z, |ωz|
in a plane located at z = 0.01. It is also evident that the vorticity at this plane
generally increases with the grade of resolution. It is still the y-component of
vorticity, ωy that is dominating as can be seen in Figure 9 for two large rough-
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Table 1: Average vorticity magnitude [s−1] in the three volume regions
Coarse Medium Fine

Bottom 40.25 44.50 47.25
Middle 11.82 10.65 10.61
Top 6.68 7.09 6.98

ness elements close to the outlet of the channel. The vorticity for the coarse
surface is again substantially different from the two finer surfaces. There are
two distinct regions with high values of ωy for the medium surface but only
one for the fine although the layer of noticeable vorticity is larger for the fine
surface. To get a quantified measure of how the rough surface affects vorticity
the channel volume was split up into three volume regions with z < 0.05, 0.05
< z < 0.1 and 0.1 < z < 0.15. By calculating the average vorticity magnitude in
each region the vorticity distribution is obtained. The result is that in the region
closest to the rough surface the fine surface produces most vorticity while in
the other regions the amount of vorticity is nearly the same, see Table 1.

Another interesting variable is the turbulence intensity. Figure 10 shows
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Figure 6: Pressure on the rough surface for low (top), medium (middle) and
high resolution (bottom)

2 3 4
−4000

−2000

0

2000

x [m]

P
[P
a
]

 

 

Coarse
Medium
Fine

Figure 7: Pressure on the rough surface in the central plane
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Figure 8: Magnitude of Vorticity Z |ωz| in a plane at z = 0.01 for from the top
coarse, medium and fine resolution. The greyish colour denotes areas where
the surface penetrates this plane

iso volumes of the turbulence intensity for elements with higher values than 0.1
for the cases. The turbulence intensity I is defined as the ratio of fluctuations
of velocity to the average velocity. This is here modelled as

I =

√
2k/3
Ū

(8)

where U is the magnitude of the velocity components. It is clear that the sur-
faces with higher resolution generate more turbulence close to the rough sur-
face.

The energy loss coefficient ζ which is coupled with the variation in me-
chanical energy in the system was calculated for all cases. The coefficient was
defined as

ζ =

∫∫
Ain

(
P̄+ρŪ2

2

)
ūi · n̂dA+

∫∫
Aout

(
P̄+ρŪ2

2

)
ūi · n̂dA∣∣∣∣∣∫∫Ain

ρŪ2

2 ūi · n̂dA

∣∣∣∣∣
(9)
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Figure 9: Vorticity Y ωy in the central plane of the rough surface, x = 2.9-4 m

Figure 10: Iso volumes of Turbulence Intensity I > 0.1

where Ain and Aout are the inlet and outlet surfaces. The resulting values of
ζ are presented in Table 2. The results show that the increase in geometrical
resolution leads to an increase in losses for the simulations. The losses for the
simulation with only numerical roughness are slightly lower than the result for
the grid with medium resolution.
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Table 2: Energy loss coefficient
Coarse Medium Fine ks

ζ 0.133 0.171 0.216 0.166

Conclusions

Representing rough surfaces in CFD-simulations is often done by some nu-
merical model of roughness. Even if the roughness is geometrically included
there is still reason to consider how the resolution of the surface affects the
resulting flow field. By studying the flow over a surface with relatively high
resolution and then reducing the resolution in two steps it was here shown that
the flow field close to the rough surface changes quite substantially with sur-
face resolution. The results were compared with a model that had a smooth
wall and numerically added roughness. For the two surfaces with highest res-
olution the flow field was dominated by the shape of the roughness but the
surface with lowest resolution was more similar to the smooth model but with
local disturbances near the rough wall. Vorticity generated from the rough sur-
face is something that is not captured with the rough wall function approach.
It was shown that the spanwise component of the vorticity was the dominant
one and that the average value close to the rough surface was clearly higher
for higher resolutions. However there was no indication that the vorticity was
noticeable further away from the rough surface for higher resolutions of the
rough surface.
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