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ABSTRACT
Open channel flow near hydropower stations is of interest for both engineering and environmental
applications. In this research project Computational Fluid Dynamics simulations of free surface
flow in regulated rivers were applied with both fish migration and validation of numerical
simulations in focus. In the first paper, numerical simulations have been used to evaluate the flow
downstream 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 second paper deals with more in depth analysis of the field measurements,
where the fluctuations in the flow were examined. In the third paper, simulations on the spilling
from a dam were performed and compared to experimental results from a physical scale model.
In the full scale field measurements downstream of the power plant, the flow shows highly
unstable behaviour which is not present in the simulations. The tailrace jet that is created when the
flow from the tunnel enters the tailrace is also significantly stronger in the simulations. The
simulations were however considered to capture the important features of the flow in a way that
makes them viable for attraction water simulations. A fishway entrance was included in the
simulations and the attraction water it generated was evaluated for different configurations of
location, angle and turbine discharge. Results show that it is possible to find a position where the
flow from the fishway does not have to compete with the flow from the power plant and that the
fishway will generate superior attraction water at that location. Simulations were also performed at
the confluence between the tailrace channel and the old river bed which is the current fish passage
for upstream migrating fish. A guide wall was added to the old river bed as one method to generate
better attraction water. This increases the attraction water from the old river bed although it cannot
compete with the flow from the tailrace tunnel.
In the second part of this thesis, new field measurements downstream the hydropower plant was
performed during more controlled flow conditions. To better understand the discrepancy that was
still occurring between the field measurements and simulations, more focus was put on analysing
the fluctuations in the field data. Fast Fourier transform was applied to find dominating
frequencies which appear as both rapidly changing with time periods of a few seconds and larger
structures with period times of a few minutes.
In the final part of this project, simulations on the spilling from a dam were performed and
compared to experimental results from a physical scale model. Both mechanical and acoustic
methods to measure the velocity were used. Two different gate configurations were considered and
simulations with both the Rigid Lid model and the Volume of Fluids method were carried out.
Water levels, velocities and the shape of the water surface were compared between simulations
and experiments. The simulations capture both qualitative features such as a vortex near the outlet
and show good quantitative agreement with the experiments.

SUMMARY OF PAPERS
Paper A
A numerical study of the location and function of the entrance of a fishway in a regulated river
Simulation driven design with Computational Fluid Dynamics has been used to evaluate the flow
downstream 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. The simulations are however
considered to capture the important features of the flow in a way that makes them viable for
attraction water 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 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.

Paper B
Validation of a numerical model of instationary flow downstream a hydropower plant
A numerical model of the flow downstream a hydro power plant in the river Umeälven in northern
Sweden was developed. In addition, flow measurements were performed with an Acoustic Doppler
Current Profiler. The measurements showed a highly time-dependent behaviour which is not
captured in the simulations. The fluctuations in the measurements were examined and Fourier
analysis was applied to find any periodicity. From the power spectrum it is concluded that both
large scale fluctuations with period times of 1-3 minutes and smaller scale fluctuations with
periods of a few seconds is present in the flow.

Paper C
Simulation of free surface flow in a spillway with the rigid lid and volume of fluid methods and
validation in a scale model
Simulations on the spilling from a dam were performed and compared to experimental results from
a physical scale model. Both mechanical and acoustic methods to measure the velocity were used.
The model has three gates leading into the spillway that can be maneuvered separately. At first two
of the gates were closed and the inlet flow was high enough to get a fully wetted outlet at the third
gate. This case was simulated with a rigid lid approximation since the water surface was
considered to be plane. The water surface level was taken from the scale model. In the second
case, all three gates were open resulting in a free water surface through all the gates to the
spillway. This case was simulated with the Volume of Fluids method were both water and air
phase were considered. Water levels, velocities and the shape of the water surface were compared
between simulations and experiments. The simulations capture both qualitative features such as a
vortex near the outlet and show good quantitative agreement with the experiments.
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Abstract: Simulation driven design with Computational Fluid Dynamics has been used to evaluate
the flow downstream 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. The simulations are
however considered to capture the important features of the flow in a way that makes them viable
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for attraction water 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 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.
Keywords: Fish migration, CFD, ADCP, validation, river flow

Introduction
Studies of tagged Atlantic salmon and sea trout in the 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, 2008). The main reason for this is the Stornorrfors
power plant. A major issue is that the fish are attracted into the tailrace channel rather than
migrating up through the old river bed that offers a fishway around the turbines. The flow rate
from the turbines is typically 20 times larger than the flow rate from the old river bed. The
entrance from the old river bed into the confluence with the water from the turbines is very wide
resulting in an overall low impact of the water from the old river bed. 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, 1996; Webb, 1990). The problems upstream migrating
fish come across in regulated rivers in northern Sweden has been examined by e g Lindmark
(2008) and Rivinoja (2005).
There are two major measures that are being considered for improving the upstream migration of
fish at the Stornorrfors power plant. One is to construct a new fishway from the tailrace channel
since a majority of the fish resides there for a long period of time during the migration season
(Rivinoja et al, 2001). The other alternative is to create better attraction water from the old river
bed into the confluence area. The alternatives are here modeled with Computational Fluid
Dynamics (CFD) and the attraction water created using given configurations is examined. The
simulations are validated by measurement with an Acoustic Doppler Current Profiler (ADCP).
This approach has previously been used by Rakowski et al. (2004) who used field-measured data
to validate their CFD simulations downstream Bonneville powerhouse and spillway. 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. (2006) also used ADCP measurements to validate CFD
simulations (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.

Materials and Methods
ADCP
To measure topology and water velocity downstream Stornorrfors power plant an ADCP was used.
The ADCP has four transducers directed into the water. The transducers send out sound waves that
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reflect on small particles traveling with the water and the transducers detect the Doppler frequency
of the returning sound wave, which is proportional to the velocity of the water (particle). 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 performed with the
software Winriver II, both from RD Instruments.
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 deepest 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. The points of measurements are shown in Figure 1.
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 channel and capture the velocities in the entire crosssection. The transect, T2 in Figure 1, was measured on several occasions at different turbine
discharges and a minimum of four times at each flow. To validate the accuracy of the ADCP, three
vertical profiles in the T2 transect were measured during 1800-2000 s. The profiles were collected
when the flow rate through the power plant was 570 m3/s (according to the discharge calculation in
WinRiver). 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 section was measured to 39.7 m and the profiles were located at 16, 23 and 32 m from the
south shore.

Figure 1: Aerial photograph of tailrace channel and confluence area downstream
Stornorrfors power plant. White lines (points) represent data points used in geometry
creation.
The accuracy of the ADCP depend on many factors, such as side-lobe interference, ringing,
ADCP-flow interaction that exclude the ADCP from doing any measurements near the water
surface or close to the bottom of the river (Simpson and Oltmann, 1993). Nystrom et al. (2007)
compare ADCP accuracy with an Acoustic Doppler Velocimeter (ADV) in a lab flume with a
turbulence intensity of 0.1. The ADCP measured during 15 min and the error was less than 3 % in
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the areas away from the boundaries not affected by ringing, side lobe interference and flow
disturbance.
Numerical set-up
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 model 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. The final grids for the tailrace channel consisted of ~500k nodes and the confluence area
of ~600k nodes. Because of the time dependence of the flow the simulations had to be run on a
transient solver which led to long calculation times, although a 150 node cluster was used. This is
the main limitation for the mesh sizes. A full mesh study was not performed but the meshes are
believed to capture the main features of the flow in a good manner.
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. All simulations were run with the k-ε turbulence model with scalable wall functions and the
high-resolution advection scheme. 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, 2007). The RMS residual target for all simulations
was set to 10-6. 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). Rigid lid simulations has been used to improve conditions for
downstream migrating fish (Lundström et al, 2010), it has also been compared with free surface
simulations and scale model attempts showing good results (Andersson et al, 2010). One important
parameter in simulations of natural channels is the roughness of the bottom surface. Since this
parameter is troublesome to measure in reality, a parameter study was performed in the numerical
model.
Modifications to create attraction water
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 was studied. The positions were selected
from previous observations of fish during the migration season. The dimensions of the entrance
were 2 x 2.7 m2 and the flow rate used was 10 m3/s. The two inlet angles of the fishway entrance
were; perpendicular and 45° to the main flow.
To modify the confluence area to improve the attraction to the old river bed a wall was added at a
distance from the beach and all the flow in the old river bed is directed to the narrow open channel
between the wall and the shoreline. The old river bed leads to a fishway at the power plant dam.
The flow in the old river bed was set to 20 m3/s and that from the tailrace tunnel to 350, 750 and
1000 m3/s, representing a low flow, a normal flow and a flow close to the maximum flow,
respectively.
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Results and Discussion
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 channel flow, see Figure 2.
With a surface roughness of 0.3 m (Manning n ≈ 0.033) which can be considered typical for a man
made channel such as the tailrace channel (Arcement, jr and Schneider 1989), the velocity profile
in the channel gives a more developed profile. Increasing the wall roughness length 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 0.3 m wall roughness.
Roughness length 0.3m

Roughness length 0m

Roughness length 0.5m

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 results from ADCP measurements in the tailrace channel yields an unstable behavior of the
flow, see Figure 3 showing a 12 x 12 m2 section in the middle of the T2 transect where the raw
data from the ADCP has been averaged to 1 x 1 m2 cells. The measurements were taken in
succession and the velocities have been normalized with transect average velocity to account for
minor differences in total flow. The jet exiting the tunnel is apparently not well defined in these
single transects. This time dependence of the flow is examined by keeping the ADCP in the same
point and measuring the velocity during a longer time period. Three vertical profiles at 15.5, 22.7,
31.5 m from the south shore (the middle profile was measured twice) was 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 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 23 m in Figure 4. From the results it is concluded that to measure representative
velocities the profiles must be measured during at least 600 s. The measurements over a complete
transect presented in Figure 3 took about 120 s which means that they by no means represent the
mean velocity in that transect.
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Figure 3: Five individual measurements in the same transect
To validate the simulations the time averaged velocities of the fixed-point measurements are used.
In Figure 5 normalized velocity profiles are compared. The velocity is normalized with the bulk
velocity Ubulk = Q/AT2, where Q is the flow rate and AT2 is the area of the T2 transect (516 m2 from
the model). The jet that exits the tunnel appears closer to the water surface in measurements than
in simulations. It is also much more diffuse in measurements. This is most apparent for the
measurements at 32 m 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. One reason for
the differences might be the inlet boundary condition in the simulations, which is described as a
stationary velocity profile where in reality effects of the turbines, larger discrete wall roughness
elements or sudden changes in discharge may be occurring. Other contributing factors may be
difference between model geometry and real geometry and oversimplified modeling of turbulence.
It is also likely that the flow field is smeared out by the method to measure the velocity field. The
discrepancy between simulations and measurements is a subject for future research as to
turbulence intensity, for instance. The simulations are however considered to capture the main
features of the flow well enough to function as a base for attraction water investigations.

Figure 4: How the RMS of the east velocity component depends on the averaging time.
Velocities from the profile 23 m from the south shore at 5 m depth.
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Figure 5: Comparison between vertical velocity profiles in experiments (ADCP) and
simulation (CFD). Ueast is the velocity in the east direction.
Attraction water generation
For position 1 the perpendicular entrance gives a noticeable jet that stretches to the centre of the
channel while the angled inlet gives a jet that aligns with the flow from the tailrace tunnel and
reaches further downstream, see Figure 6. In reality the attraction water created at this position
may be less prominent because of the higher position of the jet seen in the results from the ADCP
measurements. Even better attraction water is created at the second position as shown in Figure 7.
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 8. Noticeable attraction
water was created even at the highest flow (1000 m3/s) from the turbines, see Figure 9.

Figure 6: 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 7: 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.

Figure 8: Fishway outlet (upper right corner) at position 1 and 2 with 0°angle. The flow rate
through the power plant is 750 m3/s.

Figure 9: Fishway outlet at position 1 and 2 with 0° angle. The flow rate through the power
plant is 1000 m3/s.
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Flow from tailrace channel

Flow from
old river bed

Figure 10: 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 20m3/s. A wall is inserted 10m from the north shore.
Simulations of the confluence area where the attraction water from the old river bed was improved
by adding a wall at a distance from the beach were performed. Figure 10 shows the generated
attraction water at two flow rates from the turbines (500 and 750 m3/s). This modification of the
confluence would provide improved attraction water from the old river bed all the way to the main
flow from the turbines. This should improve the probability that fish migrating upstream on the
north side of the river (right-hand side in the figure) or fish exiting the tailrace tunnel on the north
side would find the fish passage in the old river bed.

Conclusion
The measurements indicate a more unstable flow than the simulations and the tailrace jet from the
turbines is stronger in the simulations. The simulations still capture the main characteristics of the
flow well enough to base attraction water simulations on. A fishway in the tailrace channel can
generate noticeable attraction water for all relevant flows from the turbines. Modifications of the
confluence area can create better attraction water at certain locations however specific knowledge
of the fish behavior in the area is most likely required to ascertain the effect on fish migration.
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which is not captured in the simulations. The fluctuations in the measurements were examined and
Fourier analysis was applied to find any periodicity. From the power spectrum it is concluded that
both large scale fluctuations with period times of 1-3 minutes and smaller scale fluctuations with
periods of a few seconds is present in the flow.
Keywords: CFD, ADCP, river flow, validation
3

Currently at Global R&D,Dish Care, AB Electrolux, S:t Göransgatan 143, Stockholm, Sweden

Introduction
An increased understanding of the flow field in large stretches of rivers is of interest for different
applications. This includes the transport of sediment and erosion processes and fish migration in
the river. Computational Fluid Dynamics (CFD) can be used to create these kinds of models. A
numerical model is, however, always a simplification of reality and the model needs to be verified
and validated. Olsen and Stokseth (1995) showed a good agreement between numerical
simulations and field measurements in the river Sokna in Norway. In their numerical set-up they
applied the k-ε turbulence model and a porosity based model for the treatment of the large
roughness elements present in the river. Acoustic Doppler Current profiler (ADCP) is a fast way to
measure velocities and mass flows in natural streams and is here used for validation purposes.
Nystrom et al (2007) compared ADCP measurements with Acoustic Doppler Velocimetry
measurements in a lab environment showing very good conformity of the velocity averaged over
15 minutes. ADCP results have also been used to validate numerical simulations in rivers, with
rather good agreement (Viscardi et. al. 2006). Hence it is in place to compare further numerical
simulations with ADCP. The site for this investigation was downstream of the Stornorrfors
hydropower plant, which is located in the river Umeälven in northern Sweden. The maximum
flow-rate through the power-plant is about 1000 m3/s but the actual flow rate varies since the plant
is used as a regulating resource. The flow conditions downstream the plant have significant effect
on the surrounding wild life. It has previously been shown that the tailrace channel is a major
obstacle for upstream migrating fish (Rivinoja et. al. 2001). The understanding of the flow field in
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the tailrace channel has therefore interests from both an environmental and modeling aspect. Since
the power plant was operated during the measurements, the hydro power company kept as constant
mass flow as possible through the power plant during the measurements to ensure as steady flow
conditions as possible.

Numerical set-up
The geometry for the numerical model was created by mapping the bathymetry in the area with the
bottom-tracking feature of a Riverboat RioGrande ADCP from RD instruments coupled with a
GPS. The depth at the tunnel exit however exceeds the maximum measuring depth of the ADCP
hence a SIMRAD EY60, GPT 200 kHz, split beam echo sounder was used to capture the deepest
areas. From these measurements a data cloud was generated, see Figure 1 in which the transect
where the measurements were made is also defined. Here are also the velocity components of
interest defined, one east component and one north component. As seen, measurements where
performed in the innermost part of the tailrace but this area could not be mapped with satisfactory
precision due to bad reception on the GPS. As this part is above and behind the tunnel exit it was
assumed not to have a major effect on the simulation results and the model geometry was set to
start where the tunnel enters the tailrace channel.

Figure 1. Aerial photograph downstream Stornorrfors power plant. White points are used in
geometry creation
The point cloud was used to generate a surface in the commercial software Imageware13. This
surface was imported to Ansys Icem Cfd 11 where a solid model was created and the numerical
grids were generated. The outlet from the power plant is a 4 km long tunnel and is assumed to give
a fully developed velocity profile at the entrance to the tailrace. In the numerical model this was
achieved by creating a separate model for the tunnel and using the velocity profile at the tunnel
exit as the inlet condition for the tailrace. The tunnel walls were given a roughness length typical
to excavated rock. The flow rate was set to 500 m3/s to match the flow rate during the
measurements, that is roughly half of the maximum flow rate. The water surface was approximated
with the rigid lid model. This model has been shown to be adequate if the maximum elevation of
the water surface does not exceed 10% of the water depth (Rodriguez et. al. 2004). The channel
walls were given a surface roughness corresponding to a man made channel (Arcement and
Schneider 1989). The outlet condition was given by an average static pressure of zero Pa over the
whole outlet. The turbulence model was k-ε with scalable wall functions. This model has proven to
be stable and numerically robust and has a well established regime of predictive capability.
Standard two-equation turbulence models however often fail to predict the locations and the
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amount of flow separation in areas with sharp pressure gradients (Ansys 2007). The convergence
criterion was that all RMS residuals should be lower than 10-6. Water temperature and sediment
transport was not considered in the simulations. The simulations were performed on a transient
solver but after some initial fluctuations the results approached a steady state solution. Several
unstructured grids with tetrahedral elements were created and a grid convergence study was
performed. The grids had 239k, 526k, 1685k, 2556k, 3244k and 7389k nodes respectively. When
comparing the velocity profile at 44 m from the north shore (that is in the middle of the channel)
for all the grids it is apparent that the set-up approaches a mesh independent solution, see Figure 2.
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Figure 2. Grid independence study. Velocity component directed to the east 44 m from the north
shore for different grids.

Experimental set-up
The ADCP has four transducers directed into the water. The sound waves emitted from the
transducers reflect on small particles traveling in the water and the transducers capture the Doppler
frequency of the returning sound wave. The three velocity components are given in equal sized
cells in the vertical direction. Several parameters affect the accuracy of the ADCP, such as ringing,
noise-induced errors or ADCP-flow interaction that prevents data to be collected near the water
surface or the channel walls (Simpson and Oltmann, 1993).
In the present set-up a steel wire was mounted across the tailrace channel and the ADCP was
tethered to it. Two manual winches enabled control of the ADCP position. Sudden changes in the
surface near currents can disturb the position of the ADCP but the maximum deviation does not
exceed 0.5 m in the north direction or 0.7 m in the east direction according to the bottom tracking
feature of the ADCP. The water velocity in verticals at five positions located in the transect T3
were each measured for ten minutes. This time span has been shown to be sufficient to capture the
average velocity in the area during a more uncontrolled flow scenario (Andersson et. al. 2010).
The sampling frequency was ≈ 2Hz, the cell height was 0.25 m and the velocity in the five
verticals was measured twice to investigate the repeatability. The ADCP is equipped with a
compass which enables the unit to provide the velocities in the east, north and vertical direction.
The distance from the shore was controlled by mounting a wooden plate on the ADCP and using a
laser distance meter. Cells in which no valid data could be acquired were dealt with by taking the
average of the previous and subsequent value in the time series.
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Results and Discussion
The ten minute average of the east velocity component for the five measured verticals is shown in
figure 3. The east component is selected because it is close to the main flow direction and hence is
the most predominant.
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Figure 3. Velocity profiles for five verticals along the transect T3 in the turbine tail race measured
with ADCP. The results show the average over 10 min.
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Three of the verticals in T3 show a fairly similar behaviour with the vertical with the highest
velocity, located near the middle of the channel at 44 m from the north shore. The exception is
the vertical farthest from the north shore for which the velocity is much lower. The reason for this
may be that it is much closer to the shore line and only has about half the depth of the others. In
the repeatability test the largest difference is again in the point closest to the south shore, seen in
Figure 4. The differences in velocity in all points are still fairly small which implies that the
measurements have a large degree of repeatability.
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Figure 4. Repeatability tests in the middle of the tail race and close to the south shore, respectively.
To be able to understand the nature of the flow in the tailrace, the time-series of the velocities are
examined. Figure 5 shows the velocity in the east direction as a function of time and how the RMS
velocity changes with increasing average time at 44 m distance from the north shore at a depth of
4.0 m. The RMS value stabilizes which indicates that the measurement time is sufficient to get a
well defined average velocity (González-Castro and Muste 2007).
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Figure 5. East velocity as a function of time and RMS velocity as a function of averaging time at a
depth of 4.0 m and 44 m from the north shore
When comparing averaged simulated velocity profiles with averaged measured velocity profiles it
can be concluded that the measurements give a more distinct maximum in velocity near the surface
than the simulations, see Figure 6. When, however comparing horizontal velocity profiles it is
apparent that the simulations show a clearer maximum near the middle of the channel, see figure 7
and 6. Reasons for this disparity in the profiles might be deviations between real geometry and
model geometry, differences in the inlet boundary condition, oversimplified roughness or possibly
the turbulence modeling.
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Figure 6. Comparison between simulations and measurements in five measured verticals at a) 14 m,
b) 30 m, c) 44 m, d) 59 m and e) 73 m from the north shore.

Figure 7. Contour plot of the east velocity component in the measurement plane (in an upstream
view) with measured profiles marked as black lines.
In figure 5 it appears to be some periodicity in the fluctuations hence a Fast Fourier Transform
(FFT) analysis of the velocity time series was performed with the software Matlab R2008a from
Mathworks. The Fast Fourier transform is here defined as:
N

F (k )  fft ( f )   f ( j ) N( j 1)( k 1)

(1)

j 1

where N is the number of samples used in the transform and ωN is an Nth root of unity

N  e

2i

N

(2)

The power, P of the transform is defined as:

P

F (k )
N
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In the vertical in the middle of the transect (figure 8), the results show dominating period times
between 30-150 s for nearly all depths and closer to the bottom of the channel there is a
dominating structure of even longer period times. Dominating period times of 5-10 s is also
appearing. Similar behaviour is also present in the adjacent points where a large scale motion is
dominating closer to the bottom of the channel.
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Figure 8. FFT of east velocity component at depths of a) 1.2 m, b) 2.5 m, c) 3.7 m, d) 5.0 m and
e) 6.2 m.

Conclusion
The simulations fail to capture the time-variations that are captured in the measurements. The
profile from the measurements is also more diffuse in horizontal planes and the flow is more
surface orientated. The reasons for this may be that the inflow from the tunnel is unsteady due to
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non idealized geometry or other upstream conditions. Another possibility is that the numerical
model needs a more advanced model of the turbulence or that the roughness model is creating
unrealistic behaviour at the bottom of the channel.
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Abstract. Simulations on the spilling from a dam were performed and compared
to experimental results from a physical scale model. Both mechanical and
acoustic methods to measure the velocity were used. The model has three gates
leading into the spillway that can be maneuvered separately. At first two of the
gates were closed and the inlet flow was high enough to get a fully wetted outlet
at the third gate. This case was simulated with a rigid lid approximation since the
water surface was considered to be plane. The water surface level was taken
from the scale model. In the second case, all three gates were open resulting in a
free water surface through all the gates to the spillway. This case was simulated
with the Volume of Fluids method were both water and air phase were
considered. Water levels, velocities and the shape of the water surface were
compared between simulations and experiments. The simulations capture both
qualitative features such as a vortex near the outlet and show good quantitative
agreement with the experiments.
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1. INTRODUCTION
The estimation of spillway capacity in a design phase of a dam is costly. Scale
model attempts are often used to get results with good accuracy but at a high cost.
There are semi-empiric models that give faster answers but the cost of safety
margins often exceeds that of scale attempts. To use CFD-models to estimate
spillway capacity can be an alternative that may provide high accuracy at a lower
cost, however validations of CFD-models are still necessary. In this particular
case simulations on a scale model dam were performed with the free surface of
the water in focus and the results were compared to experiments. Both a rigid lid
approach and the Volume of fluids (VOF) method were applied. The latter method
has been used to simulate flow over spillways on a model scale by 2D [1, 2] and
3D set-ups [3], showing good conformity between simulations and experiments.
2. EXPERIMENTAL
The flow in a down-scaled model (1:50) of the Höljes dam located in the river
Klarälven in the central part of Sweden was studied. The reservoir was
constructed in concrete while the spillway and the gates were built in stainless
sheet metal. The flow was driven by a large pump system and measures were
taken to obtain a uniform flow into the model. The velocity profile was measured
at two depths in a single measuring plane, perpendicular to the flow, upstream of
the gates, see figure 1. An acoustic measuring probe was used giving all three
velocity components. The sampling rate was set to 25 Hz for a period of 24 s in
each measuring point and time averaged results were used for comparison to
simulated results. The probe was mounted on a ladder on top of the model, see
figure 2. This setup enabled stable and precise measurement at points located 0.3
m apart (corresponding to one step on the ladder).

Figure 1: Measuring plane with lines and the three measuring sections
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The water level profile was measured at three sections in the spillway indicated
in dark grey in figure 1 with a point meter with 0.01 m spacing between
measuring points.

Figure 2: Acoustic measuring probe mounted in place

The discharge q [m3/s] through each gate was approximated by dividing each
gate into segments and summarizing the discharge of all segments with the
following formula:

q

n

 an 

U 1  U 2 
2

where an is the area of the n:th 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 figure 3.

3

(1)

Figure 3: Approximation of surface level and measuring points

3. NUMERICAL SETUP
The geometry for the simulations was created by laser scanning the reservoir in
the physical down-scaled model and the spillway area was created from 2D
drawings. The point cloud obtained by the laser scanning was used to create a
bottom surface in the software Imageware 13. The spillway entrance and the
spillway segments were modeled in NX5 from UGS, see figure 4. The numerical
grids for the rigid lid and free surface (VOF) model were generated in Ansys Icem
CFD as tetrahedral elements with prism elements close to the wall to improve the
y+ value. A global smoothing of the mesh with regard to the aspect ratio and the
minimum angle was applied to improve mesh quality.
The model had three outlets that could be maneuvered separately. For the first
case studied only one of the gates was partly opened giving a fully wetted outlet,
i.e. the free surface was located above it. The spillway was not included in the
numerical models for this case and the surface was modeled with as well a rigid
lid with zero friction as a free surface with the VOF method. The rigid lid
approximation is likely to be valid given that the deformation of the water surface
is less than 10% of the depth of the channel [4]. In the second case all gates were
kept open giving a free surface into the spillway. This case was exclusively
simulated using the VOF method. The VOF method introduces the 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, see [5, 6]. In
this case a volume fraction value of one is defined as a pure water element and a
value of zero is a pure air element. The interface between the two fluids is then
considered to be all elements between zero and one volume fraction.
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Figure 4: Geometry with one gate open

The commercial software Ansys CFX12 was used for all simulations.
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 [7]. Reynolds-averaged Navier-Stokes equations were solved. The
turbulence models used was k-ε with scalable wall functions and SSG, which is a
Reynolds stress model. The High Resolution scheme was used for both flow and
turbulence equations. 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 to prevent over- and
undershoots and maintain robustness [8]. The convergence criteria for the RMS
residuals were set to 10-6. The nodes with the highest maximum residuals were all
located near the reservoir wall and were considered to have no effect on the
solution. Velocity and pressure was monitored in several points in the domain to
guarantee stable conditions. Two flows rates, Q, were used, 0.034 m3/s for the
case with one gate open and 0.097 m3/s when all gates were fully open. The inlet
boundary condition was approximated as a plug profile with a given velocity. The
surface level of water was given an initial value close to the water surface level
measured in the physical down-scaled model. The surface is then allowed to
adjust itself during the calculation. The bottom surface was modeled both as a
smooth surface and with a roughness length of 3 mm.
A grid dependence study was carried out for a case with free surface, all gates
open, spillway present, Q = 0.097m^3/s, a surface roughness of 3mm and with the
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k-ε turbulence model on four meshes, N1-N4 with 1.5M, 2.8M, 5.3M and 8.8M
nodes, respectively.
4. RESULTS
The absolute velocity along a line at a depth of 57 mm in the measuring plane
defined in figure 1 was compared for the meshes N1-N4 in the grid study. The
main result is that the velocity calculated with the coarsest grid differs
significantly from the other grids and then only close to the walls, see figure 5
where also the absolute differences between the finest grid and the other grids are
presented.
Absolute difference between grids
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Figure 5: Mesh dependence of velocity profile

Special attention was also given to the diffusion at the interface between the
two fluids. The absolute volume of the elements with a volume fraction of water
between 0.1 and 0.9 was calculated for all meshes. Richardson extrapolation was
used on the three finest meshes according to [9]. The apparent order p obtained
was 1.52 and the extrapolated value was V = 0.059 m3, see figure 6. A mesh
adaption methodology implemented in Ansys CFX was also applied with regard
to the volume fraction at the interface between the fluids. The mesh is then refined
in areas where the selected parameter has large variations [8] i.e. the volume
fraction at the water surface. The volume of diffuse elements was then decreased
but the overall mesh quality was impaired resulting in inadequate numerical
convergence which affected the final results. Hence mesh adaption was not used
in the final simulations.

6

3

Volume of elements with 0.1 < VF < 0.9 [m ]

Grid convergence study
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

0

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Average grid spacing [m]

Figure 6: Richardson extrapolation of numerical diffusion

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 reasonable computational time.
For the case with one outlet open, the water depth in the rigid lid model was set
to be the same as in the scale model i.e. Z = 1.665 m. The surface level calculated
with the VOF-model was evaluated in two cross-sections of the reservoir. The
maximum difference in water level was ~5 mm and the average value in the cross
sections was Z = 1.659 m. A clear qualitative feature of the flow is a vortex that is
created at the left edge of the opened gate. This feature is captured in the
simulations both with rigid lid approach and VOF method; figure 7 shows the
water surface defined as an isosurface with a volume fraction of 0.5 at the outlet
for the VOF simulation and the same position in the experiments.

Figure 7: Vortex at the outlet as simulated with the VOF method to the left and as observed in the
physical down-scaled model.
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The velocity in the previously defined measuring plane was evaluated
quantitatively at different two depths. The VOF gives a smoother velocity profile
which can be seen in figure 8.
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Figure 8: Comparison between the Rigid lid approach and the VOF method

Both models show good agreement with the experiments but seem to under
predict the velocity close to the guide wall closer to the bottom. The reason for the
high velocity closest to the guide wall in the measurements is that there is a
pulsating motion of the water surface between the guide wall and the dam body in
the scale model. This pumping motion causes a periodic increase in the velocity
close to the bottom of the channel close to the guide wall. To capture such a
feature in simulations, transient analysis must be applied.
For the case with all three outlets open, the simulations show good qualitative
resemblance to the scale model, the separation zone at the guide wall is captured
as well as the behaviour of the water surface through the outlets as seen in figure
9.

Figure 9: Visualization of water surface as obtained with the VOF method to the left and as
observed in the physical down-scaled model to the right

The velocities in the measuring plane are shown in figure 10. The two
turbulence models show identical behavior except close to the guiding wall where
the SSG model gives a higher maximum velocity.
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Figure 10: Comparison between k-ε turbulence model and SSG turbulence model

The simulated water level in the spillway is close to the measured water level.
In figure 11 the surface profiles for the simulation and the measured surface
profiles are shown. The simulation over predicts the water depth going through
the gates and slightly under predicts the water depth in the spillway. In the
physical down-scaled model the water is flowing over the dividing wall close to
the outlet which is not captured in the simulations. The measured profiles also
show a larger influence of cross-waves than the simulations. This might be an
effect of the numerical diffusion at the surface that smears out small deformations
of the surface in the spillway.

Figure 11: Surface levels in spillway

The water surface with the two different turbulence models matches very
closely except at the separation at the guiding wall as seen in figure 12.
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Unfortunately the measurements do not supply enough data in this region to
conclude which model gives the best results.

Figure 12: Water surface for k-ε (light) and SSG (dark)

The discharge through each outlet was calculated and compared to the
measurements. Both simulations get good conformity for the left gate but the
volume flow through the middle gate is higher compared to the right gate than for
the measured discharge, see Table 1.
Left [m3/s]

Middle [m3/s]

Right [m3/s]

Measured

0.0312

0.0291

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%)

0.0365

Table 1: Discharge through spillway gates and deviation of simulations compared with
measurements

5. CONCLUSIONS
1 Simulations show good qualitative agreement with scale model attempts,
vortexes and surface deformations are captured well with the volume of
fluids method.
2 The two turbulence models show identical behavior except in regions with
separation.
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3 The mean water levels in the spillway obtained from the simulations are
captured well but show a smoother shape of the surface than measurements.
The simulations under predicts important physical features such as crosswaves in the spillway.
4 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.
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