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ABSTRACT 

As intermittent power sources such as solar power and wind power gains traction in Scandinavia it is likely 

that the electricity production will become increasingly dependent on hydro power as a buffer in times of 

power deficit from intermittent power sources due to weather conditions. Rapid changes in hydro power 

demand can rapidly change the flow conditions in proximity to the power plant. This paper aims to model the 

transient behavior and quantify the inherent damping in a dry reach in proximity to the largest hydro power 

plant in Sweden, with respect to production. A two-dimensional model solving the Navier-Stokes equations 

with shallow water approximations was set up using the open-source solver Delft3D. The Manning numbers in 

the reach was calibrated with measured steady state water surface elevation data. The simulation data was 

then validated with transient water level measurements. The results show that it's possible to calibrate the 

Manning numbers using steady state water level measurements. The model also shows that it's possible to 

capture the inherent damping and more transient behavior using Delft3D. The results can be used to better 

model rivers without the need for resolving the upstream reach. The results can also be used for 

ecohydraulical applications where the transient behavior is important 
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1 INTRODUCTION 

1.1   Background

Hydro power is one of the largest sources of electricity in the Scandinavian countries. In Sweden hydro 
power produces approximately 40% of all electricity (Energiföretagen 2018). In recent years as the effects of 
global warming have become more apparent many look to new, renewable sources for energy. Some sources 
that are gaining a lot of traction are solar power, wind power and wave power. In Germany 6.6% of the electricity 
consumption was produced by solar power (Federal Ministry for Economic Affairs and Energy 2018). In 
Denmark wind power accounted for 42% of all energy produced (energinet.dk 2016). All these methods are 
dependent on intermittent weather conditions which can change rapidly. To mitigate this problem people are 
looking to hydro power to serve as a buffer that can be used during times of power deficit from the intermittent 
power production. It is then likely that a change in weather conditions will cause a rapid change in demand in 
hydro power production, this would put additional strain on turbines as well as the up- and downstream river 
reaches. There are many environmental regulations regarding hydro power which needs to be taken into 
consideration when starting and stopping the electricity production, i.e. minimum flow regulations and water 
magazine levels (Miljö och Energidepartementet, 2018). As hydro power becomes more flexible it becomes 
increasingly important to be able to accurately model the flow dynamics in proximity of power plants. How the 
river geometry affects the flow and how it can be used in environmental applications is hence of increasing 
interest. 

1.2 Numerics 

 Two-dimensional modelling for river applications are becoming increasingly popular due to increase in 

available computer power. Two dimensional models have several advantages to more traditional one-

dimensional models; two dimensional models predict the flow in the entire reach, not only in cross-sections and 

takes the bathymetry in the entire reach into consideration when solving the equations of motion. One popular 

solver is the free, open-source solver Delft3D. Delft3D has been used successfully to model several different 

river flows (Williams et al. 2013, Xie et al. 2018) as well as oceanic flows (Horstman et al., 2013). Delft3D solves 
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the two-dimensional Navier-stokes equations with the shallow-water and Boussinesq assumptions with a 

curvilinear grid formulation (Deltares 2014).  

1.3 Study reach 

The chosen study reach is the Ume river in proximity to the Stornorrfors hydro power plant. Stornorrfors is 

the hydro power plant that produces the most electricity in Sweden (Vattenfall 2019). An overview of the area 

of interest can be seen in Figure 1. During the summer the dry reach is used for upstream fish migration and 

spilling. During weekends the flow is increased for aesthetic reasons. 

Figure 1. Ume river area of interest around the Stornorrfors power plant. 

1.4 Previous work 

     Several previous studies around the area of interest have been made. The influence of a guiding 
arm in proximity of the intake of the fish ladder was studied using CFD (Hellström et al, 2016). In the dry 
reach 1D HEC-RAS simulations that have been validated with several water level measurements have 
been made (Andersson and Angele, 2018). CFD simulations in proximity to the turbine outlet as well as 
ADCP measurements in the confluence area have also been performed (Andersson et al, 2012). From 
these previous studies measured geometries are available for a part of the reservoir, the dry reach and 
the confluence. At the time of this study no hydraulic research of the reach downstream has been 
found. 

1.5 Objectives of this study  

     This study aims to continue the previous work in the dry reach (Andersson and Angele, 2018) by creating 
a working two-dimensional model in Delft3D and validating it against data from the previous study as well as 
investigating transient behavior in the study reach. The objectives are  

i. Validate the water levels for steady state when the discharge Q = 50 m3/s
ii. Investigate the step response when discharge changes from Q = 50 m3/s to 21 m3/s

These cases represent two different flow scenarios that happens in the dry reach during summer time. 

 2 STUDY REACH AND GEOMETRY 

     The study reach consists of a part of the dry reach downstream of the spillways in proximity to the 
Stornorrfors power plant. The study reach is approximately 6800 meters in length. The channel topography of 
the dry reach was measured using stereo photogrammetry based on pictures captured with a drone that was 
taking photos during winter when the reach is dry. The resolution of the measurements is in the order of one 
decimeter (Andersson and Angele, 2018). A triangular irregular network (TIN) was created for the dry reach. 
Based on the TIN model a curvilinear grid was generated. The bathymetry was then interpolated on the grid. 
In Figure 2a the resulting curvilinear mesh can be seen. The TIN model has been plotted in Figure 2b. 
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Figure 2. Curvilinear mesh generated for simulations and TIN model. 

 Information regarding the mesh used in this study has been tabulated in Table 1. 

Table 1. Curvilinear mesh properties. 

Quantity 

M-direction 1248 

N-direction 45 

Avg. len. M [m] 5.251 

Max. len. M [m] 9.214 

Min. len. M [m] 0.6039 

Std. len. M [m] 4.15E-03 

Avg. len. N [m] 3.306 

Max. len. N [m] 10.95 

Min. len. N [m] 1.333 

Std. len. N [m] 7.03E-03 

Avg orthogonality 2.97E-04 

Max orthogonality 3.72E-02 

Min orthogonality 9.77E-10 

Avg aspect ratio 2.018 

Max aspect ratio 4.095 

Min aspect ratio 1 

     Water level measurements were available in eight points for the steady state case where the discharge is 
50 m3/s. The locations of these points have been plotted in Figure 3. The GPS coordinates of the points and 

(a) Curvilinear mesh for dry reach. (b) TIN model of dry reach.
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the water levels have been tabulated in Table 2. The water levels were measured with absolute pressure 
sensors with an of ± 2 centimeters (Andersson and Angele, 2018).  

Figure 3. Location of water level measurements in the dry reach. 

Table 2. GPS coordinates in SWEREF 99 and water level measurements in MASL. 

X [m] Y [m] Water level, Q= 50 m3/s [MASL] 

1 747666 7093310 35.453 

2 747954 7092890 29.514 

3 748178 7092670 29.212 

4 748621 7092180 26.446 

5 748918 7091810 24.007 

6 749691 7091270 18.934 

7 750488 7090120 15.943 

8 751094 7089640 13.67 

3 METHOD 

3.1 Model setup 

 The upstream boundary condition was set to “open boundary” with a total discharge option, the reflection 

parameter α was set to 0. The downstream boundary condition was set to Neumann with a slope of 0.001. The 

latitude of the model was set to 63.826 decimal degrees and the orientation to 20.263 decimal degrees. The 

slip condition was set to “no-slip” and the horizontal eddy viscosity to 1 m2/s. The threshold depth (depths under 

the threshold are considered dry) for the simulations was set to 0.1 m. All simulations were given enough start 

up time so that initial transient effects are not affecting the final result of the simulations. The study reach doesn’t 

include the reach upstream of the small lake, see Figure 3. Since the step change in discharge occurs at the 

spillways far upstream it is important to model the inherent damping of the reach upstream of the model for the 

transient simulations. This was done by calibrating an inlet discharge time series with the water surface elevation 

measurements in point 1. 
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3.2  Parametric sweep 

     The roughness of the dry reach was calibrated through a parametric sweep of uniform Manning numbers 
in the reach. For convenience the Manning number was swept from 0.01 to 0.12. Values from 0.035 to 0.10 of 
the Manning number can be reasonably expected to occur in natural streams for irregular and rough sections 
(Chow, 1959). The simulations that most accurately predicted the measured water level in a measurement 
point was then chosen to be representative for this part of the reach. In the simulations where the best fitting 
Manning number was below 0.035 or above 0.10 the value was set to 0.035 or 0.10 respectively. In Figure 4 
the results of the parametric sweep have been plotted. Each color represents a steady state simulation with a 
uniform Manning number. On the y-axis the difference in water level between the simulated and measured 
levels in each respective validation point has been plotted. On the x-axis the latitude of the validation points 
has been plotted, this roughly corresponds to the streamwise direction. 

Figure 4. Water level difference for parametric sweep. 

Based on these results a roughness distribution in the dry reach was decided. The resulting distribution can 

be seen in Figure 5. The extent of each Manning number was decided by taking approximately half the reach 

to the next validation point upstream and downstream. 

Figure 5. Calibrated Manning numbers in the dry reach. 
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4 RESULTS 

4.1 Steady state 

 In Figure 6 the difference between the measured water level and the simulated water level for the calibrated 

roughness has been plotted.  

Figure 6. Water level difference for steady state case with discharge Q = 50 m3/s. 

The largest difference is seen in point 8 where the simulations overpredict the water level elevation by 

0.7355m. The average difference is 0.1896 m and the median difference is -0.055 m.  

4.2 Step response 

 The simulated water surface elevation response in the validation points when the discharge was changed 

from 50 m3/s to 21 m3/s has been plotted in Figure 7. The same figure for the measured water surface elevation 

in the validation points can be seen in Figure 8. In Figure 9 the transient response for both the measured water 

surface elevation and the simulated water surface elevation for points 1 through 4 have been plotted. The 

transient response for points 5 through 8 has been plotted in Figure 10. All water surface levels have been 

normalized according to the formula  

 𝑊𝑆𝐸𝑛𝑜𝑟𝑚 =
𝑊𝑆𝐸 − 𝑊𝑆𝐸𝑡=∞

𝑊𝑆𝐸𝑡=∞ − 𝑊𝑆𝐸𝑡=0

[1] 

where WSEt=0
 is the steady state water surface elevation for Q = 50 m3/s and WSEt=∞ is the steady state water 

surface elevation for Q=21 m3/s in each respective validation point. In Table 3 the time until the first decrease 
in water surface elevation as well as the time until the model reaches the new steady state. The damping is then 
the time it takes from the first decrease in water level until the new steady state is reached (t∞ - t0). 
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Figure 7. Normalized simulated water surface elevation as a function of time in all validation points. 

Figure 8. Normalized measured water surface elevation as a function of time in all validation points. 
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Figure 9. Transient response in points 1 through 4. 

Figure 10. Transient response in points 5 through 8. 

Table 3. Transient properties in the study reach. All units are in minutes. 

 Point t0, sim t0, measured t∞, sim t∞, measured Damping sim Damping measured 

1 4 3 61 71 57 68 

2 9 8 69 82 60 74 

3 11 10 75 85 64 75 

4 18 13 84 95 66 82 

5 22 21 96 113 74 92 

6 30 25 110 121 80 96 

7 45 39 143 162 98 123 

8 57 52 171 227 114 175 
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5 DISCUSSION AND CONCLUSIONS 

  The aim of this study was to create a working two-dimensional hydraulic model in Delft3D validated with 

measured steady state water surface elevation levels as well as investigating the transient behavior when 

subject to a step change in discharge. The Delft3D model is able to capture the level of the water surface for 

the steady state reasonably well, looking at Figure 6 we see that all points except point 1 and point 8 are close 

to the measured values. The model is also able to capture the transient response when the discharge changes 

from 50 m3/s to 21 m3/s. Looking at Figure 7 and Figure 8 we see that the shape of the response curves for the 

simulation case and the validation case are similar in shape. This similarity is made clearer when looking at 

each individual validation point, this case can be seen in Figure 9 and Figure 10. The time until a change in 

water surface elevation is noticed is captured by the model, the time until the new steady state is reached is 

also captured, this can be seen in Table 3. The simulated shape of the response in point 1 has a clear 

dependence on the shape of the time series used as inlet condition, this shape is not noticed further 

downstream, see Figure 7. The model tends to underpredict the damping, this is noticed further downstream in 

the reach. Inherent damping is a measurement of how much the upstream reach of the river affects the water 

level dynamics downstream.  Although the model provides reasonable results there are still significant sources 

of error that merit further discussion. The difference in water surface elevation at point 8 can be explained by 

the stereo photogrammetry measurements, point 8 lies in an area of significant ice buildup, hence the 

bathymetry has not been properly resolved in this area. The difference in water surface elevation for point 1 

could possibly be explained by inlet effects that Delft3D fails to resolve. One possibility is that there is a 

difference in reference height for the photogrammetry measurements and the actual height, this would cause 

wrong channel bed elevations in the bathymetry. In the previous study, the existence of a pool in proximity to 

the inlet of the model was identified as one of the possible reasons for the error. The large difference in water 

surface elevations was observed for the three points closest to the inlet, with the two-dimensional model 

proposed in this article the effect seems to be limited to only the most upstream point (Andersson and Angele, 

2018). The underprediction of the damping could be explained by the lack of resolution of the bathymetry due 

to ice buildup. Other studies that have been using Delft3D for modelling also highlight the importance of 

investigating the dependence of the vertical eddy viscosity (Williams, et al. 2013). This has not been done in 

the current work. Due to lack in computational resources no simulations with larger meshes have been possible. 

The results of this study will be used in future work where the reach downstream of the confluence will be 

modelled. The results allow us to properly model the dynamics of the dry reach without having to resolve the 

reach. 
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