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Abstract na Measured water level (deviation from mean)[m]

Lake water level [m]

Simulated water level [m]

Simulated water level extracted at ADCP location [m]
Density of water [kg/rf]

Flow from power station [f/s]

Deformation rate [r/s]

Bottom friction [N/n?]

Simulated horizontal velocity[m/s]

Measured current speed [m/s]

Simulated horizontal current speed [m/s]

Simulated current speed extracted at ADCP location [m/s]
Velocity acted on a turbine [m/s]

Horizontal eddy viscosity [A1s]

Current measurement in the river Dalélven, situatetﬂL
in Sweden, was compared with flow values. These werg,
also used to validate a numerical simulation of the chanp
nel. The results showed the numerical program was ablg
to assess the current speed variations, but the magnitudg
of the current speed was slightly lower than the measured,
values, a possible effect of bathymetry errors. The waim
ter level variations were not correctly assessed, which i¥a
probably due to that wind data was excluded. Uwm

The numerical program was used to evaluate howM+
large the effects on the surrounding water level and cury
rent speed can be for a set of ten turbines distributed!
evenly along the channel. To investigate how the hy-
drography of the channel is affected by energy extrac—l
tion, a set of ten turbines distributed evenly along the
channel were put into the numerical model. It showed River flows are formed by atmospheric precipitation
that extracting 75 kW would increase the water leveland the magnitude of the flow also varies with season.
at the power station (upstreams) from the level at theéAt high latitudes (>60N), during winter, the precipita-
same place without any turbines with 5.5%, and 13%ion is locked as snow, and during spring time the water
kW would lead to an 8.8% increase, assuming a constaris released as the atmospheric temperature increases. In
water level at the downstream boundary. With increasunregulated river courses the flow peaks at spring time as
ing cq-values, the velocity around the turbines increasessnow melts in the mountains and is reasonably constant
while it decreases at the turbine. the rest of the year. In regulated rivers which are con-
trolled by hydropower, the flow can be controlled by the
use of dams and varies with, among other factors, elec-
tricity consumption. In these rivers, the flow can vary
greatly within minutes, which can have a negative im-

Introduction

Keywords: numerical modeling, river, energy conversion

Nomenclature

Still water depth [m]

Effective drag force by a turbine [N]
Acceleration due to gravity [mf$
Total water depth [m]

Grid length scale [m]

Manning number [}/3/s]

= Turbine area [rf] pact on downstream constructions.

= Turbine drag coefficient In Sweden, one of the main energy sources is hy-
= Bottom drag coefficient dropower, and most rivers are regulated. With the aim
= Smagorinsky coefficient of finding new sources for the production of electricity

in Sweden, together with the fact that river exploitation
by conventional hydropower is reaching a maximum, in-
terest in other renewable energy sources has increased.
Only between 2006 and 2007 the installed wind power
increased by 40% [1]. Even in regulated rivers there are
watercourses with high kinetic energy density as will be

© Proceedings of the 8th European Wave and Tidal Energy discussed in this paper. With this background an assess-
Conference, Uppsala, Sweden, 2009 ment of the kinetic energy resource in Swedish rivers is
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of interest.

Water in rivers flows downhill driven by potential en-
ergy. This potential energy has traditionally been con-
verted to electricity by hydropower turbines. Less com-
mon is to extract the kinetic energy in river flows using
in-stream mounted turbines, although this has gained in-
creased attention in the past years, and various methods
to do this are described in [2]. The concepts are similar
to tidal energy systems, although smaller in scale, but the
information can be mutually valuable for both research
areas.

The extraction of kinetic energy from moving water is
highly dependent on the current speed and for a resource
assessment it is therefore important that the nature of the
flow is accurately described. Numerical methods have

Measurement site

been used in e.g. [3] where time series of the veloc- Q

ity around Portland Bill were produced, in [4] where (a) Outline map of Sweden.
effects of tidal energy extraction at Portland Bill was , - . g
estimated and in [5] where the extractable resource in : Lake/"( “

Johnston Strait was calculated using a numerical model. ) 3 s |
However, input to these models has been data from sea- _ 1200 kilze ‘ }
charts where the tidal current speed has been calculated ‘ Ve 1
by tidal constituents. Data from water gauging stations , ‘ Eopes ‘

B ADCP measurements
have been used to validate these models, whereas real
time current speed data are rarely used. To measure ve-

locity variations in time over an entire water column, an ¥ | |

Acoustic Doppler Current Profiler (ADCP) can be used. Ol L e B
This was utilized in [6] to measure wave induced short {7 (flow readings)

time fluctuations, and in [7] to compare with a numerical

model of the tidal energy resource. (b) Map of site.

The aim of this work is to compare measured data to _ _
predictions from a numerical model and to increase thé&igure 1: Maps over the measurement site. In (b) the interpo-
understanding of the resource for in-stream current enated depths and the location for the deployment of the ADCPs

ergy converters. In order to do that, the current velocity?"® ShOWn-

was sampled with an ADCP in a Swedish river duringjake. There are three bridges along the channel and the

one month. The velocity measurements were comparegkidge furthest downstream was chosen as the measure-
with numerical simulations of the site and data of flow ment site, see Fig. 1(b).

and water level. By including a set of 10 turbines it was
possible to estimate how energy extraction could affecb. 1 Data

the surrounding water levels and velocity. .
9 y To measure the velocities two ADCPs from RD In-

struments, one 1200 kHz and one 600 kHz, were de-
ployed for one month in the channel 800 m downstream
There are approximately 15 rivers with a flow rate of of a hydropower station. During the measurement with
more than 100 s in Sweden. Most of these rivers are the 1200 kHz ADCP external forces interrupted the data
exploited by hydropower and the majority are situatedseries at two occasions, resulting in three series of data.
in the north of Sweden, having their discharge into theThe measurement series for the 600 kHz ADCP was
Baltic sea above 6N. Two of the largest rivers do how- good for a period of 24 days. Measurement parameters
ever discharge below 60 and the measurement site lies are presented in Table 1. The ADCP uses an average of
in the northernmost one of these, Dalalven (Dal River)50 pings to make one ensemble. Since the ensemble in-
The river originates in the west of Sweden in the moun+erval was 6 minutes, ten measurement readings were re-
tains, and flows eastward having its outflow at§0 ceived per hour. Due to the built-in pressure sensor, total
The current velocity was measured in a channel bydepth is also measured at 6 minute interval. The time-
the city of Soderfors, located approximately 20 km up-varying total depth deviation from the mean depth is the
stream of the river’s outlet in the sea. The chosen chammeasured water level, denotgd. The 600 kHz instru-
nel is 1 km long and it discharges into a lake. The crossnent is meant to operate at depths greater than 20 m. At
section of the channel varies from a rectangular shapthis occasion the instrument was deployed at a very shal-
with a depth of ten meters and width of 30-60 m, to alow depth, resulting in large error velocity, sometimes
parabolic shape 6 m deep and 100 m wide close to thexceeding 200 mm/s. The velocity data from this instru-

2 Site description and measurement
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Figure 2: Weekly averaged flow in the channel by Séderfors 300 350 400
2003 - 2007. /s
Table 1: ADCP measurement parameters. Figure 4: Regression plot between hour averaged ADCP cur-
rent speed and flow.
Frequency 1200 kHz 600 kHz only basic properties such as bottom stress. The govern-
Ensemble interval 6 min 6 min ing equations are the well known depth averaged shal-
Pings/ensemble 50 50 low water model. The main equations are well described
Bin size 0.25m 05m in [8] and are therefore omitted from this work. The
Measured depth range| 4.5 m 25m equations used to describe the conditions at the site are
ADCP depth 6.5-7m 55-6m presented below.
Duration of deployment 33 days 29 days
Standard deviation 96 mm/s 119 mm/s 3.1 Theory

ment has thus been omitted, but the water level readings In Mike21 Flow model FM [8], bottom friction is as-
were used to compare with the 1200 kHz ADCP, Fig 3. sumed to vary quadratically with the velocity above the
bottom according to

1200 kHz] |
— - — 600 kHz

fb:pcfuT\/. um! -

The drag coefficientgs, can be calculated using the

E Manning numbenM as
g
Cft=—-—". 1
io)? (1)
18/2,23.18 28/2,21.18 his the total depth which is the sum of the still water
depth,d and water level deviation from thigj. The
Figure 3: Water level measured by the two ADCPs. Manning number represents the bottom surface rough-

) ness and is the resistance to flow in channels. It depends
The data from the ADCP was compared with flow 5, tactors such as the type and size of the material of the
and water level readings. The hourly averaged flowepannel. and the shape of the channel [9].
data was provided by Vattenfall AB; the owners of the | 5era| turbulence is modeled using a sub—grid scale
hydropower station upstream qf the sampling locationy,yizontal eddy viscosity concept as proposed in [10].
Hourly water level measured in the downstream lakerpe norizontal eddy viscosity, is related to a charac-

were received from Fortum AB and is denotgd The  qristic length scale (grid length scale)according to
data was taken from a water gauge station in the down-

stream lake (not on the map), but there was no informa- W = Cgﬁm , 2)
tion on the accuracy of the data.

The yearly flow variation, seen in Fig. 2, shows awherecs is the Smagorinsky coefficient arfgl; is the
mean flow of 300 r¥s and a maximum flow that exceeds deformation rate given by

600 nv/s. Lou
Ui upy . .
: . Si=5(5+52)0,i=12).
3 Numerical modeling 12 (0x,- % )
To model the river, a 2D numerical program, Mike21,3.2 Model setup
from the DHI Group in Sweden was used. The program _ . .
is capable of modeling various processes, e.g. sediment '€ Studied area was modeled with a flexible mesh

transport, but the simulations were performed includin ystem, aIIowing.variabIe sized mesh where desired. The
P P gfneshed domain includes 2518 nodes and 4652 elements.
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Table 2: Mike 21 parameters.

extracting energy. In this study, the numerical model
is two-dimensional and effects on the surrounding flow

Simulation Validation field can be expected to be somewhat different, since it
Time period 090204 — 090228 is possible to account for wake effects and a velocity in-
Time step 360s crease around the turbines.

Nr of time steps | 2500

South boundary | Q (Fig 6(a))
North boundary | n_ (Fig 6(c))
Manning number| 32 m/3s1

Cs 0.28

A set of 10 turbines were included in the model and
distributed pair-wise along the channel (Fig. 5). The
structure of the farm has not been optimized to give max-
imum power output, but to simulate effects on the sur-
rounding flow. The distance was approximately ten di-

. . ameters in between each row.
Bathymetry data, Fig. 1(b), was received from mea- Each turbine had a quadratic cross section area, A

surements, maps and drawings for the area. Due to the .
. L . see Table 3. The effects on the water level and velocity
bathymetry data being rather scarce, it is considered one .
. . In the channel for the turbine setup could be calculated

of the greatest sources of errors for the simulation.

As an input to the model both the Manning numberfor several flow rates anga/alues.

and a value for the Smagorinsky formulation is required. . 1
Since it is a dredged channel and the surrounding area o ‘
is of sand and gravel, the Manning number was set to . ‘
32 m/3s~! which corresponds to a rather smooth sur- i ﬁ) - |
face [9, 11], ands in Eq. 2 was set to 0.28. e <
The simulations were executed as shown in Table 2 to s : . R
validate the numerical model. The two open boundaries - T5 (s e
were the power station (south) and the lake (north). Flow s S '-1 = 1
readings for February were used at the first boundary and o, v gl — :
water level for February at the second. o g =
Data from the numerical model was extracted at the il T1’J’2 f 5
location of the two ADCPs, which were deployed in be- o | W =i
tween and slightly downstream two pillars. s | L;? —
Further simulations were done to estimate current it okn | e g

speed for different flow rates with and without including
turbines. The same parametersiicandcs were used. Figure 5: Turbine configuration.

3.3 Including turbines ) )
_ _ o 4 Results and discussion
In this study the interest is in estimating how the wa-

ter level and velocity along the channel are affected by There is a good correlation between measured hourly
energy extraction. Turbines can be added in the modeiveraged ADCP data and flow readings seen from the

and are then assumed to induce a drag foFgeon the correlation coefficient, ?{ of 0.94 as seen in Flg 4,
flow. This is calculated according to This could be expected due to the proximity of the mea-

surement site to the power station. The correlation value
- }pcheVZ indicates the flow data is good to use to describe the cur-
2 ' rent speed in the channel.

Acis the effective area of the turbine on whi¢tacts. The level data for the laken() was received sepa-
Note thatV is the velocity experienced by the turbine, rately from the flow values, and no accuracy is available.
and not the undisturbed velocityy. The drag coeffi- It can be seen in Fig. 6(c) thata and n_ vary inde-
cient,cq, increases the blockage effect on the flow, whichpendently from each other, which is a result of spatial
in turn decreases the velocity, The power extraction variations of the lake water level.

by each turbine can be calculated using
4.1 Validation of the numerical model

P=RV. ©) The above mentioned results indicate that the veloc-

ity in the channel depends mostly on the flow. Thus,
creases, but this effect is diminished at high values;of the received flow readings were applied at the power sta-
tion boundary.n_ was applied at the second boundary.

since the velocity goes toward zero (Fig. 7). However imulai : q ith
at these values the devices could be regarded as pilla'?g1e simulation was performed to compare with mea-

since no flow is passing through, and it is thus not rea|_sured data, and due to the interruption during measure-
istic to apply very high values af; ments, the simulation was only run for existing sets of

Turbines were modeled as a retarding force on th(g';lata. This explains the gap in the Mike21 series in Fig.

flow in e.g. [12]. The one-dimensional model indicated®:
the velocity in the channel would decrease in total when

As the value ofcy increases, the extracted power in-

829



— == Ua
131 : gM d380 50 . . .
- 330 |
W A‘ ] T1
11 r""""‘.ﬂ"l- ",\M Y +280 “ﬁ 40} T2 |
E ol i Facy ™ : | T3
il ' "m'/v..u‘u,'ﬂh’f N = 30 T4
:fj""‘ I Ganid < T5
07 20
L L I / * TG
1172 1812 2812 10 fj/=* T7
/ T8
(a) Current speed. 0 ‘ ‘ s T9 J
0 10 20 30 T10PO
Mike data ADCP data T8
Q0r
601 10.8 ,
< E
10.6
301 1
10.4
0 > . . . 0.2
(b) Rose plot. 0 10 20 30 40 50

0.2

18/2
(c) Water level.

Figure 7: Top: Effects ofcy on power output modeled in
Mike21 at a flow of 500 /s. Maximum power for each tur-
bine is denoted by *. Bottom: Force and velocity at turbine T8
with increasingcy.

m while for nu. the maximum variation was 0.13 m.
The model assesses the current speed reasonably
well, but not the water level deviations. Using more ac-

curate bathymetry data and including other parameters
Figure 6: Mike data extracted from the measurement IocationSUCh as wind data over the lake could have improved

by the bridge and ADCP data from the 1200 kHz instrument.these results, but no such data was available.
(a) Current speed at the bridge (left axify. andUa) com-
pared with flow at power statiorQ. (b) Rose plot between
meaSl_Jred and modeled current dirgction data (c) Water level at The power output from each turbine was calculated
the bridge (L andna) compared with water level at the lake ., differentcg- and flow values using Eq. 3. In Table 3,
boundary. the power output for three flow rates, 308/s(mean),

In the same figure it is seen thaly. follows Uy 500 /s and 700 r¥s ( maximum), is presented, show-
closely, but the magnitude of the simulated current speetd the total power output is more than 10 times higher
is slightly lower. This is probably due to bathymetry er- in the case for maximum flow as compared to the mean
rors. As mentioned previously, there were some difficul-flow.
ties in re-creating the bathymetry due to scarce data. The The power is proportional to the force of the turbine,
bathymetry could be improved by more measurementgvhich in turn depends o@? (through the turbine) and
At the shallow depths as in the present channel, smaftd- Maintaining a constant flow in the channel, an in-
changes in the bathymetry greatly alter the flow field. creasedq-value will decrease the flow through the tur-

The rose plot in Fig. 6 shows there is a slight de-bine, a result of an enhanced flow at the sides of the tur-
viation in the modeled current direction compared withbine. At a certaircq, the power output starts decreasing.
the measured one. The ADCP was located downstreamMaximum power for each turbine in a flow of 50C*s
few bridge pillars where the flow is turbulent. Therefore,is plotted in Fig. 7. Comparing this plot with simple cal-
depending on the cross-channel position, the flow direcculation usingP = 3pAcU3 shows that for a velocity of
tion can vary. The deviation can be a result of that thel m/s and a cross sectional area of 109 as is the case
data from the simulation was extracted from a locatiorfor turbine T1, the maximum kinetic energy is 50 kW.
slightly different than from the measured one. For turbine T1 and T2 this value is reached already at a

Fig. 6(c) shows the simulatedy.) and measured Cg-value in between 1 and 2. It is thus not recommended
(na) water level deviations from mean. Althougky, at  to apply acy-value above 1 for realistic simulations.
times shows the same variation g the model is not In[12] the model was forced by a varying water level,
able to simulate the magnitude of the water level. Theand increased turbine drag resulted in a decreased veloc-
maximum variation (maxf) — min()) of na was 0.47 ity in the whole channel. Here, the driving force is a

4.2 Turbine influence
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Table 3: Power [kW] for three different flow ratesy-value is 0.8.

Turbine T1+T2 T3+T4 T5+T6 T7+T8 T9+T1Q Total
Cross section f1| 100 49 49 49 25 -

Flow 300 n¥/s 11 4.6 5.6 7.6 3.1 32 kW
Flow 500 n¥/s 48 19 23 32 12 135 kW
Flow 700 n¥/s 123 48 60 81 32 344 kW

6897440

6597420

0.5 T T T T T

5637400

6897360
6697340
6897320
6897300
6697260
8897260
0 L i i —
T1,2 T34 T56 T7,8 T9,10 69720
6597200
O 08 68971680
: 6897160
6897140
0.06f -
£ 0.04] o ‘
6697080
1579060 1578100 1579150 1579200 1579250 1579300 1679360 1579400
0.02 .
(a) No turbines.
0 N —7— .

T1,2 T34 756 T7,8 T9,10 BeETin
8637400
6637360
BBI7360
Figure 8: Effects of turbines on the water level along the chan- .
nel for differentcy— values and a flow is 500 #s. Top: In- -
crease from the value at the lake. Bottom: Change in water -
6697260

level calculated as the difference from the case of no turbines.

BRRREL

constant flow, and increasing the turbine drag leadstoa ==

2RannkhE

1
higher water level upstream. For continuity to be valid, - i
the same flow must pass through all sections in channel, éégiﬁ
leading to an enhanced pressure force. This is the prob- 7~ e
able reason for the high power values achieved when in- == 06 ES&EEW
creasing the drag force. e TRt i o e i P iy
Modeling of turbine effects was performed both with (b) 10 turbines.

and without turbines included; hence the difference in
water level could be extracted for differeci-values.  Figure 9: Velocity field in the channel for the case of 10 tur-
The effects of this particular turbine configuration onpinescq = 10.

surrounding water level are shown in Fig. 8 for flow rate ]
of 500 ni/s. For a case with no flow, the water level is Where strongest currents can be found. The flow field

zero everywhere. At a flow rate of 5003a and without around the turbines is modified locally, with enhanced
any turbines, the water level at the power station is 3gurrent speed around the turbines, and decreased flow
cm higher than at the lake boundary. When including 165P€€d through the turbine and a few diameters down-
turbines the water level at the power station is increasegdtréam. _ o

by an additional 1.6 cm usinga of 0.4 (75 kW) and 3 The modeled turbines have not been limited to a max-
cm for acgy of 0.8 (135 kW). This corresponds to a 5.5% imum power extraction, which is a questionable assump-
and a 8.2% increase of the water level respectively, comiion. However, th|'s report was made to investigate how
pared to the case without any turbines (Fig. 8). Note,the hydrography is altered when extracting kinetic en-

however, that this result regards a constant water level &9y, and not to study the theoretical potential of the
the downstream boundary. channel. The results showed that power extraction and

In Fig. 9 the velocity field around all turbines is €ffects on the upstream water level is highly dependent

shown. The kinetic energy is proportional to the cube oo the choseng-value. _

the velocity, and the largest extraction rate can be found !t should be noted that for the parameters used in the
at the location of strongest currents. In Table 3 the preSimulation, the model was not able to correctly assess
sented values are per turbine, indicating T1 and T2 exthe water level deviation at the measurement site down-
tracts most power. However, power per cross sectionajtream the bridge. When simulating the turbine influ-
area is highest for T7 and T8, which is coincident with €nce on the hydrography of the channel, the whole chan-
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nel was considered, not only a single point. For this theReferences

model has not been validated. However, we are regard
ing an increase of water level due to energy extraction,
and not the absolute value of the water level, and for this

the results are still valid.

5 Conclusion

Measurements of current speed, current direction and3]
water level have been compared with 2D-simulations
done with the program Mike21. The simulation program
was able to assess the current speed variations, but th
modeled magnitude was slightly low, which is thought
to be a result of bathymetry errors. The program could
not assess the water level deviations well. This could be
improved by adding wind data to the model, but no such

data was available.

Variation of the hydrography due to turbines was
studied. The set of turbines were chosen to experiment
how the upstream water level is affected input flow

and turbine drag is varied, and not to optimize energy
It [6] J. V. Norris and E. Droniou. Update on EMEC activi-

extraction or to calculate the potential of the site.

showed that extracting 75 kW would increase the water
level at the power station from the level without any
turbines at the same location with 5.5%, and 135 kW
would lead to an 8.8% increase, using the specified
level at the downstream lake. Choosing the appropriate[7]
cy-value for each turbine is of major importance since

the effects on the hydrography is large.
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