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Abstract: An experimental investigation to measure the performance of a first prototype of a kinetic
turbine is presented. This turbine, developed using numerical simulation, recovers the kinetic energy
of water in free surface canals. To assess the performance of the machine, a first prototype as well
as an open-air platform were built, both installed in the tailrace canal of Lavey hydropower plant.
This is the first time in Switzerland that on-site experiments have been carried out for kinetic turbines.
An experimental procedure was set up using measurements in the laboratory and on site to assess
the power coefficient of the turbine as a function of the tip speed ratio. The influence of the turbine
depth and the tilt of the turbine axis were also explored. A maximal power coefficient of 0.93 was
reached for the higher tilt and depth investigated.

Keywords: kinetic turbine; small hydro; pilot site; experimental performance measurements

1. Introduction

To tap the renewable potential of ocean and river streams, new hydraulic machines have been
developed over several decades. Contrary to standard hydraulic energy conversion machines, this type
of turbines mostly harnesses the kinetic energy of water or possibly a very low head; those machines
are classified as low pressure technology, under 2.4 m head [1]. In 2009, Kahn et al. [2] performed a
large review of the different technologies and research projects on this type of conversion system. Most
of these technologies are still at the demonstration stage in operational environment [2,3]. Only a few
MWh are injected into the grid despite the fact that large technically recoverable potentials of 800 TWh
per year are commonly assessed for tidal energy in the world and 120 TWh per year for river energy in
the US [3].

A variety of solutions are under development to harvest the kinetic energy of water, namely,
turbine and non-turbine systems. Concerning turbine technologies, their name differs according to
application; for ocean, the generic terms are “water current turbine” or “tidal current turbine”; for
river or artificial canal, “river turbine” or “kinetic turbine” are preferred. The last term will be used in
this paper. Indeed, the applications targeted here are artificial water canals or river streams, covered
by [4,5] in Canada or [6] in France.

For both applications, the turbine can be ducted or in a free-stream, and the rotational axis can be
horizontal or vertical [2]. In the case of free stream turbines, the power coefficient is limited by the
well-known Betz’s theory [7], and equal to 16/27. The improvement of the power density using a
Venturi duct to accelerate the flow through the runner, and has been proved by several studies for wind
and water applications [8,9]. According to Kirke [9], the theoretical limit for a diffuser-augmented
wind turbine can reach about 3.3 times the Betz limit and a model diffuser augmented wind turbine has
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extracted 4.25 times the power extracted by the same turbine without a diffuser. To identify the optimal
couple “diffuser-runner”, an optimal range for the turbine resistance coefficient was identified [10].
This optimization can be performed using numerical simulations [11,12].

The turbine studied here presents a horizontal axis with a Venturi duct. This research project is
the first one in Switzerland including an on-site demonstration phase, where small hydro represents
50% of the remaining hydraulic potential—estimated between 1300 and 1600 GWh [13]. Today, small
hydropower represents 5% of the electricity production with more than 1000 plants producing each
year 3400 GWh [14]. Part of the potential is located in existing infrastructure such as drinking water
networks [15] or tailrace canals of large hydropower plants [16]. To harvest this potential, new
technologies should be developed to ensure robustness, low CAPEX, and reliability.

The aim of the research project is to set up a newly-ducted horizontal axis turbine. Numerical
simulations were used to simplify as much as possible the design to reach an economic feasibility,
since the power density of this type of turbine is low. To assess the performance of the turbine,
a first prototype was built as well as an open-air platform. Both were installed in 2017 on a pilot site,
identified quite early in the project, and characterized using both experimental measurements and
numerical simulations [16,17].

In this paper, the concept of this kinetic turbine of 1 kW and the technical sizing are first presented.
Then, the experimental setup as well as the pilot site are described. The experimental measurements
on site are carried out including the investigation of the influence of two main parameters: the depth
and the tilt of the turbine axis.

2. The Kinetic Turbine Concept and Its Open-Air Platform

The hydraulic concept of the turbine is characterized by a horizontal rotational shaft and a Venturi
duct. This duct is composed of four parts, respectively: a straight inlet section, a convergent part,
a straight part for the runner, and an outlet diffuser. The final geometry of the duct has an inlet
diameter of 1.128 m and an outlet diameter of 1.60 m, its total length being more than 4 m in Figure 1.
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Figure 1. Sketch of the kinetic turbine prototype along with main characteristic lengths (lenghts in mm). 

The role of this turbine component is to increase the flow velocity across the runner by increasing 
the harnessed upstream flow. Five stay vanes support the duct and guide the flow in the runner. The 
runner, composed of three fixed blades, has a diameter of 1 m. This part of the turbine plays a major 
role in transferring the hydraulic energy into mechanical energy by rotating the central horizontal 
shaft. The runner recovers the torque all along the blades. Alternative technologies propose a pump 
design in the center [18] or only an annular runner [19] to increase the Venturi effect. Close to the hub, 
the runner blade allows a diminution of the blockage effect to let the flow accelerate in this region while 
in the peripheral part, the maximum of the torque is recovered, see Figure 2. 

Figure 1. Sketch of the kinetic turbine prototype along with main characteristic lengths (lenghts in mm).

The role of this turbine component is to increase the flow velocity across the runner by increasing
the harnessed upstream flow. Five stay vanes support the duct and guide the flow in the runner.
The runner, composed of three fixed blades, has a diameter of 1 m. This part of the turbine plays a major
role in transferring the hydraulic energy into mechanical energy by rotating the central horizontal
shaft. The runner recovers the torque all along the blades. Alternative technologies propose a pump
design in the center [18] or only an annular runner [19] to increase the Venturi effect. Close to the hub,
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the runner blade allows a diminution of the blockage effect to let the flow accelerate in this region
while in the peripheral part, the maximum of the torque is recovered, see Figure 2.
Water 2018, 10, x FOR PEER REVIEW  3 of 15 

 
Figure 2. Cumulated normalized torque along the blade for nominal conditions from CFD, extracted 
from previous simulations, [16]. 

The shaft of the turbine includes an inlet bulb section where the generator is placed along with 
the mechanical elements, allowing the transformation of the mechanical energy into electricity; see 
Figure 1. The different components of the turbine have then been built by Stahleinbau GmBH mainly 
in stainless steel except the runner, which is made in cast aluminum. 

A planetary gearbox was set between the runner and the generator to ensure a higher rotational 
speed of the generator and consequently a lower torque, with a factor of 16 being reached.  
A self-lubricating bearing is used to minimize the mechanical friction losses on the shaft on the 
runner side. The static water sealing is ensured with standard O-rings and a specific silicium carbide 
dynamic sealing for between the shaft and the casing. This protects the inner mechanical components 
against corrosion and scuffing while minimizing the friction. 

The selected generator is a synchronous machine with permanent magnets composed of six 
pairs of poles, with a maximal power of 4.2 kW for a rotational speed of 2000 min−1. This rotational 
speed is high enough to minimize the size of the electrical generator, which must be installed in the 
bulb of the machine. Since the nominal rotational speed of the turbine runner is much lower,  
the gearbox mentioned above ensures the necessary rotational speed multiplication ratio. 

The rotational speed represents the degree of freedom of the machine to follow the variation of 
the upstream flow velocity and to investigate its whole operating range. Indeed, a nominal rotational 
speed was fixed during the design phase but a power electronics stage allows varying this parameter 
between 200 and 2000 min−1 at the generator side. 

The performance of the turbine can be described by the power coefficient of the kinetic turbine, 
(see Equation (1)); as a function of the tip speed ratio, (see Equation (2)). = = ∙12 π = 2π60 ∙12 π  (1) 

= ∙ = 2π60 ∙
 (2) 

The power coefficient of the turbine is based on the runner area as performed in other studies of 
ducted turbines such as Lawn [10]. This normalization allows to compare the value with the Betz 
limit. Using the inlet section, this power coefficient would be reduced by a factor of 0.79, whereas 
using the outlet section would produce a factor of 0.39.  

The nominal operating condition of the turbine is fixed for an upstream velocity of 1.47 m ∙ s  
and the full load condition is expected for a velocity of 1.7 m ∙ s ; see Table 1. Assuming a power 
coefficient of 0.85 and an efficiency of 0.7 for transmission between the mechanical power and the 
electrical power at the outlet of the generator, the target value for the maximal electrical power is 
1148 kW. 
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The shaft of the turbine includes an inlet bulb section where the generator is placed along with
the mechanical elements, allowing the transformation of the mechanical energy into electricity; see
Figure 1. The different components of the turbine have then been built by Stahleinbau GmBH mainly
in stainless steel except the runner, which is made in cast aluminum.

A planetary gearbox was set between the runner and the generator to ensure a higher rotational
speed of the generator and consequently a lower torque, with a factor of 16 being reached.
A self-lubricating bearing is used to minimize the mechanical friction losses on the shaft on the
runner side. The static water sealing is ensured with standard O-rings and a specific silicium carbide
dynamic sealing for between the shaft and the casing. This protects the inner mechanical components
against corrosion and scuffing while minimizing the friction.

The selected generator is a synchronous machine with permanent magnets composed of six pairs
of poles, with a maximal power of 4.2 kW for a rotational speed of 2000 min−1. This rotational speed
is high enough to minimize the size of the electrical generator, which must be installed in the bulb
of the machine. Since the nominal rotational speed of the turbine runner is much lower, the gearbox
mentioned above ensures the necessary rotational speed multiplication ratio.

The rotational speed represents the degree of freedom of the machine to follow the variation of
the upstream flow velocity and to investigate its whole operating range. Indeed, a nominal rotational
speed was fixed during the design phase but a power electronics stage allows varying this parameter
between 200 and 2000 min−1 at the generator side.

The performance of the turbine can be described by the power coefficient of the kinetic turbine,
(see Equation (1)); as a function of the tip speed ratio, (see Equation (2)).

Cp =
Pm

Ph
=

Tr·ωr
1
2 ρC3

∞πR2
r
=

2π
60

Tr·Nr
1
2 ρC3

∞πR2
r

(1)

λ =
ωr·Rr

C∞
=

2π
60

Nr·Rr

C∞
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The power coefficient of the turbine is based on the runner area as performed in other studies of ducted
turbines such as Lawn [10]. This normalization allows to compare the value with the Betz limit. Using
the inlet section, this power coefficient would be reduced by a factor of 0.79, whereas using the outlet
section would produce a factor of 0.39.
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The nominal operating condition of the turbine is fixed for an upstream velocity of 1.47 m·s−1 and
the full load condition is expected for a velocity of 1.7 m·s−1; see Table 1. Assuming a power coefficient
of 0.85 and an efficiency of 0.7 for transmission between the mechanical power and the electrical power
at the outlet of the generator, the target value for the maximal electrical power is 1148 kW.

Table 1. Nominal and full-load expected turbine characteristics.

Expected Turbine Characteristics

Full-load Nominal
C∞ 1.7 m·s−1 1.47 m·s−1

Ph 1′930 W 1′247 W
λ 2.65

Cp 0.85
Pmec 1′640 W 1′060 W
Nr 86 min−1 74.4 min−1

Ng 1′376 min−1 1′190 min−1

Pelec 1′148 W 742 W

To assess the performance of this prototype, a specific open-air platform was set up. The open-air
platform was designed to allow positioning the turbine at different depths and tilt angles in the
canal. Moreover, it will support the researchers during the measurements. The platform is 14 m high,
while the metal footbridge has a section of 5 m × 7.26 m. In the center of this footbridge, the kinetic
turbine can be moved from the maximum level, where maintenance can be done, to the bottom of
the tailrace canal along the two slice rods. The tilt angle, defined in Figure 3, can be modified as
well. The adjustable tripodal base allows ensuring a vertical position for the rods and a horizontal
orientation for the footbridge. The platform and the turbine have a total weight of 11 metric tons.
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3. Experimental Setup

3.1. Global Methodology

The experimental approach to assess the power coefficient Cp of the turbine as a function of the tip
speed ratio λ is to measure some variables on site and to identify others in the laboratory in Figure 4.
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The characteristics of the main instruments used to measure the different quantities described in
Figure 4 are provided in Table 2.

Table 2. Characteristics of the main measurement instruments.

Measured Quantity Sensor Type Range Accuracy

Reference velocity (C∞) Teledyne Workhorse 1200 kHz
ADCP system ±5 [m/s] ±0.3 [%] of water velocity relative

to ADCP

Electrical power (Pe) Zimmer LMG670 precision electrical multimeter 0.1000 [Vtrms]
0.32 [Atrms] ±0.015 [%]

Mechanical torque (Tr) NCTE 3000 torquemeter ±250 [Nm] ±0.02 [%]

Current (Ig) LEM IT 60-S ULTRASTAB current transducer 60 [Atrms] ±0.02725 [%]

Voltage (Ug) LEM CV 3-1000 voltage transducer 1000 [Vtrms] ±0.2 [%]

Rotational speed (Ng) Heidenhain ECN 1325 encoder 0.12000 [min−1] 2048 [ppr]

Water depth Endress&Hauser Cerabat T PMC131 relative
pressure sensor 0.2 [bar] ±0.5 [%]

Water temperature Endress&Hauser Easytemp TMR31 sensor 0.100 [◦C] ±0.1 [%]

Tilt DIS Sensors QG40N-KAXYZ-12,0-AI-PT 3-axis
acceleration sensor ±12 [g] ±0.12 [g]

Data acquisition and control

Teledyne RD Instruments ADCP system - Dedicated to the values of the reference velocity

NI CompactRIO 9035 controller - Dedicated to the values of the prototype

3.2. Identification of Variables in Laboratory

Before measuring on site, investigations were performed in the laboratory to identify the
electro-mechanical efficiency ηe−m of the device as a function of the rotational speed of the generator
Ng and the current at the terminals of the generator Ig.

The selected generator is a Phase TK142-100-041-G-R0-pa with permanent magnets composed of
six pairs of poles, with a rated power of 2.39 kW and with a current of 6 A for a rotational speed of
1000 min−1. The speed of the generator can reach a maximal value of 2000 rpm. The target operating
conditions, corresponding to the turbine nominal conditions, are a power of 742 W for a rotational
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speed of 1190 min−1. As explained in Section 2, this rotational speed is high enough to sufficiently
minimize the torque, and implicitly, the size of the electrical machine. The size of the electric machine
is also reduced, since cooling is done with water. Power electronics are installed between the generator
and the grid to allow for a variation of the rotational speed of the electrical machine and thus the
turbine one. The power electronics are composed of two Emerson M700 frequency converters, one
driving the generator, the other ensuring the current injection into the network. The rotational speed
of the machine is the degree of freedom of the system to stay at the best efficiency point when the
upstream flow velocity varies, thus keeping a constant tip speed ratio.

To assess the electrical performance on the test rig, the testing generator was first coupled
with an entrainment motor equipped by an absolute encoder. A torque meter was mounted on the
shaft between the two electrical machines, while an Emerson M700 frequency converter drives the
entrainment motor. A Zimmer LMG 670 precision multimeter finally measured the output electrical
values from the generator.

The performances of the gearbox were also measured. To perform the experiment, the generator
and the gearbox were tested together; see Figure 5a. A specific system allows the manual breaking.
A torque meter was inserted between the output of the gearbox and the manual break in order to
measure the effective torque on the shaft. The signal of the torque meter and certain electrical values
from the precision multimeter were synchronously acquired by a signals digitizer. The performance
measurements are based on a synchronized dynamic acquisition of all sensors signals.
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Figure 5. (a) Assembly of the generator and gearbox in the laboratory, (b) efficiency of the Permanent
Magnets Synchronous Motor generator.

Firstly, the efficiency of the generator was measured in Figure 5b. A maximal efficiency of about
93% was reached for the maximal power of the generator. In the operating range of the kinetic turbine
power, those efficiencies were between 75% and 90%.

Then, the efficiency of the assembly generator gearbox was established as a function of the current
at the terminals of the generator and the speed of the generator. The resulting hill chart, using all the
dynamic measured points, is represented in Figure 6, remarking that the resulting torque is considered
instead of the current of the generator. A maximum value of 88% was reached for the electro-mechanical
efficiency ηe−m for a generator rotational speed of 683 min−1 and a torque of 260 N·m at the gearbox
output. The full load and the nominal expected operating points specified in Table 1 are indicated
respectively with a blue and a grey dot on the 2D electro-mechanical efficiency hill-chart.
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3.3. Identification of Variables on Site

On site, the following variables are monitored on the generator: (i) voltage at the terminals
Ug; (ii) current at the terminals Ig; and (iii) rotational speed Ng. The electrical power Pe can then be
calculated using Ug and Ig.

The mechanical–electrical efficiency ηe−m can be identified using the laboratory measurements
Ng and the current Ig. The mechanical power Pm can thus be estimated.

The rotational speed of the runner Nr can also be calculated using the factor of 16, with the
rotational speed of the generator Ng.

Another important value is also measured on site: the velocity of the upstream flow C∞. This value
allows us to calculate the tip speed ratio of the turbine; see Equation (2). The hydraulic power Ph and
the power coefficient Cp can be estimated as well; see Equation (1). Finally, the behavior of the turbine
can be completely described using the measurement on site and the variables identified in laboratory.

4. Pilot Site

4.1. General Description

The tailrace canal of the Lavey run-of-river power plant, installed in the western side of
Switzerland on the Rhône River, was chosen as the pilot site to assess the hydraulic performances
of the kinetic turbine prototype. Commissioned in 1950, the Lavey hydroelectric power plant is fed
by an underground headrace gallery of 4 km length connected to the upstream run-of-river dam
that ensures a maximum derived discharge of 220 m3/s. The underground hydroelectric plant is
equipped with three vertical-axis Kaplan turbines, which recover the hydraulic power from 34 m to
42 m head. The flow exits the draft tubes by three tailrace tunnels directly connected with the tailrace
canal. The latest, as illustrated in Figure 7, presents a regular trapezoidal cross section over about
600 m before reaching again the natural course of the river. Finally, the open air testing platform was
installed in the upstream side of the downstream bridge, an implantation location that ensures an
optimal testing condition over the whole year independent of the power plant operating mode [17].
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4.2. Flow Pattern

Prior to the installation of the testing platform, the kinetic potential of the tailrace canal was
investigated under different operating conditions, with two and three operating turbines at once.
The study included incompressible unsteady free-surface flow numerical simulations validated with
experimental velocity measurements in three cross sections of the canal [17]. In the framework of
the current testing campaign of the kinetic turbine, similar to the previous experimental tests, an
ADCP system installed on a floating boat was employed to perform velocity measurements in different
sections of the canal. According to the analysis of previous numerical simulations, the floating boat was
installed 40 m from the kinetic turbine to measure the upstream flow velocity to avoid the influence
of the machine. In Figure 8, the resulting 100 instantaneous axial velocity profiles in a mid-section of
the canal upstream of the testing platform along with the time average values at each available water
depth are provided. The period between two consecutive sets of instantaneous velocity measurements
is of 1.33 s. Then, in the right plot, the axial velocity profiles in the same canal mid-span section along
with the upstream distance show almost the same distribution with the water depth.
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Considering that the velocity values are divided by the discharge velocity of the corresponding
section, one may state here that the velocity profile in the span-wise direction is almost uniform for
large discharge values, while for small discharge values, the main flow is organized in the center of the



Water 2018, 10, 311 9 of 15

canal. Indeed, for small discharge values, the axial velocity in the middle of the canal is much higher
than the discharge velocity, which increases locally its kinetic potential.

5. Performance Measurements

The main objective of this project was to investigate experimentally the behavior of this new
kinetic turbine. Due to the limited cross section of the artificial canals, it was quite challenging to
predict the effect of free surface flow and the blockage effect using numerical simulation.

During the different campaigns, the discharge in the pilot canal site varied due to the natural
discharge variation of the Rhône River and the operating conditions of the upstream run-off-river
power plant, allowing us to explore the complete operating range of the machine. Moreover, the
influences of the turbine depth and the tilt angle of the turbine axis were investigated.

To obtain the evolution curves of the power coefficient Cp as a function of the tip speed ratio
based on the measurement points, some assumptions were considered. First, the noisy time signals of
the ADCP were smoothed by means of a moving average low-pass filtering. Then, a space averaged
time signal was calculated using the smoothed signals of three cells with a span-width of 0.25 m,
around the turbine axis depth, corresponding to a total height of 0.75 m or in other words to 75% of
the turbine runner diameter. Prior to this, a correlation with the measured discharge of the Lavey
plant was used to eliminate all values during transient operating conditions of the power plant, only
constant discharge periods being thus considered. Further, a variable time-shift vector (dependent
on the measured velocity and on the downstream position of the machine regarding the position
of the ADCP) was calculated to synchronize the measurements performed by the ADCP and the
control/monitoring system of the machine. Finally, the upstream reference velocity C∞ was calculated
by a time-average of the previously obtained space-averaged signal using 10 samples (the time period
between samples is 1.33 s).

5.1. Influence of the Depth

The maximal power coefficient and its corresponding tip speed ratio measured for a configuration
with no tilt and a depth of 2.5 m are used as a reference to define the normalized power coefficient
C∗p and the normalized tip speed ratio λ∗. Figure 9 shows C∗p as a function of λ∗ for different depths:
1 m, 1.5 m, and 2.5 m at two different tilts respectively of 0 and 6 degrees. These graphs intend to
demonstrate the impact of the implantation depth level.Water 2018, 10, x FOR PEER REVIEW  10 of 15 
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The power coefficient C∗p is expected to be higher close to the free surface according to the
velocity profiles shape in a free-surface canal; see Figure 8. However, the experimental measurements
demonstrate that the highest value of the C∗p is reached at the depth of 2.5 m. An explanation of this
result is that the platform base induces a local blockage effect, which increases the flow velocity in the
turbine close to the canal bottom for the depth of 2.5 m. This effect is observed for the two-tilt angle
considered in the figure. The maximum values of the power coefficient are reached for a normalized
tip speed ratio between approximatively 1 and 1.2 to selected depth values not far from the nominal
expected operating point indicated with a grey dot. It confirms the quality of the design development
using numerical simulations; see [16].

The curve fitted on the measurements is based on a quadratic polynomial function for a tip speed
ratio higher than 0.2. The part of the curve, which is not covered by the measurements for a lower
tip speed ratio and which must pass through the origin, should be described by another equation.
Off-design conditions are always difficult to measure with high precision, and the underlying physical
phenomena developing at a low tip speed ratio seem to present a different asymptotic behavior.

Contour plots of the power coefficient as a function of the runner rotational speed and the
upstream velocity are represented in Figure 10 for the three explored depths. The power coefficients are
optimal for a rotation speed of the runner between 40 and 80 min−1. For a depth of 1.5 m, the nominal
rotational speed corresponds approximately to 70 min−1 and an upstream velocity of 1.5 m·s−1, which
are in the range of the expected designed nominal operating conditions. The investigated range of the
upstream velocity is higher for the depth of 1.5 m explaining the extended contour plot.
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5.2. Influence of the Tilt

In Figure 11, the influence of the tilt of the machine axis is shown. The measurements were
performed at different tilts: 0, 3, 6, and 10 degrees. The fitting curves are also based on a quadratic
polynomial function for the explored tilt values.

The inclination of the machine improves its performance. An increase of 3% between 0 and
3 degrees is observed, while an increase of 6% is reached between 0 and 6 degrees for the tested depth
of 1.5 m. At the depth of 2.5 m, the gaps are even more significant, with an increase reaching more
than 12%. A maximum value is reached for a tilt of 10◦. Unfortunately, a higher tilt cannot be reached
with the current facility. Further numerical simulations could be used to identify the critical tilt value
when the power coefficient will decrease again.

To explain the improvement of the power coefficient, one of the key factors is the global blockage
effect of the turbine in the canal. Indeed, at no tilt, the blockage ratio B, defined as the ratio between the
frontal area of the immerged part of the platform with the turbine and the canal area Ac, is estimated
to be 5.85%. At 10◦, the blockage ratio reaches the value of 6.22%. Those values are lower than 10%,
which means that the blockage effect is limited [20]. Nevertheless, a relative increase of this ratio of
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more than 6% can explain the increase of the power coefficient. An increase of the blockage ratio causes
a larger local deformation of the free surface above the turbine, the energy harnessed by the turbine
representing a loss for the free surface flow. It means an increase of the available hydraulic energy
available between the inlet and the outlet of the turbine. At no tilt, the hydraulic energy available for
the turbine is mainly the kinetic energy of the flow going into the machine and crossing the runner.
When the turbine axis is inclined, the potential energy difference between the inlet and the outlet
sections induced by the blockage effect participates in the available hydraulic energy for the turbine
and thus a higher power coefficient is reached. A widening of the range of the λ∗, where the C∗p
values are high and there is a displacement of the optimal value of λ∗ with the tilt, is also observed as
perceived by Kolekar and Banerjee [20]. At 2.5 m depth, the nominal tip speed ratio seems to increase
with the tilt but at 6 degrees a non-expected lower value is observed.
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In Figure 12, contour-plots of the power coefficient are represented as a function of the runner
rotational speed and the upstream velocity for two depths 1.5 m and 2.5 m and three tilts 0◦, 3◦, and 6◦.
There are not enough measurements at 10◦ to obtain well-defined contour-plots.

At 1.5 m depth, the peak of the hill chart can be found for an upstream velocity from 1.2 m·s−1 to
1.6 m·s−1. The nominal rotational speed of the runner stays in the range of 40 min−1 to 80 min−1.

A maximum value of C∗p is reached for 6◦ at 2.5 m. At this depth, the influence of the tilt is more
visible. The hill-chart peak even seems to move to lower rotational speed and higher upstream flow
velocity while the tilt increases, which means a lower tip speed ratio. This observation can be made
also in Figure 11 at 6◦. Nevertheless, this trend will reverse at 10◦ according to Figure 11.

Globally, the area where the power coefficient is high becomes larger, while the tilt increases for
both depths. This result can be very interesting for the industrialization phase of the project. Indeed,
a final solution without the variable rotational speed could be considered to decrease the cost of the
product. A tilt of the turbine axis should then allow for maintaining a larger operating range of the
upstream velocity at a high power coefficient.
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5.3. Nominal Conditions of the Kinetic Turbine

Tables 3 and 4 summarize the optimal values for the power coefficient and the tip speed ratio
during the measurement series.

Table 3. Optimal tip speed ratio.

Optimal ˘*

depth 1 m 1.5 m 2.5 m
0 degrees 0.97 1.11 1
3 degrees - 1.17 1.16
6 degrees - 1.08 1.08
10 degrees - - 1.18

Table 4. Optimal power coefficient.

Optimal Cp*

depth 1 m 1.5 m 2.5 m
0 degrees 0.93 0.98 1
3 degrees - 1.02 1.05
6 degrees - 1.04 1.09
10 degrees - - 1.12

As a reminder, the expected values from the design phase are respectively 2.65 and 0.85 for the
nominal tip speed ratio λ and power coefficient Cp (see Table 1), corresponding respectively to 1.20 for
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λ∗ and 1.02 for Cp
∗ using the normalization with the reference case. It can be observed that the target

value for the power coefficient was reached and even exceeded for the performances using the tilt effect.
The influence of the depth was not expected, since the power coefficient is higher close to the bottom
of the canal. One explanation is the effect of the platform base, which creates a local blockage effect of
the flow and thus increases the flow velocity inside the turbine. It has to be confirmed with further
investigations using the numerical simulation. The influence of the tilt angle can be clearly observed
in Table 4 for each investigated depth. It can be explained by the increase of the global blockage effect.
This result has also been confirmed using numerical simulation. Finally, the higher value for the power
coefficient is reached for a tilt of 10 degrees and a depth of 2.5 m. For those conditions, the power
coefficient is equal to 0.93 or 1.12 using the normalization with the reference case.

6. Conclusions

The present paper presents an experimental investigation of the performance of a first prototype
of a kinetic turbine installed in a tailrace canal of a run-of-the-river power plant in Switzerland.
This kinetic turbine was first developed using numerical simulations and this experimental phase is a
crucial step to assess the previous development. An experimental procedure including laboratory and
on-site tests was set up to measure the power coefficient of the turbine as a function of the tip speed
ratio. The measured values correspond to the expected performance according to the design phase:
values of the power coefficient between 0.77 and 0.93 were measured for a tip speed ratio between 2.1
and 2.6. The influence of two parameters was explored: the depth of the turbine axis compared to the
free surface and the tilt of the turbine axis compared to a standard horizontal position. The performance
of the turbine increases with the depth and the tilt; indeed, the higher power coefficient was measured
for the larger depth and tilt investigated. The interpretations of the observed influences of those
parameters are the local blockage effect of the platform base for the depth and the global blockage
effect of the platform with the turbine in the artificial channel. Those explanations need to be confirmed
by further numerical investigations.
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Nomenclature

Symbols
Ac [m2] Canal Area of the test section: 137 m2.
Cp [-] Power coefficient.

Cp ref [-]
Maximal power coefficient at no tilt and
a depth of 2.5 m equal to 0.83.

C∞ [m·s−1] Upstream reference flow velocity.
Ig [A] Current at the generator terminals.
Ng [min−1] Rotational speed of the generator.
Nr [min−1] Rotational speed of the runner.
Pe [W] Electrical power.
Ph [W] Hydraulic power.
Pm [W] Mechanical power.



Water 2018, 10, 311 14 of 15

Q [m3·s−1] Discharge.
R* [m] Hub-to-shroud normalized radius
Rr [m] Runner outer radius.

T*
CFD [N·m]

Cumulated runner torque predicted by
CFD normalized by the total torque.

Tr [N·m] Torque at the runner shaft.
Ug [V] Generator output voltage.
x [m] Upstream longitudinal distance.
ηg [-] Generator efficiency.
ηe-m [-] Electro-mechanical efficiency.
λ [-] Tip speed ratio.

λref [-]
Tip speed ratio equal to 2.2
corresponding to Cp ref.

ρ [kg·m−3] Water density
ωg [rad·s−1] Angular speed of the generator
ωr [rad·s−1] Angular speed of the runner
Abbreviations
ADCP Acoustic Doppler Current Profiler
PMSM Permanent Magnet Synchronous Motor
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