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The tidal ﬂow between bridge pillars and through open barriers is a promising source of ocean energy
which can be exploited using tidal stream turbines, as proven recently by operational demonstration
plants. The aim of this study is to clarify the consequences for the power output of tidal turbines when
placing them in a hydraulic structure. To this end, experimental measurements of turbine power and
wakes are performed, using a down-scaled turbine mounted at a submerged weir. The results are
compared to an analytical model, validating its range of application for optimising turbine-weir geometries. The experimental data show that the power coefﬁcient of the turbine can be increased by optimising the blockage of the channel and the distance between the turbine and the structure, which is
related to the wake conﬁguration. In this way, the power coefﬁcient increased by 40% when the turbine
was re-positioned from the upstream to the downstream end of the structure. The theoretical model
could reproduce the measured power within 10% accuracy, proving its value as a rapid assessment tool.
As such, this work advances the knowledge needed to meet targets on the transition towards renewable
energy.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
The EU has targeted to increase the share of renewable energy in
the electricity sector from 21% in 2014 to at least 45% in 2030 [1].
Ocean energy can provide a substantial and reliable contribution to
the required energy mix [2]. The tidal ﬂow between bridge pillars
and through open barriers is a yet unharvested and promising
source of ocean energy, which can be exploited using tidal stream
turbines. This technology was demonstrated in a Dutch storm surge
barrier, where ﬁve 250 kW turbines were installed in a gate
opening [3,4]. This type of existing barrier is a suitable location for
tidal energy harvesting, provided that attention is paid to the
structural stability of the barrier and the increased resistance by the
turbines. However, it is yet unclear how the power output from
these turbines should be maximised when they are mounted inside
hydraulic structures.
The underlying problem is that the interaction of a turbine with
the ﬂow through hydraulic structures is poorly understood. Many
researchers investigated either the hydrodynamics of horizontal-
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axis turbines (e.g. Ref. [5,6]) or the ﬂow through a hydraulic
structure [7], but until now their combination has not been
explored. Even-though, three geometry parameters can be listed
that mainly inﬂuence the structure - turbine interaction. Firstly [3],
indicated that the streamwise position of a turbine relative to a weir
determines the shape of the turbine wake and hence the power
output. Secondly, the ratio between the rotor swept area and the
local cross section of the channel, the so-called blockage, affects the
energy ﬂux that can be harvested by a turbine in a constrained ﬂow
[5]. Lastly [8], showed, using a CFD study of a turbine at a submarine
hill, that a streamwise decrease of the water depth at the turbine
location is essential to increase the turbine thrust. A systematic
analysis of these parameters could unravel optimal design choices,
however, the data required for such investigations are missing.
Theoretical models, such as postulated by Ref. [5,9,10]; provide a
useful framework to deﬁne the type of data that are needed for this
purpose. These methods are based on 1D balances of mass, energy,
and momentum of the ﬂow passing a turbine that is schematised as
an actuator disk [11,12]. Recently, this approach was extended to
include a turbine in a hydraulic structure, where the latter is
schematised as a step in the bed [3]. From this model, we infer
principal indicators of turbine performance that should be
measured: e.g., the power coefﬁcient of the turbine, the
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distribution of the ﬂow in the wake and bypass, and the associated
pressure recovery in the wake. Besides, these measurements can be
compared with the corresponding model predictions, thus verifying the application of these models to complex geometries. This
may allow a selection of the associated design parameters using
theoretical models which, unlike advanced computational ﬂuid
dynamics (CFD), can evaluate the turbine performance for a wide
range of input variables using limited computational resources
only.
The aim of this research is to clarify the consequences of placing
a tidal turbine in a hydraulic structure, using experimental observations. To meet this aim, an experimental turbine with a 1-in-8.6
scale is tested in a ﬂume, in combination with different weir geometries, for which the observed performance characteristics have
been related to the observed wake properties. To this end, the inﬂuence of three geometrical parameters on the power coefﬁcient
and hydrodynamics are evaluated: the weir height, the local
blockage, and the streamwise distance between turbine and weir.
The results from the model of [3] are compared with the measurements in order to validate the range of application of the model
for optimising design parameters in more complex turbinestructure geometries. In this way, this study facilitates an optimal
placing and operation of tidal stream turbines in hydraulic structures in order to harvest more power from the ocean, which contributes to the knowledge needed to meet targets on renewable
energy production.
This paper has the following structure. First, it is discussed how
the experiments are set-up to obtain speciﬁc information concerning the turbine power and wake conﬁguration. Subsequently,
the experimental data are presented and differences in power
output for the different turbine-weir combinations are discussed, in
particular how this relates to the wake conﬁguration. Thereafter,
the obtained experimental results are compared to the theoretical
prediction of the model of [3]. The range of application of this type
of theoretical models is discussed and possibilities for optimising
the geometry to harvest more power from the ﬂow are explored.
The discussion section addresses the implications of mounting a
turbine in a barrier, considering the increased resistance of the
structure. Finally, conclusions are drawn regarding the power
output consequences of placing a turbine in a hydraulic structure.

full scale and 0.4 m at model scale. The electrical system and mount
of the model turbine are especially manufactured for the tests; the
blades and hub are provided by Tocardo. The torque is applied by an
AC Servo motor and drive, while controlling the turbine at a constant tip speed.
The turbine is mounted in a horizontal, recirculating ﬂume with
a length of 40 m, a width of 0.78 m, and a height of 0.85 m in the
Laboratory of Environmental Fluid Mechanics of Delft University of
Technology, The Netherlands (Fig. 2a). The investigated hydraulic
structure concerns a long-crested weir which can be installed at the
bed of the ﬂume (details will be given in Sec. 2.3). The discharge in
the ﬂume amounted to 0.4 m3 s1, and the water level in the ﬂume
was 0.65 m or 0.70 m relative to the bed level, depending on the
experimental case. This corresponds to an undisturbed ﬂow velocity in the ﬂume of 0.73e0.79 m s1. The inﬂow section of the
ﬂume features a honeycomb structure, consisting of horizontal
parallel pipes to straighten the inﬂow. All tests are performed for a
single streamwise turbulence intensity at the inﬂow of around
5e7%, which is consistent with a typical offshore site value at hub
height [13] and in line with earlier scale tests of e.g. Ref. [6,14].
Three series of tests are conducted in which three geometrical
parameters are systematically varied: blockage by the turbine,
height of the weir, and streamwise distance between the weir and
the turbine, which are deﬁned in Sec. 2.3.3. In particular, attention
is payed to the weir-turbine distance as this had a major inﬂuence
on wake conﬁguration and turbine performance and was not
investigated before [3]. Consequently, the turbine is placed at ﬁve
distances from the weir within each test series. Additionally, two
weir heights and two blockages are considered. One reference test
without turbine is conducted for each series. The resulting test
cases are summarized in Table 1 and one conﬁguration is illustrated
as an example in Fig. 1.
Flow data are obtained at vertical transects in the centre line of
the ﬂume, for a range of streamwise distances, including - but not
limited to - the transects deﬁned in the theoretical model of [3].
Consequently, the proﬁles at the following streamwise locations are
(at least) sampled in each test: the inﬂow section of the ﬂume, the
crest of the hydraulic structure, and the turbine wake at, respectively, three and ten rotor diameters downstream of the turbine,
where at the latter location the wake has almost fully recovered [6].
In between these locations, additional velocity transects are obtained at streamwise intervals of one rotor diameter to gain
detailed insight on the conﬁguration of the wake (Fig. 1d). Lateral
transects at axis height are measured at the inﬂow section and in
the wake at three and ten rotor diameters downstream of the
blades for each test. Fig. 1e indicates the locations of these
measurements.

2. Methods
The experimental set-up is inspired by the hydrodynamics of a
weir-mounted turbine in the Eastern Scheldt barrier, The
Netherlands, as described by Ref. [3] (Fig. 1a). However, the aim of
the experiments is to gain insight in the most important processes
rather than accurately reproducing the ﬂow at the test site in the
Eastern Scheldt barrier.
To this end the experiments provide information about turbine
power and wake conﬁguration when placing a turbine in different
hydraulic structure geometries in order to improve our understanding of the relevant physics and to facilitate comparison with
theoretical models. The required tests are done with a down-scaled
turbine in an experimental ﬂume. The design of the experimental
set-up, the data processing, and scaling analysis are explained in
this section.

2.2. Data processing
Flow velocities are measured with Nortek Vectrino side-looking
and down-looking transducers [15]. The device sampling frequency
was 25 Hz at an acoustic frequency of 10 MHz. The cylindrical
sampling volume had a width and height of 6 mm, and each location was sampled for 3-min intervals. A central data-acquisition
system recorded water levels, turbine thrust, turbine torque, turbine tip speed and the ﬂume discharge at 200 Hz during the tests
for 3-min up to 15-min intervals. Three minutes is sufﬁciently long
to obtain stationary mean values of ﬂow velocity, turbulence intensity, and turbine load. This is veriﬁed with an auto-correlation
analysis of the time series and converge check with available
longer time series. Water levels are measured with six conductivity
meters along the ﬂume centre line. Turbine thrust [N] is measured
with a bending beam load cell (version: LSH-100KG, precision class:
C3) connected to the turbine strut (Fig. 1b). The turbine torque Q

2.1. Experimental set up
A 1-in-8.6 geometrically-scaled T1 turbine from the company
Tocardo Power Turbines BV is used (Fig. 2b). The design of the T1 is
similar to the prototype T2, which is deployed in the Eastern
Scheldt barrier and has a rotor diameter of 5.3 m, except for the
relatively thicker hub. The rotor diameter of the T1 equals 3.4 m at
65
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Fig. 1. A schematic drawing of a) the prototype turbine in the Eastern Scheldt, b) the laboratory set-up of a turbine downstream of a broad crested weir in a side view c) and in a
front view; the dimensions of the set-up are indicated in the ﬁgure; for panel a) and b): D is the rotor diameter, c is the blade chord, ha is the height of the weir, and hw is the water
depth in the ﬂume; for panel c): W is the ﬂume width; the lower panels show the measurement locations of the velocimeters in side and top view, respectively. Lateral transects are
taken at x* ¼  2; 3, and 10 for each test. Vertical proﬁles are taken at the ﬂume centreline.

Fig. 2. Photos from the experimental set up: a) the recirculating current ﬂume in the Laboratory of Environmental Fluid Mechanics of Delft University of Technology, The
Netherlands, b) the turbine and weir; the turbine is positioned two rotor diameters upstream of the weir end in the picture (x=D ¼  2).

Table 1
Overview of dimensions and scaling parameters of the three series of tests and corresponding values of the prototype of the Eastern Scheldt, The Netherlands; D is the rotor
diameter, ha is the weir height, hw is the (ﬂume or ﬁeld) water depth; the deﬁnitions of the parameters, B* , a* , and x* are given in Eqs. (8)e(10) and the dynamical parameters
Fr, Re, Rec , and l are deﬁned in Eqs. (2)e(5), respectively; tests are conducted at a discharge of 0.4 m3s1
Parameter

Symbol

Unit

Series 1

Series 2

Series 3

Prototype

Geometry

D
ha
hw
a*
B*
x*
Fr
Re

[m]
[m]
[m]
e
e
e
e
e
e

0.40
0.05
0.65
0.08
0.25
 2;  1; 0; 1; 2
½0; 10
0.36

0.40
0.10
0.65
0.15
0.25
 2; 0; 1
4
0.36

0.40
0.10
0.70
0.14
0.23
 2; 0; 1
4
0.31

5.3
3.0
12
0.25
0.24
1
4
0.28

5:0,105

5:0,105

5:0,105

2:4,107

Rec

e

0:6,105

0:6,105

0:6,105

0:2,107

Dynamics

l
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[Nm] and angular frequency U [min1] are recorded in the turbine
generator. All devices are calibrated to get physical units.
Amongst others, the data are used to determine the ratio a between the velocity in the wake and the inﬂow of the ﬂume, which is
deﬁned by

a ¼ uw =u1 ;

of 0.65 m and 0.70 m, respectively. Both weirs have a 1:5 upstream
slope and a 0.80 m long horizontal crest.
2.3.2. Turbine
The second aspect of the analysis e the ﬂow physics of the
horizontal-axis turbine e also involves scaling arguments. To this
end, the scaling parameters representing the power output and
wake, e.g. chord Reynolds number, the turbine tip-speed ratio and
the performance coefﬁcients, should be respected when transforming the ﬂow from prototype scale to the experimental scale [16].
First, the chord Reynolds number needs to be considered,
indicating the character (turbulence) of the ﬂow over the blade
chord. It is deﬁned as

(1)

in which u1 [m s1] is the inﬂow velocity of the ﬂume and uw [m
s1] is the ﬂow velocity in the wake. The latter is obtained by
interpolating the velocity ﬁeld at three rotor diameters downstream of the rotor swept plane, using the measured vertical and
horizontal transects for each test. The ratio a quantiﬁes the amount
of kinetic energy extracted from the ﬂow (the so-called velocity
deﬁcit) and, together with the wake area, provides the mass ﬂux in
the wake. This ratio is therefore a principal indicator of turbine
performance in conﬁned channels [5]. In Sec. 4 this parameter will
be used as an input to the theoretical model of [3] in order to
compare this model to the experimental data.

Rec ¼ u1 cr=m;

in which c [m] the width of the blade chord. The values in Table 1
are calculated for a blade chord of 0.85 m for the prototype and
0.09 m for the experimental turbine, showing that the experimental ﬂow conditions around the blades are well in the turbulent
regime, as is the corresponding ﬂow in prototype. Perfect agreement between Reynolds numbers of model and prototype is not
needed to reproduce the hydraulics and often impossible at
experimental scale [17].
Second, in order to achieve a realistic reproduction of the turbine wake, the so-called tip speed ratio must be considered. The tip
speed ratio, l, is the tangential velocity of the rotor tip divided by
the inﬂow velocity, deﬁned by

2.3. Scaling analysis
Although it is not the intent of the experiments to reproduce
exactly the ﬂow at the test site, the Eastern Scheldt turbine will
nevertheless be referred to as the prototype. In this section, the
corresponding model scaling and particular choices made for the
test set-up will be explained.
The most important physical processes that should be reproduced in the experimental tests are the ﬂow separation downstream of a hydraulic structure, and the turbine wake and bypass.
Their interaction largely determines the power output of a turbine
mounted in a hydraulic structure. Therefore, both the ﬂow in the
hydraulic structure and at the turbine should be scaled correctly.

l¼

(2)

Re ¼ u1 hw r=m;

(3)



2p U D
60 2


u1 ;

(5)

where U is the angular frequency [min1] of the rotor, and u1 [m
s1] is the inﬂow velocity. The latter is deﬁned as the depthaveraged velocity at the centre of the inﬂow section of the ﬂume,
where the weir and turbine do not affect the ﬂow. The bed
boundary layer is fully developed at this location such that the
velocity proﬁle is logarithmic, which is taken into account when
determining u1 from the measurements. Using these deﬁnitions,
the model turbine is controlled at l ¼ 4 which is the same value as
in the prototype.
Third, to scale the power production of the turbine properly, the
power coefﬁcient and the thrust coefﬁcient of the turbine must be
considered. The power coefﬁcient CP is the turbine power output P
[W] relative to the energy ﬂux P0 [W] of the inﬂow over the rotor
swept area (AD ) which is deﬁned as

2.3.1. Hydraulic structure
A weir is chosen to represent the hydraulic structure, which
sufﬁces to represent the ﬂow separation and reattachment of the
mean ﬂow [7]. The weir was scaled assuming Froude similitude
with the sill-beam of the prototype, for which the ﬂow is subcritical and surface undulations are negligible. Besides, the experimental ﬂow is turbulent, with Reynolds numbers in excess of
O ð105 Þ, such that the results are representative for a full-scale
situation [16].
The Froude-number Fr is deﬁned as the ratio between inertia
and gravitational forces, and the Reynolds-number Re gives the
ratio between inertia and viscous forces in the prototype and
model. They are deﬁned, respectively, as

pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Fr ¼ u1
ghw ;

(4)





2p U
1 3
CP ¼ P P0 ¼ Q
ru1 AD ;
2
60

(6)

in which Q is the torque [N m] exerted on the rotor. Furthermore,
the thrust coefﬁcient CT relates the horizontal force exerted on the
turbine T [N] to the momentum ﬂux of the inﬂow T0 [N] over the
rotor swept area, as follows,

in which u1 [m s1] is the inﬂow velocity of the ﬂume, g [m s2] is
the gravitational acceleration, hw [m] is the water depth, r [kg m3]
the water density, and m [kg m1s1] the dynamic viscosity of water.
The undisturbed ﬂow velocity, u1 , at full scale is typically 2 m s1,
and the water depth away from the weir amounts to 12 m. The
resulting Froude and Reynolds numbers of the ﬂow in the model
and prototype are presented in Table 1, demonstrating Froudesimilitude and turbulent ﬂow conditions in the ﬂume (Re > 105 ) in accordance with the ﬂow in prototype.
At full scale, the water depth at the weir equals 9 m giving a weir
height of 3 m (see Fig. 1c). To assess the inﬂuence of the relative
weir height on the ﬂow ﬁeld and power output, weir heights of
0.05 m and 0.10 m were chosen, with corresponding ﬂume depths




 1 2
CT ¼ T T0 ¼ T
ru1 AD :
2

(7)

The power and thrust coefﬁcients of the model turbine have
been determined by SVA Schiffbau Versuchs Anstalt (Potsdam,
Germany) in a cavitation tunnel using a Reynolds number, which
was ﬁve times higher than the Reynolds number used in our tests,
for a range of tip speed ratios (see Fig. 3). These power coefﬁcients
have been corrected to account for the blockage of the ﬂume walls
using the formulation of [5] for a comparison with our tests. The
agreement of the curves is excellent indicating both tests operate in
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3. Results of the experiments
The generally observed ﬂow pattern is as follows. The ﬂow accelerates towards the weir crest and subsequently expands and
slows down over a distance of approximately 7 weir heights
downstream. The turbine creates a wake typically extending up to
10 rotor diameters downstream, where the streamwise ﬂow velocities are lower and the turbulence intensities are higher than in
the corresponding ambient ﬂow. Overall, the data conﬁrm that the
wake conﬁguration is affected by the relative weir area, the
blockage, and the turbine position relative to the weir.
Next, we discuss the performance of the turbine in the different
test conﬁgurations, after which the details of the corresponding
ﬂow ﬁelds and their inﬂuence on the power output are analysed.

Fig. 3. The measured power coefﬁcient of the experimental turbine at different tip
speed ratios in two experimental ﬂumes with different geometry and inﬂow speed.
The power coefﬁcients of the different ﬂumes agree after correction for the ﬂume
blockage using [5].

3.1. Observed turbine performance
First, as a reference case, the turbine is positioned in a ﬂat-bed
ﬂume without a weir. The turbine is operated at a range of tip
speed ratios, l, while its power and thrust are measured. The corresponding power and thrust coefﬁcients are given by the black
lines in Fig. 4a and b, respectively. The power curve has a parabolic
shape with a maximum around lz4. Power output is smaller for
higher l, which is a result of extra drag, as well as for lower l, which
is due to extra stall [18]. These observations conﬁrm the general
characteristics of a horizontal-axis turbine.

the turbulence regime sufﬁciently far from the drag crisis around
Re ¼ 2,103 [17]. Scaling of the hydraulics in hence acceptable to
represent the full-scale conditions [17].
The blockage corrected power curves of Fig. 3 peak at 0.25,
which is at the relative low-end of the spectrum for horizontal axis
turbines. The strong blade design, with a large blade solidity as
inspired by marine propellors, is designed especially for highblockage conditions and this comes at cost of efﬁciency when
installing them in an unbounded ﬂow.

3.1.1. Varying the rotor distance
Next, for the same water depth and a weir height of 5 cm, the
turbine is placed at successive distances x* from the weir (series 1
of Table 1). Fig. 4 shows that, with a constant tip speed ratio, the
power and thrust coefﬁcients generally increase up to 40% with
increasing x* . These coefﬁcients are also larger than for the corresponding reference values (ﬂat bed) for x*   1. The extreme
values for the power and thrust coefﬁcient occurred at the limits of
the considered range of distances, that is, the observed coefﬁcients
are smallest for x* ¼ 2 and largest for x* ¼ 2. Moreover, the
optimal tip speed ratio increases from lz3:5 for x* ¼ 2 to lz5 for
x* ¼ 2, with a corresponding increase of the power coefﬁcient CP
from 0.45 to 0.70 (indicated by the black line in Fig. 4).
These effects are partly explained by the additional blockage of
the weir, giving an effective, local blockage at the turbine equal to
B* =ð1  a* Þ, which is larger than the ﬂume blockage B* [19]. Proposed corrections of the tip speed ratio and the power coefﬁcient to
account for the corresponding increase of the ﬂow velocity, in the
bypass as well as in the wake. This is conﬁrmed by our measurements for 1  x*  1 if the deformation of the free surface at the
weir e another effect inﬂuencing blockage e is also taken into
account. For x* ¼ 2 and x* ¼ 2 the situation is more complex.
Since these turbine locations involve ﬂow contraction and ﬂow
expansion, respectively, the associated streamwise gradients of the
background ﬂow velocity and pressure ﬁelds likely play a role here
too in the turbine performance.

2.3.3. The combined geometry
Three parameters are used to describe and scale the combined
geometry of the ﬂume, weir, and turbine: the relative blockage of
the turbine, the relative weir area and the relative streamwise
distance of the turbine to the weir.
The swept area of the turbine relative to the channel cross
section, the blockage B* [], is deﬁned as

B* ¼ AD = ðhw WÞ;

(8)

where hw [m] and W [m] are the depth and width of the ﬂume,
respectively. Accordingly, the relative weir height a* [] is deﬁned
as

a* ¼ ha =hw ;

(9)

where ha [m] is the crest height of the weir. The streamwise distance of the turbine to the weir is scaled with the rotor diameter,
using the dimensionless distance x* [], deﬁned as

x* ¼ x=D;

(10)

where D [m] is the rotor diameter. The location x* ¼ 0 is at 10.6 m
away from the inﬂow section of the ﬂume, and corresponds to the
trailing edge of the weir (for tests where a weir was present, see
Fig. 1b).
The dimensionless blockage and weir height are varied around
the prototype values of B* ¼ 0:25 and a* ¼ 0:1, in order to evaluate
the effect of these parameters on the power output. In each test
series the turbine is mounted at half the water depth locally above
the crest of the weir. In a similar fashion the dimensionless rotor
distance x* , which in prototype ranges between 1 during ebb and
1 during ﬂood, is varied between 2 and þ2 (see also Table 1).
Concluding, the dimensionless scaling parameters of both components of the experimental set-up, the weir and turbine, as well as
their combination, are equal to those of the prototype. This implies
that the processes reproduced in the experiments are representative for ﬁeld conditions.

3.1.2. Varying the blockage and weir height
In order to investigate the simultaneous effects of blockage and
weir height in more detail, the turbine performance is also determined for a larger weir height of 10 cm, giving a* ¼ 0:15 and a* ¼
0:14, in combination with blockages B* of 0.25 (series 2) and 0.23
(series 3), respectively. We consider cases where the turbine was
operated at l ¼ 4 to only study the effect of local blockage and not
of tip speed ratio. The corresponding depth-averaged inﬂow velocities, u1 , velocity coefﬁcients, a, and the power and thrust coefﬁcients, CT and CP , are plotted in Fig. 5 as functions of the
effective, local blockage B* =ð1  a* Þ, as suggested by the results in
68
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Fig. 4. The measured power coefﬁcient, CP a) and thrust coefﬁcient, CT b) of test series 1, B* ¼ 0:25 and a* ¼ 0:08, presented for different tip speed ratios, l, and for ﬁve relative
distances of the turbine to the weir end (  2  x*  2). Drawn lines are for illustrative purposes only. They are calculated using a root-mean-square interpolation of the data with a
third degree polynomial, a typical shape of a performance curve [18].

symmetry. To this end, Fig. 6 shows the observed velocity magnitude, turbulence kinetic energy, and lateral velocity of the ﬂow in a
cross section along the centre line of the ﬂume for turbine positions
x* ¼ 2 and x* ¼ 1, for constant l ¼ 4. The complete data set for all
the series of Table 1 and the reference cases are given in the Appendix (Fig. 8).
The presence of a weir generally increases the horizontal extent
of the turbine wake. The longest wake is observed for a* ¼ 0:15 and
x* ¼  2, in which case it is ﬁve rotor diameters longer than in the
case of the turbine without a weir (Fig. 6b). For cases with a* ¼ 0:14
and a* ¼ 0:15, the wake generally extends three to ﬁve rotor diameters further downstream than for the cases with a* ¼ 0:08 (see
Fig. 6b,c,e, and f).
The vertical expansion of the wake, on the other hand, is
reduced if a weir is present, moreover if the turbine is situated
upstream of the weir (Fig. 8). Furthermore, the weir enhances the
ﬂow beneath the turbine where velocities are approximately
0.5 m s1 larger than in the ﬂow above the turbine. Especially for
the smaller blockage (series 2), this asymmetry of the bypass ﬂow is
related to the conﬁnement of the wake by the free surface.
In some conﬁgurations the horizontal extent and the vertical
expansion of the wake inﬂuence each other. Recovery of the wake
involves a larger downstream distance if the ﬂow is vertically more
conﬁned, or if the wake interferes with the ﬂow bypassing the turbine. It is possible that the wake cannot fully expand in these cases due
to the ﬂow contraction by the weir (for x* ¼  2), the high bypass
velocity, or the nearby free surface (for x* ¼ 1). The turbulence kinetic
energy is particularly high in these situations (centre panels of
Fig. 6a,b and d), which suggests a strongly sheared wake ﬂow.
The observed lateral velocity, which is a measure for wake
rotation along the streamwise axis, is shown in the right panels of
Fig. 6. The rotation in the wake is largest for situations without a
weir or when the turbine is situated downstream of the low weir.
The conﬁnement of the ﬂow by the weir reduces the wake rotation,
possibly due to the increased shear at the interface of the wake and
the bypass area. This is substantiated by the observation of a small
torque load, which gives the wake its swirling motion.

Section 3.1.1. Only the data of which effective blockage was varied is
displayed to isolate its effect.
The reference velocity u1 is smaller for series 3 than it is for
series 1 and 2, which is a direct consequence of the larger water
depth in series 3 to obtain the smaller blockage while the discharge
remained unaffected. This difference does not compromise our
analysis, since dimensionless quantities are used to characterize
turbine performance (i.e., a, CP and CT ). The relative velocity at the
rotor plane, a, is highest for the cases with the largest effective
blockage and the highest weir (series 2), moreover if the turbine is
situated upstream of the weir. The velocity coefﬁcient is generally
smallest if the turbine is positioned at the weir end. Importantly,
these results are already corrected to account for the increased local
velocity, in other words, they concern effects additional to those
caused by the effective blockage only.
As with the variable turbine distance, a larger CP is generally
observed if the effective local blockage is large. The tests with the
largest blockage (series 1 and 2) show an increase of the power and
thrust coefﬁcients with the turbine distance x* too, although the
effect is comparatively weak for the higher weir (series 2). This
trend is not observed for the smaller blockage (series 3). The
smallest coefﬁcients occur for the low weir of series 1 and - on
average - the highest values for the series with highest effective
blockage (series 2). Variation within each series may be explained
from the non-uniformity of the ﬂow ﬁeld at the weir (contraction
and expansion), which is examined in the next section.
3.2. Observed ﬂow ﬁelds
In the experiments, particular attention is payed to the wake
behind the rotor plane as it inﬂuences the ﬂow bypassing the turbine and the associated pressure recovery. The latter are principal
indicators of turbine performance in conﬁned channels [5]. The
wake is here deﬁned as the region downstream of the rotor where
the ﬂow velocity amounts to less than ninety percent of the ﬂume
inﬂow velocity, u1 . Important characteristics in this respect are: the
horizontal extent and vertical expansion of the wake, and its (a)
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Fig. 5. Time-averaged velocity and performance parameters presented as a function of the effective blockage, B* =ð1  a* Þ, between the turbine and the weir end. The distance x* is
displayed to the right of each data point. The panels display a) the depth-averaged velocity at the upstream end of the ﬂume and corresponding standard deviation is indicated with
an errorbar (symbol “ þ ”), b) the local velocity coefﬁcient in the wake, c) the thrust coefﬁcient, and d) the power coefﬁcient at l ¼ 4. The ﬁgure presents the subset of the data for
which effective blockage was varied.

may affect the power coefﬁcient. The observed acceleration of the
inﬂow for a turbine at the weir crest likely favoured the power
coefﬁcient due to the associated negative streamwise pressure
gradient which increases the turbine thrust, such as postulated by
Ref. [8].
The ﬂow pattern downstream of the turbine also inﬂuences the
power coefﬁcient, where especially wake expansion plays an
important role. A wake with a large vertical (or lateral) extent is
associated with a large streamwise pressure difference over the
turbine. This follows directly from a theoretical analysis of the ﬂow:
if the wake cross-section is larger, the ﬂow velocity in the wake is
smaller, hence the resulting pressure difference over the turbine is
larger. This explains the comparatively large power output of turbines placed at the trailing edge or downstream of a weir, as the
backward-facing step of the weir forces an abrupt expansion of the
bypass ﬂow behind the turbine. Furthermore, a long horizontal
extent of a conﬁned wake involves smaller gradients in the ambient
pressure and hence a smaller pressure drop over the turbine,
limiting turbine performance. The ambient pressure gradient is
here associated with acceleration of the bypass ﬂow, such as e.g.
discussed by Ref. [21]. This explains the non-optimal power output
when the turbine is situated upstream of the weir.
While not directly relevant for the power coefﬁcient, the bypass
ﬂow may also affect the hydraulic resistance of the turbine-weir

3.3. Interpretation: inﬂow and wake effects
In Sec. 3.1 we described that local ﬂow characteristics affected
the power coefﬁcient. The power coefﬁcient was generally larger
when the turbine was placed at the crest of the weir or downstream
thereof, as a result of blockage and a high relative ﬂow velocity at
the rotor plane. However, it follows that the power coefﬁcient not
only depends on these local characteristics, but also on the upstream and downstream ﬂow pattern as induced by a particular
weir-turbine geometry. This ﬂow is e.g. featured by a non-uniform
inﬂow velocity proﬁle for a turbine downstream of the weir
(Fig. 6def) and a relatively long wake for a turbine upstream of the
weir (Fig. 6aec). The implications of the upstream and downstream
ﬂow pattern for the turbine performance will be discussed below.
The characteristics of the ﬂow upstream of the turbine affect the
power coefﬁcient through its distribution and its streamwise gradients. The ﬂow experiences the largest blockage for an incoming
ﬂow, which is uniformly distributed over the cross section [20].
Consequently, the alteration of the vertical velocity proﬁle by an
upstream weir can slightly reduce the power coefﬁcient of a
downstream turbine. This is relevant for the studied cases for
which x* > 0 where we observed a higher velocity below than
above the turbine (Fig. 6def). Furthermore, streamwise gradients in
the incoming ﬂow velocity, as a result of contraction or expansion,
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Fig. 6. Measured ﬂow velocity in a streamwise plane at the ﬂume centre line, U, the turbulence kinetic energy, k, in the same plane and the lateral velocity v for all tests. The wake
contour (dotted line) in the left-most panels corresponds to a streamwise ﬂow velocity of 90% of the inﬂow and the vertical line with label indicates the mean wake length. The free
surface level displayed is interpolated from the water level data.

combination, and hence the energy yield of the turbine if the ﬂow is
controlled by the hydraulic head difference across the structure.
This is a consequence of the interaction of the bypass ﬂow with the
ﬂow separation downstream of the weir. We observed that the
main ﬂow attached at shorter distances to the bed when the turbine is located at the weir end or further downstream (x*  0),
compared to situations without a turbine or with a turbine upstream of the weir (x* < 0) (Fig. 6). This substantiates the hypothesis
of [22] on the interaction between a weir and a turbine, i.e., the high
velocity in the bypass area reduces the length of the recirculation
zone downstream of the weir if the turbine is placed at x*  0 [22].
Suggested that, as a consequence, a larger portion of the kinetic
energy of the inﬂow can be harvested by turbines for these
conﬁgurations.
From the analysed cases, it is concluded that the power coefﬁcient not only depends on the local geometrical parameters at the
turbine but also on upstream ﬂow properties and downstream wake
properties, sometimes even in a counter-intuitive way. For instance,
the power coefﬁcient may still be optimised by adapting the weir as a
means of controlling the wake for cases where vertical wake
expansion is limited. Theoretical models could provide the necessary framework for analysing the relationship between hydrodynamics and power output for simple turbine-weir geometries.

4. Theoretical modelling
A validation of the theoretical model of [3] against the obtained
data set reveals the application range of the model, proving
whether or not it can be applied to optimize the geometry of
turbine-weir conﬁgurations comparable to those considered in the
experiments.

4.1. Model description
In the theoretical model the ﬂow is described using onedimensional balances of mass, energy and momentum postulated
by Ref. [5]. Using a momentum-extracting (actuator) disk to
describe the action of the turbine, all geometrical information is
integrated over the channel width and depth. Additionally, the
model schematization of [3] includes an instantaneous step of
arbitrary height in the bed as a weir, with downstream a separating
ﬂow, and a turbine either upstream or downstream of the weir. The
latter determines the conﬁguration of the bypass streamtubes. For
the turbine streamtube, the velocity factor, a, is prescribed in the
current study (referred to as a5 in Ref. [3]. The water surface is
approximated by means of a stress-free rigid lid.
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4.2. Validation results

Table 2
The tip speed ratio l and wake velocity coefﬁcient a5 corresponding to the power
estimates presented in Fig. 7. The table shows that the model is most accurate
(within ten percent) for the test situations with 2 < x* < 2 and lz4.

The power output computed by the model is compared to the
experimentally obtained values for a range of l values (0 < l < 6).
In Fig. 7 and Table 2 the computed power for the ﬁrst test series
(B* ¼ 0:25; a* ¼ 0:08) is compared to the corresponding experimentally obtained values. To this end, the results of the analytical
model with a turbine upstream of the weir are compared to the
experimental results for x* ¼  2;  1, while the model results
with the turbine downstream of the weir are compared with the
experiments for x* ¼ 1; 2. The value a in the analytical model is
taken as an input as it could be easily obtained from the velocity
data.
Table 2 shows that the model performance is generally good for
optimal values of the tip speed ratio, lz4, with the predicted power output deviating less than 10% from the corresponding
experimental results. For 1 < x* < 1 the model also performs well
for sub-optimal tip speed ratios, 3 < l < 5, while for x* ¼  2 and
x* ¼ 2 model results are acceptable only if the tip speed ratio is
optimal. The latter is attributed to ﬂow contraction and wake
expansion, respectively, that inﬂuence the performance of the
turbine when it is placed at larger distances from the weir (see
section 3.3). These secondary effects are not included in the
analytical model which compromises its performance for these
turbine positions, especially if the tip speed ratio is sub-optimal.
Overall, regardless of the value of x* , the model performance is
poor for tip speed ratios l < ca: 3. In these cases the experimental
results are inﬂuenced by ﬂow separation and the associated energy
losses at the blades, a process which is ignored in the theoretical
model, leading to smaller power values. Similarly, for l slightly
larger than 4, where increased drag in the experiments leads to a
lower relative wake velocity (a), a process which is not part of the
theoretical model. We therefore continue our analysis by considering the model accuracy at optimal tip speed ratio, which is also
the more relevant case in practice.
Regarding the turbine, the tip speed ratio and blade shape are
not speciﬁed directly in the model, but represented by an energyextracting disk lumping all design and operational information
into velocity coefﬁcients. This approach assumes uniformity of the
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2
2
2
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11
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ﬂow velocity and turbine properties over the turbine swept area,
which generally leads to an overestimation of the power output as
compared to the non-uniformity of the actual situation [23].
Similarly, the blockage by the turbine has been assumed uniform in
the model, while in the experiments it is larger in the vertical than
in the horizontal direction. We may speculate that the ﬂow in the
experiment may therefore experiences slightly less blockage,
resulting in a lower power output (Draper et al., 2016).
Regarding the wake ﬂow, in particular the streamwise distance
between the turbine and weir affects power output since this inﬂuences the wake expansion and ﬂow redistribution in the wake
and bypass. By varying this distance the observed power output
could change by 40%, as shown in Fig. 4. This effect is not explicitly
accounted for in the theoretical model, as it is assumed that the
turbine wake does not interfere with the recirculation zone behind
the weir. This is a reasonable assumption if the turbine-weir distance is relatively small. To increase the application range of the
model to larger values of x* , however, a more precise schematization of the wake based on the actual distance x* would be necessary. Another model limitation related to wake expansion concerns
the schematization of the free surface by means of a rigid lid. While
the position of the rigid lid is chosen with care, based on the mean
water level measured, undulations of the free surface near the
turbine, as observed in the experiments, are absent in the model.
This implies that while the ﬁrst order effect of the free surface, the
blockage, is included in the theoretical model, second order inﬂuence of undulations is not. The latter refers to the ambiguous inﬂuence of the free surface, which may either constrain the
expansion of the wake and thereby reduce the power output, such
as discussed by Ref. [19]; or increase the blockage and efﬁciency
due to ﬂow contraction at the turbine position as described by
Ref. [24]. Depending on which of these processes dominates, the
model is too optimistic or too pessimistic a this point, respectively.
Despite all these simpliﬁcations, the model results are reasonably accurate for operational values of l. We therefore conclude
that the current model is valid for a well-deﬁned set of practical
cases. A ﬁrst condition is that the horizontal and vertical blockage
should be approximately the same, to ensure that local blockage at
the turbine is equal to the prescribed geometric blockage in the
model. Next, the model should only be used to predict the power
output near the maximum of the power curve, which in this case is
at l ¼ 4. The user of the model should also be aware that the

Fig. 7. The power estimations from the model of [3] for a turbine downstream of a
weir and upstream of a weir compared to experimental data.
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prescribed velocity coefﬁcient in the rotor plane or wake, a, may
apply to a speciﬁc turbine design. Depending on the application, it
can hence be useful to prescribe the velocity factor in the bypass or
thrust coefﬁcient (referred to as b5 and CT respectively in Ref. [3]) to
the theoretical model instead of the a. Lastly, the current model
assumes a simple shape of the wake to predict the performance,
limiting its use to the turbine-structure distances considered in this
work. Three-dimensional computational ﬂuid dynamics must be
considered if more accurate performance estimates are required.

yield are high and the added ﬂow resistance is limited. In particular,
ﬂow separation and expansion downstream of the weir are suppressed if the turbine is placed at the weir end, while the power
coefﬁcient was close to optimal for this position. This offers the
opportunity to optimize the design achieving both a high energy
yield and a limited additional resistance. The latter is also relevant if
the environmental impact of turbine arrays should be minimized.
The turbines in the Eastern Scheldt barrier - which were an inspiration for the presented experiments of this work - already beneﬁt
from this phenomenon during the tidal ﬂood phase, as discussed in
the work of [22].

5. Discussion
The presented experimental and theoretical analysis applies to
hydro-kinetic turbines in a geometry consisting of a channel, which
is narrow relative to the turbine diameter, combined with an abrupt
step of small height in the bed. This geometry represents the case of
a river passing a sluice gate with a weir. We argue that in such
situations the local ﬂow condition, governed by the effective
blockage and the wake velocity coefﬁcient, is the main factor
inﬂuencing the turbine performance. The associated geometry
range targeted in this study is characterised by a blockage, B* , between 0.1 and 0.7, a relative step height, a* , between 0.1 and 0.3,
and a distance of the rotor swept plane to the step in the bed of at
most two rotor diameters, corresponding to  2 < x* < 2. Beyond
this range other processes affect the power coefﬁcient as well, in
particular the streamwise and vertical ﬂow velocity gradients, for
which the accuracy of the proposed theoretical model is limited.
In large-scale applications of this technology, multi-turbine
systems can be installed in multi-gate barriers. Noteworthy is
that the power coefﬁcient of a single gate with turbines, as presented in this article, is then affected by the ﬂow through the
neighbouring gates as well. For this reason, optimising the lateral
distribution of turbines in a barrier is a direction of future research.
As a ﬁrst step [3], already proved the validity of the theoretical
model for arrayed deployments of turbines upstream or downstream of a weir, based on detailed information of the ﬂow in the
rotor plane and wake from ﬁeld measurements. For comparable
geometries, the predictive capability of the theoretical model can
likely be improved to an accuracy of 10% if the ﬂow distribution in
the neighbouring wakes and bypasses is schematised explicitly in
the theoretical model, such as in the work of [10].
Where this article focused on clarifying inﬂuences of the geometry on the power coefﬁcient, the practical implementation of
hydro-turbines involves the optimisation of the energy yield and
the induced ﬂow resistance as well. With regard to the latter, the
optimal turbine conﬁguration in a hydraulic structure may differ
from the optimal position presented in this work. This can be
explained as follows. The energy yield is the product of both the
power coefﬁcient and the ambient ﬂow velocity cubed. If the
ambient ﬂow is driven by external water level differences, as for
instance caused by the tide, the ambient ﬂow velocity is also
inﬂuenced by the resistance of the turbine-weir geometry. A high
power coefﬁcient will then reduce the ambient ﬂow velocity if the
overall resistance experienced by the ﬂow is increased, which is
referred to as ’channel-choking’ by Ref. [10]. The additional resistance is associated with expansion losses in, respectively, the turbine wake and in the ﬂow separation zone downstream of the weir.
Streamlining the ﬂow in these regions could minimize the added
resistance, bearing in mind that this will only lead to a larger energy
yield if the power coefﬁcient is not signiﬁcantly reduced. Future
research should indicate how such considerations would affect the
optimum turbine position and velocity induction regarding energy
yield.
Interestingly, the experimental results already point at the existence of a geometry where both the power coefﬁcient and energy

6. Conclusion
The aim of this study was to clarify the consequences of placing
a tidal turbine in a hydraulic structure with regard to the turbine
performance. Unique experimental measurements of turbine power and wakes were performed to meet this aim. The inﬂuence of
weir height, blockage, and streamwise distance between turbine
and weir on the power coefﬁcient and associated hydrodynamics
was evaluated. Besides, the measurements were used to validate an
analytical model for predicting the power output, which is based on
a simpliﬁed representation of the ﬂow. Combining experiments
and theoretical modelling gave insight into the processes that affect
the power output of turbines in hydraulic structures, and into the
application range of the proposed analytical model.
The power coefﬁcient generally increases if a turbine is placed in
a hydraulic structure, which is a result of the increased local
blockage. The data reveals a close link between the power coefﬁcient and the observed ﬂow patterns. Upstream, local, as well as
downstream ﬂow effects determine the performance. Local effects
concern the effective blockage and relative ﬂow velocity in the
rotor plane. Effects resulting from the ﬂow upstream and downstream of the rotor concern the velocity distribution in the inﬂow,
bypass and wake, and the streamwise velocity gradients of the
background ﬂow. Depending on the position of the turbine relative
to the weir, one or a combination of these processes affects its
performance.
The power coefﬁcient increased with up to 40% when the turbine was re-positioned from two rotor diameters upstream of the
weir to two diameters downstream of the weir. Over this range, in
successive order, ﬂow contraction, local effective blockage and ﬂow
expansion dominated the physics at the turbine. Most power could
be harvested if the local blockage was highest, that is, when the
turbine was placed at the structure crest, but only when allowing
space for a favourable wake conﬁguration.
The inﬂuence of local effects on the power coefﬁcient could be
well predicted with the theoretical model, within 10% accuracy,
making it a promising tool to maximise power for the different
control variables within this range. The model has limitations for
geometries beyond the studied range of x* ¼ ±2, in which processes of ﬂow contraction and expansion become increasingly
important. By including more information, particularly on the wake
conﬁguration, the application range of the model could be
extended to include these conﬁgurations. In this way this work
advances the knowledge needed to meet targets on renewable
energy.
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Fig. 8. Measured ﬂow velocity in a streamwise plane at the ﬂume centre line, the turbulence intensity in the same plane and the lateral velocity in this plane for all tests.
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