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length is crucial for successful spacing between
turbines. Also, knowledge of the wake is important so
that sea bed changes can be investigated. There has
been a limited number of studies into the wake of tidal
devices to date. The earliest of this research has been
conducted using an absorption disc to represent the
turbine, both experimentally and using computational
fluid dynamics (CFD) [1-3]. Work conducted by Myers
and Bahaj [1] and Harrison et al. [2] used an absorption
disc with a diameter of 100mm, they were able to
characterise the wake using an ADV up to 20 diameters
downstream with reasonable results compared to a
device with a similar thrust coefficient in terms of
length of the streamwise velocity deficit, but it was
acknowledged that such an approach, which essentially
neglects any swirl effects, does not fully represent the
near wake.
Further experimental research into the velocity
deficit behind a scale tidal turbine has been conducted
by Stallard et al. [4], Rose et al. [5] and Maganga et al.
[6]. Stallard et al. [4] investigated a number (1-10) of
rotors 0.27m in diameter, with an upstream velocity of
0.45m/s and turbulence intensities of 10% and 25%,
and again used an ADV to measure the velocities and
turbulence intensities downstream. Rose et al. [5] tested
three different sized devices with different techniques
using ADV and PIV to measure the velocities and
turbulence intensities at the centreline downstream of
the various turbines. The general pattern produced by
these three experiments is consistent as the centre line
always has the maximum velocity deficit, however the
measurements taken are rather sparse and provide only
limited information on the wake’s characteristics.
Maganga et al. [6] investigated the effect of yaw on
the wake, by placing a 0.7m diameter turbine in a flume
at a range of velocities (0.5-1.5m/s) and two different
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This paper reports the results of a detailed
experimental study to characterise the near-wake of
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with different numbers of blades, so that two, three,
four and six blade configurations have been
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turbine has been tested in the University of
Liverpool high-speed water channel with an average
inlet velocity set at 1m/s such that Reynolds
numbers effects are negligible and the model results
are characteristic of the full scale. In addition to
uniform upstream flow conditions, a non-uniform
“flow profiler” has been developed to produce a
power-law velocity profile.
Three-dimensional measurements of the mean
velocities and turbulence statistics have been
obtained using an Acoustic Doppler Velocimeter
(ADV). These measurements are taken up to seven
turbine diameters downstream the turbine for a
series of spanwise profiles at various depths to fully
map the near-wake flow field.
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1.

Introduction

Characterising the wake of a tidal stream turbine is
important for a number of reasons. Firstly, when
turbines are to be placed in farms, wake recovery
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turbulence intensities, and measured the velocities with
a 2D Laser Dopper Velocimeter (LDV) technique.
Here we investigate the near wake of a 0.5m scale
tidal turbine; in particular we provide significantly
more information than has hitherto been reported on the
3D flow field downstream including quantifying the
anisotropy of the turbulence.

The original HATT hydrofoil profile was selected by
Egarr et al. [7] using the methods suggested by the
National Advisory Committee for Aeronautics (NACA)
for aerofoil sections and subsequently optimised using
Blade Element Modelling theory. Figure 1 shows
schematically the assembled 0.5 m diameter threeblade configuration HATT with the stanchion
attachment point and nose cone. The turbine blades are
fixed to the hub by clamping screws to the rear of the
hub. The basis of this design was the Wortmann FX
63-137 profile. The turbine is designed such that the
number of blades can be varied from 2 up to a
maximum of 6 blades and the blade pitch angle can be
varied incrementally in steps of 1 degree. Complete
details of the turbine can be found in [8].

2. Nomenclature
A = swept out area of the turbine (m2)
CP = Power Coefficient (-)
CT = Thrust Coefficient (-)
D = diameter of turbine (m)
P = power (W)
R = radius of turbine (m)
Re = Reynolds number based on the upstream
velocity (-)
T = thrust (N)
u = streamwise velocity (m/s)
u′ = streamwise velocity standard deviation (m/s)
= Reynolds shear stress in the x-y plane
= Reynolds shear stress in the x-z plane
U = average upstream streamwise velocity (m/s)
v = transverse velocity (m/s)
v′ = transverse velocity standard deviation (m/s)
= Reynolds shear stress in the y-z plane
w = spanwise velocity (m/s)
w′ = spanwise velocity standard deviation (m/s)
x = streamwise distance (m)
y = transverse distance (m)
z = spanwise distance (m)
λ = tip speed ratio (-)
ν = kinematic viscosity of water (m2/s)
ρ = density of water (kg/m3)
ω = angular velocity (rad/s)

3.2 Experimental Set-Up

Figure 2: Schematic of University of Liverpool High Speed
Water Channel.

Testing was undertaken in the University of
Liverpool re-circulating water flume, a schematic of
which is shown in Figure 2. The flume uses a 75 kW
motor-driven axial-flow impeller to circulate 80, 000
litres of water. The water flows into the working
section which is 3.7 m long by 1.4 m wide and can
provide a depth range of between 0.15 m and 0.85 m.
This provides the possibility of a uniform velocity
profile ranging between 0.03 m/s and 6.4 m/s.
The conditions under which the experimental tests
were made were maximum water depth with uniform
velocity in the range 0.5 - 1.5 m/s with a measured
turbulence intensity, over the profile, of 2%. The
turbine was located at a depth of 0.425 m, midway
along the working section. Giving a blockage ratio of
approximately 16% [9].
The turbine was connected to a Baldor brushless AC
servomotor in order to measure/calculate the torque,
angular velocity and power generated via
hydrodynamic loading. A regen resistor or dynamic
brake was used to apply an opposing load to that
developed by the hydrodynamic forces from the
turbine. This was combined with a control system
which in turn was programmed via a computer [10].
The servomotor torque was controlled using
MintMT in WorkBench v5. By using the motionspecific keywords contained in MintMT control over
the speed, torque, interpolation and synchronization of

3. Test Facilities
3.1 Description of Turbine

Figure 1: Schematic of scale HATT (diameter=0.5m).
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multiple axes is obtained. For the flume tests the torque
supplied to the turbine was controlled via the
TORQUEREF command embedded in an incremental
macro. Values between ±100 give the torque demand
as a percentage of the drive rated current. The
rotational direction of the turbine was controlled via the
sign of the value. For the torque macro the FOR loop
was used with limits, incremental steps and the WAIT
command between increments to allow the rotational
speed of the turbine to stabilise once the next value of
torque was applied.
The torque generated by the servomotor was
proportional to the drive rated current, in this case
10.1A (max). The current throughout the tests was set
to 20% of the current limit. The relationship between
current and torque for the servomotor was linear with a
proportionality constant of 0.82 (Nm/A). The rotational
speed of the motor was measured as a percentage of the
rated rotational velocity for the motor (500 rpm).
Therefore, the angular velocity of the turbine was
calculated from:

Figure 3. The streamwise velocities at the depth of the centre
of the turbine behind a 3 bladed turbine with 6o blade pitch
angle.

For all the measurements downstream of the three
bladed turbine the optimum blade pitch angle was set
(6o). As stated previously the torque was set to 20% of
the motor's maximum torque, this results in a power
coefficient,
,
tip
speed ratio,
, thrust coefficient,
and Reynolds number,
Figure 3 shows the streamwise velocities behind the
three bladed turbine measured in a horizontal plane
through the centreline of the turbine. The largest
velocity deficit is at the edge of the blades, in figure 3
this can be observerd at z/D = ±0.5. By seven diameters
downstream we have an overall recovery on the
streamwise velocity to about 80% of the upstream
velocity.

An Acoustic Doppler Velocimeter (Nortek
Vectrino+) was used to measure velocities and
turbulence statistics. ADV is a well known technique
[11-13] for measuring velocity components in three
dimensions simultaneously using the acoustic Doppler
principle. The ADV used here has four 10MHz
receiving elements positioned around a 10MHz
transmitter. The probe is submerged in the flow and
focus on a location 5cm away from the probe head to
minimise flow interference. Data was collected at a
sampling rate of 200Hz and at least 10,000 individual
velocities were measured to ensure the mean velocities
and turbulence statistics were accurate. We estimate
the statistical uncertainty in these mean velocities is
better than 1%. The ADV was used within the water
channel to enable a comparison between the nominal
dial setting (i.e. channel empty) with the turbine in
place under both free-wheeling and maximum powerextraction conditions. These measurements were taken
at 0.25m, 0.5m and 1m upstream at a number of
heights, and taken in the spanwise direction across the
flume every 5cm. The near-wake was characterised at
five different depths downstream of the turbine, from
1.5D the turbine to 7D and in the spanwise direction at
least every 5cm.
To determine the thrust on the turbine a 500N strain
gauge dynamometer was used. The design of this
dynamometer is described in detail in [14].
The force block was calibrated by applying a load
with an Instron model 5582 machine. Loads were
applied in from 5kg to 50kg in steps of 5kg. We
estimate that this produced a calibration which is
accurate to about 1%.
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Figure 4. The traverse velocities at the depth of the centre of
the turbine behind a 3 bladed turbine with 6o blade pitch
angle.

The transverse velocities shown in figure 4 show the
effect of the swirl, this can been seen where there are
negative velocities on the left hand side as we look
downstream and positive velocities on the right hand
side. This swirl effect is still visible up to about six
diameters downstream.
Figure 5 shows the spanwise velocities, which are all
less than 10% of the streamwise velocities, the regions
of high absolute velocities occur generally at the higher
turbulent regions at the edge of the blades. There is a
general trend with positive velocities on the LHS
looking in the downstream direction and negative
velocities in the RHS, this is again due to the swirl
effect induced by blade rotation.

Results and Discussion
4.1 Velocity measurements

3

4th International Conference on Ocean Energy, 17 October, Dublin

Figure 5. The spanwise velocities at the depth of the centre
of the turbine behind a 3 bladed turbine with 6o blade pitch
angle.

4.2 Turbulent Kinetic Energy
Figure 6 show spanwise distributions of the
normalised turbulent kinetic energy (T.K.E.)
downstream of the three bladed turbine, where T.K.E.
is defined by;
,
where u′, v′ and w′ are the standard deviation of the
three velocity components defined by;

Figure 6b.

Figure 6c.
Figure 6. The normalized T.K.E. downstream of the 3 bladed
turbine

where N is the number of samples at a particular point
and
are the mean velocities at a particular point.
In figures 6, we it can seen that the T.K.E levels
peak at the edges of the blades at z/D = ±0.5 and can be
seen in all measurements up to seven diameters
downstream. In figure 6a, we can see that at 1.5D
downstream we have third smaller peak at z/D = 0,
which is most probably due to the presence of the
stanchion.

4.3 Reynolds-stress anisotropy
To investigate the anisotropy of the turbulent flow
field behind the turbine the Reynolds-stress anisotropy
tensor b, which is defined [15];

.

By definition b has a zero trace, therefore the trace of
b2 and b3 which are in related to ξ and η by;
,
,

Figure 6a.
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provide information on the degree of anisotropy. These
resultant values of ξ and η can then be represented
graphically. Choi and Lumley [15] have shown that all
real values for ξ and η fit into the so called “Lumley
triangle”. There are special states of the Reynolds stress
tensor that correspond to particular points and areas in
the ξ - η plane. These areas are shown in figure 7,
where at ξ=0 and η=0, we have isotropic turbulence,
with large η and negative ξ we have 2-D turbulence and
when we have large η and positive ξ we have1-D
turbulence.
The data plotted in figure 7, has been done so to
assert the difference with the left hand side of the flow
and right hand side, the outer areas are also plotted to
see the effect around the outside of the turbine. Figure
7a shows the data closest to the turbine, and we
therefore have larger values for ξ and η, showing the
flow is highly anisotropic, as we go further downstream
and examine figures 7b-7c, we can see that the flow is
mainly in this pancake-shaped region, but as we go
downstream the flow is gradually becoming more
isotropic as might be expected. However at 7D the
turbulence is still strongly anisotropic and the effect of
the turbine is still being felt.

Figure 7c.
Figure 7. The Lumley triangle showing the anisotropy behind
a 2 bladed turbine with 3o blade pitch angle.

5. Non-uniform flow profiler
To produce more realistic “at-sea” conditions a nonuniform profile is used as an inlet conditioner in the
flume. The production of a non-uniform profile has
been completed with a series of horizontal bars with
varying spacings and a mesh directly downstream to
smooth the flow seen in Figure 9. Optimisation of the
size of mesh required has been undertaken. This
method of creating a flow profile is based upon
Cockerell et al. [16].

Figure 7a.

Figure 8. Velocity profiler

Velocity and turbulence measurements have been
collected 1m downstream of the velocity profiler using
the ADV. These velocity measurements have been
sampled through the depth where the turbine is placed
in the flow. These depthwise measurements were taken
at 7 spanwise locations across the flume to ensure that
the flow was two dimensional. The results from the
centre of the flume are shown in figure 9, also included
is a 1/5th power law line. The effect of placing this

Figure 7b.

5

4th International Conference on Ocean Energy, 17 October, Dublin
profiler in the flow is seen in both the velocity and the
turbulence intensity, and increases the upstream
intensity to an average of 5% from 2%.

Figure 9. Normalised velocity measurements 1m downstream
of the velocity profile with a power curve fit.
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Conclusions

The near-wake has been well characterised through
three dimensional velocities and turbulence statistics
measurements spanning 1.5 diameters to 7 diameters
downstream across the channel. By 7D downstream
there is an 80% recovery in the streamwise velocity,
and the largest deficit is at the edge of the blades when
z /D =±0.5, which is evident in the three components of
velocity and T.K.E profiles. However significant
turbulence anisotropy remains at 7D. A 1/5th power law
velocity profile has been produced in the flume and
wake measurements of this configuration are on-going.
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