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Abstract:
A number of experimental and computational investigations carried out on actuator discs and model scale tidal 

turbines are documented in this report.  The first of these is a combined experimental and computational study of 

the effect of a duct on the performance and wake of a tidal turbine.  The second investigation involves a 

comparison of the software package ‘GH Tidal Bladed’ against experimental measurements of rotor performance in 

low blockage flow.  A comprehensive set of wake flow properties have been calculated from the test results by GL 

Garrad Hassan, which are included in the Appendix.

Context:
The Performance Assessment of Wave and Tidal Array Systems (PerAWaT) project, launched in October 2009 

with £8m of ETI investment. The project delivered validated, commercial software tools capable of significantly 

reducing the levels of uncertainty associated with predicting the energy yield of major wave and tidal stream energy 

arrays.  It also produced information that will help reduce commercial risk of future large scale wave and tidal array 

developments.

The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for 

Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed ‘as 

is’ and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information to the 

maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and shall not 

be liable for any loss, injury or damage of any kind caused by its use. This exclusion of liability includes, but is not limited to, any direct, 

indirect, special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated profits, and 

lost business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding any statement 

to the contrary contained on the face of this document, the Energy Technologies Institute confirms that the authors of the document have 

consented to its publication by the Energy Technologies Institute.

This document was prepared for the ETI by third parties under contract to the ETI. The ETI is making these 

documents and data available to the public to inform the debate on low carbon energy innovation and deployment. 
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Executive Summary 

A number of experimental and computational investigations carried out on actuator discs and 
model scale tidal turbines are documented in this report. The first of these is a combined 
experimental and computational study of the effect of a duct on the performance and wake of 
a tidal turbine. In each study, the rotor is modelled as a porous disc, and tested with and 
without a duct, at blockage ratios based on the rotor area (4.8%) and total frontal area (6.3%) 
of the ducted device. Good agreement is observed between the predicted and measured results 
at low and medium levels of disc loading (corresponding to the practical operating range of an 
axial flow rotor). The observed effect of the duct is to reduce power coefficient (normalised 
on total frontal area) across all operating points. At low levels of disc loading, the duct 
increases the power density, i.e. power per unit rotor area. Computed and measured velocities 
downstream of the device show that the duct reduces the velocity deficit in the wake relative 
to an unducted turbine. 

The second investigation involves a comparison of the software package ‘GH Tidal Bladed’ 
against experimental measurements of rotor performance in low blockage flow. A 1:70 scale 
axial flow rotor is tested at various elevations in sheared confined flow with a blockage ratio 
of 4.8%. Predicted thrust correlates well with measured thrust for moderate tip speed ratios, 
whereas at higher tip speed ratios, power is predicted well. A reduction in experimentally 
measured rotor power is noted for rotor operation near the free surface, which could be due to 
discrepancies between the assumed and actual undisturbed upstream velocity profiles. 

The final study is concerned with the effects of channel bed proximity on the structure of a 
rotor wake. Wake measurements are taken for the aforementioned 1:70 scale rotor operating 
at two elevations in a sheared profile. No clear effect of flow shear or channel bed proximity 
is observable on downstream normalised velocity deficit or turbulence intensity. 

A comprehensive set of wake flow properties have been calculated from the test results by GL 
Garrad Hassan, which are included in the Appendix. 
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1 Introduction 

This document constitutes the third deliverable (D3) of working group 4, work package 3 
(WG4 WP3) of the PerAWAT (Performance Assessment of Wave and Tidal Arrays) project 
funded by the Energy Technologies Institute (ETI). The project partners of this work package 
are University of Manchester (UoM), University of Oxford (UoO), Électricité de France 
(EdF) and Garrad Hassan (GH).  

This deliverable consists of three investigations into tidal turbine performance at model scale. 
The first concerns the effect of a duct on turbine performance through matched experimental 
and computational models. In the second investigation, experimental measurements of turbine 
performance in low-blockage flow are compared with predictions by the software package 
‘GH Tidal Bladed’. The final study examines the effect of free-surface and bed proximity on 
rotor wake structure.  
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2 Effect of a Duct on Tidal Turbine Performance 

2.1 Introduction 
A computational study of a ducted tidal turbine carried out within the PerAWaT project by 
Fleming et al. (2011) indicated that a duct may have a detrimental effect on the power 
generated by a tidal turbine. In order to further investigate this finding, experimental work has 
recently been carried out by UoM using facilities at EdF. The duct for the model turbine is 
manufactured by rapid prototyping, and the rotor is represented by a series of porous discs of 
varying flow resistance. The performance of the ducted turbine is compared to the 
performance of two sets of bare porous discs. The first set of bare discs matches the area 
blockage of the rotor, while the second set matches the area blockage of the entire ducted 
device.  

In a second exercise, the physical test results are compared with numerical predictions of 
ducted and unducted device performance produced by the Reynolds averaged Navier-Stokes 
(RANS) solver ANSYS Fluent. Efforts undertaken to reproduce the experimental conditions 
are described in this section.  

2.2 Scale Model Geometry 

2.2.1 Duct 

A duct for a tidal turbine was designed in WG3 WP1 D2 within the following constraints: 

1. the ratio of duct length L to duct diameter D  is L D =1.0 , 

2. the duct is symmetric about the rotor plane (bi-directional), 

3. the duct section is constructed from simple circular arcs. 

The support structure for the duct and rotor was not considered. The resulting duct, labelled 
‘Duct H’, had an external diameter of 0.4 m and was simulated in a numerical channel 
representing the EdF flume. The primary dimensions of the duct are indicated in Figure 1, 
where Dd  denotes the diameter of the disc.  
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Figure 1: Schematic diagram of the duct showing primary dimensions. 

For the current experimental study, the duct was scaled down uniformly to suit a 270 mm 
rotor. The resulting geometry is illustrated in Figure 2. 

 
Figure 2: Schematic diagram of the scaled-down duct geometry, investigated in this work. Dimensions 

are in millimetres. 

2.2.2 Rotor 

Two unducted turbines are tested in addition to the ducted turbine. The first unducted turbine 
has a diameter of 270 mm, matching the rotor of the ducted turbine. The second unducted 
turbine has a diameter of 311 mm, matching the total blockage of the ducted turbine.  

2.2.3 Channel 

Testing is carried out in the EdF flume, which has a width of 1.5 m, a water depth of 0.8 m 

and a streamwise velocity of 0.55 m s!1  at the rotor centreline. These dimensions result in 
blockage values of 4.8% for the 0.27 m unducted turbine, and 6.3% for the 0.311 m ducted 
turbine. 

!""

#$
%

!"
"
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2.3  Experimental Study 

2.3.1 Physical Model of Rotor 

 
Figure 3: Schematic diagram of a porous disc. 

For both the unducted and ducted turbines, the rotor is modelled physically by a porous disc 
(see Figure 3), which presents a similar resistance to flow in the streamwise direction for a 
given rotor operating point. Note that the swirl which would be imparted by a real rotor is not 
reproduced by a porous disc. For this investigation into the effect of a duct, swirl is 
considered to be of secondary importance relative to streamwise thrust. 

The resistance of a porous disc is governed by its porosity, k, i.e. the ratio of open area 
(holes), Aopen to solid area, Asolid . 

 k =
Aopen
Asolid

 (1) 

Hence a porous disc can represent a rotor at a single operating point only. In order to represent 
the full range of operating states, a set of discs of varying porosity must be used. 

To enable comparison with the numerical porous disc model used in the computational study, 
the disc resistance is measured in terms of a local thrust coefficient, cx , rather than porosity, 

k. The local thrust coefficient is defined as 

 cx =
Tdisc

1
2 !Arefu

2
disc

 (2) 

where Tdisc
 
is the streamwise force on the disc, !

 
is density, Aref

 
is a reference area 

(typically the projected frontal area of the device), and udisc
 
is the velocity at the disc plane. 
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Figure 4: Variation of local thrust coefficient, cx ,with porosity, k, for a range of hole diameters, 

adapted from WG4 WP3 D1. 

The local thrust coefficient may be considered a unique property of the disc. This is 
demonstrated in Figure 4, where cx  is plotted against k for discs with different hole 

diameters.  

Sets of 270 mm and 311 mm diameter discs are manufactured from 6 mm thick acrylic, with 
local thrust coefficients varying from cx = 0.6  to cx =16 . A detailed description of the discs 
is given in WG4 WP3 D1.  

2.3.2 Support Structure 

  
(a) (b) 

Figure 5: Diagram of support tower for (a) the unducted disc and (b) the ducted disc. 
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The model turbine is supported from above by a 15 mm diameter tower with an embedded 
strain gauge, as indicated in Figure 5.  Due to its position, the strain gauge measures the drag 
on the structure as well as the disc thrust. The drag on the tower, and duct where present, is 
subtracted from the total drag to yield the thrust force on the disc. Details of how this parasitic 
drag is quantified are given in WG4 WP3 D2. 

One assumption in the isolation of duct drag is that this force is independent of the disc thrust. 
However, work by Belloni & Willden (2011) shows that a duct operates differently for high 
and low disc thrust. For high disc thrust, oncoming flow may separate from the leading edge 
of the duct, leading to an increase in pressure drag on that body. The computational model, 
which will be described in section 2.4, is used to check whether this effect is significant. 
Figure 6 shows that there is no consistent trend in the relationship between duct and disc 
thrust. The duct thrust measured at zero disc thrust is assumed to remain constant for the full 
range of disc thrust values.  

 
Figure 6: Variation of duct thrust coefficient against local disc thrust coefficient. The red broken line 

indicates the constant value of duct thrust which is assumed for all values of disc thrust. 

2.3.3 Performance Measurement 

Disc power Pdisc  is calculated from disc thrust Tdisc  using the formula 

 Pdisc = Tdiscudisc  (3) 

where udisc  is the velocity at the disc. As it is not possible to directly measure the velocity at 

the disc, udisc  is instead estimated from the measured thrust. The local thrust coefficient cx  

may be estimated from the global thrust coefficient, CT , which is defined as 

 CT =
Tdisc

1
2 !Arefu

2
ref

 (4) 
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where uref  and Aref  are the reference velocity and reference area respectively. The reference 

velocity used in this experimental campaign is uref = 0.55 m s!1 , measured at hub height in 

the undisturbed flow upstream of the turbine. The reference area for a bare disc is the disc 
area. For a ducted disc, the total frontal area of the device is used as a reference area.  

Linear momentum theory can be used to calculate the local thrust coefficient from the global 
thrust coefficient. The disc velocity can then be estimated by rearranging equation (2), 

 udisc !
Tdisc

1
2 ! Arefcx

"

#
$
$

%

&
'
'

1
2
.  (5) 

Disc power may be calculated using equation (3).  

In this report, thrust and power are normalised on the upstream velocity profile. Hence, 
differences in measured and computed performance due to discrepancies in the physical and 
simulated velocity profiles may be accounted for. The distributed thrust on the rotor can be 
normalised by the second moment of the upstream velocity profile (area-average of velocity 
squared) 

 CT =
T

1
2 ! u! y,z( )"# $%

2
dA

At
&

,  (6) 

where the integration is performed on the undisturbed profile far upstream of the rotor over 
the area which is intersected by the projected swept area of the turbine, Ar. Similarly, power 
can be normalised by the third moment of the upstream profile, 

 CP =
P

1
2 ! u! y, z( )"# $%

3 dA
At
&

.  (7) 

The velocity profile in the EdF flume has previously been measured in deliverables WG4 
WP1 D3 and D4. The centreline velocity measured in D4 was closer to the nominal target of 
0.55 m s-1 (the high velocity and low turbulence ÔU1 T0Õ flow case) and was therefore chosen 
as the reference profile for these results, following discussion between University of Oxford 
and Garrad Hassan. The velocity has been measured at the vertical and horizontal midplanes 
of the flume only (i.e. in a ‘cross’ pattern). A two-dimensional profile has been extrapolated 
from this data, and is illustrated in Figure 7. This extrapolation is assumed to give an 
acceptably accurate velocity profile within the projected area of the device, i.e. the portion of 
the profile used for normalisation. The outline of a 0.311 m disc is marked in  Figure 7; data 
outside this region is not used. 




















































































