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Abstract—The tidal turbine benchmarking project, 
funded by the UK’s EPSRC and the Supergen ORE Hub, 
has conducted a large laboratory scale experiment on a 
highly instrumented 1.6 m diameter tidal rotor. The turbine 
is instrumented for the measurement of spanwise distri-
butions of flapwise and edgewise bending moments using 
strain gauges and a fibre B ragg o ptical s ystem, a s well 
as overall rotor torque and thrust. The turbine was tested 
in well-defined fl ow co nditions, in cluding grid-generated 
freestream turbulence, and was towed through the 12.2 m 
wide, 5.4 m deep long towing tank at Qinetiq’s Haslar 
facility. The turbine scale was such that blade Reynolds 
numbers were Re = 3 × 105 and therefore post-critical, 
whilst turbine blockage was kept low at 3.0%.

In order to achieve higher levels of freestream turbulence 
a 2.4 m by 2.4 m turbulence grid was towed 5 m upstream 
of the turbine. Measurements to characterise the grid 
generated turbulence were made at the rotor plane using 
an Acoustic Doppler Velocimeter and a five-hole pressure 
probe. An elevated turbulence of 3.1% with homogeneous 
flow s peed a cross t he r otor p lane w as a chieved u sing the 
upstream turbulence grid.

The experimental tests are well defined a nd repeatable, 
and provide relevant data for validating models intended 
for use in the design and analysis of full-scale turbines. 
This paper reports on the first e xperimental s tage o f the 
tidal benchmarking programme, including the design of 
the rotor and comparisons of the experimental results to 
blade resolved numerical simulations.

Index Terms—Tidal stream turbine, Towing tank experi-
ments, Benchmarking, Turbine fluid mechanics, Turbulence 
generation.

I. INTRODUCTION

The development of renewable energy generation
technologies has become a key focus in the response
to climate change. Tidal stream energy represents an
underutilised renewable energy resource with the ben-
efits o f h igh p redictability a nd a vailability, however
current installation is limited, with order 10’s MW
installed capacity worldwide. Although promising, the
sector faces difficult c hallenges, r anging f rom issues
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relating to survivability and maintenance, to environ-
mental considerations. Yet it is the bounds of the
understanding of the complex fluid mechanics that
govern tidal turbines that have created some of the
greatest challenges. Tidal turbines operate in hostile
hydrodynamic environments, dominated by unsteady
flow phenomena related to waves, shear, turbulence
and platform motion, in the case of floating devices.
Current modelling methodologies are often unable
to accurately capture these flow effects, leading to
uncertainty in turbine loading and conservatism in
design through low confidence in model predictions.
To reduce the uncertainties of these mathematical and
engineering models, large-scale experimental data are
required to enable model validation.

A number of experimental investigations of tidal tur-
bines have been completed, ranging from simple cases
such as a single turbine in uniform flow conditions, [1]–
[3], to more complex conditions, with elevated turbu-
lence [4], waves and shear [5] and multiple turbines in-
teracting. Yet few of these studies have led to the gener-
ation of well-documented datasets that can be utilised
for model validation, especially at scales large enough
to obtain Reynolds number independence and hence
comparability to full-scale devices. Further, blockage
at small laboratory scales often obscures test results,
and recorded data is often limited to whole rotor loads
which can be of limited use for model validation,
particularly in unsteady flows.

The tidal turbine unsteady benchmarking project,
funded by the UK’s EPSRC and the Supergen Off-
shore Renewable Energy Hub, has conducted a large
laboratory scale experiment on a highly instrumented
1.6m diameter tidal rotor. The turbine was tested in
a large towing tank providing low blockage. It was
instrumented for the measurement of the spanwise
distributions of the flapwise and edgewise bending
moments and tested in well-defined flow conditions,
including elevated freestream turbulence. The testing
was followed by a blind benchmarking exercise, in
which engineers from both academia and industry
were invited to submit predictions of the turbine load-
ing under various flow conditions. The comparison of
the submitted simulation results and the experimental
measurements has improved the understanding of the
limitations of the different modelling methodologies
submitted and aided in their development.

In this paper, we present the experimental results
of the tidal benchmarking project, as an open source
data set to aid future model validation. The results
of the benchmarking exercise are reported [6]. In this
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Fig. 1. Illustration of experimental setup in the Haslar towing tank.
(a) Shows a side view of the towing tank carriage, whilst the view
from behind the carriage (looking upstream) is shown in (b).

paper, we begin with a description of the experimental
facility and test conditions in section II. Following this,
in section III, the hydrodynamic design process utilised
for the development of the benchmarking turbine is
outlined with comparison to some of the experimental
results. This leads into the detailed mechanical de-
sign and instrumentation of the benchmarking turbine,
which are discussed in section IV. Following a dis-
cussion of data processing in section V, the results,
including the time averaged integrated variables and
unsteady loading spectra, are presented and discussed
in section VI.

II. FACILITY SELECTION AND TEST CONDITIONS

To maximise the utility of the benchmarking dataset
we sought to operate a turbine at as high a Reynolds
number as possible, with minimum flow blockage in
realistic flow conditions - turbulence and waves. While
both field testing and laboratory flume turbine experi-
ments offer the prospect of obtaining these conditions
to vary extents, towing tank facilities provide the ben-
efits of a highly uniform inflow and closely controlled
flow velocity, as well as a large cross section and
hence low blockage. These benefits and the resultant
repeatability led to the QinetiQ towing tank facility
based in Haslar, Portsmouth, being selected for the
tidal turbine benchmarking testing. With a width of
12.2m and depth of 5.4m, a low global blockage can
be obtained even with a relatively large test turbine;
blockage of 3.05% by area for a 1.6m diameter turbine.
Figure 1 illustrates the experimental setup within the

Haslar facility at QinetiQ. The test turbine has a diame-
ter, D, of 1.6m, and was designed for a tip-speed ratio,
λ, of 6.0 so as to achieve a post-transitional Reynolds
number of between 250k → 300k. A relatively large
diameter also allowed for in-blade instrumentation.

Due to their nature, the level of freestream turbu-
lence in towing tank facilities is very low. Hence, to
raise this value for an elevated turbulence test case, a
carriage-mounted turbulence grid was developed. The
turbulence grid was 2.4m by 2.4m in size (1.5D by
1.5D) and had a porosity of 0.95. This was achieved
using a grid of 13 horizontal and vertical bars of 15mm
width. The grid was mounted to the towing tank car-
riage upstream of the turbine as illustrated in figure 1.
Prior to the experimental testing of the benchmarking
turbine with the turbulence grid, the flow behind the
grid was characterised with a Nortek Vectrino Acoustic
Doppler Velocimeter (ADV). Additional measurements
where acquired with the Barnacle 5 hole probe devel-
oped by [7], verifying the results obtained with the
ADV. All measurements were obtained in the turbine
rotor plane, which was located 5m downstream of the
turbulence grid. At this location the grid generated a
relatively uniform onset flow to the rotor of 0.899m/s
when the carriage was towed at 1.0m/s, with an
elevated turbulence level of 3.1%; see section VI for
further details.

The turbine was tested with both the turbulence
grid mounted in-front of the turbine and without it,
providing an elevated and a low turbulence dataset.
The rotor’s angular velocity, ω, was varied so as to
achieve a range of tip-speed ratios at the given tow
speed. The rotor tip-speed ratio (TSR) is defined as,

λ =
ωR

U∞
(1)

where U∞ is the onset flow speed and R the turbine
radius. The tip-speed ratios for both the low turbu-
lence (without turbulence grid) and elevated turbu-
lence (with turbulence grid) cases are tabulated in table
I. A finer spacing of angular velocities was used around
the design tip speed ratio to ensure the peak coefficient
of performance was well resolved. For all experiments
a settling time of 15 minutes was used between tests
and each test case was conducted three times to ensure
repeatability and robustness of results. Further experi-
ments with onset head waves, without the turbulence
grid, have also been conducted to provide a further
unsteady loading dataset. These will be the subject of
a future benchmarking exercise.

III. HYDRODYNAMIC DESIGN

A. Hydrofoil Profile

The hydrodynamic design process of the benchmark-
ing turbine starts with the selection of the hydrofoil
profile. After careful investigation and comparisons
across a selection of different hydrofoils employed by
existing successful tidal turbines, the NACA 63-415
profile was selected for the benchmarking turbine. This
profile, and its family variation 63-815, have been suc-
cessfully used in a number of different laboratory tidal
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TABLE I
DEFINITION OF TEST CONDITIONS.

Low Turbulence Cases
Test No. 1 2 3 4 5 6 7 8 9 10 11
λ 4.02 4.52 5.03 5.53 5.78 6.03 6.28 6.53 7.04 7.54 7.87

Elevated Turbulence Cases
Test No. 1 2 3 4 5 6 7 8 9 10 11
λ 4.01 4.57 5.03 5.50 5.78 6.06 6.34 6.52 7.08 7.55 7.92

turbines, such as the model test turbine used by [8]
(now part of GE power), the MCT experimental tidal
turbine built by [1] at the University of Southampton,
and the X-MED experimental tidal turbine by [3] at the
University of Manchester.

We use a single hydrofoil profile from hub to tip to
construct the entire blade of the benchmarking turbine,
without a root transition piece. This simplification to
commercial blades, which operate much thicker sec-
tions towards the blade root for structural reasons, and
root transition pieces for blade pitch control, is made
for the benchmarking turbine to provide a simple-to-
reproduce rotor. The desire for simplicity originates
from modelling and interpretation issues that have
been encountered in previous research involving dif-
ferent experimental and commercial turbines that uses
multiple airfoil or hydrofoil profiles (e.g. [9], [10],
[11]), as well as from the positive experiences of other
research groups that have employed a single profile;
[1] and [3]. It can be difficult for engineering and CFD
models to accurately reproduce the exact geometries of
the transitions between different foil sections, and cou-
pled with this is the use of a compatible interpolation
method for foil lift and drag data representing different
sections. Hence, we use a single profile which avoids
problems in the design process as well as enabling the
benchmarking process to concentrate on the accuracy
of flow modelling techniques rather than the interpre-
tation and interpolation between different sections.

The trailing edge of the profile must be thickened
from the profile’s defined sharp trailing-edge due to
both safety and manufacturing considerations. This
must be achieved with care so as not to significantly
alter the 2D hydrodynamic performance. One common
approach to implementing this thickening is to truncate
the profile ahead of the trailing edge at the desired
trailing edge thickness-to-chord ratio and re-scale the
profile to standard chord length. However this simple
truncation method can result in significant changes to
the hydrodynamic performance of the profile. Instead
we adopt a trailing-edge thickening function from [12]
which offers an alternative approach that adds thick-
ness to both sides of the trailing section of the foil with-
out altering the foil’s camber line, and maintains its
hydrodynamic performance. This thickening method
has been successfully employed in Oxford’s previous
1.2m tidal turbine design in [13]. The equation of the
thickening function is given as

yt =

{
y0 0 ≤ x ≤ xT ,

y0 ± 0.5δ
(

x−xT

c−xT

)n

xT ≤ x ≤ c ,
(2)

where x and y0 denote the coordinates of the original

sharp profile. yt is the y coordinate of the thickened
profile, which departs from the original profile down-
stream of an x coordinate value of xT . Thickness
is applied to both suction and pressure surfaces as
indicated by +/− respectively. The thickness at the
trailing edge is represented by δ, chosen to be 0.00625c
for the benchmarking blade profile, where c is the
chord length. The parameter n defines the shape of
the thickened section of the profile and was set to 2.0.
A comparison between the thickened trailing edge, the
truncated trailing edge and the original sharp profile
is illustrated in Fig. 2.

The influence of the different thickening methods
on the blade’s hydrodynamic performance was investi-
gated using two-dimensional Computational Fluid Dy-
namics (CFD) simulations using the RANS approach
with SST k− ω turbulence closure. Three profiles were
investigated: the truncated profile, the trailing edge
thickened profile and the original sharp trailing edge
profile, with the first two profiles thickened to the same
trailing edge thickness. The simulated lift and drag
coefficients, as well as the resulting lift-to-drag ratio
are presented in Fig. 3 (a), (b) and (c).

We make comparison to two sets of experimental
data: the DTU wind tunnel tests by [14] at a blade
chord Reynolds number of 1.6 × 106, and the USP
test by [15] at Re = 3.2 × 105, with the lower being
representative of large laboratory experiments and the
higher representative of field conditions. The lower Re
experimental data exhibits lower lift, higher drag, and
consequently lower lift-to-drag across the full range of
angles of attack. In our simulations we consider two
turbulence intensities, 1% and 8%, as the turbulence
intensity in the frame of the blade increases from blade
tip to root.

The simple truncated profile results in a significant
reduction in lift as well as a more modest reduction
in drag coefficient relative to the sharp trailing edge
profile, which collectively lead to a reduction in the
lift-to-drag ratio as well as a shift in the peak perfor-
mance point (where maximum Cl/Cd occurs) towards
a higher angle of attack, comparing to the sharp and
thickened profiles. Meanwhile, the thickening function
successfully maintains a close performance in both lift
and drag compared to the sharp trailing edge profile.
Using the thickening function to blunt the trailing edge
is therefore advantageous as it provides flexibility in
modelling approaches that may be employed in the
later benchmarking phases; blade resolved investiga-
tions may choose to use a sharp trailing edge for
efficiency, whilst models requiring sectional blade char-
acteristics as input coefficients, such as Blade Element
Momentum (BEM) or Actuator Line type simulations,
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Fig. 2. Hydrofoil design: trailing edge treatment examples.

can utilise either sharp or thickened foil performance
data with little modelling difference.

B. Blade Design

The rotor blades were designed using an in-house
RANS Blade Element (RANS-BE) actuator disk type
model embedded through a User Defined Function in
Fluent, with the k − ω SST model used to provide
turbulence closure. The model works to iteratively
twist and taper the blades to achieve design angle
of attack and loading distributions along each blade;
further details of the method can be found in [13].

As stated in the test conditions, the turbine will be
operating at a blockage ratio of 3.05% and was origi-
nally designed for an upstream turbulence intensity of
7 ∼ 9%. The blockage ratio in the design simulations
follows the channel blockage ratio, but within a cylin-
drical numerical domain. It is also found that the local
turbulence intensity on the blade hydrofoil sections has
a large influence on their hydrodynamic performance,
especially for the drag coefficient, as indicated by the
different coloured lines in Fig. 3. Hence, the rotor
design simulation also takes the blade local turbulence
intensity into account, which offers an improvement
in fidelity of prediction over more standard BEM and
RANS-BE design approaches.

A design process was followed whereby the tip-
speed ratio is set to a design value, λ = 6.0, with
a target angle-of-attack of 6◦, which is close to the
hydrofoil’s optimal lift-to-drag ratio as Fig. 3 (c) illus-
trates. The blade twist and chord are then iteratively
altered to achieve a target local thrust coefficient of
Cx(r) = 2.0 along the entire length of the blade, where
Cx(r) = T (r)/ 1

2ρU
2
x 2πr, and T (r) is the thrust per

unit span, Ux is the axial flow velocity at the rotor
plane, ρ is the fluid density and r the radial coordinate.
Note that Cx(r) is relieved smoothly to 1.0 as the hub
is approached in order that the solidity is not exces-
sive in this region; see Fig. 5 (a). The resulting blade
design, chord length and twist distribution, for the

benchmarking rotor are presented in Fig. 4. The rotor
is designed to have 3 blades and a nacelle diameter
of 0.2m (0.125R) to accommodate the drive-train and
instrumentation.

Following the iterative design process, confirmatory
steady flow blade-resolved simulations were carried
out using a RANS k − ω SST model with a multiple-
reference frame (MRF) method on a 120◦ wedge cylin-
drical domain containing a single blade of the three
bladed rotor. The mesh contains 38 million cells with
a wall y+ ∼ 1. The simulations were run at the same
blockage ratio as the rotor design process and the ex-
periment, and across a range of tip-speed ratios around
the design condition. The aim of these simulations was
to validate the rotor performance and study the hy-
drodynamic effects that are difficult to measure exper-
imentally. Interrogating the blade resolved simulation
results leads to the computed loading distributions and
angles of attack presented in Fig. 5, with simulated
rotor performance discussed later in Fig. 10 and 11.
Further details of the accompanying CFD study will
be presented in a future publication.

Observing the simulated rotor loads it is seen that
the design angle of attack is undershot by around 0.3◦

or less across most of the blade span, with greater
departures at the blade root and tip, whilst the blade
local thrust coefficient is well matched except in the
tip region. The difference here is due to tip-loss effects
which are not modelled in the RANS-BE design process
due to iterative stability constraints.

IV. MECHANICAL DESIGN AND INSTRUMENTATION

The benchmarking turbine was extensively instru-
mented, with the instrumentation largely driving the
mechanical design. This led to an elongated nacelle
with a length of 2.4m to incorporate the required
instrumentation and electronics, as illustrated in figure
6. A servo motor provided by Moog Ltd was employed
for the generator due to its capability to maintain con-
stant angular velocity even with substantially varying
load, while a 16:1 planetary gearbox enabled the motor
to match the power and angular velocity requirements
of the turbine.

The primary measurements obtained in most tur-
bine experiments are the rotor torque and thrust. For
the benchmarking turbine, these were measured by
a shaft-mounted Torque/Thrust transducer provided
by Applied Measurements Ltd. By positioning this
sensor at the upstream end of the drive-train, and
ahead of the front bearing, the influence of mechan-
ical losses generated by the bearings and other drive-
train components were excluded from measurements.
Further to whole rotor measurements, individual blade
loads were evaluated by both in-blade sensors and an
instrumented hub section. Two of the three blades were
instrumented with strain gauges positioned along the
blade span, while all three of the blade roots provided
both edgewise and flapwise root bending moments.
The third blade was instrumented with Fibre Bragg
grating (FBG) sensors, with the required acquisition
electronics mounted within the nosecone of the turbine,
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Fig. 4. Blade design: chord length (green) and twist angle (blue)
distributions, the vertical dashed line indicates the nacelle diameter.

however these were not operated during this set of
experiments. In addition to the load measurements, the
angular position of the rotor was tracked by a rotary
encoder positioned at the downstream end of the shaft.
All signals were acquired with a sampling frequency
of 200Hz.

To enable instrumentation to be positioned within
the blades, each blade was constructed from two ma-
chined aluminium components, which were bonded
together. By adhering the two parts together, an instru-
mentation channel was created, which was designed to
twist and taper with the blade profile providing inter-
nal faces equidistant from the blade’s neutral axis and
aligned with the local chordwise and chord-normal
directions. The locations of the strain gauges within
the channel are shown in Fig 7 (a). The first signal,
which was more sensitive to loading in the edgewise
direction, was created with the gauges in positions
A and B, whilst the second signal, which was more
sensitive to the flapwise direction, was created with
gauges in positions C and D. Using a bench calibration
procedure, the two signals were linearly mapped to
their corresponding bending moments in the edgewise
and flapwise directions. In the radial direction, the
sensor locations were not equally spaced, with closer

spacing at the hub and tip regions. Fig. 7 (b) shows the
radial locations of the in-blade sensors, as well as the
radial position of the root bending sensor.

V. DATA PROCESSING

A. Flow Data
Flow data acquired with ADV probes is often highly

influenced by noise and erroneous spikes, hence care is
required in the selection of processing methodologies
applied prior to calculation of turbulence statistics.
The despiking algorithm developed by [16] was found
to effectively remove the high level of spikes in the
raw dataset, while the influence of Doppler noise in
the turbulence intensities and integral lengthscales was
accounted for by the methodology described by [17].
The turbulence intensities are defined as,

ix =

(
u′2

) 1
2

(ū2+v̄2+w̄2)
1
2
, iy =

(
v′2

) 1
2

(ū2+v̄2+w̄2)
1
2

and iz =

(
w′2

) 1
2

(ū2+v̄2+w̄2)
1
2

(3)

where u, v and w are the velocity components in the
x, y and z directions and ii denotes the turbulence
intensity in the ith direction, with overbars and primes
indicating time means and fluctuating components.
The integral lengthscales were computed using the
temporal auto-correlation function, defined as,

Rxx(τ) =
u′(t)u′(t+ τ)

u′(t)u′(t)
, (4)

where Rxx denotes the autocorrelation function for
the u velocity component and τ is a time lag, with
similar expressions written for the v and w velocity
components. Considering Taylor’s frozen turbulence
hypothesis [18], the integral lengthscale can be esti-
mated by integrating the autocorrelation,

Λx = ū

∫ ∞

0

Rxx(τ) dτ , (5)

where Λx denotes the integral lengthscale for the u
velocity component. Following the analysis of [19], and
in a similar fashion to other tidal experiments [20], the
integral was evaluated using the first zero crossing of
the autocorrelation function as an upper limit to τ .



 553–6 PROCEEDINGS OF THE 15TH EUROPEAN WAVE AND TIDAL ENERGY CONFERENCE, 3–7 SEPTEMBER 2023, BILBAO

0.2 0.4 0.6 0.8 1.0

r/R

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

C
x

(a)

Design Cx

Simulated Local Cx

0.2 0.4 0.6 0.8 1.0

r/R

5.5

6.0

6.5

7.0

7.5

α
[d

eg
]

(b) Simulated α

Design α

0.2 0.4 0.6 0.8 1.0

r/R

100

200

300

400

500

600

T
h

ru
st

D
is

tr
ib

u
ti

on
[N
/m

]

(c)

10

15

20

25

30

35

40

45

T
or

q
u

e
D

is
tr

ib
u

ti
on

[N
m
/m

]

Fig. 5. Blade design parameters. (a) and (b) show spanwise variations of the design targets, local thrust coefficient Cx and angle-of-attack α,
together with the values from the performance CFD simulation. (c) shows simulated thrust and torque distributions. All results shown are
at the design tip-speed ratio.
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individual sensor location are shown in (a), while the radial locations
of the sensors are plotted in (b) including the location of the Root
Bending (RB) sensor.

B. Loads Data

For the data acquired by the turbine, the reduction
and processing of the experimental data began with the
removal of erroneous spikes and low pass filtering. To

remove spikes, all load and angular position data were
processed with a Hampel filter with a window length
of 20 points. Following this, a fifth order Butterworth
low pass filter was applied at 10fr to remove the
influence of high frequency noise, where fr = ω/2π
is the rotation frequency.

For the individual blade load sensors, both the root
sensors within the hub and the in-blade sensors along
the blade span, the combined effect of buoyancy and
self-weight generated a periodic component in the
measurements that does not relate to the dynamic
blade loads associated with operation. To remove this,
a simple model was fitted with least squares regression
to data obtained with the turbine held stationary at
various angular positions. The model considers the
response of the sensors to forces both parallel and
perpendicular to the blade span. The combined weight
and buoyancy signal component can be written as,

swl = k2 sin θ + k1 cos θ + k0 , (6)

where swl denotes the component of the signal relating
to buoyancy and self-weight effects, θ defines the angu-
lar position of the rotor and ki are coefficients defined
in the least square fitting.

Once filtered and with self-weight and buoyancy
effects removed, the calibration curves for the load
sensors could be applied to provide measurements in
terms of Nm and N. These calibration curves were
obtained through an extensive bench testing procedure
for the individual blade loads, while provided by the
supplier in the case of the Torque-Thrust transducer.

C. Uncertainty Quantification
Uncertainty quantification was undertaken for both

the experimental and numerical results. On the exper-
imental side, the ITTC and Equimar guidelines were
used as a guide to form the uncertainty estimates. Both
the bias and precision uncertainty were included, with
the combined uncertainty computed as,

u2
D = u2

b + u2
p , (7)

where uD is the total experimental uncertainty esti-
mate, and ub and up denote the bias and precision
uncertainties respectively.
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Fig. 8. Flow characterisation of carriage mounted turbulence grid
showing the vertical profiles of the mean streamwise velocity and
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downstream of the grid at the position of the rotor plane (without
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Fig. 9. Flow characterisation of carriage mounted turbulence grid
showing the streamwise turbulence spectra with log-log axis scaling.

For the numerical simulations, the uncertainty is es-
timated following the process in [21], which originates
from [22] and [23]. A validation uncertainty is defined
as,

u2
val = u2

E − u2
model = u2

num + u2
input + u2

D . (8)

The validation process is then described as successful
when the comparison error E satisfies the condition
of |E| < uval. However, two things are to be noted
for the present case. Firstly, the input error uinput can
sometimes be combined with the model error umodel,
to form a ”strong-sense” model as described in [24].
The blade-resolved simulations presented in this paper
can be regarded as the strong-sense model, as the only
input to the simulation is the inflow conditions and the
turbine rotational speed. Secondly, the validation un-
certainty uval is plotted separately as uD on top of the
experimental results D and the numerical uncertainty
unum on top of the simulation results S.

VI. RESULTS

A. Flow Measurements
The results of the characterisation of the flow down-

stream of the turbulence grid can be seen in Figs. 8 and
9, showing the vertical velocity profile and the stream-
wise velocity spectrum respectively. Measurements are
taken at the position of the rotor plane which is 5.0m
downstream of the grid, in the absence of the turbine.
The spectra presents a clear −5/3 power law decay
with close correspondence between results obtained
with the Barnacle and ADV probes across the lower
frequency range. A pronounced peak is evident in the
Barnacle spectra around ∼ 30Hz, which is associated
with vibration of the towing carriage. Due to the
mechanism of operation of the Barnacle probe, it is
more susceptible to this form of interference than the
ADV probe.

In terms of mean streamwise velocity, the Barnacle
provided a value of 0.899m/s at hub height, which
was slightly below the value obtained with the ADV,
at 0.905m/s, for a carriage towing speed of 1.0m/s. As
the Barnacle was calibrated in-situ against the carriage
velocity, this result is considered to be the more robust
and is hence used to form the dynamic pressure for
all presented non-dimensional quantities (as in Eqn. 9
below). The variation of the mean streamwise velocity
in the vertical profile obtained with the ADV was
relatively small with less than 0.05U∞ variation within
the turbulence grid wake. The onset flow to the down-
stream turbine is therefore consider to be effectively
homogeneous across the rotor frontal area.

Turning to the turbulence statistics, the Barnacle and
ADV streamwise turbulence intensities corresponded
well, measuring 3.45% and 3.1% respectively. The
integral lengthscales computed from the ADV velocity
data were area-averaged over the region occupied by
the rotor yielding a value of 0.037m for the streamwise
velocity component, which is around the same dimen-
sion as the blade’s tip chord. Although the measured
turbulence intensity is lower than original desired, and
lower than those pertinent to field applications (circa
10%), the grid elevated turbulence case still provides a
robust low turbulence flow condition which, together
with modest Reynolds numbers, should ensure post-
critical blade flows and therefore provide a relevant
test case for model validation for industry applications.

B. Time-Averaged Loads
The loading measurements obtained with the bench-

marking turbine are foremost considered in terms of
their time averaged values. The performance of the tur-
bine is measured through its power generated, P , and
rotor thrust, T , reported as non-dimensional power
and thrust coefficients,

CP =
P

1
2ρU

3∞ πD2/4
and CT =

T
1
2ρU

2∞ πD2/4
(9)

and the turbine’s power-to-thrust ratio which is in-
dicative of the device’s efficiency in extracting energy
from the flow. Each flow condition was run three times
to ensure repeatability and each time series recorded
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around 100 − 200 revolutions depending on tip-speed
ratio and the turbine’s rotational frequency.

Fig. 10 demonstrates the integrated quantities with
error bars representing a range of ± two standard
errors. The thrust coefficient was found to be 0.876
close to the design operating condition with a tip-
speed ratio of 6.03. A small decrease in the thrust
coefficient was observed when moving from the low
to the elevated turbulence case, although the difference
was largely within the estimated experimental uncer-
tainty. When comparing the simulation results to those
obtained experimentally, the thrust coefficient was well
predicted with a maximum error of 6.3% for the ele-
vated turbulence case. This error was smallest close
to the design TSR, whilst thrust was over-predicted at
both the low and high ends of the TSR sweep.

A peak CP of 0.485 was observed at a TSR of 5.781
for the clean case, while the peak CP was found to
be slightly reduced for the elevated turbulence case
with a value of 0.466 occurring at a TSR of 5.963.
The simulations were also found to accurately predict
CP with a maximum error of 10.4% occurring at the
low end of the TSR sweep, while the error was less
than 6% over the rest of the TSR range. The greater
difference between experiment and simulation at low
TSRs is likely attributed to the increasing influence
of flow separation and stall at low TSRs, recalling in
particular that the simulations are steady which will
adversely effect predictions at low TSRs. Additionally,
the simulation results also demonstrated a drop in
performance with elevated turbulence, although this
was not as pronounced as observed in the experiments.
The authors attribute the small over-prediction of CP

to surface roughness effects, with the experimentally
recorded torque reduced by an increased shear stress
on the blade surface.

The turbine exhibits a high power-to-thrust ratio
inferring efficient extraction of energy from the stream.
The ratio of power-to-thrust coefficients, also referred
to as the basin efficiency, is the ratio of generated
power to power removed from the flow, with the
latter including the necessary power required to remix
the turbine’s core flow with the flow bypassing it
as it recovers to a homogenised flow condition. The
basin efficiency infers how well the tidal resource is
being utilised and it is important that it is maximised
in commercial applications so that the total energy
extraction from the scarce tidal resource is maximised.
In unblocked flow a turbine performing at the Betz
limit of power extraction, CP = 16/27, has a basin
efficiency of CP /CT = 2/3. We conclude that at the
benchmarking turbine’s operating point for maximum
power coefficient, the turbine, with a power-to-thrust
coefficient ratio of 0.54, is performing at around 81% of
the maximum achievable efficiency in unblocked flow.

The time-averaged bending moments evaluated by
the in-blade sensors and root bending sensors are illus-
trated in Fig. 11. The diagrams at the top of the figure
represent the locations of the sensors and the regions
of the blade contributing to the measured bending
moments for each of the measurement locations. The
bending moments are shown in their non-dimensional

form, which is defined as,

CBM =
M

1
2ρU

2∞ πD3/8
, (10)

where M denotes the bending moment. Bending mo-
ments are accumulative along the blade span and
hence very different in magnitude at root and tip, and
care must be taken when comparing values across the
span, and in interpreting the significance of differences
between simulations and experiments.

The variation of the flapwise bending moments fol-
lows similar trends with TSR to the thrust coefficient
at all the measured radial locations. The edgewise
bending moment presents a similar trend with TSR to
torque across the inboard and mid-span regions, whilst
at 0.8R and outboard the trend is flatter in nature. By
linearly interpolating the bending moments obtained
in elevated turbulence conditions with tip-speed ratio,
they can be directly compared to the low turbulence
case values. This analysis demonstrates only a very
small influence of the grid generated turbulence, with
the absolute percentage difference based on the low
turbulence case bounded by 2% and 9% in the flapwise
and edgewise directions respectively, which is largely
within the experimental uncertainty.

Comparing the experimental and simulated flap-
wise bending moments, the difference is found to be
smallest just below the design operating condition at
a TSR of 5.5. In the radial direction, the differences
between simulation and experiment were consistently
smallest at the 0.6R radial position for both the low
and elevated turbulence cases. This suggests that dif-
ferences between the experimental and simulated flap-
wise bending moments were largely driven by root
and tip effects. The greatest differences occurred in the
tip region, with the simulations under-predicting the
flapwise bending moment by up to 19% at r = 0.9R.
In the edgewise direction, the difference between sim-
ulation and experiment was smallest at the root with
the difference growing consistently towards the tip
measurements. The edgewise bending moments at the
0.8R and 0.9R locations were highly under-predicted
by the simulations.

Although there are significant differences in the
simulated and experimental bending moments in the
tip region, the bending moments here are very small,
and consequently these differences have little impact
on the accuracy of root bending moment predictions.
We further note that for both the flapwise and edge-
wise bending moments to be under-predicted in the
tip region requires a drop in the blade lift force in
this region which could be caused by a reduction in
the local angle-of-attack. Whilst the rotor blades were
simulated as rigid, they do of course deflect and twist
experimentally. We postulate that the experimental
blades twisted in the tip region so as to increase the
local of angle-of-attack, leading to the out of trend
variation in the outboard edgewise bending moment
with TSR, and the divergence between simulated and
experimental data over the outboard section of the
blade r/R ≥ 0.8. Uncoupled Finite Element Analysis
of the blade’s deformation under the simulated loading
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distribution (not presented) confirms the direction and
magnitude of the implied angle-of-attack change in this
region.

VII. CONCLUSIONS

A 1.6m diameter laboratory-scale experimental tidal
turbine was designed, developed and tested in a large
towing tank facility for the purpose of providing
validation data for a subsequent blind benchmarking

programme. The turbine operated in a post-critical
Reynolds number regime with low global blockage and
well-defined flow conditions, thus providing relevant
data for validating models intended for use in the
design and analysis of full-scale turbines.

High fidelity load measurements were obtained with
in-blade instrumentation to measure edgewise and
flapwise bending moments at several locations along
the blade span, together with blade root bending mo-
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ments and overall rotor thrust and torque. Both a
low turbulence and elevated turbulence test case (3.1%
turbulence intensity) were considered with the latter
being achieved by pushing a turbulence generation
grid ahead of the test turbine.

The design simulations were found to accurately
predict the thrust and power coefficient for both the
low and elevated turbulence cases. The experimental
results demonstrated only a small decrease in the
power coefficient with the elevation of the turbulence
level. Comparison of the experimental in-blade bend-
ing moments with the design simulation demonstrated
good agreement with small departures in the root and
tip regions. A significant difference, but of small mag-
nitude and little overall consequence on root bending
moments, occurs in the tip region. We associate this
with the angular deflection of the blade under load,
that is not represented in the rigid blade simulations.
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